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BACKGROUND

This White Paper has been commissioned by the UK Hydrogen and Fuel Cell 

(H2FC) SUPERGEN Hub to examine the roles and potential benefits of hydrogen 

and fuel cell technologies within each sector of future energy systems, and the transi-

tion infrastructure that is required to achieve these roles. The H2FC SUPERGEN Hub 

is an inclusive network encompassing the entire UK hydrogen and fuel cells research 

community, with around 100 UK-based academics supported by key stakeholders 

from industry and government. It is funded by the UK EPSRC research council as part 

of the RCUK Energy Programme. This paper is the third of four that were published 

over the lifetime of the Hub, with the others examining: (i) low-carbon heat;  

(ii) energy security; and (iv) economic impacts.
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HEADLINE MESSAGES

1. INTRODUCTION

Hydrogen and fuel cells are now being deployed commercially for mainstream  
applications. Hydrogen has fallen in and out of favour since the oil shocks of 

the 1970s, but remains a marginal energy system option. However, mainstream 

products are now emerging: Honda, Toyota and Hyundai have launched the first 

mass-produced hydrogen vehicles, and fuel cells now heat 180,000 Japanese 

homes. Early-mover companies, notably in Japan, are beginning to see lucrative 

export opportunities. 

Hydrogen can play a major role alongside electricity in the low-carbon economy. 
Electricity is being decarbonised rapidly and has the ability to cross over into heat 

and transport. Hydrogen possesses this same versatility and enables routes to deeper 

decarbonisation through providing low carbon flexibility and storage. The numerous 

hydrogen production, distribution and consumption pathways present complex trade-

offs between cost, emissions, scalability, and requirements for purity and pressure.
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Hydrogen and fuel cells are not synonymous; they can be deployed in combination 
or separately. Fuel cells can operate on natural gas, which avoids combustion and 

thus 90% of airborne pollutants. Hydrogen can be burnt in engines and boilers with 

no direct CO2 and near-zero NOX emissions. When used together, hydrogen fuel cells 

are zero-emission at the point of use, with overall emissions dependent on the fuel 

production method (as with electricity).

2. LANDSCAPE

Modelling suggests that both hydrogen and fuel cells form part of the least-cost  
solution to decarbonising the UK economy out to 2050. With no government inter-

vention they offer the best value route to decarbonising heavy goods vehicles, some 

industries and peak power generation. However, with consistent long-term commit-

ment as much as 50% of final energy demand could be met by hydrogen in 2050, 

with wide-ranging uses across transport, heat and industry.

Low-cost strategic investments can be made to ‘keep the door open’ for hydrogen 
technologies. The option to use hydrogen in strategically important sectors can 

be retained for a slight increase in decarbonisation cost. This can reinforce energy 

security and provide insurance against other technologies failing to deliver as antic-

ipated (e.g. carbon capture or heat pumps). Hydrogen technologies have a familiar 

look and feel for consumers, enabling greater personal choice in decarbonisation. 

3. TRANSPORT

Fuel cell vehicles are now being produced on assembly lines by major manufacturers. 
Costs have significant potential to fall with mass production and can achieve parity 

with electric alternatives by 2025–2030. Driving range and refuelling time are signif-

icantly better than premium electric vehicles, which is particularly advantageous for 

buses, heavy goods and other highly-utilised vehicles. Fuel cells are therefore among 

a portfolio of powertrains expected to replace the internal combustion engine. As 

with electric and unlike biofuels, fuel cell vehicles also improve urban air quality by 

producing zero exhaust emissions. This is driving deployment of hydrogen vehicles 

in cities, railways, airports, seaports and warehouses. 

4. HEAT

Decarbonising heat faces several challenges, with strong user requirements 
that hydrogen boilers and fuel cells can meet. Innovations in heat lag behind other 

sectors as electrification with heat pumps, district heating and burning biomass face 

multiple barriers. UK households are accustomed to compact powerful heating sys-

tems, which can be modified to use hydrogen. Fuel cell combined heat and power can 

operate on today’s natural gas network, albeit with limited carbon savings. Hydrogen 

presents various options for decarbonising this network in the longer term. 
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5. ELECTRICITY

Hydrogen technologies can support low-carbon electricity systems dominated by 
intermittent renewables and/or electric heating demand. Fuel cells provide control-

lable capacity that helpfully offset the additional peak demand of heat pumps. In 

addition to managing short-term dynamics, converting electricity into hydrogen or 

other fuels (power-to-gas) could provide the large-scale, long-term storage required 

to shift renewable electricity between times of surplus and shortfall. Data centres, 

backup supplies and households are major applications for hydrogen and fuel cells.

6. INFRASTRUCTURE

The ‘hydrogen economy’ is not necessary for hydrogen and fuel cells to flourish. 
Too much is made of the ‘chicken and egg’ strategy problem of whether con-

sumer demand or large central infrastructure should come first. Instead, markets 

can be established while avoiding potentially high-regret investments early on. 

On-site hydrogen production can use existing electricity and gas infrastructures 

(e.g. distributed refilling stations and fuel cell heating). Focussing on specific 

users such as captive vehicle fleets (e.g. urban buses with central refuelling depots) 

could provide the high utilisation and demand certainty needed for investment. 

Given the diversity of decarbonisation pathways, a clear strategy will reduce 

the costs of introducing hydrogen and fuel cell technologies.

7. POLICY

Successful innovation requires focused, predictable and consistent energy policy. 
Frequent policy changes undermine business and industry confidence for making 

long-term investments in low-carbon technologies such as hydrogen and fuel cells. 

The UK must develop a system of policy support that fits its context and circum-

stances. Much can be learned from experiences abroad, but the wholesale transfer of 

policies from other countries is unlikely to be successful. The UK’s hydrogen and fuel 

cell deployment is heavily funded by Europe, and is at risk with Britain exiting the 

European Union. 

Developing a green hydrogen standard is necessary to include hydrogen in 
many energy policies. A guarantee of origin scheme would enable hydrogen from 

low-carbon and renewable energy sources to be verified and rewarded. EU member 

states have developed several competing standards; the UK has the opportunity 

to implement a standard that reflects its national interests.

UK firms are international leaders in power-to-gas, fuel cell vehicles, alkaline fuel 
cells and component supply chains for the hydrogen industry. In contrast with 

competing countries, UK energy and industrial policy implicitly neglects the devel-

opment and deployment of hydrogen and fuel cell technologies. Levelling this policy 

playing field would catalyse technology uptake and embolden UK companies to take 

a leading position in the global hydrogen and fuel cell sector.
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1. THE OPPORTUNITY FOR HYDROGEN AND FUEL 
CELL TECHNOLOGIES

The potential for hydrogen and fuel cells to make a substantial contribution to clean 

energy systems has long been identified. This White Paper reviews the evidence base 

for using hydrogen and fuel cells across the UK energy system and draws together 

key insights around the roles they may play in the future.

The UK has committed to reducing all greenhouse gas (GHG) emissions, includ-

ing those from international aviation and shipping, by 80% in 2050 compared to 

1990. As of 2015, the UK is 38% below 1990 emissions, and a set of interim targets 

(“carbon budgets”) have been enacted into law, notably a 50% reduction by 2025 and 

57% by 2030. The majority of emissions arise from the combustion of fossil fuels, so 

the Government must manage a transition away from coal, oil and natural gas towards 

a low-carbon energy system over the coming decades. An allied policy priority is the 

improvement of air quality in cities, which could also be achieved through reducing 

fossil fuel use or using these fuels without combustion.

Other energy policy objectives include the provision of secure and affordable energy. 

There will inevitably be tensions between these objectives; for example, moving to 

a low-carbon system is likely to increase the overall cost of delivering energy, at least 

in the short term. But the development of low-carbon energy technologies, including 

hydrogen and fuel cells, also offers opportunities to create innovative new businesses. 

The costs of hydrogen and particularly fuel cell technologies have fallen rapidly over 

the last decade. Early movers with these technologies have an opportunity to build 

a lead in this emerging market, with potential both to create manufacturing exports 

and to avoid primary energy imports. 

Hydrogen has been used in the UK energy system since the 1800s, as the largest 

constituent of town gas produced by coal gasification. Since the switch from town 

gas to natural gas in the 1970s, hydrogen has continued to be used in industry for 

ammonia production and refining oil. Hydrogen is highly versatile: it can be produced 

from coal, natural gas, biomass or electricity, and be transported by pipeline or road, 

or be produced locally in a decentralised system.

Looking forward, hydrogen is the only alternative zero-carbon energy carrier  
(transmitter of energy) to electricity under serious consideration for transport, 

heat and industry in the UK. It could replace or supplement natural gas to power 

high-efficiency fuel cells, and is easier and cheaper to store than electricity.

A range of hydrogen-fuelled technologies has been developed that offer significant 

advantages for consumers when compared to electric alternatives. Most technologies 

that run on natural gas have been redesigned to use hydrogen; for example, household 

boilers and vehicle internal combustion engines. Fuel cells are advanced technologies 

that avoid combustion, producing electricity from hydrogen at high efficiencies with 

no pollutants. They are scalable, with high conversion efficiencies at even very small 

sizes. They can be used in a variety of sectors, for example to power electric motors 
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in fuel cell vehicles, for combined heat and power (CHP) generation in buildings, 

and for electricity generation at a range of scales.

Fuel cell electric vehicles (FCEVs) have long been the most promising market, as in 

contrast to battery electric vehicles they offer driving ranges and refuelling times that 

are similar to existing petrol vehicles. The UK has a substantial engine and vehicle 

manufacturing industry. This could be threatened by the rise of both battery electric 

and FCEVs, or UK industry could adapt to exploit these new markets by developing 

expertise and capacity in low-carbon vehicle technologies. One estimate suggests 

that investment in hydrogen and fuel cell technologies for transport could create 

UK industries with an export potential of £10–26bn (cumulative) by 2050. This 

opportunity is unlikely to be realised unless the Government and industry recognise 

and react at an early stage to the opportunities presented by these new technologies.

2. TOWARDS A LOW-CARBON UK ENERGY SYSTEM

The UK energy system is currently dominated by oil, natural gas and coal, although 

the latter is declining. Figure S1 shows final energy consumption by sector for the 

year 2015. Most heating is fuelled by natural gas, while virtually all transport is 

powered by oil products. Electricity is used primarily for applications that cannot use 

other fuels, and more than half of UK electricity generation is generated from natural 

gas and coal.

Figure S1 UK final energy consumption by sector and fuel in 2015, 
data from DUKES.1

1 BEIS, 2016. Energy: Chapter 1, Digest of United Kingdom Energy Statistics (DUKES),  
Department for Business EIS, Editor: London, UK.
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In the short term, fossil fuel emissions can be reduced by using more efficient technol-

ogies such as condensing boilers and hybrid cars, reducing demand through energy 

conservation measures, or fuel switching from coal to natural gas. Ultimately these 

fossil fuels must be replaced or their CO2 emissions captured to achieve the low- 

carbon energy system required by law.

Numerous low-carbon technologies are available or are under development. 

Decarbonising electricity generation is the first major step through renewable genera-

tion, nuclear power and carbon capture and storage (CCS). Many see this as a prelude 

to electrifying heat and transport with high-efficiency technologies such as heat 

pumps and battery electric vehicles. Biomass technologies are under development 

and a range of hydrogen and fuel cell technologies are also ready to contribute to 

the transition. Hydrogen is a zero-carbon energy carrier like electricity, with numer-

ous potential uses across the whole economy and many ways to be integrated into 

the UK’s energy system.

3. SCENARIOS OF ALTERNATIVE ENERGY SYSTEM FUTURES

The UK energy system converts a range of primary resources (e.g. crude oil; wind) 

into usable energy carriers (e.g. petrol; electricity), which are used to meet energy 

service demands (e.g. heat, light and mobility). A range of low-carbon resources 

and energy carriers have been proposed for the future, which could be linked 

across different sectors through markets and investments. 

To gain insight into how energy systems may develop, scenarios with different 

assumptions about costs, constraints and conditions are explored using energy system 

models. The UK TIMES Model (UKTM), which is employed by the UK Government, 

is used in this White Paper to examine six scenarios for hydrogen and fuel cell devel-

opment in different UK energy system futures. They all assume that the UK will meet 

the 80% greenhouse gas (GHG) reduction commitment, but take different technologi-

cal pathways. Box S1 gives a brief overview of the six scenarios.
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BOX S1 OVERVIEW OF THE SIX SCENARIOS

Least Cost: the lowest-cost method of achieving the GHG target based on input 

assumptions.

Critical Path: the hydrogen option is kept open to 2030 through small investments 

in infrastructure and road vehicles; deployment ramps up in 2050 for strategically  

important end uses (transport and electricity).

Gas Conversion: gas networks are converted to deliver hydrogen; homeowners choose 

between low-carbon heating and transport technologies primarily on cost.

Full Contribution: hydrogen is taken up across the economy; hydrogen boilers and 

hybrid heat pumps heat most houses by 2050; almost all road vehicles use fuel cells; 

substantial contributions from hydrogen in industry and electricity generation as well.

No Hydrogen: a counterfactual scenario that is the same as Least Cost, except that 

no hydrogen technologies are available.

Electrification: a counterfactual scenario with widespread electrification of end-use 

technologies that relies primarily on renewable generation.

Table S1 summarises the assumptions and constraints that are applied 

to each scenario. 

Table S1 Assumptions and constraints concerning hydrogen (H2) and natural 
gas (NG) across energy sectors in each scenario. The industry figures are for the 
year 2050.

Scenario Transport Buildings Industry Electricity

Least Cost Flexible 0% H2
* Flexible Flexible

Critical Path Strategic H2 No H2 8 TWh H2 peak only

Gas Conversion Flexible No NG** Max 30% NG Flexible

Full Contribution Maximum H2 All gas to H 2 Min 40% H2 H2 mid-merit

No Hydrogen No H2 No H2 No H2 No H2

Electrification No H2 No H2 No H2 No fossil fuels

* Gas network conversion is assumed to be a government-led strategy that does not occur in the 

Least Cost scenario.

** The gas networks are assumed to be systematically converted to hydrogen from 2025 to 2045, 

so no NG heating is available after 2045.

Figure S2 shows the very different levels of hydrogen in final energy demand in 

the six scenarios. Total final energy consumption in the first five scenarios is similar, 

with increases in hydrogen generally balanced by decreases in natural gas consump-

tion. The Electrification scenario has a much greater reliance on both biomass and 

electricity for final end-use consumption, and is the only scenario with virtually 

no gas or hydrogen consumption.
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Figure S2 Final energy consumption in 2050, in the six scenarios.

Figure S3 Hydrogen consumption in each sector in 2050, in the six scenarios.
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Figure S3 shows how hydrogen is used across sectors of the economy in the 

six scenarios. Hydrogen is the most economic option for haulage and some buses, 

and so a substantial amount is used in the Least Cost and Critical Path scenarios. 

Hydrogen consumption is highest in the Gas Conversion and Full Contribution  

scenarios, where it is used across a range of sectors. Residential hydrogen consump-

tion is higher in Gas Conversion as fuel cell combined heat and power (CHP) is used 

as well as hydrogen boilers, highlighting the possibility for wide variations in con-

sumption even if all gas networks are converted.

The scenarios suggest that hydrogen and fuel cell technologies could play a substan-

tial role in the future, in one or more sectors. In Full Contribution, almost 50% of 

end-use demand is met by hydrogen in 2050, and fuel cells are deployed as least-cost 

options in both the transport and heat sectors in different scenarios. A major role for 

fuel cell vehicles is identified for haulage even in the Least Cost scenario, and to a 

lesser extent for cars, as battery electric vehicles are not cost-competitive for long 

distance or high utilisation activities. 

The different levels of hydrogen consumption across the first four scenarios lead to 

different choices of demand-side technologies. Despite this, impacts on the supply 

side are quite minor. The natural gas displaced by hydrogen in heating is mostly used 

to manufacture hydrogen, meaning that primary energy consumption and the electric-

ity system are very similar across all scenarios. The move towards greater electrifica-

tion in No Hydrogen and Electrification has a greater impact on the supply side than 

introducing hydrogen.

The total costs of the scenarios are listed in Table S2 relative to the unconstrained 

optimum of the Least Cost scenario. The costs of Critical Path and No Hydrogen are 

close to Least Cost. A common feature of these three scenarios is the continued use 

of gas heating in many homes. Gas Conversion is 50% more expensive, while Full 

Contribution more than doubles the cost of decarbonisation. Electrification is by 

far the most expensive scenario, at 7 times the least-cost decarbonisation pathway, 

reflecting the importance of fossil fuels to meeting emission targets at low cost. The 

table also highlights the importance of carbon capture and storage (CCS) technologies 

to minimising the cost of decarbonisation. If bioenergy with CCS (BECCS) or all 

CCS technologies are not available at the costs assumed in the model, then the cost 

of decarbonisation increases substantially. The additional cost of extensively using 

hydrogen in these cases is reduced, highlighting their importance as an ‘insurance 

option’ in diversifying the country’s routes towards decarbonisation.

The additional costs of the hydrogen scenarios might be considered acceptable 

by consumers, particularly since they look and operate in a similar way to existing 

fossil-fuelled technologies and avoid certain negative characteristics of electrical 

technologies (e.g. space requirements and limited output from heat pumps, or shorter 

range and long recharging time of battery electric vehicles). From this perspective, 

hydrogen offers a low-carbon, business-as-usual approach for consumers that alterna-

tive technologies cannot currently match. Offering consumers greater choice in how 

they decarbonise their energy consumption could be vital in fostering the long-term 

public commitment that will be required.
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Table S2 Total discounted costs of the energy systems in each scenario.

Scenario Basic scenario No BECCS No CCS

Least Cost 1.0 1.8 2.0

Critical Path 1.2 2.0 2.1

Gas Conversion 1.5 2.2 2.6

Full Contribution 2.3 2.6 3.0

No Hydrogen 1.1 2.2 2.3

Electrification 7.0 7.0 7.0

All costs are relative to the difference between the Least Cost scenario cost and the cost of an 

unconstrained reference scenario with no GHG emission targets. The Least Cost scenario therefore 

has a cost = 1. BECCS is bioenergy with carbon capture and storage (CCS).

4. HYDROGEN AND FUEL CELLS FOR TRANSPORT

Fuel cell electric vehicles (FCEVs) show great cost reduction potential, with several 

recent studies concluding that total cost of ownership can converge with alternative 

options as production volumes rise. Their technical characteristics are widely seen 

as preferable to battery electric vehicles (fast refuelling and long driving range), 

and they offer more efficient powertrains and quieter, smoother driving than internal 

combustion engines.

FCEVs have no exhaust emissions other than small amounts of water and so can con-

tribute to improving air quality in urban areas. As the significant health costs of diesel 

emissions become more apparent and cities come under increasing pressure to tackle 

air pollution, there is a compelling argument for the immediate rollout of FCEVs into 

niche high-mileage urban fleets (e.g. buses, taxis, delivery vans and bin lorries).

An early rollout of hydrogen vehicles could also be stimulated by a desire for energy 

security in nations with limited access to fossil fuels, and similarly in remote regions 

with high renewable availability, such as the Highlands and Islands of Scotland, 

where fuel costs are higher. A further draw is the opportunity for early movers to 

capture commercial advantage in a new sector, including opportunities for supply 

chains and local economic development.

FCEV sales to date have been slow but are now seeing significant uptake as major 

manufacturers (Toyota, Honda and Hyundai) have recently launched mass-produced 

vehicles. Hydrogen buses are also being employed in several capital cities, and are 

achieving or in some cases exceeding availability and longevity targets.

The purchase price of FCEVs is likely to remain high in the short term. Low running 

costs mean they are more cost-effective in high-utilisation sectors such as taxis, buses 

and lorries, particularly those able to refuel from a small handful of refuelling depots. 

This also makes FCEVs a candidate to be a successful operator in a car-sharing econ-

omy and among commercial fleets, where the utilisation of battery electric vehicles 

is handicapped by their need for frequent, time-consuming recharging.
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5. HYDROGEN AND FUEL CELLS FOR HEAT 

As shown in Figure S4, nearly half of UK energy is used to provide heat. 

Figure S4 Energy consumption by end use and sector.2

Heat has acquired a “hard-to-decarbonise” reputation compared to other sectors, 

with modest emission reduction projections by 2030. Several low-carbon options 

for heat have been identified, including demand reduction, heat pumps, district heat-

ing, green gas and onsite combined heat and power (CHP) generation. Heat pumps 

and district heating have seen significant deployment in other countries, but these 

are not widely used in the UK and experience with them so far has been poor. While 

some studies have tended to favour widespread rollout of one of these technologies 

to the exclusion of others, the concept of a ‘portfolio’ of heating systems has gained 

popularity recently, with a mix of technologies that varies according to local availabil-

ity and building type. This would mark a departure from current practice where gas 

boilers dominate, but has precedence historically and is widely practised abroad.

A particular problem in decarbonising the heat sector is that demand undergoes 

significant daily and seasonal swings, much more so than for transport or electricity. 

The current gas-based system (high output boilers and flexible networks) handles 

this well, but electric or district heating systems could struggle as they tend to have 

limited output and slower response times. Options exist for reducing peak demand, 

including better-insulated buildings, more efficient heating appliances and thermal 

storage, but there are limits to what they can achieve, not least because of strong pref-

erences and conservative behaviour in households. The ability to provide high power 

from a small device is likely to remain a priority for many British consumers. 

Gas-fuelled boilers have many attractive features, including low capital and running 

costs, high reliability and long life, high power output and fast response times, and 

their small size and ability to work without hot water storage. In addition, their 

maturity means supply chains and associated servicing industries are well estab-

lished. Hence there is considerable interest in implementing low-carbon gas-based 

heating systems.

2 Howard R and Bengherbi Z, 2016. Too Hot to Handle? How to decarbonise domestic heating. 
Policy Exchange.
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Biogases are one option for low-carbon heating, but question marks remain over 

their availability and whether their use is best reserved for the most difficult sectors 

to decarbonise, such as industry and aviation. Hydrogen injection into the existing 

natural gas streams is a second option, but current regulations effectively prevent this 

in the UK. Only a few percent can be blended without impacting on the performance 

of modern devices, and any such efforts would likely require an inspection of all 

gas-burning appliances to ensure absolute safety.

A third option is conversion of a large part of the existing natural gas network to 

deliver pure hydrogen instead of natural gas. There is a precedent from the use of 

town gas, which was delivered to UK homes through the gas networks until the 1970s 

and contained around 50% hydrogen. The new plastic pipes being installed under the 

UK’s Iron Mains Replacement Programme3 are likely to be compatible with hydrogen, 

although its different combustion qualities mean that all appliances would need to 

be replaced, including boilers, cookers, wall-fires and furnaces. A phased transition 

could be used, where ‘hydrogen-ready’ devices are sold for many years ahead of the 

switch, as practised with the changes to unleaded petrol, digital radio and television.

There are several options for efficient gas-based heating appliances. Existing condens-

ing gas boilers could be augmented with flue gas heat recovery systems. Gas-driven 

heat pumps are more efficient, as are hybrid heat pumps that combine an electric heat 

pump with a gas boiler for meeting peak demand. Hydrogen-fuelled versions of all 

these technologies can be produced.

Combined heat and power (CHP) systems are another option which generate electric-

ity as well as heat with high overall efficiency, and can be either engine or fuel cell-

based. Fuel cells are now the dominant technology for residential micro-CHP, as costs 

have halved and lifetimes doubled with increasing rollout in Japan and also more 

recently in Europe. These systems mostly operate on natural gas, but could switch 

to hydrogen (which would reduce capital cost) if it became widely available.

CHP systems are also popular in the commercial sector, where they can benefit from 

economies of scale and have fewer space constraints. Low fuel costs are important, 

as is reliability, long lifetime, high utilisation and effective policy support. Heating 

systems are long-life assets, meaning it can take decades for new technologies to 

be introduced.

6. HYDROGEN AND FUEL CELLS FOR INDUSTRIAL PROCESSES

Industry in the UK accounts for around 30% of fuel consumption used to generate 

heat, and also has a reputation for being difficult to decarbonise. Hydrogen is already 

widely used in industry, and there are opportunities for existing usage to be extended 

and decarbonised. Several chemical manufacturing processes produce hydrogen 

3 Hydrogen leakage rates from iron gas mains prior to the introduction of natural gas would not be 
acceptable today for safety reasons, but plastic pipes have very low leakage. The Iron Mains Programme 
has been replacing all iron pipes near buildings with plastic pipes for the last 20 years to improve gas 
safety, and is expected to conclude in the mid-2030s.



11Extended summary

as a by-product, and it is used to make ammonia, upgrade hydrocarbon fuels and to 

hydrogenate fats. Hydrogen could replace natural gas as a fuel for providing heat at a 

range of temperatures across several industries, although burners and furnaces might 

need replacement. Hydrogen is one of the few fuels that has the potential to decarbon-

ise high-temperature processes such as steelmaking and cement. 

7. HYDROGEN AND FUEL CELLS FOR POWER GENERATION

Figure S5 shows that industry, the service sector and houses are the three largest 

groups of electricity consumers globally, though transport may grow rapidly with the 

adoption of electric vehicles. Around a quarter of electricity consumption is used for 

providing thermal comfort, which may also grow if electric heat pumps take hold.

Figure S5 Breakdown of national electricity demand by sector, highlighting 
the share of thermal uses across all sectors. The top row of numbers gives 
the average electricity consumption per person.

More than two thirds of the electricity generated worldwide is produced through 

burning fossil fuels, but with a range of low-, zero- and even negative-carbon alterna-

tives available, rapid reduction in the carbon emissions from power generation are 

achievable. A central challenge for the UK is balancing the inherently unpredictable 

and uncontrollable outputs of solar and wind farms with electricity demand.

Gas turbines and engines are among the technologies used to balance renewa-

ble output and provide the stabilisation services that the grid needs. These are 

amongst the highest carbon technologies on the grid, but could be adapted to run 

on decarbonised hydrogen. 
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Fuel cells can supply controllable output and offer efficiencies that rival the most 

advanced combined cycle gas turbines (CCGTs) at up to 60%. They can be used 

for utility-scale power, commercial buildings (such as data centres) or individual 

households. They currently run on natural gas or other hydrocarbon fuels, but could 

more easily operate on hydrogen if it were widely available. Fuel cells are also quiet, 

non-polluting and compact, making them ideal for urban environments. 

Up-front costs for fuel cells are higher than for other technologies, but have fallen 

75% in the last 10 years. Deployment has been subsidised for several years in Japan, 

where 180,000 homes are now heated and powered by fuel cells. Product lifetime 

and reliability have improved significantly, to the point where they match modern 

gas-fired boilers.

Depending on their fuel source, fuel cells can at best be carbon neutral; at worst, when 

running on natural gas, their emissions are similar to those of new CCGTs. However, 

the UK’s electricity system is rapidly decarbonising, and average grid carbon emis-

sions are now equivalent to those of fuel-cell CHP, when credit is given for the heat 

that is also produced. A low-carbon source of hydrogen is therefore required for fuel 

cells to contribute towards deep decarbonisation. 

Fuel cell CHP could also remove a barrier to electrifying heat, namely the large 

expansion in generating capacity that would be required if millions of homes were 

to adopt electric heat pumps. These would increase peak electricity demand, which 

occurs on the coldest winter evenings when fuel cell CHP would be operating and 

generating electricity. 

Electrification of road transport could similarly affect security of supply, as unregu-

lated charging of battery electric vehicles could greatly increase peak demand. Fuel 

cell electric vehicles remove this issue entirely, whilst potentially delivering an 

additional benefit of distributed vehicle-to-grid capacity. With advances in smart-grid 

technology, system operators could potentially access energy stored within vehicle 

batteries and hydrogen tanks to meet peak demand, balance renewables and supply 

other grid services. Moreover, a typical vehicle’s tank of hydrogen could generate 

enough electricity to supply an average household for around four days, offering 

the potential for emergency back-up.

Hydrogen technologies also have the potential to provide the type of large-scale, long-

term storage that is required to shift electricity from times of surplus to those of short-

fall, helping to eliminate the need to curtail renewables. Power-to-gas technologies 

produce hydrogen from water through electrolysis, which may then be stored for later 

use, injected into gas networks in small concentrations, or converted into a variety 

of chemical feedstocks. The hydrogen could be further converted to methane using 

captured CO2, allowing it to be injected into the existing gas distribution and storage 

network without need for wholesale infrastructure replacement.
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8. HYDROGEN INFRASTRUCTURE

Like electricity, pure hydrogen does not occur naturally as a fuel and must be pro-

duced and transported to its point of use. Compared to natural gas, hydrogen is more 

difficult to handle as the energy density is much lower, the smaller molecules can 

escape through materials and damage unprotected steel through embrittlement. The 

costs of installing and operating hydrogen distribution infrastructure can be consider-

able and need to be quantified.

There are a number of potential distribution pathways for hydrogen, some of which 

are summarised in Figure S6. On-site production can make use of the existing gas 

and electricity distribution infrastructures to provide a low-cost, low-risk initial route 

to market. This is currently employed by residential fuel cell systems (with internal 

natural gas reformers) and some refuelling stations (with forecourt electrolysers). 

Centralised production with bespoke hydrogen distribution channels may become 

preferable in the longer term once significant hydrogen demand is established, as 

economies of scale allow them to deliver a lower cost per kg of fuel. Hydrogen for 

transport applications could be distributed as a compressed gas by tube trailer, where 

not produced on-site. While costs per kg are relatively high, total outlays are less 

than for alternative options until demand is established and growing. 

Figure S6 Hydrogen delivery pathways discussed in this White Paper. This 
diagram is simplified and non-exhaustive, and serves to highlight the diversity 
of options at each stage of the system.
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In the longer term, hydrogen transmission pipelines would be the most cost-effective 

means for distributing large quantities of fuel, and could supply hydrogen for the 

transport, heat, industry and power sectors. However, pipeline installation is suffi-

ciently costly and disruptive for careful analysis to be needed to establish whether 

hydrogen is the best option across all these sectors, so that a hydrogen transmission 

system could be appropriately sized to cater for this level of demand. These costs 

could be significantly reduced if the existing low-pressure natural gas distribution 

network is repurposed to transport hydrogen. New dedicated high-pressure hydrogen 

pipelines will still be needed to avoid embrittlement and to supply the high-pressure 

transport sector.

Liquefaction is a further option that can transport more hydrogen than compression 

and with lower upfront costs than using pipelines. It is particularly promising for 

large-scale transport and bulk storage, and is being considered for shipping hydrogen 

to Japan from Australia. However, high cooling costs and boil-off rates could limit 

usage to early stage infrastructure development and a few heavy-duty transport 

sectors in the long-term.

Table S3 summarises some of the main characteristics of the principal hydrogen 

transmission and distribution options. Several alternative hydrogen carriers which 

do not require high pressures or low temperatures are also at various (earlier) stages 

of development.

Table S3: Qualitative overview of hydrogen transmission and distribution 
technologies for hydrogen delivery in the transport sector. Adapted from 
the IEA.4

Distribution 
route

Capacity
Transport
Distance

Energy
Loss

Fixed
Costs

Variable
Costs

Deployment
Phase

On-site 
production

Low Zero Low Low High Near term

Gaseous tube 
trailers

Low Low Low Low High Near term

Liquefied 
tankers

Medium High High Medium Medium
Medium 
to long term

Hydrogen 
pipelines

High High Low High Low
Medium 
to long term

The ‘chicken and egg’ problem is synonymous with hydrogen: fuel cell vehicle 

sales are held back by a lack of refuelling infrastructure, and investors are reluc-

tant to build costly infrastructure until there is significant demand. This is being 

addressed through a series of public-private stakeholder initiatives committed to roll-

ing out initial hydrogen infrastructure. There is a target to install over 3,000 refuelling 

stations globally by 2025, after which it is expected further refuelling infrastructure 

will be justified by increasing uptake of hydrogen vehicles.

4 IEA, 2015. Technology Roadmap: Hydrogen and Fuel Cells: Paris.
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Urban hydrogen refuelling stations may face space challenges due to the need for 

additional equipment. Safety considerations associated with refuelling infrastructure 

are under continuous review by experts in the UK and internationally. Several knowl-

edge gaps are yet to be closed and relevant regulations, codes and standards may need 

to be updated.

Some transport uses, for example car fleets, buses, lorries, trains, ferries, airport/

seaport vehicles and forklift trucks, are likely to use centralised refuelling depots. 

These could serve as an entry point for developing hydrogen infrastructure, as high 

initial utilisation could be guaranteed from a lower number of stations with fewer 

space constraints.

Hydrogen for transport applications typically requires compression to 350 bar 

(for buses) and 700 bar (for cars) to achieve acceptable driving ranges. 700 bar 

(~10,000 psi) is considerably above the hydrogen pressures used in industry, and 

the compression work needed for refuelling stations is estimated to cost around  

£1/kg and consume around 10% of the energy content of the fuel.

Transport applications also require hydrogen with very high purity. This could be 

up to 99.9999% depending on carbon monoxide content and fuel cell specifications 

to maintain the longevity of fuel cell vehicles. Purification increases the cost of fuel, 

but is partially offset by lower fuel cell capital and maintenance costs (as less plati-

num catalyst is required) and longer lifetimes. Hydrogen generated from electrolysis 

is close to this required purity; however, steam methane reforming (SMR) and other 

sources require considerable cleaning stages to reach these levels, which would likely 

result in yield reduction.

Understanding and managing the risk of uncertain future demand for hydrogen is 

a key challenge when planning major infrastructure deployments. It is not clear who 

should be responsible for driving a transition and how such financial risks should 

be apportioned, although evidence from the literature suggests the need to involve 

several levels of government, private companies, NGOs and the public. Given the 

diversity of transition options, a clear strategy will help to reduce the costs of intro-

ducing hydrogen and fuel cell technologies, although this must be balanced against 

the need for flexibility to manage the risk of lock-in to a suboptimal design for the 

future energy system.

9. POLICIES FOR HYDROGEN AND FUEL CELLS

There is now widespread experience in the UK and elsewhere on giving policy sup-

port to low-carbon technologies. However, hydrogen and fuel cell technologies are not 

included within most current UK policy instruments. This means that hydrogen does 

not qualify for support like renewables, and fuel cells similarly receive little support 

compared to electric powertrains and heating devices.

The numerous sources of hydrogen mean that, like electricity, it could be zero-carbon 

(from renewables), low-carbon (from natural gas with carbon capture and storage) or 

high-carbon (from coal gasification). The development of a green hydrogen standard 
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is necessary to facilitate the inclusion of hydrogen in policymaking. A guarantee of 

origin scheme would enable hydrogen from low-carbon and renewable energy sources 

to be verified and rewarded, as has proved successful with renewable electricity 

(ROCs) and transport fuels (RTFCs).5 EU member states have developed several com-

peting standards, which could be harmonised. The UK has an opportunity to develop 

a standard that is tailored to its specific policy objectives, focussing on carbon inten-

sity or promoting renewable feedstocks.

Hydrogen and fuel cell systems are currently at a competitive disadvantage compared 

to incumbent technologies due to low economies of scale and the fact that the nega-

tive externalities of fossil fuels (carbon and air quality emissions) are not internalised 

in the costs of fuels and the technologies that use them.

Evidence suggests that policy intervention in other countries has enabled fuel cell 

technologies to reach commercialisation and become competitive in some niche 

applications. Strong and sustained policies in countries such as Japan have suc-

cessfully underpinned the initial deployment of fuel cells, greatly reducing capital 

costs and creating a new export industry through accelerated innovation. However, 

this strategy cannot be directly transferred to the UK without changes to account for 

the local context (e.g. the lack of large industrial conglomerates). With an industrial 

strategy that provides the right policy support, in a consistent, long-term manner, the 

UK could also be in a strong position to claim a leading role in the hydrogen and fuel 

cell industry, which would build on its substantial research and small and medium 

enterprise (SME) capacity in this area. 

10. CONCLUSIONS ON HYDROGEN AND FUEL CELLS 
IN ENERGY SYSTEMS

Hydrogen and fuel cell technologies are clean options that contribute to cost-effective 

decarbonisation across several sectors of the energy system and to wider environ-

mental goals such as minimising air pollution, while having minimal impact on 

the consumer experience. Scenarios in this White Paper show that the long-term 

penetration of hydrogen and fuel cell technologies could vary from a few small niches 

to providing virtually all transport and heat demands, as well as supporting a low-car-

bon electricity system. Moreover, hydrogen offers a low-carbon, business-as-usual 

approach for consumers that alternative low-carbon technologies cannot currently 

match. Hydrogen and particularly fuel cell technologies have long been touted as 

revolutionary, but are now reaching maturity in many markets.

The transition to hydrogen could be led by heat or transport, taking a decentralised 

or centralised approach. Any large-scale infrastructure would probably require 

government support and forward planning to cope with the scale and uncertainties 

involved. Transmission pipelines and distribution networks are natural monopolies 

and so would likely be heavily regulated. In contrast, several hydrogen refuelling 

stations are already in operation in the UK with distributed on-site electrolysers. 

5 ROC = Renewable Obligation Certificate. RTFC = Renewable Transport Fuel Certificate.
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These could benefit from standardisation and modularity and therefore essentially 

from mass production. So while the early stages of a transport-led transition might be 

achieved with limited Government intervention, a heat-led transition would require 

a joint decision from Government and industry in order to be viable. The longer-term 

success of a transport-led transition would also be more likely if it were underpinned 

by Government support.

Transport has long been seen as the most promising market for hydrogen and fuel 

cells. Numerous companies have active development programmes for fuel cell cars. 

It is entirely possible that a material number of fuel cell vehicles will be driving on 

UK roads in the next 5 years if the minimum necessary refuelling infrastructure can 

be constructed. Initially, the use of refuelling infrastructure for buses is envisaged, 

as is already the case in some parts of the UK. Environmental challenges such as 

air quality in London and other major cities are likely to provide a spur for such 

zero-emission vehicles, particularly for high-mileage vehicles such as taxis and 

buses. Whether or not FCEVs become the cheapest technology in the longer term 

will depend on innovation successes for these and competing technologies, as 

the cost differences are small and the uncertainties are large. Heavy goods vehicles 

(HGVs) and buses are arguably the most promising market for FCEVs in the near 

term due to the lack of obvious low-carbon alternatives.

Fuel cell CHP has been deployed for commercial and district heat-scale technologies 

for several decades, and fuel cell micro-CHP is now being widely deployed with little 

or no subsidy in homes in Japan, South Korea and several other countries. Hydrogen 

can also be used to generate heat in hydrogen boilers and hybrid heat pumps. Using 

hydrogen to decarbonise heat by repurposing existing low-pressure gas networks 

has recently received much attention in the UK, as it would remove CO2 emissions 

at point-of-use while providing a comparable service to existing gas boilers. The 

scenarios presented in this White Paper show that the most cost-effective approach 

would be for some households to stop using gas for heating and for those that adopt 

hydrogen to consider a range of technologies other than gas boilers.

Hydrogen could also be used to decarbonise many industrial heat and CHP processes, 

with the principal challenge being to supply sufficiently low-cost hydrogen. For 

example, hydrogen could be piped to boilers, direct fired heaters and furnaces in large 

industrial sites that currently use natural gas, in which the disparate locations and 

sizes of the boilers would prevent CO2 from being economically captured.

Hydrogen and fuel cell technologies are often perceived as competitors to high- 

efficiency electrical appliances for heat and transport. Yet both hydrogen and fuel 

cells could support the operation of a low-carbon electricity system, and would 

be particularly valuable if it were composed primarily of low-carbon technologies 

which are primarily inflexible or intermittent (e.g. nuclear and renewables).

Hydrogen turbines and engines could provide zero-carbon peak power generation 

at times of greatest demand. Similarly, distributed generation which operates at 

peak times (such as fuel cell micro-CHP on winter evenings) can avoid investment 
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in peak generation plant. At the same time, power-to-gas provides a flexible energy 

conversion method that can minimise the need to curtail renewables due to there 

being insufficient demand at times of high generation. A combination of these tech-

nologies offers a potentially cheaper alternative to power-to-power electricity storage 

such as household battery storage systems. Strategically investing in new capacity 

that is both flexible and low carbon, such as fuel cells and power-to-gas, could help 

the UK achieve the goals of high security, low cost and low emissions.

Other environmental impacts such as emissions that affect urban air quality are also 

becoming increasingly important. To achieve these objectives UK energy policy has 

encouraged renewables, electric vehicle powertrains and combined heat and power, 

but not hydrogen and fuel cells. It seems likely that a certification system for ‘green 

hydrogen’ will be required for it to contribute to a low-carbon economy, and hence 

for be included in future policy instruments. The UK Government has had a working 

group on Green Hydrogen in the past; reviving this would underpin the sustainable 

use of hydrogen for transport or heat applications.

Hydrogen could support the integration of renewable generation into a stable and 

resilient electricity system, both through zero-carbon peak generation at times of high 

demand and through power-to-gas at times of excess supply, but it is not clear that 

existing market structures would enable profitable private-sector investments in these 

technologies. There is currently little incentive for producers, transmission or deliv-

ery companies to fund such projects on their own. Demonstration projects would help 

private actors to understand and become familiar with these technologies, reducing 

uncertainty and risk, whilst facilitating cost reductions and helping to identify how 

they could be integrated into existing or new market structures.

An inescapable conclusion of this analysis is therefore that robust government policy 

is required across several fronts if hydrogen and fuel cells are to fulfil their potential, 

both in providing low-carbon and clean, sustainable energy in the UK transport, 

heat and power sectors, and in becoming a source of UK industrial growth, exports 

and employment.
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