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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 for heat provision in
future low-carbon energy systems.
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 first of four that
will be published over the lifetime of the Hub, with the others examining: (i) low-carbon energy systems (including balancing renewable
intermittency); (ii) low-carbon transport systems; and, (iii) the provision of secure and affordable energy supplies for the future.
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HEADLINE MESSAGES
Fuel cell CHP is already being deployed commercially around the
world. Commercial and industrial enterprises have used fuel cell CHP
for decades, particularly in the USA. Meanwhile, sales of residential
micro-CHP units are doubling every year, and in Japan they will be
fully competitive (sold without subsidy) from 2015. The capital costs
of fuel cells have greatly reduced in recent years as a result of innovation and learning through field trials and deployment programmes.
Hydrogen can be a zero-carbon alternative to natural gas. Most technologies that use natural gas can be adapted to use hydrogen and still
provide the same level of service. Hydrogen could potentially be delivered via the existing natural gas distribution networks, although more
research is required to fully understand the issues surrounding conversion of the networks. In the shorter term, injecting small amounts
of hydrogen into the gas networks or producing synthetic natural gas
using hydrogen and waste CO2 effluent could reduce the emissions
intensity of the gas delivered to all users.
Hydrogen and fuel cells are part of the cost-optimal heating technology portfolio in long-term UK energy system scenarios. Most heat
decarbonisation studies have considered neither hydrogen as a fuel
for heating nor fuel cell CHP as a low-carbon heating technology.
Only three of twelve studies that have informed UK energy policy
have examined these technologies and two of them identify a costoptimal role for hydrogen. Notably, only these two studies consider
the economic benefits of converting the existing gas distribution
networks to deliver hydrogen.
Hydrogen and fuel cell technologies avoid some of the disadvantages
of other low-carbon heating technologies. Current heat pump technologies can be broadly characterised by high capital costs, sensitivity to
operating conditions and large space requirements. In contrast, hydrogen boilers could provide zero-carbon heat without such disruptions
to living patterns while being affordable for households. Fuel cell
systems are currently a similar size and cost to heat pump systems,
but smaller wall-mounted versions are under development and capital
costs are falling rapidly.
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Fuel cells can support the integration of renewables and other
low-carbon technologies into the electricity system. Peak electricity demand coincides with peak heat demand in the UK. Field trials
of micro-CHP fuel cells show that they generate electricity when it
is needed most by the grid. Electric vehicles and heat pumps will
increase peak demand, while building more intermittent renewable
generation will increase the supply variability. Additional peaking
plant capacity will be needed to cope with both trends. Fuel cell CHP
can make an important contribution to meeting peak demand while
also diversifying and decentralising electricity generation, increasing
the national security of supply.
Some government policies penalise hydrogen and fuel cell technologies compared to alternative low-carbon technologies. For example,
the current definition of “good quality” CHP should be reviewed as
stakeholders feel that the existing treatment of fuel cell CHP is discriminatory. More generally, CHP incentives do not reflect the value
of fuel cells for supporting peak electricity generation and avoiding network reinforcement. Policies addressing market failures for
low-carbon technologies do not generally extend to hydrogen and
fuel cell technologies, despite fuel cells being successfully supported
towards commercial maturity abroad.
Hydrogen and fuel cells are habitually excluded or marginalised
in technology innovation needs assessments and heat policy papers.
These tend to concentrate on a small number of technologies and identify hydrogen and fuel cell technologies for future research rather than
near-term demonstration and deployment. Yet programmes such as
converting the gas networks to deliver hydrogen would require government direction and the costs could be greatly reduced through the
early development of a roadmap to identify and address the technical
challenges.
The UK has an opportunity to develop a hydrogen and fuel cell
industry for heating. The UK has a strong scientific base in hydrogen
and fuel cell research. A number of UK-owned and UK-based firms
are international leaders in hydrogen and fuel cell technologies.
The sector also includes globally-established suppliers of components
as well as a number of innovative new entrants developing novel technologies and components. Support at home would enable UK companies to capture a share of fast-growing global supply chains for hydrogen and fuel cell heating technologies.

Chapter Title

EXECUTIVE
SUMMARY

v

vi

A H2FC SUPERGEN White Paper

1. THE CHALLENGE OF LOW-CARBON, SECURE,
AFFORDABLE HEATING
Almost half of all UK energy consumption is used for heating in
homes, offices or industry, mainly with natural gas. Since the UK has
committed to reducing its greenhouse gas emissions by 80% by 2050
compared to 1990, a low-carbon alternative will be required to reduce
the emissions from heating. The search is on for low-carbon heating
alternatives to natural gas that are affordable for households and businesses and for which there is security of supply.
The electrification of heat provision, using efficient heat pumps, is
one possible alternative, as are solar heating and biomass. Fuel cells
and other hydrogen-fuelled technologies have so far received little
attention in this regard but could potentially generate low-carbon heat,
as well as electricity for combined heat and power (CHP) technologies, while avoiding some of the disadvantages of other low-carbon
technologies.

Figure ES1 Cumulative number of fuel cell micro-CHP systems
deployed in three major regions, showing historic growth (solid
lines) and near-term projections (dotted lines)
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Fuel cells are already being used for heat provision in other countries.
Fuel cell CHP has been deployed for commercial and district heatscale technologies for several decades. Smaller micro-CHP fuel cells
are now being deployed commercially in Japanese houses and programmes are underway in several other countries, supported by both
governments and industry. The number of micro-CHP fuel cells has
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been doubling each year in several countries and Japan has a target for
1.4 million to be installed by 2020 (Figure ES1). European deployment
is predominantly in Germany at present.
This paper assesses potential roles for hydrogen and fuel cells in
low-carbon heating. It reviews the science of and identifies potential
markets for fuel cell CHP and other hydrogen-fuelled technologies. It
examines the possible benefits of these technologies from the perspective of the whole energy system, with a focus on residential fuel cell
CHP in particular. Finally, it identifies the UK industrial strengths in
hydrogen and fuel cells, and considers policy issues that will need
to be addressed to give these technology options a level playing field
with other low-carbon heating technologies.

2. THE SCIENCE OF HYDROGEN AND FUEL CELL CHP
Fuel cells for combined heat and power (CHP)
Stationary fuel cell CHP technologies use hydrogen or other fuels to
generate both heat and electricity, the latter of which may be used
directly or fed into the electricity grid. Hydrogen is not the only fuel
that can power fuel cells and most are not directly fuelled using hydrogen at the moment, partly because of difficulties with distribution and
storage. Natural gas is most widely used along with LPG (liquid petroleum gas) and biogas, and these are converted into hydrogen within
the fuel cell system. While fuel cell-powered vehicles have received
much attention in recent years, stationary applications are currently
the largest commercial market for fuel cells.

The operation and characteristics of fuel cells
Fuel cells convert the chemical energy in a fuel directly into electrical
current and heat without combustion. They are a modular technology
that can be scaled up from serving individual homes to large office
blocks and industrial complexes. CHP is the most common stationary
application for fuel cells and currently provides their largest and most
established market. By capturing the heat produced in the fuel cell,
and distributing it to the building or process, overall fuel use efficiencies of up to 95%1 can be achieved, while also generating decentralised electricity and reducing CO2 emissions.
1. Following European
convention, all efficiencies in
this White paper are expressed
relative to the lower heating
value (LHV) of the fuel input.
To convert from lower to higher
heating value (HHV) for natural
gas, divide these efficiency
values by 1.109.

Just as there are different types of battery, many fuel cell technologies
have been developed which use different means to achieve the fundamental electrochemical reaction. These technologies use very different
sets of materials and operate at different temperatures, which affect
the fuels they can tolerate and the peripheral equipment they require;
however, they all share the characteristics of high efficiency, few
moving parts, quiet operation, and low emissions at the point of use.
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The different kinds of fuel cells are summarised in Table ES1 and their
technical characteristics are compared in Table ES2.

Table ES1 Fuel cell technologies for CHP applications
Acronym

Type

Uses

PEMFC

Proton Exchange
Membrane

Used for most installed residential microCHP systems

SOFC

Solid Oxide

Large industrial CHP and residential
micro-CHP systems

MCFC

Molten Carbonate

Large industrial CHP and grid-scale
electricity production

PAFC

Phosphoric Acid

Used since the 1970s in commercialscale CHP systems

Table ES2 At-a-glance summary of fuel cell performance

Application

PEMFC

SOFC

Residential

Residential/
Commercial

PAFC

MCFC

Commercial

Electrical
capacity

(kW)

0.75–2

0.75–250

100–400

300+

Thermal capacity

(kW)

0.75–2

0.75–250

110–450

450+

Electrical
efficiency*

(LHV)

35–39%

45–60%

42%

47%

Thermal
efficiency*

(LHV)

55%

30–45%

48%

43%

Current
maximum
lifetime

’000
hours

60–80

20–90

80–130

20

years

10

3–10

15–20‡

10‡

Degradation
rate†

Per
year

1%

1–2.5%

0.5%

1.5%

*

Rated specifications when new, which are slightly higher than the averages
experienced in practice. † Loss of peak power and electrical efficiency; thermal
efficiency increases to compensate. ‡ Requires an overhaul of the fuel cell stack
half-way through the operating lifetime.

The economics of fuel cells
The high capital costs of fuel cells are the major hurdle to their economic viability. Fuel cells are still more expensive than competing
technologies, but this gap is rapidly narrowing as the technologies
mature. Figure ES2 shows the price trends of fuel cells in Japan and
South Korea in recent years. Prices of residential systems have fallen

ix

Executive summary

dramatically – by 85% in the last 10 years in Japan, or by 20% for each
doubling in cumulative production in Japan and Korea. However, as
seen in Figure ES2, the price of Japanese systems has fallen more gradually since their commercialisation in 2008.

Figure ES2 Experience curves fitted to the historic price of
EneFarm (Japan) and South Korean residential PEMFC systems
from the last ten years
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The main means through which future capital cost reductions at all
scales may be achieved are:
• reducing system complexity through design optimisation;
• eliminating major system components such as fuel processing
stages;
• cell-level design improvements such as reducing catalyst content
and increasing power density;
• greater collaboration between manufacturers to standardise minor
components and overcome research challenges more effectively; and,
• further expansion of manufacturing volumes and mass production
techniques.
The high capital cost of fuel cell systems is at least partially offset
by lower running costs which result from lower consumption of
grid electricity. Figure ES3 demonstrates the financial savings from
running a 1 kW PEMFC in an average British household today. The
reduction in grid electricity purchases is almost offset by increased gas
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consumption; however, excess electricity production can be exported
for 4.77 p/kWh, and the UK government’s feed-in tariff (FiT) for microCHP currently pays 13.24p for each kWh of electricity generated.
Together these give annual revenues of £774, allowing fuel cell owners
to reduce their energy bill by two-thirds in the current policy climate.
However, the majority of this saving is from FiT subsidies at present;
in the long term, fuel cell CHP competitiveness relies on further reducing capital costs and on the income from electricity generation fully
reflecting the benefits to the electricity system, as discussed below.

Figure ES3 Breakdown of annual energy bills for an average
UK house with PEMFC micro-CHP and conventional gas heating
(see main report for details)
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The economics of commercial and industrial CHP need to be better
than for residential as they must offer an attractive payback period to
gain sales. The annual expected return on investments (ROI) for CHP
ranges from 8–16% in the UK, depending on the customer and their
energy costs.

The environmental implications of fuel cells
Fuel cell systems are larger and heavier than the gas boilers they
replace, and require catalyst metals such as nickel and platinum
which are extremely energy-intensive to produce. Just as with other
low-carbon technologies (e.g. solar PV and nuclear), the energy
required to manufacture the fuel cell compared to alternatives, and
the resulting carbon emissions, are important as these offset the
savings made during operation. The carbon intensity (gCO2/kWh) of
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fuel cell construction is estimated to be comparable to that of nuclear
power stations and lower than that of solar PV.
In operation, fuel cells using natural gas can reduce carbon emissions relative to conventional heating technologies as they reduce
the amount of electricity that needs to be generated centrally, which
in most countries has a high carbon intensity. CO2 savings from fuel
cells are therefore country- and site-specific, depending on the carbon
intensity of grid electricity and on the heating system that is displaced.
In the UK, a residential fuel cell heating system fuelled by natural gas
currently reduces the annual CO2 emissions from the average household by approximately 1–2 tCO2.
Emissions of other air pollutants, for example oxides of nitrogen
(NOx), carbon monoxide (CO) and particulates (PM10), are around
a tenth of those from other gas-burning technologies.

Hydrogen for heating
Until the conversion of households to natural gas from the North Sea
in the 1970s, hydrogen was piped to many UK homes as the largest
constituent of town gas. Hydrogen can be used as an alternative to natural gas for space heating, water heating, and for gas cooking. Because
the physical properties of hydrogen differ from natural gas, switching
from natural gas to hydrogen heating would require changes to the gas
network and to heating and cooking appliances.
Hydrogen may be burned directly in boilers, for individual household or commercial applications, or even for district heating. Novel
types of hydrogen boilers are under development. Hydrogen may also
be directly used in fuel cells, as already discussed. Gas heat pumps,
which are already commercially available in some countries for household or commercial use, and have much higher efficiencies than gas
boilers, may also be converted to hydrogen.
There is no fundamental difference in the appearance or operation of
hydrogen gas boilers when compared to their natural gas equivalents.
Hydrogen can be combusted in a combi-boiler and therefore requires
no additional space in the household, in contrast to other low-carbon
technologies. Hydrogen boilers are also much cheaper than alternatives such as heat pumps.

Production and delivery of hydrogen
Like natural gas, the widespread use of hydrogen gas would require
its transmission and distribution through pipeline networks, and
facilities for storage. A small number of high-pressure pipelines to
transport hydrogen between industrial producers and consumers
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already exist. However, widespread use of hydrogen for heating in
the UK would require huge quantities to be produced and distributed.
The natural gas transmission network is not suitable for transporting
hydrogen, so, if hydrogen transmission were required, a new dedicated
transmission network would have to be constructed, which could
serve both transport and heat markets. Yet there is a possibility of
converting the existing low-pressure distribution networks to deliver
hydrogen in the longer term, and these comprise the vast majority of
the gas system. In the near term, hydrogen could be injected into the
natural gas distribution networks without a conversion programme,
to lower the carbon intensity of the delivered gas. It is thought that
the network could accommodate at least 10% hydrogen by volume
while existing appliances could use gas with 3% hydrogen without
requiring modification, although there are complexities and caveats
around these figures which are explored in more detail in the main
paper. Of course, a conversion programme would also need to achieve
public acceptance of the safety of hydrogen use in homes.
Hydrogen is currently used in a wide variety of industries and can
be produced either locally or at large central plants from biomass,
natural gas, coal, waste or by electrolysis of water. Current hydrogen
production is largely from natural gas but future methods would need
to produce low-carbon hydrogen, such as by electrolysing water with
zero-carbon electricity or by using fossil fuels with carbon capture and
storage technologies. Accounting for the lower volumetric energy content of hydrogen, in order to completely replace current UK requirements for natural gas on an energetic basis using indigenous capacity,
UK hydrogen production would need to increase by a multiple of
20–35 times above existing levels.

3. POTENTIAL UK HEATING MARKETS FOR HYDROGEN
AND FUEL CELLS
The UK spends £32bn on heating each year, including around £1.7bn
on heating products. Under the influence of government policy, as
discussed further below, a UK market for low-carbon heating is gradually emerging. In the markets for space and water heating, hydrogen
and fuel cell technologies face competition from several established
and emerging technologies: condensing gas boilers, biomass boilers,
engine-based CHP, electric and gas-engine heat pumps, solar water
heating and district heating via heat networks.
The UK has four main heat markets. Prospects for the adoption of
hydrogen heating and fuel cell products are examined in each of these
in turn.
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Residential heat markets
Residential sector fuel consumption for space heating, water heating
and cooking accounts for around half of the total UK heating fuel
consumption. Heating demands vary substantially between households, as shown in Figure ES4, with large detached houses consuming
around six times more fuel for heating than small flats. Demand is
highly seasonal with a winter peak that is on average around seven
times the average summer consumption.

Figure ES4 Variation in household heat demand between classes
of housing for an average year
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Heat demand includes space and water heating. Winter consumption is strongly
temperature-dependent and the winter peaks can be much higher in a cold year.

British consumer preferences regarding heating systems show a strong
cultural affinity for gas boilers, which are perceived as safe, cheap,
effective and easy to control. They therefore represent a strong incumbent technology, which is likely to prove difficult to displace with alternatives other than perhaps similar hydrogen-fuelled boilers. There is
some evidence that micro-CHP is slightly more attractive to consumers
than other low-carbon residential heating system technologies, but all
such technologies suffer from the consumer preference for natural
gas-based heating systems (except fuel cell micro-CHP, which can be
gas-fuelled), the lack of a strong mass market demand for energy efficiency measures and alternative heating products, cost factors, and
weaknesses in the UK supply chain for such products, including hydrogen and fuel cells. There are neither retail channels for purchasing these
technologies nor qualified installers who can put units in homes.
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Hydrogen-fuelled technologies are a long-term option as there is
no delivery system at present, although hydrogen injection into
the existing gas grid offers one possible route for utilising hydrogen
with existing natural gas appliances.
Micro-CHP fuel cells, on the other hand, could be deployed now.
They are packaged as complete heating systems, with a fuel cell integrated with a boiler and hot water tank. They are typically installed
outside in the UK and Japan, which could impact the visual appearance of a property, although wall-hanging models are under development. Fuel cell micro-CHP technologies are smaller than most
low-carbon alternatives. While still five times the installation cost
of residential gas boilers (fuel cells cost around £12,000 for 1 kW residential systems, but these costs are falling 10–15% per year), fuel cells
are beginning to compete with other low-carbon heating technologies
and their running costs are lower, even without public policy support. While fuel cells are larger and heavier than conventional boilers,
their size is comparable or smaller than that of most other low-carbon
technologies. Their installation is relatively simple and they operate
as quietly as condensing gas boilers. Only a few fuel cells have been
tested to date in the UK and larger-scale field trials would help to
lower production costs while developing a supply chain to support
commercial deployment.
Around 1.5m household boilers are replaced each year. Apart from
distress purchases involving the replacement of broken or malfunctioning boilers, heating system replacement is generally only considered by householders as part of wider renovation works. Only around
1 in 10 consumers are interested in carrying out changes to their living
environment to make it more energy efficient, with the vast majority
making decisions based on cost and amenity factors such as aesthetics
and the use of space. Because of the premium put on space, shown
by the rapid uptake of combination (combi-) boilers in Britain and
the removal of the hot water storage tanks associated with the older
systems, heating systems that involve the loss of previously usable
space, like many micro-CHP or heat pump configurations, may prove
unpopular where space is at a premium.

Commercial and public sector heat markets
UK commercial and public sector fuel consumption for heating is
around 20% of the total heating fuel consumption. As with the residential sector, space and water heating are the largest energy demands,
with 72% of commercial sector businesses currently heated by gas,
and electricity and oil comprising most of the remainder. Around
20,000 commercial boilers are believed to be sold each year.
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Commercial premises vary much more significantly than homes in
terms of their size, shape, and level of heat demand. Some larger commercial properties, particularly those with high heat demands such as
hotels, hospitals and leisure facilities with swimming pools provide a
potential market for fuel cell CHP. Larger premises tend to have a more
steady demand for heat and power than individual homes so are better
suited to fuel cells, while critical facilities such as hospitals and data
centres also have a key requirement for high reliability backup power
that can also be met by fuel cells. Medium-scale (200–400 kWe) fuel
cell CHP systems that provide heat, electricity and sometimes also
cooling have been installed in several buildings in the UK.
At around £1m for 400 kW commercial systems, the costs of fuel cell
CHP are between 2.5 to 20 times higher than gas-engine CHP, although
as already noted fuel cell capital costs are decreasing and lifetimes
increasing, and this may ultimately serve to change the status quo. In
addition, within the commercial sector, fuel cell products are enjoying
a degree of success in electricity-only applications such as the provision
of standby power. The growth of this market may result in cost reductions that make fuel cells more cost-competitive with other technologies, which may increase their use in heating applications such as CHP.

Industrial heat markets
While around 30% of the UK’s fuel consumption for heating comes
from industry, industrial plants tend to have specific requirements
for the flow rate, temperature and pressure of delivered heat. While
hydrogen could substitute for natural gas in many processes, the
potential market for fuel cell CHP is smaller, but it is not insignificant.
Indeed, by-product hydrogen is already used as a heating fuel in some
UK industrial plants such as the INEOS plant in Runcorn.
As with the commercial sector, technological immaturity and resulting
high costs are major barriers to the uptake of hydrogen and fuel cell
products. However, hydrogen may be a useful substitute for a number
of processes that are currently fossil-fuelled. Industrial by-product
hydrogen may offer a potential early market niche for hydrogen and
fuel cell technology within industry, while another potential industrial
niche is energy from waste facilities. Low-temperature industrial heat
is also a large and untapped market that larger PAFC and MCFC systems
could move into, providing low-grade heat, while large SOFC systems
can provide process heat at up to 1000 °C, and so could be used to
decarbonise a wider range of industrial facilities, if they became
cost-competitive.
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District heating markets
District heating schemes currently represent only a very small part of
UK heat demand, but there are plausible scenarios for them to supply
as much as 40–50% of UK heat demand by 2050, and the Government
in recent years has consistently expressed support for district heat
network development. Hydrogen heating systems and fuel cell CHP
technologies could be used to supply energy for heat networks, either
within a single apartment block or as part of a wider heat network.
Using hydrogen for district heat may reduce safety concerns about
piping hydrogen into houses.
District heating faces a number of significant barriers to widespread
deployment in the UK. As with the other sectors, barriers to the
deployment of fuel cells in district heating include high costs relative to incumbent technologies and the lack of a robust UK supply
chain. Fuel cells are also unfavourably treated compared to other CHP
technologies, as discussed below. In the longer term, hydrogen could
develop as a substitute for natural gas in the supply of thermal energy
to heat networks.

4. HYDROGEN AND FUEL CELL HEATING SYSTEMS
Modelling future heat provision by hydrogen and fuel cells
A number of models have been used to study scenarios of UK energy
system decarbonisation. Many of these studies have identified decarbonisation of the electricity supply as a key early goal, alongside a
mass-market shift in transport and heating towards low-carbon alternatives. The cost-optimal pathway for heat is often electrification,
using heat pumps, combined with an ambitious programme of energy
efficiency measures such as thermal insulation.
However, most of these models consider a similar mix of low-carbon
technologies that excludes both hydrogen and fuel cell CHP. Only
three of the reviewed models – RESOM, UK MARKAL and UKTMUCL – consider a wide range of heat technologies that include hydrogen and fuel cells. Conversion of the gas networks to deliver hydrogen
has only been assessed using UK MARKAL and UKTM-UCL. The
UK MARKAL study concludes that using fuel cells powered by hydrogen from a converted gas network could be the lowest-cost option for
decarbonising heat, reducing the number of houses using heat pumps
while supporting heat pump operation through high electricity as well
as heat output at peak demand times. The new UKTM-UCL model also
finds a cost-optimal role for hydrogen technologies in the same scenario, but for hydrogen-fuelled boilers rather than fuel cell CHP.
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These studies show that hydrogen and fuel cell technologies could
have a role in future heat provision but that this depends on a number
of factors, particularly the relative prices of electricity and hydrogen. The levelised costs of heat provision are reasonably close for a
number of technologies and further research is required to understand
the impact of uncertainties in these costs and in commodity prices.
Although most of the UK uses a single technology for heating at
present (gas boilers), most scenarios of the future forecast a portfolio
of different technologies being used in different houses. Particularly
when non-economic characteristics are taken into account, none of
the low-carbon technologies are clearly superior to the others and it is
not clear that any one technology should be prioritised. Heat provision
is similar to electricity generation in this regard, where a portfolio
approach is being used to support new technologies, and a similar
inclusive approach to all technologies, including hydrogen and fuel
cells, seems appropriate for heat provision.

Case studies of residential micro-CHP
The UK energy system is expected to change radically over coming
decades, with developments such as significant shares of wind and
nuclear power entering the UK electricity system posing new challenges in terms of system flexibility and the provision of capacity
to reliably serve peak demand. Heat decarbonisation, as part of the
system transition, offers great opportunities and challenges. The range
of applications of heat as an energy vector represents a very substantial portion of national final energy demand, and as such any changes
in the way it is delivered can have very significant financial and infrastructure impacts, particularly given the scale of seasonal and diurnal
swings. However, heat demand is also relatively flexible, with possibilities for storage, demand side management, and use of ‘linepack’
in district heating all offering valuable flexibility. Four case studies
examining the role of fuel cell micro-CHP in supporting and interacting with future energy systems are presented.
During a cold winter weekday, heat and electricity demand is reasonably well correlated in the UK, as shown for an aggregated sample of
2,700 households in Figure ES5. Therefore, fuel cell CHP, by providing
heat and power simultaneously, is naturally well matched to serving
residential sector demand and may have an important role to play in
supporting broader electricity system operation in the future, as well as
reducing CO2 emissions. The role of fuel cells alongside other technologies, and as part of a wider low-carbon energy system, is explored here
for micro-CHP applications with heat to power ratios ranging from 1:1
to 2:1 (i.e. as would be expected of fuel cell systems), using empirical
field trial data and simulation modelling at high temporal resolutions.
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The first case study considers the contribution of micro-CHP fuel cells
to meeting peak winter electricity demand. CHP is a heat-led technology, in that it is controlled to match heat demand. As shown in Figure
ES5, peak heat demand occurs at approximately the same time as peak
electricity demand. Therefore, CHP electricity output is likely to occur
at a time when it will displace the need for additional network and
generation capacity. The case study calculates that each kW of fuel-cell
based CHP electricity generating capacity in this simulation would
obviate the need for around 0.6 kW of peak capacity requirements.
Total system savings in excess of 500 £/kW of installed fuel cell capacity could be realised from this.

Figure ES5 Aggregated thermal and electrical power demands
from 2700 dwellings in the UK on a winter weekday
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The second case study explores the potential of fuel cells to complement heat pumps for residential heat applications, as well as their
potential match with likely charging patterns for electric vehicles.
As micro-CHP and heat pumps are both operated to provide heating,
the system impact of heat pumps on the electricity network could be
mitigated by complementing heat pumps with micro-CHP technologies. Figure ES6 shows the impact on the load duration curve of the
low-voltage network from combining fuel cell micro-CHP with heat
pumps (where they are located close together and on the same phase
in the distribution network). The Baseline gives the current profile of
the curve, with heating mainly supplied by gas boilers. The hours of
duration of high loads are shown at the left hand side of the diagram
– the Baseline shows that for about 500 hours there are loads of more
than 20 kW from these houses. Fitting 20% of dwellings with heat
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pumps increases the power load substantially across the period measured, and the peak load rises to more than 50kW. However, adding fuel
cells, which generate electricity during peak demand periods, to 50%
of households as well almost completely offsets the extra peak demand
from the heat pumps, thereby deferring reinforcements and upgrades
that would otherwise be necessary. A similar outcome can be observed
with respect to the interaction of fuel cell CHP and the electrification
of transport, with CHP output offsetting peak demand impacts of batt
ery electric vehicle charging.

Figure ES6 Load duration curve for a group of 46 dwellings
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Complementing 20% heat pump penetration with 50% adoption of fuel cells (the
remaining 30% of heating systems are assumed to be gas boilers) can mitigate
increased peak demand during winter peak periods.

The third case study assesses the comparative performance of fuel cell
and Stirling engine CHP systems, with the same electrical capacity, in
homes of different thermal efficiency. The results show that fuel cells
generate more electricity than Stirling engines in more efficient homes
(i.e. with lower heat demands). This is because they have a lower heatto-power ratio, and can therefore continue to operate when heat demand
is low, while higher heat-to-power ratio systems must modulate or
switch off (subject to the availability of thermal storage capacity). This
means that fuel cell micro-CHP has more potential to continue to be
viable in future housing stocks with much improved thermal efficiency.
The fourth and final case study examines the relative carbon intensity
of three residential heating technologies: condensing boilers, heat

xx

A H2FC SUPERGEN White Paper

pumps, and fuel cell micro-CHP. Condensing boilers only use gas, and
so their emissions are unaffected by the electricity CO2 intensity; heat
pumps use electricity, so their emissions rise with its CO2 intensity;
fuel cells displace grid electricity, so their net emissions fall the higher
the CO2 intensity of the electricity grid. As shown in Figure ES7,
fuel cell based CHP systems have the lowest CO2 emissions over the
heating season out of these three technologies, so long as grid marginal
emissions remain above 0.33 kgCO2/kWh.2 The lower grid emissions
become, the less natural gas-fuelled fuel cells are able to offset their
own emissions by displacing grid emissions.

Figure ES7 Comparison of CO2 emissions by technology
for different marginal grid emission factors
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For comparison, the CO2 emissions factor of natural gas is 0.189 kgCO2/kWh.

The key conclusions from the four case studies are that fuel cell CHP:

2. The CO2 intensity of UK
electricity in 2010 was about
0.5 kgCO2/kWh.

• can provide substantial system benefits in terms of reducing peak
electricity demands on the central electricity system;
• is complementary with other electrically-powered decarbonisation
technologies (e.g. heat pumps and electric vehicles) and could mitigate their potentially significant local network integration costs,
where a portfolio of technologies are used locally;
• is resilient against future reductions in building thermal demand
in terms of performance; and,
• could be competitive in CO2 terms well into the future, if not indefinitely if fuel sources are decarbonised.
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5. INDUSTRIAL CAPACITY AND POLICY ISSUES
The UK hydrogen and fuel cell industry
The UK has a strong scientific base in hydrogen and fuel cell (H2FC)
research; it is within the top 10 countries globally in terms of numbers
of hydrogen and fuel cell publications and second only to Germany in
terms of average citations per article.
However, the UK’s capacity for commercialisation of new technologies
is more modest. One measure of the UK’s capacity to generate H2FCrelated inventions is data on patents. Figure ES8 shows that the UK
has a relatively small share of global PCT (Patent Cooperation Treaty)
patents in these technologies, lying well behind Japan, the US and
Germany.

Figure ES8 Relative shares of global patents based on PCT
patents from World Intellectual Property Organisation (WIPO)
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Data on the relative specialisation of different countries in H2FC
technologies, as measured by ‘revealed patent advantage’, has a similar
trend. Even so, the UK is in the top ten countries globally in terms of
fuel cell patents granted. It is notable that in leading competitor countries (US, Germany, Korea and Japan) the dominant patent filing firms
are major industrial players: GE, Siemens, Samsung and Panasonic,
as well as firms for whom fuel cells are the core business. The UK fuel
cell industry lacks a large firm such as these.
Overall levels of public R&D spending on energy in the UK are much
lower than many competitors, but the share of public R&D that is
devoted to H2FC in the UK is comparable to most competitor countries, all major public energy R&D funding bodies providing support to
various H2FC projects. However, financing for demonstration of H2FC
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technologies in heating applications, which is critical to enable the
establishment of a commercial market and supply chains, is more difficult to access, and is so far largely supported at the European level.
There are also perceived problems with the ability of UK firms to raise
capital. Skills, in contrast, are not overall seen as a major stumbling
block for the growth of a UK hydrogen and fuel cell industry. Overall,
while there are some good examples of UK-owned firms with excellent
products in the H2FC market, and very productive R&D activities, the
UK is still not a leader in the market in terms of size and diversity.
Globally, more than 30 MW of new stationary fuel cells have been
installed every year since 2007, with over 100 MW deployed in 2012
alone as shown in Figure ES9 (including both CHP and power-only
applications). Much of this growth has occurred in Asia and new
markets are expected to develop in Europe and the USA as well, as
fuel cell costs continue to fall. Estimates of the potential global market
vary enormously, and such estimates are of course highly uncertain,
but recent progress in cost reduction and extensions of policy support
in key markets have secured continued growth in the short term while
bolstering the long-term potential.
In the UK, the rate of market development is very much lower than it
has been in Japan, Korea and the US, with less than 2 MW of stationary fuel cells deployed in total. The slow uptake of fuel cell technologies in the UK as compared to other jurisdictions is due to weak policy
support in the UK, with less funding for demonstration projects and
weaker support for deployment.
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Figure ES9 Annual global deployments of fuel cells in stationary
applications
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Heat policy issues
Despite comprising almost half of UK energy consumption, heat
has only recently become prominent in energy policy discussions.
However, although hydrogen does feature in the government’s vision
for the future of heating, a recent heat policy projection does not
include H2FC technologies.
UK heat policy, like energy policy more generally, has the overall,
potentially conflicting, objectives of decarbonisation, energy security
and energy affordability and is also informed by the desire to stimulate the development of technologies with opportunities for exports
or import substitution. Subsidiary policy objectives are to promote
renewable energy and energy efficiency, and technologies that yield
system benefits. In general, market intervention is only considered
where there are perceived to be market failures, or where infrastructure lock-in leads to undesirable outcomes.
In this complex environment four general rationales for measures
to support hydrogen and fuel cells in heating are widely expressed:
(i) that policy should treat these technologies comparably to others;
(ii) that market arrangements should reward system benefits; (iii) that
low-carbon heating options should be kept open; and, (iv) that opportunities for industrial development should be taken. These issues are
summarised here.
With regard to comparable treatment, current policy mechanisms
provide support for heating technologies or fuels where they are lower-carbon (via technology-neutral measures) or use renewable fuel,
as well as providing specific support for CHP (including micro-CHP).
There are no current incentives dedicated to hydrogen and fuel cell
technologies except where they fit into the above categories. In particular, hydrogen and fuel cell technologies are not directly eligible
for support under the recently introduced renewable heat incentive
(RHI) because neither hydrogen (as an energy vector) nor fuel cells (as
conversion devices) are inherently renewable, although fuel cell systems are eligible for support where the fuel is a renewable fuel, and
hydrogen-rich gases produced from biomass are eligible where these
are produced by anaerobic digestion, pyrolysis or gasification. However,
hydrogen produced from renewable electricity is not eligible, and in
any case incentive mechanisms exist for the production of electricity
from renewable sources.
A range of policy incentives provide support for CHP, including
fuel cell CHP and combustion-based CHP using hydrogen as a fuel.
However, these incentive and support structures treat fuel cells
unfairly, especially through the CHP QA quality assurance process and
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the exclusion of fuel cells from the national database of operational
CHP projects, with the result that they are dis-incentivised compared
to other technologies. The issues are complex and are discussed in
detail in the main paper.
Micro-CHP (below 2 kW) is, however, supported through feed-in tariffs
(FiTs), with a cap restricting support to the first 30,000 units sold, and
are thereby eligible for a generation tariff of 13.24p/kWh, plus a further
4.77p/kWh for power sold back to the supplier. This provides a clear
incentive for the adoption of micro-CHP, regardless of the fuel or technology used, and represents an important enabler for fuel cell microCHP learning and early adoption. However, uptake has been slow and
well below government’s expectations, probably due to a lack of established commercial products.
With regard to system benefits it is also clear that power produced
by micro-CHP is generated disproportionately when power is expensive to produce and demand is high, as shown above. Current market
arrangements reward micro-CHP generators on the basis of average
power generation costs (avoided consumption) plus flat-rate FiTs,
which have not been set to reflect the benefits arising from lower
generation during peak times when it costs more (sometimes much
more) to meet consumer demand. There therefore appears to be a case
for reviewing current FiT arrangements to ensure that the additional
system benefits are represented in price structures.
Further potential system benefits may arise from using surplus renewable electricity to produce hydrogen, and injecting it into gas distribution networks at concentrations below those requiring modifications
to gas appliances. Power-to-gas projects of this kind could result in
deferred or avoided electricity transmission grid upgrades, avoided
or reduced needs for other forms of energy storage, as well as reduced
curtailment of renewable power generation.
In terms of developing H2FC options for the future, government action
is necessary to push these technologies forward in the near term in
order for them to be able to play a significant role in coming decades.
Although hydrogen and fuel cells have received public support from
funders across the innovation landscape, there has been little systematic attempt to assess the priorities for hydrogen and fuel cells in heat.
In addition to research, development and demonstration, support is
likely to be required to facilitate the establishment of H2FC technologies in early markets—to build initial supply chains, establish cost
reductions through scale economies, manufacturing innovation and
learning-by-doing. Given the global nature of the emerging fuel cell
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industry, the UK needs to evaluate where it can best participate and
formulate policies to do so.
Other policy needs are the establishment of clear criteria relating to
the environmental performance of hydrogen, particularly in respect
of the carbon emissions deriving from its production; appropriate
learning from policy support for deployment in other countries; and
work on the full implications of converting gas networks to deliver
hydrogen. The timescales of a cost-effective transition are sufficiently
long that there is a case for embarking on that work now.

6. CONCLUSIONS
Commercial and industrial enterprises have used fuel cell CHP for
decades, particularly in the USA. Fuel cell micro-CHP is rapidly
becoming commercially available around the world, with the number
of units doubling each year over the last decade. The capital costs of
fuel cells have greatly reduced in recent years as a result of innovation and learning through field trials and commercial deployment
programmes.
Hydrogen, which produces no CO2 emissions at point of use, can
replace natural gas for heating. Most technologies that use natural gas
can be adapted to use hydrogen and will provide an identical or similar service, in contrast to other current low-carbon heating technologies such as heat pumps that are characterised by high capital costs,
sensitivity to operating conditions and high space requirements for an
average home. In the short term, injecting small amounts of hydrogen
into the gas networks, or injecting synthetic natural gas produced from
hydrogen and waste CO2 effluent, could reduce the emissions intensity
of the delivered gas. Such “power-to-gas” technologies would help to
integrate renewables into the electricity system by avoiding curtailment of excess generation during low demand periods. In the longer
term, the existing gas distribution networks and appliances could be
converted to carry and use exclusively hydrogen. This process that
might begin with R&D and field trials, followed by the incremental
creation of more or less discrete ‘hydrogen communities’ using only
hydrogen produced locally. These are important long-term options and
keeping these options open requires government action now.
Most heat decarbonisation studies have considered neither hydrogen
as a fuel for heating nor fuel cell CHP as a low-carbon heating technology. These studies reflect the habitual exclusion of hydrogen and fuel
cells from innovation and technology assessments, and policy papers.
Of the three studies that have considered hydrogen and fuel cells, two
of them identify a cost-optimal role for hydrogen, powering fuel cell
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micro-CHP in one case and hydrogen boilers in the other. Notably,
only these two studies consider the economic benefits of converting
the existing gas distribution networks to deliver hydrogen. The levelised costs of heat provision are reasonably close for a number of technologies. Particularly when non-economic characteristics are taken
into account, none of the low-carbon technologies are clearly superior
to the others and it is not clear that any one technology should be
prioritised. An inclusive, portfolio approach to supporting new
low-carbon technologies is appropriate for future heat provision.
Support for micro-CHP fuel cells is currently failing to provide the
necessary bridge from the strong UK fuel cell R&D base into demonstration and on to full commercialisation, as indicated by the very
low uptake of the micro-CHP feed-in tariff and the small number of
UK demonstration projects in this area. This is partly because some
government policies penalise hydrogen and fuel cell technologies
compared to alternative low-carbon technologies; for example, some
stakeholders noted that it is very difficult for fuel cells to qualify
as “good quality” CHP under the current definition, yet proposed
changes to the definition have not been implemented. There is a good
case for adapting the current support system, perhaps with capital
grants or a premium feed-in tariff for initial deployments of fuel cell
micro-CHP. Most desirable would be the establishment of mechanisms
that would reflect the value of CHP more generally for supporting peak
electricity generation and avoiding network reinforcement, whether
through a capacity-based incentive or through dynamic (or timeof-day) feed-in tariffs. These feed-in tariffs would not, unlike most
feed-in tariffs, represent a subsidy, but rather a reflection of the value
that they deliver to the wider electricity system. Government policies
could also continue to promote innovation in this sector, linking the
science base with existing commercial expertise in fuel cells, and aim
to encourage the development of UK supply chains.
The UK has a strong scientific base in hydrogen and fuel cell research.
A number of UK-owned and UK-based firms are international leaders in hydrogen and fuel cell technologies. The sector also includes
globally-established suppliers of components as well as a number of
innovative new entrants developing novel technologies and components. Support at home would enable UK companies to capture a share
of fast-growing global supply chains for hydrogen and fuel cell
heating technologies.
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GLOSSARY AND NOTES
Fuel cell technologies
AFC
MCFC
PAFC
PEMFC
SOFC

Alkaline Fuel Cell
Molten Carbonate Fuel Cell
Phosphoric Acid Fuel Cell
Proton Exchange Membrane Fuel Cell
Solid Oxide Fuel Cell

Other acronyms
CHP

Combined Heat and Power

Efficiency and Heating Values
The energy content of a fuel can be measured using two reference
points depending on whether the H2O product from combustion
or electrochemical conversion is treated as being a liquid or steam.
Higher Heating Value (HHV) or Gross Calorific Value (GCV) is the
strict thermodynamic definition of energy content, whereas Lower
Heating Value (LHV) or Net Calorific Value (NCV) excludes the latent
heat used to evaporate the water products from combustion [1]. The
more practical LHV definition became prominent in the 19th Century
as the heat from sulphur-rich coal combustion below 150 °C could not
be recovered and put to economic use. With the advent of condensing heat exchangers this latent heat can now be reclaimed, meaning
modern boilers can attain efficiencies of up to 109% LHV. Such unintuitive values reflect an antiquated accounting convention rather than
a violation of the first law of thermodynamics.
Nevertheless, all efficiencies in this paper are expressed as LHV to
remain consistent with heating industry conventions. Divide these
efficiencies by 1.109 to convert them into HHV for natural gas fuelled
systems. Natural gas is priced by HHV energy content in the UK [2]
so efficiencies must be converted when calculating the running cost
of any gas-fired technology.

Currency Conversions
All prices in this paper are presented in 2012 GBP. Prices from other
countries were adjusted for local inflation at consumer price index
(CPI) rates, and then converted using the purchasing power parity
(PPP) exchange rates for 2012. Exchange rates for that year were
£1 = €1.12 = US$1.45 = ¥152 = AU$2.15 = KRW1230.
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1.1. THE CHALLENGE: LOW-CARBON, SECURE,
AFFORDABLE HEATING
Almost half of all UK energy consumption is used for heating in homes,
offices or industry [3]. Natural gas is the dominant fuel, supplying 84%
of households as well as many public sector and commercial buildings
and industrial enterprises. UK homes alone emitted 74 MtCO2 by direct
combustion of gas for heat in 2012, while another 5 MtCO2e methane
escaped from the gas networks [4]. The UK has committed to reducing
all greenhouse gas emissions, including international aviation and
shipping emissions, to below 155 MtCO2e in 2050, a reduction of 80%
compared to 1990 [5], and previous studies have identified low-carbon
heat provision as a key long-term priority [e.g. 3, 6]. The challenge for
the UK is to transition to low-carbon fuels that are affordable for both
citizens and industry and for which there is security of supply [3].
Electrification of heat provision, using efficient heat pumps, is one oftquoted strategy [3]. The UK Department of Energy and Climate Change
(DECC) also identify district heat, solar heating and biomass as important options [3, 7]. Fuel cells and hydrogen have received little attention in the literature but could potentially generate low-carbon heat
and electricity while avoiding some of the practical consumer acceptance issues faced by other low-carbon technologies. This paper examines the evidence base for using hydrogen and fuel cells to provide
low-carbon, secure, affordable heat.

1.1.1. The importance of heat provision
The breakdown of heat demand in the UK by end-use and by sector
is shown in Figure 1.1. Space and water heating dominate, particularly in the residential sector, and this paper focuses on these end-uses
in particular.

3. Households in fuel poverty
are those with above average
fuel costs that would have
a residual income below
the official UK poverty line if
they were to spend that amount
on fuel.

Heat provision also has important economic ramifications. The UK
spends £32bn each year on heating [3] and businesses rely on cheap
heat to improve their competitiveness. For households, the affordability of heating is also extremely important, with more than 10% of
UK households in fuel poverty.3 Policies to alleviate this include subsidising heating fuels by applying a reduced VAT rate of 5% instead
of 20%, and connecting additional households to the gas networks.
The government is expected to ensure that UK citizens have access
to secure, affordable heating.
Over the past 40 years, heat provision in the UK has been dominated
by natural gas, with households having individual boilers. The development of North Sea gas fields from the 1960s gave the UK a secure
fuel source that burned much more cleanly than coal, while the UK

3
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town gas networks offered a low-cost delivery system that had been
developed over the previous 150 years [8]. Although gas is still the
more affordable way to heat existing homes, North Sea gas production has reduced and the UK is now a net gas importer, implying that
security of supply is lower than it was previously. Moreover, although
gas produces lower CO2 emissions than other fossil fuels, they are still
likely to be too high for the UK to meet its commitment to reduce emissions by 2050. The UK government’s Carbon Plan suggests that emissions from buildings will have to reduce to near zero by 2050 and a cut
of up to 70% in industrial emissions will also be required [9]. While
energy efficiency measures and behavioural changes can contribute,
they will be insufficient to meet this target unless a substantial number
of households switch to low-carbon sources of energy.

Figure 1.1 UK energy demand and fuel consumption for heat,
by sector and by end use, in 2011 [10]
Breakdown of UK Heat Demand
By Sector and By End Use

UK Energy Demand, 2011
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1.1.2. Options for low-carbon heat provision
The challenge in transitioning to low-carbon heating has institutional,
social and technical dimensions [6]. Governments will need to provide appropriate incentives and regulations to promote change, and
industry bodies will need to foster well-equipped supply chains to
underpin transitions. The behaviour of individuals can also contribute; for example, a nationwide 1 °C reduction in the indoor ambient
temperature could reduce annual fuel consumption by 10% [7]. While
these aspects of achieving low carbon heating are important, it is
clear that the availability and uptake of technology measures, such as
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improvements to the performance of building shells and technology/
fuel substitution, will be critical.
The principal incumbent heating technology in the UK is the condensing gas boiler, which in the residential sector is a small, wall-mounted
unit delivering 15–40 kW of heat. These boilers fit well with consumer
priorities, having relatively low upfront costs, being unobtrusive, reliable and simple to use. However, even where deep energy efficiency
retrofit achieves strong heating demand reductions, the total CO2
emissions from heating in the residential sector would still be high.
As such, lower carbon alternatives must be considered.
A range of low-carbon technological options and fuels have the potential to reduce heat-related emissions, and these are briefly described
in Box 1.1. Each of these technologies has strengths and weaknesses,
leading to preferences on where they are installed, and knock-on
infrastructure requirements (and thus costs). For example, some of
the technologies are more suited to lower-density areas (e.g. biomass)
while others are only economically viable in high-density urban areas
(district heating).

BOX 1.1 OVERVIEW OF LOW CARBON HEATING
TECHNOLOGIES
Biomass boilers do not produce net CO2 emissions but an automatically-fed pellet boiler, which does not require manual refuelling, is relatively expensive. Fuel costs are also higher than for gas and combusting biomass produces several pollutants that affect local air quality,
which is particularly a concern in urban areas.
Electric heat pumps operate like a refrigerator or air conditioner in
reverse, using a compressor to move heat from a cold place (outside)
to a warmer one (the building). By harvesting renewable ambient heat
from the environment, they are much more efficient than traditional
night storage heaters. The two main variants are air-source heat pumps
(ASHP), which draw heat from the outside air, and ground-source heat
pumps (GSHP), which use tubes buried underground in trenches or
boreholes. Although heat pumps are relatively new to the UK residential sector, they are widely used in commercial buildings and are
ubiquitous in other countries with around a billion in use worldwide
[11]. Residential heat pumps have low heat outputs and take up much
more space, both inside and outside houses, than gas boilers.
Gas heat pumps also harvest renewable heat from either the air or
ground, but are powered by burning gas rather than electricity. Gas
engine heat pumps use a CHP engine to drive the compressor instead
of an electric motor, whereas gas adsorption pumps use a gas burner to
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drive a water-ammonia vapour cycle. Burning gas within the system
boosts the output of the heat pump and lowers the dependence on
external temperatures, improving the suitability for temperate and cold
climates. These are mostly used for commercial and industrial heating
(25–100 kW), although several companies are developing gas adsorption
pumps at residential scale with field trials underway in Germany [11].
District heating requires the construction of expensive underground
water pipes as well as substantial modifications to existing buildings,
but offers the flexibility to change heat generation technologies and
fuels in the future.
Solar water heaters can reduce fuel use but cannot replace the principal heating technology.
Electric resistive heating and night storage heaters could also contribute
to decarbonising heat but would greatly increase electricity demand.
CHP engines use an internal combustion engine (similar to those used
in vehicles) or a Stirling engine (a form of external combustion engine)
which run directly on natural gas [12].
Fuel cell CHP systems are similar to CHP engines except that the
engine is replaced with a fuel cell. These are examined in detail
in Chapter 2.
Hydrogen boilers are virtually identical to gas boilers but combust
hydrogen. Hydrogen heating technologies are examined in Chapter 3.

1.2. HYDROGEN AND FUEL CELLS: AN OPPORTUNITY
Most research on the “hydrogen economy” has concentrated on transport, stationary electricity generation and electricity storage applications. Yet until the conversion to natural gas in the 1970s, hydrogen
was piped to many UK homes as the largest constituent of town gas,
and the largest commercial deployment of fuel cells worldwide is in
fact heat-related, via micro-CHP heating.
Hydrogen offers flexibility and improved energy security as it can be
produced from biomass, natural gas, coal, waste or by electrolysis.
Either distributed or national production are possible [13], although
it is necessary to capture and store the CO2 from carbonaceous fuels
to produce low-carbon hydrogen. A single delivery infrastructure
could service multiple sectors including transport and heating, reducing the overall system cost by avoiding the need to support multiple
infrastructures.
From the perspective of a householder, hydrogen potentially offers a
very similar service to gas. It can be combusted in a combi-boiler and
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requires no additional space in the household, in contrast to other
low-carbon technologies. Hydrogen boilers are also much cheaper than
capital-intensive alternatives such as heat pumps, which is important
for lower-income households.
Fuel cell micro-CHP technologies are also smaller than most low
carbon alternatives and offer distributed electricity generation at peak
periods that would support the electricity system. By diversifying the
energy system and increasing distributed electricity generation, microCHP could also improve energy security (see Chapter 6 for case studies
of these benefits). On a larger scale, fuel cells can be used for district
heating and are already being deployed in some large commercial
buildings in the UK.

1.3. FUEL CELLS ARE ALREADY BEING USED FOR HEAT
PROVISION IN OTHER COUNTRIES
Fuel cell CHP has been deployed for commercial and district heatscale technologies for several decades. Fuel cell micro-CHP is now
being deployed commercially in Japanese houses and programmes are
underway in several other countries, supported by both governments
and industry [14].

Figure 1.2 Cumulative number of fuel cell micro-CHP systems
deployed in three major regions, showing historic growth (solid
lines) and near-term projections (dotted lines)
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Figure produced for the forthcoming book ‘Domestic Microgeneration’ to be
published by Earthscan in 2015. The European data is based largely on installations
in Germany.
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1.3.1. Japan
In Japan, 45% of homes are heated with natural gas, 45% with LPG
and 10% with electricity [15]. The commercialisation of fuel cells has
proceeded rapidly since the first launch in 2009 with nearly 60,000
systems sold in the four years to October 2013 [16]. In 2012, microCHP fuel cells outsold engine-based systems for the first time, taking
64% of the market. As shown in Figure 1.2 below, Japan is leading the
way in terms of deployment, some 6–8 years ahead of South Korea
and Europe; however, all regional markets are roughly doubling in size
year on year. This impressive growth is expected to continue “in the
near future: the Japanese government has a target for 1.4 million fuel
cells installed by 2020, and the European Union anticipates 50,000
systems deployed by 2020 followed by commercial roll-out [16, 17].

1.3.2. South Korea
South Korea saw an initial field test of 1 kW residential power generators (RPGs) in 2004, which led to a larger demonstration by four
Korean companies (GS Fuel Cell, FuelCell Power, HyoSung and LS)
beginning in 2006. 210 systems were installed between 2006 and
2009, backed by a government subsidy of 80% of the purchase price
(~$47,500 in 2012) [18], at a cost of $18m [19]. The Korean government’s roadmap sees trials continuing until 2014, then commercial
sales expanding rapidly from 2015 onwards.

1.3.3. Germany and other EU-country demonstrations
The Callux residential field trial of fuel cell micro-CHP began in
2008 and is supported by three major German manufacturers (Hexis,
Vaillant and Baxi Innotech). Around 560 fuel cells were installed
into German homes between 2008 and 2013. Other European demonstrations include the Danish Micro Combined Heat & Power project
and the FC-District Project, which is operating in Spain, Greece and
Poland.

1.3.4. Wider Europe
More recently the Ene.field trials have begun to deploy 1,000 systems
across 12 European countries between 2014 and 2016. This project
involves nine manufacturers, including Baxi, Bosch, Ceres, Hexis,
SOFCPower and Vaillant, and will demonstrate several novel fuel
cell technologies [17].

1.3.5. North America
There has been little fuel cell micro-CHP activity in North America to
date, despite one of the largest fuel cell manufacturers, Ballard, being
located in Canada. However, the USA is one of the largest current markets for fuel cells in commercial and industrial applications.
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1.4. AIMS AND OBJECTIVES OF THE WHITE PAPER
This aim of this paper is to assess the potential role of hydrogen and
fuel cells in low carbon heating. It provides a critical review of the
key technologies and considers potential markets. It examines the
potential benefits of these technologies from a systems perspective and
at the individual household level, and it considers the wider potential
benefits for UK industry and the policy issues that affect hydrogen
and fuel cells. It is split into three parts that are outlined below.

1.4.1. Part 1: Science and Markets
Part 1 examines the current opportunities and challenges for Hydrogen
and Fuel Cells. This involves analysis of their technical characteristics, recent developments, techno-economics, environmental performance, key applications, and describes how existing UK residential,
commercial, industrial and heat network markets operate. Chapters
2 and 3 provide a background on the techno-economics of fuel cells
and hydrogen, respectively, which provides the core evidence base
for the White paper. Chapter 4 examines potential early niches and
long-term mass markets, drawing on business stakeholders as well
as the academic and commercial literature to ensure that techno-economic and system analyses are informed by commercial realities.

1.4.2. Part 2: Hydrogen and fuel cell heat systems
Chapters 5 and 6 give a systems model and bigger picture of the whole
energy system, including case studies. Chapter 5 examines long-term
potential roles for hydrogen and fuel cells in heat provision and considers why hydrogen and fuel cells have not featured in previous scenarios in energy systems model studies. The case studies in Chapter 6
are based on empirical data from field trials, and highlight examples
of the potential value of fuel cell CHP to future energy systems.

1.4.3. Part 3: Industrial capacity and policy issues
Chapter 7 gathers evidence on the business potential for UK hydrogen
and fuel cells technology companies in the global heating markets. The
research shows the innovation capacity for developing H2FC technology has yet to catch-up with the first-tier H2FC countries. This is due
to both limited availability of appropriate skills and funding. Chapter
8 outlines policy issues, detailing the current strategic direction for
heat policy and examining the role of existing and future policy instruments. Chapter 9 draws out conclusions.
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2.1. INTRODUCTION
Fuel cells are the most efficient method of converting hydrogen to
electricity and heat. By producing both heat and distributed power,
they can reduce carbon emissions by displacing centralised fossil fuel
power stations while also diversifying the UK energy system.
Fuel cells are not the only technology for heating with hydrogen
(see Section 3.1 for other options), but they are by far the most widely
used because of their high electrical efficiency. Similarly, hydrogen
is not the only fuel that can power fuel cells, and most are not directly
fuelled using hydrogen because of difficulties with distribution and
storage. For stationary heat applications, natural gas is most widely
used, along with LPG and biogas, and these are converted into hydrogen within the fuel cell system.
Combined heat and power (CHP) is currently the largest and most
established market for fuel cells. Residential heating systems have
already been developed towards a commercially viable and maturing
technology. Fuel cells have significant potential in the UK as they can
contribute to many pressing issues: a strong commitment to reducing
CO2 emissions; a relatively high demand for heat; difficulty in decarbonising the buildings sector; and looming capacity shortage in the
power sector.
This chapter introduces and reviews the leading fuel cell technologies
for CHP production, considering their technical performance, economic viability and environmental impacts, and provides a comparison between fuel cells and competing technologies such as electric
heat pumps.

2.2. FUEL CELL TECHNOLOGIES
Fuel cells convert the chemical energy in a fuel directly into electrical
current and heat without combustion (Figure 2.1). A simplified view
of a fuel cell is a cross between a battery (an electrochemical converter) and a heat engine (a continuously fuelled, air breathing device)
[20]. The exact reactions that occur depend on the type of fuel cell and
the source of fuel, but the fundamental reaction is the combination of
hydrogen and oxygen to produce water, heat and electricity.
At the heart of a fuel cell system lies the stack: a set of individual
cells which are stacked together to provide a larger power output,
much like cells in a battery. The fuel cell stack produces the core conversion of hydrogen into electricity, so this must be surrounded with
several ancillary systems to form a complete CHP system:
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• a fuel processor to convert natural gas or other fuels into hydrogen;
• heat recovery systems to produce hot water;
• an inverter and power conditioner to provide grid-synchronised
AC power output;
• a backup gas boiler to meet peak heating demands; and,
• control and safety systems, etc.
Figure 2.2 shows an example design for a stationary CHP system.

Figure 2.1 A fuel cell stack with two cells, showing how the
chemical reactions convert hydrogen and oxygen into electricity,
heat and water
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2e–

Electrolyte

Interconnect

H2

H2
2e–

–

+

2H

2e–

+

2H

+
½O2

½O2
Heat

H2O

Heat

H2O

Anode

Cathode

Figure 2.2 Schematic of a low-temperature fuel cell CHP system
highlighting the main components [21]
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The majority of stationary fuel cells run on natural gas due to its widespread availability and low cost. Systems are also available to run on
liquid petroleum gas (LPG) and kerosene and a variety of renewable
sources, such as landfill gas and sewer gas. If hydrogen fuel were read-
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ily available, fuel cells could bypass the need for fossil hydrocarbons
completely, which would have several benefits:
• reducing system complexity and cost (eliminating the three-stage
fuel processor);
• improving efficiency, as losses in the fuel processor are around
15–20% [22]; and,
• elevating fuel cells from being seen as a ‘stepping stone’ or shortterm bridging technology to a core part of long-term low-carbon
energy system.
Just as there are different types of battery, many fuel cell technologies
have been developed which use different means to achieve the fundamental electrochemical reaction. These technologies use very different
sets of materials and operate at different temperatures, which affect
the fuels they can tolerate and the peripheral equipment they require;
however, they all share the characteristics of high efficiency, few
moving parts, quiet operation, and low emissions at the point of use.
Only the most common fuel cell technologies for CHP applications
are examined below.

2.2.1. PEMFC – Proton Exchange Membrane Fuel Cells
PEM fuel cells4 are the most developed technology, powering around
90% of systems installed to date [23]. They are the stack technology
used in fuel cell vehicles, and are the most widely used in residential
heating systems (1–3 kW thermal) such as the Japanese EneFarm brand
of fuel cells. After more than a decade of intense R&D effort PEM technology offers high efficiency, durability and reliability, and costs have
fallen rapidly due to mass production.

4. PEMFC is also widely known
as PEFC (polymer electrolyte
fuel cell) and SPFC (solid
polymer fuel cell). The direct
methanol fuel cells (DMFCs)
used in portable applications
are technically very similar
to PEMFCs.

Thin polymer (plastic) sheets are used for electrolyte, which conduct
ions between the anode and cathode at room temperature allowing
thestack to work from cold (0–100 °C). The low operating temperature
means precious metal catalysts (most commonly platinum) are needed
for the reactions to occur [24]. This is often cited as a cost concern,
butprecious metal loadings are very low – in the order of 0.1–0.2 g for
a 1 kW residential system (£3–6 at current prices). However, the use
of platinum introduces strict fuel purity requirements, as it is easily
poisoned by sulphur and carbon monoxide. PEM systems running
on fossil fuels therefore need extensive fuel processing equipment
to remove these compounds, and to humidify the resulting hydrogen
as the polymer membrane only conducts when moist.
Current research is aimed at system simplification: removing the
platinum could avoid these complex engineering solutions [25], while
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high-temperature (HT-PEM) cells can operate on dry hydrogen over
100 °C removing the need for humidifiers [26, 27].

2.2.2. SOFC – Solid Oxide Fuel Cells
SOFCs are a high-temperature fuel cell used in both large industrial
CHP (>100 kW) and residential heating systems (1–3 kW), and have
recently grown to reach 10% of global sales [23]. SOFCs benefit from
high electrical efficiency and fuel flexibility, but the power output
cannot be varied as flexibly as PEMFCs due to their high operating temperature [28]. In particular, start-up and shut-down are sensitive operations taking 12 hours or more, and so systems tend to run “always-hot”,
reducing their output only when there is little or no demand.
SOFCs use a thin ceramic electrolyte which only conducts ions when
heated to between 500 and 1000 °C, depending on the design. High
operating temperature allows cheaper catalysts such as nickel and
lanthanum to be used in place of platinum, but means that all components must be able to withstand extreme thermal stresses. The non
noble catalysts are more tolerant to impurities, so fuel processing is
simpler, and in some cases the fuel cell can use sulphur-free methane
(CH4) directly as a fuel [29].
Fundamental research has been aimed at improving durability and
material fatigue, and there is a trend towards moving towards intermediate temperature (IT-SOFC) which operate at 500–750 °C [30].
This allows a wider range of materials to be used, lowering costs
and improving dynamic performance.

2.2.3. MCFC – Molten Carbonate Fuel Cells
MCFCs are another high-temperature fuel cell used in large industrial
CHP and grid-scale electricity production (3–60 MW), which have
become the market leader for large stationary applications [23]. MCFC
benefit from relatively low cost due to non-platinum catalysts and
simpler ancillary systems, but suffer from low lifetime and low power
density [31].
Molten lithium and potassium carbonate suspended in a ceramic matrix
is used as electrolyte, which must be heated to around 650 °C at all times,
as its solidification would damage the support structure. Low-cost nickel
catalysts can be used as the stack runs at high temperature, meaning
that natural gas and other hydrocarbons can be internally reformed as in
SOFCs. Unlike other fuel cells, MCFCs require carbon dioxide as part of
the fuel stream, which can be recycled from the anode.
The key research challenge is to improve stack lifetime, which is similar to CHP engines at around five years due to the aggressive chemistry
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of the stack and electrolyte leakage, meaning a stack replacement is
required half-way through a system’s operation [32]. Manufacturers
aim to double this lifetime through further research into electrolyte
stability. Power density is also a research focus, to reduce cell size
andthus material costs.

2.2.4. PAFC – Phosphoric Acid Fuel Cells
PAFC was the first fuel cell technology employed for heating and has
been used since the 1970s in commercial-scale CHP systems (100–400
kW electric) [33]. Around 400 systems (85 MW in total) are in operation, predominantly in the USA, Germany, Japan and Korea [34, 35].
A small number of demonstration systems have been made at the 1 kW
scale [36], but no residential products have been brought to market.
Liquid phosphoric acid at 180–250 °C is used as an electrolyte, with
platinum catalysts at around 40 times the loading of PEMFC cells
(7.5 g/kW) [37]. This introduces similar constraints on fuel purity to
PEMFCs, and contributes 10–15% of the total system cost, meaning
cost reduction is the highest priority for PAFC manufacturers. PAFC
systems benefit from long lifetimes and high reliability, but slightly
lower efficiency than other cell technologies [22].

2.2.5. Fuel Cells with carbon capture and storage (CCS)
Fuel cells may be seen as having a limited window of opportunity
(10–20 years) after which decarbonisation of the energy system will
mean they no longer offer low-carbon heat when run with fossil fuels.
One option is to run them on renewable sources of hydrogen (as
described in Chapter 3); another is to fit carbon capture and storage
(CCS) equipment onto the system’s exhaust. This would be impractical
for smaller residential systems, but could be applied to large industrial
and district heating systems. Current research is aimed at using fuel
cells to improve the operating efficiency of power stations with CCS
[38, 39], or using MCFCs directly to enhance CO2 capture from power
station waste gas [40].

2.3. APPLICATIONS OF FUEL CELLS
Fuel cells are a modular technology that can easily be scaled up from
serving individual homes to large office blocks and industrial complexes. While some systems are designed to solely produce electricity,
the most common stationary application is combined heat and power
(CHP), where the heat produced by the fuel cell’s reactions is captured
and distributed to the building or process.
Residential fuel cells are packaged as complete heating systems, with
a 0.75–2 kW electric (1–2 kW thermal) PEMFC or SOFC stack inte-
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grated with a boiler and hot water tank. The integrated tank means fuel
cells remain compatible with the growing number of houses to have
combi-boilers and no hot water storage. British and Japanese manufacturers have been conducting tests to understand the modifications
required to Japanese fuel cell units in order to make them compatible
with the UK market. Micro-CHP fuel cells are physically larger than
gas boilers, typically floor-standing units the size of a large fridgefreezer that are installed outside, as in the left of Figure 2.3, although
wall hanging models are under development. Some of the leading
manufacturers are Panasonic, Toshiba, Sanyo and Kyocera (JP), CFCL
(AU), Baxi and Viessmann (DE), GS and FCPower (Korea).

Figure 2.3 Photos of the Panasonic EneFarm domestic CHP system
(0.75 kWe + 1.1 kWth PEMFC) (left) and ClearEdge PureCell
commercial CHP system (400 kWe + 440 kWth PAFC) (right).

Low upfront cost, reliability and physical size are high priorities for
commercial consumers. Commercial fuel cell CHP systems are based
on all four major stack technologies, with 100–400 kWe PAFC from
Fuji (JP) and ClearEdge (US), and MCFC from FuelCell Energy (US)
and POSCO (Korea) being the most widely employed. These fit into a
small shipping container and can operate in parallel with the existing
heating system. Bloom Energy (US) produce SOFC-based distributed
generators for commercial facilities, but these are power-only and do
not utilise the cogeneration benefits of CHP. All of these technologies
can similarly be used to supply heat networks, although the potential
in the UK is relatively limited as district heating is not widely used at
present, as discussed in Section 4.5.
Industrial plants tend to have specific requirements for the quantity
and temperature of delivered heat, making this a more challenging
sector for fuel cells. Many industrial processes require high-grade heat
(e.g. over 500 °C) in addition to the low-grade space and water heating
(50–250 °C) needed in residential and commercial sectors. Commercial
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PAFC and MCFC systems could provide low-grade heat at up to 120 °C
and 200 °C, respectively [41, 42]. Large SOFC systems could provide
process heat at up to 1000 °C, so could be used to decarbonise a wider
range of industrial facilities if capital costs could be reduced.

2.4. TECHNICAL PERFORMANCE
The technical characteristics of each fuel cell stack are summarised
in Table 2.1.

Table 2.1 At-a-glance summary of fuel cell performance.

Application

PEMFC

SOFC

Residential

Residential/
Commercial

PAFC

MCFC

Commercial

Electrical
capacity

(kW)

0.75–2

0.75–250

100–400

300+

Thermal capacity

(kW)

0.75–2

0.75–250

110–450

450+

Electrical
efficiency*

(LHV)

35–39%

45–60%

42%

47%

Thermal
efficiency*

(LHV)

55%

30–45%

48%

43%

Current
maximum
lifetime

’000
hours

60–80

20–90

80–130

20

years

10

3–10

15–20‡

10‡

Degradation
rate†

Per
year

1%

1–2.5%

0.5%

1.5%

*

Rated specifications when new, which are slightly higher than the averages
experienced in practice. † Loss of peak power and electrical efficiency; thermal
efficiency increases to compensate. ‡ Requires an overhaul of the fuel cell stack

half-way through the operating lifetime.

2.4.1. Operating efficiency
Both electrical and total efficiency are relevant for CHP systems, but
electrical efficiency is usually the primary focus as it is the more valuable output. Fuel cells offer the highest electrical efficiency of any CHP
technology and even small scale micro-CHP fuel cells rival the electrical efficiency of the best conventional power stations [20].
5. All efficiencies in this White
paper are expressed relative to
the lower heating value (LHV) of
the fuel input. To convert from
lower to higher heating value
(HHV) for natural gas, divide
these efficiency values by 1.109.

The leading SOFC systems at both residential and larger scales have
rated electrical efficiencies5 of 45–60%, and total efficiencies of
85–90% [43, 44]. Fuel processing incurs greater losses in low temperature fuel cells, so electrical efficiencies are lower but thermal efficiencies are higher. The leading residential PEMFC systems are rated at
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39% electrical, 95% total efficiency [45, 46]. European residential systems have not yet matched the leading Japanese and Australian models,
and the current efficiencies for both SOFC and PEMFC are five to ten
percentage points lower than these values (30–35% electrical) [47].
The efficiency of these residential models installed into real homes
is somewhat lower, due to part-load operation, auxiliary power
consumption and varying flow/return temperatures [47]. For example, CFCL’s BlueGen is rated at 60% electrical efficiency but achieves
51–56% in practice [44, 48]. Similarly, in Japanese field trials, SOFCs
from Kyocera and TOTO averaged 39% electrical and 80–82% total
efficiency [49]. In particular, Japanese systems suffered due to regulations preventing them from exporting electricity back to the grid
– which constrained running hours during winter when there was
high demand for heat. The general trend seen across all systems is that
higher efficiencies are achieved in houses with higher heat demand
because of longer running hours and less part-load operation [49, 50].
The performance drop for PEMFC systems is similar in real-world
usage. Japanese PEMFCs averaged 30–35% electrical, 77–83% total
efficiency during residential field trials (3–5 points below specification) [49], again hindered by the regulations preventing export of electricity. In the German Callux field trials, a mix of PEMFC and SOFC
systems has averaged 30.5% electrical and 88% total efficiency [47].
Large PAFCs are rated at 42% electrical and 90% total efficiency [41],
while MCFCs are rated at 47% electrical, and similar total efficiency
[42]. These ratings are more closely achieved in practical operation,
the performance gap is smaller because commercial buildings provide more constant demand for energy. Electrical efficiency tends to
decrease over lifetime due to degradation, so lifetime-average efficiency can be expected to be 39% for PAFCs and 42% for MCFCs [51,
52]. Thermal efficiency increases with age to compensate for this,
so total efficiency remains stable around 90% over the whole lifetime.

2.4.2. System lifetime
For many years, durability was a key issue holding back fuel cells.
Stack lifetimes were around 10,000 hours (around 2 years of intermittent operation)6 for all but PAFC technology [22], which proved
a serious barrier to practicality and cost competitiveness.
6. Lifetimes assume 5,000
operating hours per year
for intermittent residential
operation. Calendar lifetimes
would be lower for commercial
and industrial installations with
longer running hours.

Recent improvements in both PEMFC and SOFC technology, particularly by Japanese manufacturers, have seen lifetimes improve past
the critical milestone of 40,000 hours (10 years). The leading Japanese
residential systems are now expected to operate for 60–80,000 hours
for PEMFCs [45, 46], and up to 90,000 hours for SOFCs [43]. European
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and other residential systems are catching up to these standards, and
lifetimes of 10,000 [47] to 20,000 [53] hours can be expected.
Large scale PAFCs are guaranteed for 15–20 years operation [34, 54].
MCFC technology on the other hand still struggles with low stack
lifetimes. Systems are expected to operate for ten years, however the
MCFC stack must be replaced after 5 years, incurring a significant midlife expense (15% of initial cost) [55].

2.4.3. Reliability
Users across all sectors are accustomed to very high reliability, with
uptimes approaching 99.9%, which is equivalent to one failure every
three years or so. As with any early demonstration technology, attaining this high standard has been an issue for fuel cells.
In the ongoing Callux demonstration in Germany, the reliability of residential systems was 97% and the mean time between failure (MTBF)
was 1,300 hours in 2011, implying a failure every three months [47].
Reliability is rapidly improving though: MTBF has doubled between
2008 and 2011, and the latest generation of systems is expected to
show a similar improvement. Similarly, during the 2004–07 Japanese
residential demonstrations, 90% of systems (which were the precursor to EneFarm) suffered a fault in their first year of operation. Since
commercialisation, these early teething problems have been overcome,
and today only 5% of systems suffer a fault in a given year [46], which
is comparable to the performance of gas boilers. In both trials, failures
were broadly distributed amongst components, the stack, reformer,
water circuit and electrical control system.
The maturity of large PAFCs and MCFCs translates into higher reliability, and average availability has exceeded 95% for many years [56].
This is at the upper limit seen in conventional power stations such as
pumped hydro or peaking gas turbines [57].

2.4.4. Degradation
All technologies suffer performance degradation over time, from gas
turbines [58] and wind turbines [59] to solar PV panels [60]; but this
had been a particular issue for fuel cells. Until recently, cell voltage
fell by 0.5–2% per thousand hours, resulting in the power output and
electrical efficiency falling by 2.5–10% per year [22]. This is partially
offset by an increase in thermal output and efficiency as some of the
electrical losses emerge as resistance heating, however this still drives
up the cost of energy over time. End of life is often described as power
output falling 20% below initial specifications, although the system
may still be functional after this point.
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Significant research effort has been dedicated to the materials science
issues, and degradation rates have been reduced to 0.1–0.3% per
thousand hours (0.5–1.5% per year) in the leading PEMFC and PAFC
systems [47, 61], 2% per year in MCFCs [56], and 1.0–2.5% per year
for SOFCs [62–64].

2.4.5. Safety and regulations
In natural-gas fired CHP systems, hydrogen is generated on-demand
and almost instantaneously consumed, so only a fraction of a gram is
present in the system at any given moment. Safety considerations are
therefore very similar to a conventional gas boiler and other electricity-producing technologies such as solar PV. The only reported
incident with one of the 50,000 operating fuel cell CHP systems was
in 2001 when a teenager crashed his car through his garage, hitting
the PEMFC system they were demonstrating. The PEMFC shut down
safely and caused no fire, but it “sure left a lot of pipes dangling” [65].
As societies have gained experience with using fuel cells the technology has become more widely trusted and the regulations they
must adhere to have become more accommodating. In Japan, the first
residential systems had to be installed 3 metres away from a house,
with two canisters of nitrogen to purge the stack in the event of a fire,
and the system had to be commissioned and approved by a government-appointed engineer [66]. These conditions were relaxed over
the following decade to the point where fuel cell systems can now be
installed alongside traditional gas boilers in apartment blocks [67].

2.5. ECONOMIC VIABILITY
As with other emerging technologies, the high capital cost of fuel cells
has been the major hurdle to overcome, but costs are rapidly falling
as production has expanded. Fuel cells are still more expensive than
competing technologies but this gap is rapidly narrowing. Innovative
ownership models could be beneficial, such as the Green Deal or an
ESCo (Energy Service Company) approach.

2.5.1. Capital costs
As of 2014, the purchase price of a 1 kW PEMFC or SOFC residential
system was £13,000–17,000 in Japan, and prices from all manufacturers have fallen dramatically in recent years as charted in Table 2.2.
Economies of scale mean that larger commercial MCFC and PAFC systems are cheaper per unit output, costing in the region of £2,500–4,000
per kW [31, 37, 56, 68–70]. Exact costs are difficult to give, as they are
specific to the individual customer’s configuration and order volume.
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Governments heavily subsidised the capital costs in the early demonstration phases but these subsidies have been greatly reduced as the
costs have come down. In Japan, subsidies are expected to be phased
out in 2015, marking the transition to a fully competitive market.

Table 2.2 The recent progression in sale prices for fuel cell microCHP systems, including an auxiliary boiler and hot water tank,
excluding subsidies and installation.

SOFC

PEMFC

2008

2009

2010

2011

2012

2013

→

£12,100

Panasonic

0.75 kW
EneFarm

£20,900

→

£16,200

Toshiba &
Eneos

0.7 kW
EneFarm

£19,300

→

£15,300

GS &
FCPower

1.0 kW
systems

£91,000

→

£52,000

→

Vaillant,
Baxi &
Hexis*

1.0 kW
systems

£100,000

→

£40,000

Kyocera

0.7 kW
EneFarm-S

£60,000

→

£38,000

Eneos

0.7 kW
EneFarm-S

CFCL

1.5 kW
BlueGen

£38,000

→

→

£26,000

£16,100

£15,800
£22,700

→ £21,500 →

£19,600

Italics denote the prices of demonstration-stage systems before their commercial
launch. Data from [45, 68, 71] and converted to 2012 GBP. * Contains
both PEMFC and SOFC systems, as disaggregated price data from individual
manufacturers is not publicly available.

2.5.2. Future cost trajectory
The price of residential systems has fallen dramatically – by 85%
in the last 10 years in Japan [68], and by 60% over the last four years
in Germany [47]. These are prime examples of industry ‘learning by
doing’ – as companies gain experience with manufacturing a product,
they optimise the design and production process, and so cost falls
with cumulative output.
During early demonstration projects in Japan and Korea, the price
of residential PEMFC systems has fallen by 20% for each doubling
in cumulative production [68, 72] – the same downwards trajectory
that has brought solar photovoltaic panels into the mainstream [73].
However, as seen in Figure 2.5, the price of Japanese systems has fallen
more gradually since their commercialisation in 2008. This slowdown
could have natural causes [68]
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• the greatest gains from system optimisation were made earlier
in the product’s development;
• R&D expenditure has not kept pace with sales volumes since
commercialisation; and,
• the fuel cell stack is now a minor cost component, so a greater
fraction of the system cost comes from relatively standard components which have already moved down their learning curves.
If the historic trends from Figure 2.5 continue into the future, we could
expect the millionth residential system to be installed in the next 4–6
years and cost between £4,500 and £9,000.

Figure 2.4 Experience curves fitted to the historic price of
Japanese EneFarm and South Korean residential PEMFC systems
from the last ten years
£200

Competitive
markets

Demonstration
projects
2007

Price per System (£ ,000)

£100
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£10
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100

1,000
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100,000

Cumulative Installations
EneFarm (learning rate: 19

13%)

South Korea (learning rate: 20%)

For each doubling in the number produced, EneFarm prices have fallen 15% and
Korean prices 20%.

The cost of larger PAFC systems has remained stable for many years
as they have yet to take off in the commercial CHP sector. Recently,
ClearEdge have halved their costs per kW by scaling up from 200 to
400 kW systems [34]; however, the platinum content in PAFC stacks
remains a major obstacle, contributing 10–15% of the total system cost
[37]. In contrast, sales of large MCFCs have grown steadily over the
years, and so prices have fallen by 60% in the transition from initial
field trials to commercial product (2003–09). FuelCell Energy are targeting a further 20% cost reduction in the near term [31].
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The main measures for future cost reduction at all scales are [68]:
• reducing system complexity through design optimisation;
• eliminating major system components such as fuel processing
stages;
• cell-level design improvements such as reducing catalyst content
and increasing power density;
• greater collaboration between manufacturers to standardise minor
components and overcome research challenges more effectively;
and,
• further expansion of manufacturing volumes and mass production
techniques.

2.5.3. Running costs
The high capital cost of fuel cell systems is offset by lower running costs which result from lower consumption of grid electricity.
Residential systems are advertised by their manufacturers as reducing
household bills by £350–750 per year [43, 45, 74]; the attainable
savings depend strongly on the ratio of electricity to gas prices.

Figure 2.5 Breakdown of annual energy bills for an average
UK house, using data from [76] ,7 with PEMFC micro-CHP and
conventional gas heating 8
£1,400

£1,200

£119

–£112
£491

Annual energy bill

£1,000

7. Modelled using 2013 national
averages: 3.3 MWh + 15 MWh
demand for electricity and
heat, tariffs of 4.6 p/kWh for
gas (HHV) and 14.9 p/kWh for
electricity (including VAT).
8. 1 kW PEMFC system
assumed to have EneFarm
specifications and a 5% realworld performance penalty
(37% + 53% efficiency) running
5,000 hours per year, versus
a condensing boiler with
real-world performance (95%
efficiency).
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The running costs experienced in other countries are not transferable
to the UK because of climatic and social differences. Computer simulations of Japanese fuel cells in UK houses using two independent
models, CODEGen [20] and FC++ [22], have suggested that fuel cells
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would perform better in the UK climate, given the higher UK demand
for space heat and peak electricity demand being in winter rather than
summer. Figure 2.5 demonstrates the financial savings from running a
1 kW PEMFC in an average British household today. The reduction in
grid electricity purchases is almost offset by increased gas consumption;
however, excess electricity production can be exported for 4.77 p/kWh,
and the UK government’s feed-in tariff (FiT) for micro-CHP pays 13.24
p for each kWh of electricity generated [75]. Together these give annual
revenues of £780, allowing fuel cell owners to reduce their energy bill
by two-thirds in the current policy climate. A £12,000 EneFarm or
£20,000 BlueGen system could achieve payback within 13 years,9 which
is slightly longer than current system lifetimes. If electricity prices continued rising at 5% per year, this would decrease by around 2 years.
The economics of commercial and industrial CHP need to be better than
for residential as they must offer an attractive payback period to gain
sales. The annual return on investment (ROI) can range from 8–12%
in the UK, depending on the customer and their energy costs [56, 77].

2.6. ENVIRONMENTAL IMPACTS
2.6.1. Carbon footprint of construction
Fuel cells are larger and heavier than the gas boilers they replace,
and require catalyst metals such as nickel and platinum which are
extremely energy intensive to produce. Just as with other low carbon
technologies (e.g. solar PV and nuclear), the energy required to manufacture the fuel cell and the resulting carbon emissions are important
as these offset the savings made during operation.
Several life cycle assessments (LCAs) have estimated these carbon
emissions – known as the embodied carbon or the carbon footprint –
by considering how the fuel cell is manufactured, the quantity of materials required and how these materials are produced. Manufacturing a
1 kW residential CHP system results in emissions of 0.5–1 tCO2, while
a 100 kW commercial system results in 25–100 tCO2 [78–80]. There
are small differences between technologies (e.g. between PEMFC and
SOFC), but these are outweighed by differences in the country of manufacture and production methods employed by different brands.

9. Simple payback period,
excluding discounting,
assuming free maintenance, and
displacing a £2,000 gas boiler.

If these emissions are averaged over the system’s lifetime they equate
to around 10–20 gCO2/kWh of electricity, or 8–16 gCO2/kWh of heat
[78]. For comparison, the carbon intensity of construction is widely
estimated to be 40–80 gCO2/kWh for solar PV and 10–30 gCO2/kWh
for nuclear fission [81, 82].
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2.6.2. CO2 emissions from operation
Fuel cells can reduce carbon emissions relative to conventional heating
technologies as they reduce the amount of electricity that needs to be
generated centrally, which in most countries has a high carbon intensity.
Fuel cell manufacturers advertise 0.7–1 kW systems as saving 1.3–
1.9 tCO2 per year in a four-person household (35–50% reductions) [43,
45, 46, 74], while the larger CFCL BlueGen is claimed to save around
3 tonnes per year [44]. Based on modelling of these fuel cells operating
in the UK context [22], these figures are broadly transferable to British
households, as seen in Figure 2.7, and similar percentage savings can
be made by commercial CHP systems.
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Figure 2.6 Annual carbon emissions for an average UK house
with conventional heating and fuel cell micro-CHP considering
electricity from the average UK grid mix at 510 g/kWh (left) and
the marginal plant mix at 690 g/kWh (right) with the technology
assumptions from Figure 2.6 below
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As with financial savings, CO2 savings are country- and site-specific,
depending on the carbon intensity of grid electricity and on the heating system that is displaced. A modern condensing boiler produces
heat with an intensity of 215 g/kWh [83], while in the UK, central electricity generation has an average carbon intensity of 500–520 g/kWh
[84]. The marginal plants, those which respond to changes in demand,
may average up to 690 g/kWh, which has significant impacts on the
annual CO2 savings as seen in Figure 2.7.
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2.6.3. Other airborne emissions
Fuel cells also offer significant benefits to local air quality even when
fuelled on natural gas. The process of reforming the fuel at low temperatures in the absence of air, rather than combusting it results in less
harmful air pollutants: oxides of nitrogen (NOx), carbon monoxide (CO)
and particulates (PM10). Emissions from fuel cells are around a tenth
of those from other gas-burning technologies, as shown in Table 2.3.

Table 2.3 Measured emissions of major pollutants from fuel cells
(averaged over 8 sources), condensing boilers and CHP engines
Fuel cells

Condensing boiler

CHP engine

NOx

1–4

58

30–270

CO

1–8

43

10–50

CH4

1–3

13

No data

SO2

0–2

2

No data

All emissions are given in grams per MWh of fuel input [12, 22].

2.7. COMPARISON WITH COMPETING TECHNOLOGIES
In the markets for space and water heating, fuel cell CHP faces competition from four established and emerging technologies: condensing
gas boilers and furnaces, engine-based CHP, electric heat pumps and
gas-engine heat pumps, which are all described in Box 1.1. As the
traditional priorities of early R&D-stage products (longevity, efficiency
and cost) are being addressed, manufacturers are now placing greater
emphasis on consumer acceptability and other ‘soft’ issues.

2.7.1. Size and weight comparison
It is difficult for any technology to match the convenience and practicality of wall-hung gas boilers that provide heat on demand. Fuel cells
are larger and heavier than conventional boilers. A typical residential
system (1.0 kW electric, 1.9 kW thermal) weighs 150–250 kg and has
a 2 m² footprint, including the hot water tank and supplementary
boiler [45, 47]. Smaller wall-hung systems are being developed, for
example by Ceres Power and Elcore, which weigh as little as 60–100
kg (comparable to a boiler). Commercial systems are similarly larger
than conventional boilers, with a 300–400 kW generator occupying
22–36 m² and weighing 30–35 tonnes [41, 42]. For context, 1 to 2 MW
of electrical capacity can be installed into the area of a tennis court.
The physical size of fuel cells is similar to engine-based CHP (when
the hot water tank is included), ground source heat pumps and gas
heat pumps. Air source heat pumps can be smaller, but heat pumps
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rely on having a large hot water storage tank to meet peak heating
demand (typically 200–400 l) [11]. The need for a hot water storage
tank is a particular problem for low-carbon heating in the UK residential sector, and Japanese EneFarm systems have an integrated storage
tank of as little as 90 l [22].

2.7.2. Installation
Installation of a fuel cell is relatively simple, requiring the skill-sets of
a heating engineer and an electrical engineer, which are plentiful in the
UK. Installation can take as little as a day, and involves relatively little
disruption to the premises. In contrast, heat pumps require more specialised skills: for example, a refrigeration technician is needed along
with geological borehole specialist for GSHPs. Installing heat pumps
generally causes much more disruption than other technologies.

2.7.3. Operation
Apart from their physical size, fuel cells are relatively unobtrusive.
The only moving parts are pumps and fans, so they are relatively quiet.
Noise levels are similar to condensing boilers, as low as 40 dB for residential systems (equivalent to a library) [46], and 60–65 dB for larger
commercial units at 10m distance (a busy road) [41, 42]. Noise levels
from air source heat pumps are higher due to the large fan (50–60 dB)
[11]. Mechanical CHP engines can be significantly louder, although
modern sound-proofing reduces residential systems to around 45 dB
[12]. Fuel cells could therefore be suitable for installation in living
spaces such as kitchens if their size can be reduced sufficiently.
Fuel cells are pushing the boundaries in the area of user interactivity.
The latest Japanese residential models are equipped with LCD touchscreens (one on the unit and one typically installed in the bathroom)
which give feedback on operating status and the building energy needs
(much like a domestic smart meter). Remote control via smartphone
is also possible, and many systems employ learning algorithms to
adapt to an individual’s behaviour without the need for laborious
setup procedures.

2.7.4. Emergency power

10. For example, fire fighters
routinely cut power to a
building before tackling a blaze,
and so a fuel cell or solar PV
panel that remained live would
pose a threat to their safety.

One clear advantage that fuel cells and other CHP devices have is the
ability to operate during a black out. This feature has become a highly
prized selling point in Japan as the Great Earthquake of 2011 caused
lasting power shortages across the country. With residential systems,
the main house circuit must be killed during a blackout for safety
reasons10 so an emergency set of plug sockets is provided, and the
fuel cell continues to provide hot water and enough power for a TV,
computer and lighting [21]. Similarly, commercial fuel cells continue
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operating throughout power outages, enabling shops and offices to
continue functioning as normal.

2.7.5. Cost comparison
Fuel cells are still expensive and, like other low-carbon technologies, are
not cost competitive with gas boilers. However, fuel cells are no longer
the most expensive technology available and are beginning to compete
with other low-carbon heating technologies. The typical cost for installing and running these systems is given in Table 2.4 below for an average
British home and a medium sized commercial or industrial building.

Table 2.4 Illustrative installation and running costs for fuel cells
and other low carbon heating technologies
Residential Systems*
Annual Running Cost◊

Installed Cost
Fuel cell CHP

£15–20k

–

£1,130

–

Condensing
Boiler

£2–3k

~15%

£1,310

+16%

CHP Engine

£4–8k

~35%

£1,250

+11%

ASHP

£5–10k

~45%

£1,320

+17%

GSHP

£10–15k

~70%

£1,140

+1%

Commercial & Industrial Systems†
Installed Cost (per kW
thermal)

Annual Running Cost◊

Fuel cell CHP

£2,250–
3,750

–

£107k

–

Condensing Boiler

£30–50

~1%

£130k

+21%

CHP Engine

£300–600

~15%

£124k

+16%

ASHP

£400–500

~15%

£121k

+12%

GSHP

£750–
1,250

~33%

£115k

+8%

Gas HP

£500–
1,500

~33%

£116k

+8%

* Domestic system assumed to provide 25 kW peak heating capacity. Modelled
using the assumptions given with Figures 2.6 and 2.7, with a 1 kW fuel cell running
5,000 hours per year and CHP engine running 3,700 hours. † Commercial /
industrial systems assumed to provide 300 kW peak heating capacity. Annual
energy cost based on 1500 MWh heat and 880 MWh electricity demand, with retail
prices of 2.9 p/kWh for gas (HHV) and 9.1 p/kWh for electricity, a 100 kW fuel cell
running 7,500 hours per year and a CHP engine running 5,000 hours. ◊ Annual
running cost excludes maintenance, subsidies and feed-in tariff support.
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2.7.6. Efficiency comparison
No technologies achieve their maximum possible thermal efficiency
in normal operation. For example, field trials show that gas boilers in
UK houses only achieve 91–99% efficiency rather than 109% (LHV)
due to on-off cycles and part loading [12], while pumps and other
ancillaries add around 5% to the average household’s electricity
consumption.
Engine-based CHP systems are less efficient than fuel cells due to
losses in the conversion from heat to mechanical energy. At the residential scale, the Honda EcoWill is the most efficient combustion
engine (26% electrical, 66% thermal). Stirling engines have much
lower electrical efficiency, around 4–8% at residential and 15–20%
at commercial scale [12].
Heat pump performance is strongly linked to the temperature difference between outdoor collectors and indoor heat output. When
installed and operated correctly, residential ASHP produce around
2.5–3, and GSHP around 3.25–3.75 units of heat per unit electricity
consumed [11] but performance in a number of UK field trials has been
sub-standard so far (e.g. 1.8 and 2.4 units of heat for ASHP and GSHP,
respectively [85]) because of problems with poor quality installation
and incorrect operation.
The electrical efficiency can be plotted against the thermal efficiency
to show trade-offs between technologies. It has been argued that
“no plain CHP system could ever match [the] performance” of a heat
pump producing 3–4 units of heat [86], which is probably accurate
for engine-based CHP systems but not for fuel cell micro-CHP as
shown in Figure 2.7, which is based on their demonstrable performances in real-world houses. While all forms of low-carbon heating
are able to exceed the performance of the traditional technologies, fuel
cells lie just above the low carbon frontier, demonstrating that they are
more efficient than the best available technologies in use elsewhere,
even when it is assumed that ground source heat pumps are only powered by the most efficient power stations and can be made to operate
as efficiently in British homes as they do in Germany.

11. This is known as the
Z-factor for CHP plants,
and is sometimes called the
equivalent COP (coefficient
of performance), although
equivalent SPF (seasonal
performance factor) is a more
accurate description.

By comparing the heat output to the power output that is ‘sacrificed’
by using a fuel cell instead of a CCGT power station, the equivalent
performance to a heat pump can be calculated [87].11 PEMFC, PAFC
and MCFC have an equivalent performance to a heat pump with a
COP of 3.8–4.4, whereas Japanese SOFC are equivalent to 6.0, and the
CFCL BlueGen is equivalent to a COP of ∞, as it has a higher electrical
efficiency than the best CCGT plants.
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Figure 2.7 Comparison of the electrical and thermal efficiency
of residential heating technologies, showing that fuel cells equal
or outperform the best alternative low-carbon technologies
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2.8. CONCLUSIONS
Four key varieties of fuel cell, differentiated by the type of electrolyte
applied, are in the process of commercialisation. A number of successful programmes have supported the demonstration and market
entry of systems in the residential sector in Asia and Europe, serving
to push down capital costs and provide learning to improve system
performance and roll-out business models. Based on the information
available at the time of writing, fuel cell systems have the potential to
become commercially competitive with incumbent energy provision
in the next decade, and will benefit from large markets in the residential, commercial and industrial sectors.
At present, fuel cells are primarily used in residential and commercial
buildings for space and water heating, but they are also suitable for
industrial plants and district heat networks. Their technical performance has greatly improved in recent years and installed costs have
fallen to around £12,000 for 1 kW residential systems and £1m for
400 kW commercial systems, and continue to further reduce at a rate
of 10–15% per year. They compare favourably with other low-carbon
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technologies across a range of metrics including installation footprint,
noise and maintenance requirements, and can offer reliability benefits by continuing to provide energy even when the electricity system
is offline.
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3.1. HYDROGEN HEATING TECHNOLOGIES
Hydrogen can be used as an alternative to natural gas for space heating, water heating, and for gas cooking in combustion appliances.
Most technologies that use natural gas can be adapted to use hydrogen
and will provide an identical or similar service.
There are numerous engineering factors which determine the compatibility of appliances with different types of gases, with the simplest
and most commonly used comparison metric being the Wobbe index.12
Natural gas varies in terms of its exact composition all over Europe,
with different Wobbe band standards being used in different countries
for historical reasons. The Wobbe number is used, amongst other indicators, as a yardstick of compatibility when gas shippers import gases
from other territories. Using a gas device with a fuel outside of the
Wobbe band it is designed for can cause a number of undesired effects,
such as incomplete combustion, for the flame to go out easily, or for
the burner to overheat.
UK gas safety regulations are for burners to be designed with a Wobbe
band of 47.20–51.41 MJ/m3 [88], while pure hydrogen has a Wobbe
index number of around 48 MJ/m3 [89]. Despite the close match of
Wobbe band numbers, gas appliances that are designed for use with
natural gas cannot generally be used directly with hydrogen. This is
principally because the combustion velocity, also known as the flame
speed, is much higher for hydrogen than for natural gas. Thus, controlling the flame requires different burner head designs. Hydrogen
also spontaneously ignites much more quickly than natural gas; this
has implications for engine knock in spark-ignition gas engines and
flashback in gas turbines that are often used as prime movers for CHP
and district heating systems [90].

12. The Wobbe index number
is principally a method of
comparing the energy produced
when different gases are burned;
while useful, it doesn’t capture
all of the variables that are
important for designing gasusing equipment.

The properties of hydrogen differ from natural gas in several aspects
that affect its use for heating. Hydrogen has a lower volumetric calorific value than natural gas, so obtaining the same heating energy
requires a greater volume of the gas to be burned, an effect which
is somewhat compensated for by the fact that the gas flows quicker
under the same pressure due to its lighter molecules. Hydrogen is also
invisible and odourless when burning, so for safety reasons the gas
would need odorants to be added to it to enable detection in the event
of leaks. A number of specific end-use heating technologies that can
make use of hydrogen are discussed below.
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BOX 3.1 INTERCHANGEABILITY OF FUEL GASES
A number of factors must be considered when analysing the suitability
of any fuel gas for combustion in end-user appliances and equipment,
as opposed to using the gas as a feedstock in chemical processing
applications:
•
•

•

•

•

Heat input: This is often termed calorific value or heating value,
and is a measure of the thermal energy released during combustion.
Auto-ignition temperature: This is the lowest temperature at which
a gas will spontaneously combust without an external ignition
source. Low auto-ignition temperatures can be problematic in
internal combustion engines where the fuel combustion needs
to be tightly controlled for optimal performance and maximum
component life.
Flame dynamics/stability: Burners in gas appliances need the flame
cone to be stable and well directed. Different gases flow at different speeds, and burners designed for one type of gas may not be
suitable for other gases. If the exit velocity of the unburned gas jet is
too high, the flame can “lift off” and separate from the burner rim,
which can result in the energy from the flame not being focused correctly. If flame speeds are too high, the unburned gas jet can move
too far from the burner before ignition occurs. Under this condition
the combustion reaction isn’t sustained and the flame can simply
extinguish, known as “blowout”.
Flashback: This is another condition under which combustion
is not controlled correctly and involves the gas flame propagating
backwards into the feed tube or hose towards the storage or buffer
vessel. This is highly undesirable as it can cause malfunction
or ultimately an explosion.
Incomplete Combustion: Using equipment with a carbonaceous gas
for which it is not designed can result in excess production levels
of undesired pollutants such as unburned particulates, nitrogen oxide and carbon monoxide. Incomplete combustion of natural gas is
sometimes called “yellow tipping” because the flame turns a yellow
colour under poor combustion conditions. In contrast, hydrogen
would only produce nitrogen oxides when combusted by inappropriate appliances.

A number of metrics have been developed to express the gas interchangability of fuel gases [91–93]:
Method

Measures

Wobbe

Heat Input

American Gas Association Bulletin
#36

Yellow Tipping, Flame Lifting,
Flashback

Weaver

Heat Input, Yellow Tipping,
Incomplete Combustion, Flame
Lifting, Flashback

Delbourg

34

A H2FC SUPERGEN White Paper

3.1.1. Fuel cell technologies
A number of fuel cell technologies use hydrogen. Fuel cell CHP technologies are examined in Chapter 2. The development of a piped hydrogen
distribution network, possibly by converting the existing gas networks,
would greatly facilitate the deployment of low-carbon fuel cells.

3.1.2. Direct flame combustion hydrogen boilers
A direct flame combustion H2 boiler is functionally identical to the
gas boilers that are installed in around 85% of UK homes to supply
residential central heating [94], except that they burn hydrogen
instead of natural gas. Like natural gas boilers, the direct combustion of the gas produces a series of flame jets that heat water. From
a consumer perspective there is no difference in the appearance or
operation of hydrogen gas boilers when compared to their natural gas
equivalents. Town gas boilers which were common prior to the 1960s
were designed to burn gas which was 50–60% hydrogen by volume.

Town gas boiler (© CC-BY-SA, Ashley Dace, 2010)

3.1.3. Catalytic hydrogen boilers
A catalytic boiler passes hydrogen gas over a highly reactive metal
catalyst, which undergoes an exothermic chemical reaction to produce
heat for space and hot water heating without a flame. The process
results in very low nitrogen oxide emissions, and the heat output is
potentially more easily controlled than that of a naked flame burner
[95, 96]. Catalytic hydrogen boilers are not currently commercialised
for mass rollout, but heating manufacturer Giacomini S.p.A. is developing a product for the European market that is already being tested at an
Italian hotel. In Scotland, The Pure Energy Centre has also developed
a catalytic hydrogen boiler product which has been used in a small
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number of installations. From a consumer perspective, catalytic hydrogen boilers are expected to look and perform in a very similar fashion
to existing natural gas boilers, except for the absence of a pilot light.

3.1.4. Gas heat pumps
Gas heat pumps are featured as technical options for UK heat supply
in DECC’s heat strategy modelling [3, 97]. Gas heat pumps operate on
similar principles to electric heat pumps, and upgrade ambient heat
from air, ground or water sources to useful temperatures. A phasechange working fluid is used to absorb heat from an ambient source
and transfer it to the building heating system. Instead of an electric
vapour compressor, gas is combusted to provide the heating energy
for the phase-change. Gas heat pumps use this refrigeration cycle to
increase the delivered thermal energy beyond what would have been
obtained from direct gas combustion alone.
Vaillant already offer a gas heat pump to German consumers that is
suitable for individual homes, while Italian manufacturer Robur is
the European leader in larger scale gas heat pumps for the commercial market [98]. In 2011, a ground source Robur heat pump array
was installed at The Open University in Milton Keynes to heat a 2000
m2 building. Gas heat pumps already offer large gas savings when
compared to gas condensing boilers and there is believed to be scope
for significant efficiency improvements in the event of mass-market
deployment. While current models of gas heat pumps are designed
to operate using natural gas, future models could potentially operate
on hydrogen / natural gas mixtures or even pure hydrogen.

Industrial-scale 14 MW gas heat pump (Image: Wikimedia Commons, 2009)
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3.1.5. Hydrogen-fuelled district heating
Hydrogen can be used in utility-scale boilers, spark-ignition gas
engines [99], gas turbines [100], and large fuel cells [101], all of
which can be used to provide thermal energy for district heating.
Heat networks themselves are technology neutral, so there remains the
possibility that existing heat infrastructure or infrastructure deployed
in the near future could be retrofitted to use hydrogen as a heat source
in the longer term.

3.1.6. Hydrogen cooking appliances
British town gas with a significant fraction of hydrogen was used in
gas ring cookers and stoves that were operated more or less identically
to modern natural gas appliances. Town gas cookers still exist in some
markets, such as Singapore, and Hong Kong, where 85% of households
are supplied with a gas that is 49% hydrogen [102]. From a consumer
perspective, town gas cookers are functionally identical to equivalent
natural gas or LPG cookers.
There are no commercially available cooking appliances that use pure
hydrogen gas but these have been developed recently. In 2006, US home
appliance manufacturer Salton Inc. (now Russell Hobbs Inc.) bought
exclusive rights to develop a product line of hydrogen barbecues for
indoor smokeless grilling of meat [103]. The development of cooking
appliances that use 100% hydrogen is well within the technical capabilities of modern manufacturers. UK-based Almaas Technologies are in
the process of developing hydrogen gas burners for cooking appliances.
As well as direct flame combustion, hydrogen cookers could also potentially utilise catalytic combustion to heat cooking surfaces under the
same principles as described above for catalytic boilers.

3.2. HYDROGEN TRANSMISSION, DISTRIBUTION
AND STORAGE
3.2.1. Gas network design and operation
Gas networks are designed with country specific standards, regulations
and geographies in mind, but follow a number of common principles.
Modern networks generally consist of entry terminals, a high-pressure
long-distance transport network, and one or more low-pressure distribution networks. Gas enters the network at the entry terminals, which
may connect directly to onshore or offshore gas fields via pipelines,
or Liquefied Natural Gas (LNG) re-gasification stations for importing
bulk deliveries by ship. Network entry terminals may also include
storage facilities, extensive equipment for gas quality monitoring, and
gas blending facilities where raw natural gas from a ship or a field can
be combined with other gases to meet local regulations.
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As gas terminals are often on coastlines and can be remote from
demand centres, moving large volumes of gas over long distances from
the entry terminals requires a high-pressure transmission network.
While some users, like large industrial plants or power stations, might
take a direct connection from the transmission network to their facilities, residential and commercial customers receive gas from regional
low-pressure distribution grids that are connected to the high-pressure
transmission system through pressure reduction stations.
The gas distribution networks were substantially expanded and integrated during the transition from town gas to natural gas. Town gas
networks had a much larger number of entry points to the network
as the gas was manufactured from coal at dedicated local facilities
known as gasworks. There were also fewer links between distribution
grids and no long-distance transmission system (the UK’s transmission
system was designed for natural gas).

BOX 3.2 THE UK GAS NETWORK
Entry Terminals: There are 9 main entry terminals in Great Britain,
3 of which can accept LNG tanker deliveries. 3 terminals are also
supplied by 4 international pipelines, which connect to the gas systems
of Norway, the Netherlands, Belgium and Ireland.
High-Pressure Transmission: The British high-pressure network is
known as the National Transmission System (NTS) and is owned and
operated by National Grid plc. The NTS is comprised of around 7,600
km of large diameter steel pipelines and more than 20 compressor
stations along its length which maintain the pressure in the network.
The NTS also has 8 large-scale storage sites, with 9 more either under
construction or with planning permission [104].
Regional Distribution: There are 13 local gas distribution networks
in Great Britain [105], which are operated by 6 different companies
and consist of around 275,000 km of small diameter pipes [106]. Gas
pressure is reduced in a number of stages (intermediate, medium and
low pressure) before reaching residential consumers. Individual distribution networks have their own gas storage facilities for coping with
demand variation and supply interruptions from the NTS and can also
utilise the volume of gas flowing in the pipeline network itself as buffer
storage, which is referred to in the industry as the linepack.

3.2.2. Hydrogen gas transmission and distribution
A small number of high-pressure pipelines exist to transport hydrogen
between industrial producers and consumers. There are around 1,600
km of hydrogen pipes in Europe across 15 main networks, with the
largest operators being Air Liquide, BOC and Sapio [107]. The larg-
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est network in the UK comprises 35 km of high-pressure pipelines in
Teesside. Hydrogen transmission pipelines are typically constructed
using low carbon steel coated with epoxy to prevent corrosion.
Pipe costs for hydrogen are difficult to generalise as they are heavily
influenced by geographic considerations, such as the routing of pipelines and the way they are trenched and installed in the ground. This
depends on factors such as geology, topography, coordination with
other buried electrical or fluid conduits, the costs of securing the rights
to install pipes through private land etc. [108–110]. On average, costs
for hydrogen pipe infrastructure are estimated to be around 10%–20%
more expensive than those for natural gas [110, 111].
Widespread use of hydrogen for heating in the UK would require huge
quantities of the gas to be produced (see Section 3.3 for high level
estimates). To supply cities, constructing a pipeline network would
likely be more economic than bulk delivery by frieght transport vehicles [112]. Possible routes for achieving widespread pipeline distribution include scaling up and expanding existing networks, constructing
entirely new ones, or converting some or all of the UK’s individual
natural gas distribution networks. In practice, it is possible that a combination of all three approaches would be required. The repurposing of
existing grids is highly attractive because it avoids some of the potentially enormous costs of building an entirely new hydrogen infrastructure from scratch [113–115]. This option is considered in Section 3.2.6.

3.2.3. Hydrogen storage
Current techniques for storing hydrogen that are appropriate for stationary applications at a utility-scale include compressing the gas and
storing it in high pressure tanks, or pumping the gas into geological
structures such as rock caverns [116]. Other options, such as cryogenically cooling the gas into a liquid state, or absorbing it into granular or
powdered solid materials, known as metal hydrides, are more appropriate for mobile applications or for transporting small quantities over
long distances.
The UK gas system currently has a storage capacity of around 5 billion
cubic meters (bcm), the majority in the partially-depleted Rough gas
field off the east coast of Yorkshire [117]. Whether a similar volume
of hydrogen storage would be required to replace natural gas for heat
in the UK is a topic for future research. Hydrogen has a calorific value
of around three times lower than that of natural gas per unit volume,
which suggests that directly replacing the energy density of existing UK gas storage with hydrogen could require upwards of 15 bcm
of storage. Estimates of the scale of hydrogen production needed to
replace natural gas in the system overall are given later in Section 3.3.
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Salt caverns represent the most cost effective option for hydrogen
storage but still require high capital costs and are only appropriate
in certain locations. The UK has 3 caverns located in Teesside that
are used specifically for hydrogen storage by Sabic Petrochemicals.
There are also 100 salt caverns which are either already being used
for natural gas storage or which have gas storage planned, which could
be used for hydrogen [118, 119]. At the time of writing, the British
Geological Survey and Foster Wheeler AG are in the process of identifying additional hydrogen storage sites as part of a wider study on the
economics of hydrogen fuel production for the Energy Technologies
Institute (ETI). There is also an on-going coordinated research effort
to assess total potential at a European level under the HyUnder
research consortium.
Pressurised tanks for storing hydrogen are not constrained by geology
in the same way as rock caverns, and are seen as key to the early development of hydrogen refuelling stations for vehicles. There may exist
future opportunities to co-develop hydrogen storage infrastructure for
heating alongside that for transport. By raising aggregate demand, this
approach might enable expansion of the hydrogen network to occur
more rapidly than would be the case for two parallel distribution and
storage infrastructures.

Hydrogen storage tanks, German Aerospace Centre (©, CC BY 2.0, DLR/Fabian
Walker, 2013)

3.2.4. Hydrogen injection into the UK gas distribution networks
The natural gas that flows in the UK’s gas transmission and distribution networks largely comprises methane. A number of studies have
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proposed the use of biologically-derived methane to lower the carbon
intensity of the UK gas grid by injecting and mixing it with conventional natural gas [120–123]. Another option is to create synthetic
natural gas using hydrogen combined with CO2 effluent in a process
called methanation. A third option is to directly inject hydrogen into
the natural gas as a means of lowering the carbon content of the gas
mix and extending the useful life of the gas network in a carbon constrained future.
The potential role of hydrogen in the existing UK gas grid has attracted
interest from government [3, 7], academia [124, 125], and industry
[126]. The re-use or conversion of existing gas distribution potentially
avoids the significant costs of building entirely new parallel infrastructures for heat supply, such as district heating, or upgrading the electricity distribution network to take on UK winter peak heat demands
[126, 127]. In the case of the gas network, all of the required land rights
have already been secured and could in principle be re-used. While
existing high pressure pipes are unsuitable for carrying pure hydrogen,
the majority of the investment in the gas grid is in the intermediate
and local distribution networks and not in the national transmission
system itself [128].
Germany is a European leader in hydrogen injection, with intensive
lobbying from the German gas industry for “green hydrogen”, produced from excess solar and wind generation, to be carried in existing
pipe networks [129]. Existing German gas industry codes of practice13
permit up to 10%v/v of the gas volume to be hydrogen, or 2%v/v if
the natural gas is to be later used at a downstream compressed natural
gas (CNG) station for CNG fuelled vehicles. The German gas industry
is leading programmes of work towards the development of codes of
practice for pan-European standardisation. A number of studies have
advanced the idea that higher concentrations of hydrogen, in some
cases as much as 20% by volume, could be achieved without modification of existing gas infrastructure or some end user appliances [114,
130]. There are, however, important caveats regarding the calibration
of appliances and the composition of the natural gas used..

13. DVGW Code G260 – The
DVGW (Deutscher Verein des
Gas- und Wasserfaches) is the
German national gas industry
body.
14. European Standard EN 437

Appliances can be designed to work effectively on more or less any
gas specification, but there are trade-offs between the performance
(in efficiency, safety and emissions terms) of a gas appliance and
the breadth of gases on which it can operate. In recent years, appliance manufacturers have increased the sophistication of burners in
response to the policy objectives of maximising efficiency and environmental performance, but this has probably reduced the range of
hydrogen concentrations that can be used. The testing procedures
under the European Gas Appliance Directive14 (which governs gas
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appliance specifications) do include some tests with gas that includes
hydrogen and the range of gases used in testing appliances could be
expanded to include higher percentages of hydrogen, in a wider range
of tests. It is important to note that the tests using “limit” gases are
designed for short-durations, and the long-term implications for appliances using such limit gases is unclear [131].
The degree of flexibility of gas combustion equipment in light industrial applications also needs to be assessed. Gas turbines in particular
are sensitive to gas quality variation; the European gas turbine industry notes that “most modern gas turbines should be capable of tolerating on the order of 1–2% hydrogen by volume”, but that higher proportions would “be of major concern to gas turbine users” [132].
Injection of hydrogen at higher concentrations fundamentally alters the
chemical properties of the gas mixture and can alter temperatures [133],
condensation levels [134] and flow characteristics [135]. The gas mix
flows quicker in the pipes but has a reduced energy density [136]. The
mixture is also more flammable and burns hotter than natural gas [137,
138], and carries with it an increased explosion risk [139]. There are also
challenges to overcome when considering changes to a fuel that is used
in so many applications. An appropriate hydrogen-methane admixture
for residential appliances may not necessarily be also suitable for gas
engines, gas turbines or industrial process burners and heaters [140],
such that these would all need to be considered separately.
An extensive recent review of hydrogen and natural gas blending
research at the US National Renewable Energy Laboratory (NREL)
advises that the appropriate mix might vary significantly between
different pipeline networks and natural gas compositions and should
ultimately be assessed on a case by case basis [141]. UK experts
working on the Technology Strategy Board’s GridGas project have
advocated a cautious approach and suggested that permitted hydrogen
concentrations in UK natural gas networks be allowed to increase from
the current level of 0.1% by volume up to just 3% [142]. However, further work is required to assess this figure, and to assess the potential
of power-to-gas options in the context of distribution networks.

3.2.5. Conversion of natural gas networks to pure hydrogen
Deep decarbonisation of the gas supply would involve conversion
of the existing gas grid to utilise concentrations close to 100% hydrogen, with the hydrogen itself to be manufactured via low carbon or
zero carbon production pathways. At the time of writing there is
no widely agreed definition or exact specification of what constitutes
“green hydrogen” in the UK, although standards have been proposed
in Germany [143]. Clearly, the carbon content of the hydrogen would
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need to be substantially lower than that of natural gas to have any
significant decarbonisation benefits. The use of pure hydrogen would
bring with it all of the chemical and thermodynamic challenges associated with hydrogen injection in existing pipe networks, as well as the
need to convert or replace end-user appliances and equipment.
Many steel pipes, including those used in the National Transmission
System, are not suitable for transporting hydrogen at high pressures
[114, 124, 125, 144]. Low-pressure polyethylene pipes are suitable for
transporting pure hydrogen [145–147], but there would be some leakage from faulty joints between pipe lengths and through permeation
[148]. These leaks would cause negligible losses in energetic terms and
would not present a safety concern unless the hydrogen were to accumulate in a tightly enclosed space [114] and pose a significant explosion risk.15 Iron pipes could suffer leakage from defects and ductile iron
can also suffer chemical attack from hydrogen that makes it more susceptible to cracking. Further research is required to determine to what
extent these pipes are suitable for the transport of pure hydrogen under
different pressures.16 A large number of iron distribution pipes that lie
within 30 m of buildings are in the process of being converted to polyethylene for safety reasons [149] under the Iron Mains Replacement
Programme (IMRP). This programme could be modified to prepare
parts of the distribution network for hydrogen transport [124, 125].
15. The Kiwa/SSE “Hy-House”
project, funded under DECC’s
Energy Storage Technology
Demonstration programme,
is exploring the risks associated
with accidental release of
hydrogen and hydrogen/natural
gas mixtures in UK housing.
16. Consultation with expert
stakeholders suggests that
some legacy iron gas pipework
in the UK may in fact be very
robust, and have sufficient pipe
wall thicknesses to lower the
risks associated with hydrogen
embrittlement. Iron pipework,
which was previously used for
distribution of town gas, may
also be internally coated with
coal tar that potentially forms
a protective barrier against
chemical attack from hydrogen.
This is an area where further
research and testing may be
required to form an evidence
base on gas conversion costs
and technical challenges.

Historical precedents for gas conversion programmes already exist.
Many European countries, including the UK, switched from town
gas to natural gas in the 1960s. The UK conversion programme took
around 10 years and was completed in 1977 [8, 124], with 40 million
gas appliances modified or replaced for 14 million users [150]. More
recently, the gas network on the Isle of Man has been converted to
natural gas at a cost of around £3,500 per household. However, undertaking a similarly ambitious programme in the 21st century would face
significant challenges. the 1960’s natural gas conversion programme
was centrally-coordinated and financed by a nationalised industry,
but today’s gas industry is fragmented into several private operators.
Any future conversion programme would therefore be likely to incur
additional transaction costs due to the requirement for coordination
amongst multiple stakeholders [124]. The networks are also more
interlinked than before the transition to natural gas. More research
is required to understand the challenges and to identify potential
conversion timelines and decision points.

3.3. HYDROGEN PRODUCTION
The UK and the rest of Europe possess significant industrial infrastructure for large-scale hydrogen production [151]. Hydrogen has
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been used to make ammonia for crop fertiliser and for “cracking”
heavy oil into common fuels like petrol, kerosene and diesel for more
than 100 years. It is currently used in a wide variety of industries,
such as food processing, oil refining and metal fabrication. The main
European production clusters include the British Midlands, Northern
Italy, Belgium, Luxembourg, the Netherlands, and the Rhine-Main area
around Frankfurt in Germany [152].
Total European production is estimated at about 90 billion cubic
meters (bcm) a year, with the UK as the third largest producer
(5–7 bcm) behind the Netherlands (10 bcm) and Germany (22 bcm).
For comparison, UK natural gas final energy consumption is approximately 56 bcm [153]. Accounting for the lower calorific value of
hydrogen, this implies that in order to completely replace current
requirements for natural gas on an energetic basis using indigenous
capacity, UK hydrogen production would need to increase by a multiple of 20–35 times compared to existing levels.17
Hydrogen can be produced from fossil fuels, biological material or
water [154]. Current hydrogen production is largely from steam methane reformation, but there is also strong interest in the electrolysis of
‘green’ hydrogen from water that in the future would use zero-carbon
electricity. There are also a number of production methods under
development that could become significant in future hydrogen supply
chains, including:
• Electrolysis at high temperatures, using heat from nuclear reactors
or concentrating solar power [155], which makes the process more
efficient.
• Thermolysis, which uses extreme heat from nuclear or solar energy
to split hydrogen from water [156, 157].
• Photocatalytic water splitting, the process of obtaining hydrogen
directly from water using sunlight [158].
• Production of hydrogen from direct fermentation of biological
material [159].

17. This high level estimate
is contingent on hydrogen
having a calorific value
around 3 times lower than
natural gas, and assuming a
one-to-one replacement of
natural gas equipment with
hydrogen equivalents of similar
efficiencies.

While it is impossible to rule out any rapid technological development
of these more unconventional hydrogen production pathways, the main
focus of this section is on the more well-established methods that are
commercially viable today and for which cost data are widely available.

3.3.1. Hydrogen production from biomass and fossil fuels
Producing hydrogen from natural gas, by steam-methane reformation,
is currently the lowest cost and most widely-used technology, which
produces around half of all hydrogen globally [154]. Solid fuels (e.g.
coal, biomass) can be heated with high temperature steam, often under
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pressure, to create an energy rich vapour called syngas from which
pure hydrogen can be produced by steam reforming [160, 161], in a
process called gasification. Both methane reforming and gasification
are mature technologies; coal gasification, for example, has been used
to produce town gas since the 19th century, while methane reformation
has been used in industry since the 1920s. Major UK hydrogen producers include BOC Industrial Gases, Air Products, and Air Liquide.
Hydrogen production from fossil fuels produces higher emissions
of CO2 than direct combustion of natural gas. The development of
carbon capture and storage (CCS) technologies to prevent release to
atmosphere of CO2 is therefore important if hydrogen from fossil fuels
is to contribute to a low-carbon energy system. CCS techniques theoretically offer a low-carbon means of hydrogen production, assuming
the challenges associated with long-term storage of CO2 in geological
structures can be overcome.
A relatively new method of producing hydrogen from fossil fuels
known as plasma gasification or plasma arc pyrolysis was developed
in Norway18 in the 1980s. Natural gas has an electric current passed
through it at extreme temperatures that separates the hydrogen gas
from the carbon products, which emerge as a solid slag [162]. The
solid carbon produced from the reaction is in theory significantly
easier to capture and sequester than gaseous carbon produced from
other methods of fossil-based hydrogen production. This means that
the technology might scale down to small and medium sized applications in ways that coal gasification and steam reforming cannot. While
small-scale methane reformers such as Honda’s Home Energy Station
do exist, it is difficult to envisage a cost effective means of capturing
gaseous CO2 from numerous small-scale production facilities distributed over a wide area [163, 164].

3.3.2. Hydrogen production from water electrolysis

18. Plasma gasification of
methane for producing hydrogen
was developed by Kvaerner
Brug, now part of Norwegian
Engineering group Aker
Solutions ASA.

By passing an electric current through water, it is possible to separate
water into pure oxygen and pure hydrogen, in a process called electrolysis. Producing hydrogen from water using renewable or nuclear electricity offers a possible pathway for making hydrogen with zero direct
emissions that does not depend on carbon capture technology [165–
167] and has been included in roadmaps commissioned or produced
by policymakers in the UK, the United States and the European Union
[168–171]. Costs for production via renewable electrolysis are currently
higher than conventional production from fossil fuels, but a wide-ranging review of costs from the International Energy Agency (IEA) and the
US Department of Energy (DoE) concludes that cost parity is likely to
be reached before 2030, even without subsidies [172].
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One important potential application for hydrogen electrolysis is to
assist with the integration of intermittent renewable energy sources
into the electricity system in a process called power-to-gas [173–176].
This is because hydrogen is the only energy storage medium which
could maintain power supplies at a comparable level to gas or oil
stocks over periods of days or weeks in a an energy system with a high
penetration of renewables during high demand, low supply periods
[111]. This hydrogen could be converted to synthetic methane in an
optional second stage using CO2 effluent, so the gas could be injected
into the existing natural gas infrastructure.

Enertrag power-to-gas plant in Prenzlau, Germany (©, CC0 1.0, Hannob, 2011)

3.4. CONCLUSIONS
Hydrogen appliances are available that operate identically to natural gas appliances. These could provide zero-carbon energy services
without the disruption to established living patterns entailed by other
low-carbon technologies. Advanced hydrogen appliances such as catalytic boilers are also under development.
In the near-term, hydrogen could be injected into the gas network,
either alone or with biologically-derived methane, to lower the carbon
intensity of the delivered gas. In the longer-term, there are plausible
scenarios under which hydrogen could potentially replace natural
gas altogether in some or all of the UK’s regional gas distribution
networks. Field trials and tests of hydrogen injection and conversion
in “hydrogen community” technology demonstration projects would
more clearly identify the costs and benefits of these scenarios.
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From an environmental perspective, there is little value in substituting natural gas with a high carbon fuel. In order to realise the potential environmental benefits of hydrogen in future it would be key for
production to occur using low carbon methods such as electrolysing
water with renewable electricity or nuclear energy, or using fossil fuels
paired with carbon capture and storage technology.
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4.1. INTRODUCTION
The total annual heat demand in the UK is approximately 700 TWh
[10]. The UK spends £32bn on heating each year, including around
£1.7bn on heating products [177]. A UK market for low-carbon heating
is gradually emerging as a result of a combination of policy drivers
discussed in detail in Chapter 8. This chapter examines the four main
heat markets in the UK and considers the prospects for adoption of
low-carbon heat technologies and particularly hydrogen heating and
fuel cell products. It reviews evidence on the drivers and barriers to
the adoption of low-carbon heating and identifies potential niches
for early market development.

4.2. RESIDENTIAL MARKET
4.2.1. Heat market assessment
The residential sector represents more than half of UK heat consumption
[3]. Space heating is the largest demand, followed by water heating and
cooking. Fuel consumption for heat varies substantially between households. The average household consumption is around 15 MWh of heat
per year, with large detached houses consuming around six times more
than small flats. Demand is highly seasonal with a winter peak that is
seven times the average summer consumption, as shown in Figure 4.1.

Figure 4.1 Variation in household heat demand between classes
of housing for an average year
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Heat demand includes space and water heating. Winter consumption is strongly
temperature-dependent and the winter peaks can be much higher in a cold year.
Source: [22].
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Major players in the UK residential heating market include GDC Group
(Dimplex), Stovax Group and BFM Europe [177], with other prominent manufacturers including Baxi, Vaillant and Worcester-Bosch.
The dominant home heating technology in the UK is central heating
and hot water from natural gas boilers, which serve around 21 million
properties, while another 5 million homes are supplied by alternative
heating systems such as oil boilers and electric storage heaters [94].

BedZED low energy housing development (©, CC BY 2.0, Tom Chance, 2007)

4.2.2. Deployment barriers for hydrogen and fuel cells
There are a number of significant barriers to the adoption of non-gas
heating technologies in the UK residential sector which pose an equal
challenge to fuel cells and to hydrogen heating systems, as well as to
other low-carbon options. These include a pronounced British preference for natural gas-based heating systems, the lack of a strong mass
market demand for energy efficiency measures and alternative heating
products, cost factors, and weaknesses in the UK supply chain for
hydrogen and fuel cell products.
Studies of British consumer preferences for heating systems show
a strong cultural affinity for gas boilers, which are perceived as safe,
cheap, effective and easy to control [178, 179]. They therefore represent a strong incumbent technology, which may prove difficult to
displace with alternatives. While UK consumers appear largely ambivalent in their preferences towards all low-carbon residential heating
system technologies, there is some evidence that micro-CHP is slightly
more attractive than other options [178, 180]. All low carbon home
heating technologies, however, suffer from a general lack of massmarket demand.
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Around 1.5m boilers are replaced each year [181]. Apart from distress
purchases involving the replacement of broken or malfunctioning
boilers, heating system replacement is generally only considered by
householders as part of wider renovation works. A recent study shows
that only around 1 in 10 consumers are interested in carrying out
changes to their living environment to make it more energy efficient
[182]. In cases involving heating system replacement, the vast majority
of consumers make decisions based not just on efficiency or cost but
also on amenity factors such as aesthetics and the use of space [178].
Options which increase usable space are very popular, as evidenced
by the rapid uptake of combination boilers in Britain from 0% to 50%
of all installed boilers since 1984 and the removal of the hot water
storage tanks associated with the older systems [94]. Heating systems
that rely on the reintroduction of a hot water storage tank to the home
and the associated loss of previously usable space, like many heat
pump or micro-CHP configurations, may prove unpopular where
space is a premium. This is because householders in these dwellings
have often converted the area previously occupied by the water tank
into storage or utility space.
Low-carbon heating technologies currently suffer from higher costs
and the lack of an integrated supply chain compared to gas boilers.
There are neither retail channels for purchasing these technologies
nor qualified installers who can put units in their homes. If systems
malfunction or break down, there may not be a qualified technician
immediately available to service it. The UK market for heating systems
consists of thousands of independent installers who are largely trained
and qualified to install gas boilers and this market structure does not
lend itself to rapid diffusion of unfamiliar technologies.
For hydrogen-fuelled technologies, the lack of a hydrogen delivery
system limits their current deployment to the residential sector (see
Section 4.4). The potential future development of hydrogen gas infrastructure is discussed in Chapter 3.

4.2.3. Opportunities for hydrogen and fuel cells
Fuel cell micro-CHP using natural gas could be deployed now, but
large field trials would be required to optimise the technology for
UK heat demands.
Hydrogen injection into the existing gas grid offers one possible route
for utilising hydrogen with existing natural gas appliances, although
the GridGas project recommended that concentrations should not
exceed 3% of the gas blend by volume in the first instance [142]. There
are two potential niches for early market entry for new hydrogen and
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fuel cell heating systems in the UK residential sector: (i) the new build
market; and, (ii) the market for off-gas properties.
New housing construction is currently at around 110,000 properties
a year [183] and government projections show new housing growing at an average rate corresponding to around 1% of the stock each
year until at least the 2030s [184]. Opportunities may exist to deploy
piped hydrogen networks to supply new housing developments in the
vicinity of industrial clusters where hydrogen is already used. These
include oil refining hubs or where hydrogen exists as a by-product
from chemical processing or steel manufacture.
The other potential market is off-gas properties. Around 150,000 heating systems a year are being replaced in properties that are not on the
gas distribution grid [185], and the marginal costs between low carbon
heating options and incumbent technologies like oil heating tend
to be smaller than for gas condensing boilers. There may be specific
opportunities in this market to utilise locally produced hydrogen from
renewable sources. However, with the exception of Northern Ireland,
most off-gas properties are in areas with low population densities
where the cost of building a local gas network is prohibitive.

4.3. COMMERCIAL AND PUBLIC SECTOR
4.3.1. Heat market assessment
UK commercial and public sector heat demand is estimated to be
around 20% of total national demand [3]. Similarly to the residential sector, space and water heating are the largest energy demands.
The exact number of commercial heating system installations in the
country is difficult to estimate from available statistics, as business
addresses often do not correspond to single buildings but to groups
of buildings or multiple enterprises occupying the same building;
moreover, it is not uncommon for large commercial buildings to have
multiple heating systems [186]. There are also differences in the way
business records are kept in Scotland and Northern Ireland compared
to those in England and Wales. As a high level estimate of market size
however, there are close to 5.5 million registered business premises
in England and Wales [187], many of which require seasonal heating.
In terms of annual turnover, around 20,000 commercial boilers are
believed to be sold each year [188, 189]. The UK is estimated to have
a stock of just under 2 million commercial boilers and catering equipment units using natural gas, plus an additional 0.5 million cabinet,
black tube and other heaters [190].
As with the residential sector, the current UK government energy
policy supports the development of low-carbon gas and non-gas heat-

52

A H2FC SUPERGEN White Paper

ing systems, as described in Chapter 8. These policies could stimulate development of a commercial market for hydrogen and fuel cell
products. It is estimated that 72% of commercial sector businesses are
currently heated by gas, with electricity and oil comprising most of the
remainder [191]. Commercial premises vary much more significantly
than homes in terms of their size, shape, and level of heat demand.
Many heating system providers supply the commercial sector as well
as the residential market. Some larger commercial properties, particularly those with high heat demands such as hotels, hospitals and leisure facilities with swimming pools may be suitable for CHP systems.
Notable providers in the UK packaged CHP market include Aircogen
CHP, EuroSite Power (a UK subsidiary of DG Energy Inc.), ENER-G
Combined Power, Logan Energy and Bosch Thermotechnik GmbH,
although there is much crossover with the industrial and district heating markets. The majority of small-scale CHP systems in Britain are
reciprocating gas engines, although in principle it is possible to design
both fuel cell CHP systems and hydrogen combustion CHP systems.
One recent example is the UTC Power/Logan Energy fuel cell CHP
system at Transport for London’s headquarters building in Southwark.

Palestra fuel cell CHP system (©, CC BY-SA 2.0, Lars Plougmann, 2010)

4.3.2. Deployment barriers for hydrogen and fuel cells
The physical space and visual appearance barriers faced by hydrogen
and fuel cell technologies in the residential sector are not as critical
in commercial environments. Even the smallest purpose-built commercial buildings (that are not converted from housing) will have dedicated plant rooms. The nature of activities within commercial premises means that these users may demand higher and more stable heat
loads than residential properties and may be more appropriate markets
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for deployment of CHP technologies. The market structure for commercial equipment is also more conducive to deployment of new technologies because end-user approaches to developing business cases for
investment in plant and equipment and considering the financing and
risk aspects of the decision are typically more developed than those at
the individual householder level.
The major barriers to the deployment of hydrogen and fuel cell heating
systems in the UK non-domestic sector are high costs and technological immaturity. Business continuity is key for commercial users, and
as a result they tend to favour established technologies and processes.
Companies also often invest in assets with long lifetimes and only
replace plant and equipment when they become uneconomic to repair
or to continue running, which means there can be gaps as long as 30
years between available windows for the integration of new technologies, even for systems that are market-ready and attractively priced.
The near term prospects for hydrogen combustion CHP are very limited in the commercial sector as there is no fuel supply. The costs of
fuel cell CHP are between 2.5 to 20 times higher than gas-engine CHP
[192] although this gap is narrowing, as noted in Chapter 2, and the
associated reduction in capital costs and an increase in stack lifetimes
may ultimately serve to change the status quo. The only commercial
fuel cell CHP installations at present are found in London and their
installation has been driven mainly by requirements for on-site generation found in local planning legislation [193]. UK targets to deploy 10
GWe of CHP capacity by 2010 were missed by over 40% due to unforeseen gas and electricity price developments, and small-scale CHP systems of all types have historically faced barriers to deployment related
to the structure of the electricity market and a lack of effective policy
support [194].

4.3.3. Opportunities for hydrogen and fuel cells
Hydrogen injection into the existing gas network offers one potential
method to use hydrogen for heating in existing boilers and gas-CHP
systems.
The most popular application for commercial stationary fuel cells in
the global market is for provision of backup power in remote locations
to support telecommunications infrastructure and for uninterruptible
power supplies (UPS) supporting critical data servers. Many fuel cell
designs are capable of “black start” operation and can restore power
to facilities in the complete absence of grid supply. The use of fuel
cells in large data centres is particularly common in the United States
and South Korea [14].
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Globally, key players in commercial fuel cell deployment include
Bloom Energy, Ballard, UTC Power and FuelCell Energy. In the UK,
Intelligent Energy, Auriga Energy and Horizon Fuel Cells (through
their UK subsidiary, Arcola Energy) all have market-ready products
for supplying the backup power market, while ACAL Energy are in the
process of developing systems for commercialisation. Backup power
is an electricity-only application, but the growth of this market may
result in the development of robust supply chains and the lowering
of production costs which will be critical to any development of a
parallel market for heating with commercial-scale fuel cell CHP.

4.4. INDUSTRY
4.4.1. Heat market assessment
The industrial sector accounts for around 30% of UK fuel consumption for heating [3]. The potential market for low carbon heat products
in the industrial sector is distinct from the commercial and residential parts of the economy because space heating is a relatively minor
demand, at around 17% [195], with water heating and the direct
supply of industrial processes at different temperatures accounting
for most demands. Possible roles for hydrogen and fuel cell products
include the substitution of hydrogen for natural gas in some processes
and the use of combined heat and power (CHP) technologies. Industry
is a major market for CHP, as many companies that use significant
amounts of process heat find that generating their own electricity
on-site can reduce their overall energy costs.

Chlor alkali plant, Runcorn (©, CC BY-SA 2.0, Sue Adair, 2007)

Notable suppliers of industrial CHP systems in the British market
include Siemens, Finning, Dresser-Rand Group and npower Cogen
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(RWE AG). None of these firms are currently active in promoting fuel
cell CHP products in the UK, although Siemens did evaluate various
fuel cell designs in the early 2000s [196]. UK-based AFC Energy are
planning to target large-scale industrial users with their alkaline fuel
cell designs and Rolls Royce are close to commercialising a small-scale
fuel cell power plant (in a business venture now majority owned by
LG Corporation).

4.4.2. Deployment barriers for hydrogen and fuel cells
The industrial market has much in common with the commercial
market in terms of its structure and barriers. Industrial end-users are
businesses as opposed to individual householders. As a result, they
tend to assess the business case for investment in new equipment under
conditions of pure economic rationality and technical performance, and
are less constrained by space and aesthetic considerations. Industrial
users value reliability, as any plant shutdown results in a loss of production and negatively impacts business performance. As a result, proven
technologies which have a robust supporting supply chain for the provision of replacement parts and maintenance services are preferred.
Technological immaturity and resulting high costs are major barriers
to uptake of hydrogen and fuel cell products. Some processes may also
need to be fundamentally adapted for natural gas to be replaced with
hydrogen, such as cement furnaces [197]. As with the commercial
sector, industrial users maximise profits by “sweating assets” and are
unlikely to prematurely retire working systems that have not reached
the end of their economic life. This means that windows of opportunity for plant replacement may only occur in 20 or 30-year intervals.

4.4.3. Opportunities for hydrogen and fuel cells
From an industrial perspective, hydrogen may be a useful substitute
for a number of processes that are currently fossil-fuelled. There are
significant challenges involved in substituting low carbon electricity
for many thermal processes [198] and most of the potential energy
efficiency gains on the demand side have already been realised [199].
Much of the potential for future emissions abatement in UK industry is
therefore expected to come from efficient use of materials and the use
of bio-derived fuels, hydrogen, and hydrogen admixtures with natural
gas as well as some electrification where feasible [200–203]. Although
not yet widely commercialised, blast furnace processes used in iron
and steel production could theoretically generate heat in future from
hydrogen combustion [204–206].
CHP is another area of potential interest. Cogeneration plant already
represents close to a tenth of UK industrial emissions across around
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100 individual installations [207]. Expansion of existing CHP capacity
in the chemical processing and pulp and paper industries offers significant carbon reduction opportunities [199]. Additionally hydrogen is
produced on-site as a by-product of the processes used in synthesising
chemicals such as chlorine, sodium chlorate, ethylene and styrene.
This is typically blended with natural gas and burned for the provision
of process heat, captured and sold as a chemical feedstock, or simply
vented to atmosphere, but could potentially be used instead for fuel cell
CHP or hydrogen combustion CHP. Industrial by-product hydrogen may
therefore offer a potential early market niche for hydrogen and fuel cell
technology within industry. One of Europe’s largest chlor-alkali plants is
the INEOS Chlor facility in Runcorn, which already makes use of boilers
burning on-site hydrogen to provide process heat. Another potential
industrial niche is energy from waste facilities; for example, there are
proposals to reform landfill gas into hydrogen that fuels a fuel cell CHP
plant at the planned Waste2tricity plant in Nottingham.

4.5. HEAT NETWORKS
4.5.1. Heat market assessment

Pimlico district heating undertaking (©, CC-BY 2.0, Kevan Davis, 2012)
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Heat networks currently represent only a very small part of UK
heat demand [208] and therefore a small market relative to the rest
of Europe. However, there are plausible scenarios for heat networks
to supply as much as 40–50% of UK heat demand by 2050 [209–211]
and the Government has consistently supported heat network development in recent years in official policy publications [3, 212, 213].
In high penetration scenarios, the market for district heating could
be 200 TWh/year, representing 95 GW of installed plant capacity [209].
Major stakeholders in the UK district heating market include specialist consultants, equipment suppliers, system integrators and energy
service providers. Notable UK providers of district heating schemes
include Cofely District Energy, Dalkia Cogenco, Veolia and Vital Energi.

4.5.2. Deployment barriers for hydrogen and fuel cells
Heat networks face a number of significant barriers to widespread
deployment in the UK. These include: (i) high transaction costs associated with bringing key stakeholders together; (ii) high upfront capital
costs for plant and equipment; (iii) high costs associated with promotion of the scheme and community engagement; (iv) a lack of well-established contract mechanisms; (v) a lack of institutional capacity
within local authorities to procure the systems; and, (vi) challenging
conditions regarding the sale of electricity from small-scale CHP,
which remains a popular heat source option, especially for the early
development of networks [214, 215]. Much has already been written
elsewhere on approaches for encouraging the development
of heat networks.
Heat networks can be supplied by a variety of heat sources so a challenge for hydrogen and fuel cell technologies in entering this market
is to compete on a performance and cost basis with other technical
options. Heat networks are typically supplied from a dedicated energy
centre so space and noise levels are usually not an issue.
The cost barriers presented by fuel cell CHP as a competitor to gas CHP
are just as valid for the heat network market as they are for building
integrated applications (described earlier in Section 4.3.2). In a limited
number of cases, the absence of local air pollutants emitted from the
use of hydrogen in fuel cell CHP plant may enable installations to go
ahead in places where biomass CHP cannot meet local requirements
for compliance with the Clean Air Act, for example with respect to
dispersion of combustion flue gases. In the near-term however, fuel
cell CHP is unlikely to displace gas CHP for supply to district heating
networks on a performance, cost or air quality basis under existing
UK legislation.
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4.5.3. Opportunities for hydrogen and fuel cells
The UK’s only example of a fuel cell CHP unit integrated into a
heat network is the 200 kWe system operated in Woking Borough
Council in collaboration with their joint venture energy services
company, Thameswey Energy Ltd. [216]. In the absence of major cost
reductions, near-term opportunities for hydrogen fuel cells to supply
heat networks outside of subsidised demonstrator-type projects appear
limited. In the longer term however, hydrogen could develop as a
substitute for natural gas in the supply of thermal energy to heat networks. Hydrogen or hydrogen/methane blends can be used in boilers,
reciprocating gas engines and gas turbines. Widespread deployment of
these systems would be conditional on the availability of a sufficiently-abundant supply of low-cost hydrogen. The development of hydrogen gas infrastructure has been discussed extensively in Chapter 3.

4.6. CONCLUSIONS
In all sectors, injection into the existing natural gas grid offers one
potential means of using hydrogen for heating in the UK energy
system. The concentration of hydrogen that can be safely used in the
existing gas networks without replacing or modifying end-user equipment is currently thought to be at least 3%v/v and this could rise to
comparable levels in other countries with further research. The use of
products that rely on combustion of pure hydrogen gas to produce heat
are likely to remain rare outside of specialist industry applications as
long as there remains a lack of widespread infrastructure to produce
and deliver hydrogen to end-users.
The residential sector faces significant barriers to the adoption of all
low-carbon heating technologies due to the strong incumbency of natural gas boilers in the system and the lack of consumer-led demand for
alternatives, related to their high costs and weak supply chains relative to established technologies. Hydrogen and fuel cell heating products are no exception. The deployment of fuel-cell heating in largescale residential field trials may lower production costs significantly
in the near future while strengthening the supply chain. Possible
opportunities for increasing the use of hydrogen and fuel cells in the
UK residential sector include targeting new build housing and dwellings that are not connected to the gas distribution grid.
Barriers to the adoption of hydrogen and fuel cell heating technologies
in the commercial, industrial and district heat markets include high
costs relative to incumbent technologies and the lack of a robust UK
supply chain. Within the commercial sector, fuel cell products are
enjoying a degree of success in electricity-only applications such as
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the provision of standby power. The growth of this market may result
in cost reductions that make fuel cells more cost competitive with
other technologies, which may increase their use in heating applications such as combined heat and power. In the industrial sector,
chlor-alkali production represents one area where locally produced
hydrogen is already being used for combustion and the provision of
process heat. Hydrogen may also be used in future as a substitute for
natural gas in high temperature processes.
Widespread unsubsidised use of hydrogen and fuel cell CHP in heat
networks is unlikely to occur in the near term, due to the high costs
of fuel cell units and the lack of a low-cost piped hydrogen supply.
However, heat networks are inherently flexible regarding their heat
sources and there remains scope for existing networks or networks
that may be deployed in the near future to be retrofitted with hydrogen
combustion or fuel cell plant in the longer term.
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5.1. INTRODUCTION
Decarbonisation studies generally examine a much longer time
horizon than studies of energy security and affordability, reflecting
both the long-term nature of climate change and the time required to
transition to an alternative low-carbon energy system without incurring large losses on existing assets. Three broad methods are used to
identify pathways to decarbonise heat provision:
1. Building stock models, which identify decarbonisation pathways
for the residential, public and commercial sectors. The sectors are
disaggregated with many different types of buildings separately
represented.
2. Energy system models, which identify transition pathways to
decarbonise the whole energy system, can give insights about the
appropriate level of heat decarbonisation. The representations
of different sectors in these models tend to be highly aggregated.
3. Small-scale studies, often linked to demonstration projects. Several
of these studies are presented in Chapter 6 that examine the potential benefits of fuel cell micro-CHP for heat provision.
Decarbonising heat has received increasing attention recently with
the publication of a number of papers and reports [e.g. 6, 209, 217–222].
Ground/air heat pumps, district heat networks, biomass and solar
heating tend to feature as prominent technologies for the future with
little attention paid to micro-CHP. The UK government’s heat strategy
framework [7] characterises micro-CHP as a transition technology that
will become obsolete when the carbon intensity of the electricity system
reduces below that of gas. The subsequent heat strategy [3], published
a year later, confirms this technology mix but also identifies hybrid boilers,19 gas absorption heat pumps and micro-CHP devices as potentially
important technologies. It also identifies obstacles to a transition including the unsuitability of much of the UK housing stock for some of these
technologies and the difficulty of supplying peak demands for heat from
the electricity rather than the gas system.

19. Hybrid boilers typically
contain a heat pump and a
gas boiler. Hybrid systems are
designed to respond to changing
temperature by automatically
invoking the more efficient of
the two heating technologies.

The first part of this chapter, in Section 5.2, examines a range of previous UK heat decarbonisation pathways from a number of models to
better understand why hydrogen and fuel cells have not featured more
prominently. It compares and contrasts the representation of heat in
each model to identify key differences and their potential impacts on
the pathways, showing that all previous studies have either omitted
key hydrogen and fuel cell options or have not compared them against
all realistic counterfactual technologies.
The second part of this chapter, in Section 5.3, assesses the potential
role for hydrogen and fuel cells in a bespoke study using the new

62

A H2FC SUPERGEN White Paper

UKTM-UCL model. This investigation uses fuel cell data from Chapter
2 to provide an up-to-date appraisal of the prospects for hydrogen and
fuel cells to contribute to heat provision. It includes a comparison
with all major counterfactual technologies using the levelised costs
of heat provision.

BOX 5.1: DECARBONISATION PATHWAY MODELS
Building stock models
Building stock models represent a wide range of buildings. For example, the physical variables for houses might include the house type,
size, age, region, conurbation (urban/rural), level of insulation and
heating technology. Houses could also be distinguished by social variables such as occupancy and household income, although this is less
common. Housing stock models can be used to produce highly-refined
decarbonisation pathways and policies for the housing sector but the
required level of emission reductions, commodity prices, carbon price
and other important scenario data are specified as exogenous assumptions [223].
Energy system optimisation models
Energy systems models represent commodity flows through the entire
economy. They are used to identify the energy system that meets
energy service demands with the lowest discounted capital, operating and resource costs, subject to constraints such as greenhouse gas
emission targets and government policies. In contrast to housing stock
models, emission reductions, commodity prices and the carbon price
are calculated endogenously across all sectors of the economy in order
to optimise the delivery of energy services. While energy systems
models have comprehensive representations of the entire energy
system, they necessarily tend to have aggregated representations of
the individual sectors [224].
Hybrid models
Hybrid models are energy systems models with detailed representations of buildings that aim to incorporate the benefits of both building
stock and energy systems models. To keep their size manageable,
hybrid models tend to represent a smaller range of buildings than stock
models and also tend to have a less detailed description of other parts
of the energy system than energy systems models.

5.2. THE ROLE OF HYDROGEN AND FUEL CELLS IN
PREVIOUS UK HEAT DECARBONISATION PATHWAYS
Building stock models and energy systems models are commonly
used to identify decarbonisation pathways for the built environment.
Box 5.1 describes the differences between these model paradigms.
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This section compares and contrasts some housing stock and energy
systems models that have been used for previous UK decarbonisation
studies, to understand why hydrogen and fuel cells have not featured
in most decarbonisation pathways.

5.2.1. UK building stock models
The UK Domestic Carbon Model (UKDCM) [225] represents up to
20,000 different house categories. This model looks at physical flows
rather than costs. It was designed to explore technological feasibility
rather than cost-optimal decarbonisation, particularly for energy conservation measures, for the 40% House project. It does not consider
hydrogen or fuel cells. A similar UK-focused housing stock model is
BREHOMES [226], which has around 1,000 house categories. A new
National Household Model (NHM) has been commissioned by DECC 20
that is expected to underpin future decarbonisation pathway assessments of the housing stock; this currently considers neither hydrogen
nor fuel cells although there are plans to add these in the future. There
are few stock models for non-residential buildings, of which N-DEEM
[227], which has 80 representative buildings, is the most well-known.
Several studies have been produced by a NERA/AEA team for
DECC and the CCC 21 that examine residential decarbonisation
pathways to the 2020s [228–230]. These studies are notable as the
source of technology cost data for some of the energy system models
described below. A more recent study was produced by an Element
Energy/AEA team for the CCC [219]. A common feature of all of these
studies is a focus on heat pumps, biomass boilers, district heating and
solar thermal as potential low-carbon technologies, with no consideration of either fuel cells or hydrogen-fuelled heating.
One important drawback with many stock models is the lack of representation of varying occupant behaviour in houses that are notionally in the same category. For example, the temperature to which
houses are heated can vary widely [231]. Neglecting such details
has led to policies that have caused unintended consequences in the
past [232].

20. DECC is the UK government
Department of Energy and
Climate Change.
21. Committee on Climate
Change

For all of these models, the user is required to choose the broad decarbonisation strategy in a similar way to the DECC Calculator [233].
This means that the presented scenarios are technically feasible but
not necessarily economically optimal, and are sensitive to the judgement and values of the user. Neither fuel cells nor hydrogen appear
in scenarios from any of these models because neither are considered
as options from the outset.
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5.2.2. Energy systems models
The UK MARKAL model22 has contributed to government policy
analyses since 2003. Although it has a broad bottom-up representation
of energy processes across the UK economy, it has a coarse description
of the built environment with only two house categories representing
the entire housing stock, one for existing houses (pre-2000) and one
for new houses (post-2000), and with only a single representative
non-residential building. Cost-optimal decarbonisation pathways from
UK MARKAL have consistently identified electric heat pumps as the
cheapest long-term low-carbon heat technology, with biomass, district
heating, solar heating and even natural gas used to heat houses that
cannot use heat pumps in different model versions [234, 235]. More
recent studies using a research version of UK MARKAL with a revised
and disaggregated residential sector, discussed in Chapter 3, find that
the cost of heating using fuel cells could be similar to the cost of using
heat pumps if the existing gas networks can be converted to deliver
hydrogen [124, 125]. The UKTM-UCL model has been developed to
replace UK MARKAL and is used for the scenario study in Section 5.3.
ESME is an energy systems model owned by the Energy Technologies
Institute [236]. The housing stock is split according to housing density and fabric quality. Micro-CHP powered by gas is represented but
hydrogen-fuelled technologies are not currently available as low
carbon heat options. Typical residential decarbonisation pathways
are dominated by heat pumps supported by natural gas boilers, which
retain an important role and supply almost half of heat demand [237].

5.2.3. Hybrid models
The Appropriate Use of Bioenergy (AUB) model was created for DECC
and the CCC by the same team that developed ESME to better understand potential roles for bioenergy in a low-carbon energy system.
It includes 26 house categories [238].

22. More information about
UK MARKAL is available at:
www.ucl.ac.uk/energy-models/
models/uk-markal

The RESOM model was developed from AUB with 30 house categories and used to examine heat decarbonisation for National Grid [220]
and DECC [239]. Non-residential buildings are more sparsely represented with two categories each for commerce and industry. RESOM
is notable for representing a larger range of heat technologies than
most models, including hydrogen boilers, fuel cell CHP and hybrid
heat pumps. However, conversion of the existing gas networks to
deliver hydrogen is not an option in RESOM. A series of cost-optimal
decarbonisation pathways in the study for DECC identified hybrid
heat pumps as the most economic heat technology in 2050, providing
60% of heat demand, with the remainder from energy conservation
measures, district heating and electric and gas boilers. The hybrid heat
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pumps consume much gas in winter in these scenarios. Commercial
buildings have a similar optimal technology portfolio.
Another hybrid model with a greater focus on building dynamics
is DynEMo,23 but this does not consider hydrogen or fuel cells as
low-carbon options for heat provision [240].

5.2.4. Comparison of models and studies
The models described in this section are summarised in Table 5.1.
They principally differ according to the model type, the number of
represented house categories and the breadth of low-carbon heat technologies. A difference not shown in this table is the number of timeslices used to represent changes in heat demand and energy supply
over time.24 Stock models tend to work on an annual basis. The three
energy system models have between 2 and 5 time-slices that represent
intra-day demand peaks and troughs, for each seasonal time-slice.
The hybrid models RESOM and DynEMo have 6 and 96 intra-day
time-slices, respectively.

23. More information about
DynEMo is available at:
www.ucl.ac.uk/energy-models/
models/dynemo
24. Temporal disaggregation
of heat demand is important
because many low-carbon
heat technologies, such as
heat pumps, have high capital
costs that are closely related
to the power output, so periods
of high demand can greatly
increase the size and cost
of the device if sufficient heat
storage is not available. Energy
supply arguably requires even
higher levels of temporal
disaggregation as the marginal
cost of generating electricity in
a low-carbon electricity system
with a significant penetration
of intermittent renewables is
likely to be much higher than
at present.

These models are all designed to identify decarbonisation pathways.
Energy security is generally not considered in these models, partly
because the impacts are difficult to quantify in cost terms, although
fuel diversity has been the subject of a UK MARKAL study [234]. The
impacts of using different technologies on affordability are similarly not
generally considered, although different households are characterised
in some of the larger building stock models. There is a need for further
research into impacts of different heat technologies on energy security
and affordability within the context of the whole energy system.
Most of these models do not include hydrogen and fuel cell technologies as an option, which potentially explains why they have
not generally featured in most decarbonisation pathways. Only UK
MARKAL, UKTM-UCL and RESOM have a wide range of heat technologies. RESOM represents a much greater number of house categories
but UK MARKAL and particularly UKTM-UCL have more detailed
representations of the commercial and industrial sectors. RESOM has
a higher temporal resolution. However, conversion of the gas networks
to deliver hydrogen, which Chapter 3 identifies as potentially a key
option for the future, has only been assessed using UK MARKAL.
That study concluded that using fuel cells powered by hydrogen from
a converted gas network could be the lowest-cost option for decarbonising heat, reducing the number of houses using heat pumps while
supporting heat pump operation through high micro-CHP generation
output at peak demand times [124]. The RESOM decarbonisation
scenarios do not find a role for fuel cells and identify hybrid heat
pumps, which are not represented in UK MARKAL, as a key technol-
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ogy for the future. In the next section, we attempt to reconcile these
views using the UKTM-UCL model, which uniquely includes fuel
cells, hybrid heat pumps and the option to convert the gas networks
to deliver hydrogen.

Table 5.1 Summary of models used for UK heat
decarbonisation studies
Model

Type

House categories

Heat technologies

H2FC

UKDCM

Stock

20,000 (region, type, age,
tenure, fabric, floors)

Base, mCHP

Yes

BREHOMES

Stock

1,000

Unknown

No

NHM

Stock

Unknown

Base

No*

N-DEEM

Stock

0 (80 non-residential)

Base

No

NERA/AEA

Stock

8 (type, location, fabric)

Base

No

Element/AEA

Stock

Unknown

Base

No

UK MARKAL

ES

2 (age) and 12 (type, age)

Base, mCHP, hydrogen boilers, fuel cell
mCHP

Yes

UKTM-UCL

ES

2 (age)

Base, mCHP, hydrogen boilers, fuel cell
mCHP, hybrid HPs

Yes

ESME

ES

12 (type, fabric)

Base, micro-CHP

No*

AUB

Hybrid

26 (type, location, age)

Base, mCHP, hydrogen boilers, fuel cell
mCHP, hybrid HPs

No

RESOM

Hybrid

30 (type, location, age)

Base, mCHP, hydrogen boilers, fuel cell
mCHP, hybrid HPs, gas heat pumps

Yes

DynEMo

Hybrid

30 (type, fabric, occupants)

Base, mCHP, hybrid HPs

No*

“ES” are energy systems models. For the house categories, “location” refers
to urban/rural while “region” refers to different parts of the UK. “Fabric” is
the building construction (e.g. solid or cavity wall). The “base” heat technologies
are fossil fuel, electric and biomass boilers, heat pumps, solar thermal and district
heating. * indicates that hydrogen and fuel cell technologies are planned to
be added to these models.

5.3. POTENTIAL USE OF HYDROGEN AND FUEL CELLS
FOR UK HEAT PROVISION
Most of the models described above identify cost-optimal pathways
for a range of scenarios that have varying assumptions and data. Some
illustrative scenarios that would be appropriate for a study of heat
provision using hydrogen and fuel cells are summarised in Table 5.2.
They vary according to the emissions target and to whether gas network conversion to deliver hydrogen is available or whether it is necessary to build a new hydrogen distribution network to supply houses.
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Table 5.2 Illustrative energy systems modelling scenarios that
would be appropriate for a study of heat provision using
hydrogen and fuel cells
Scenario

Description

GHG emissions cut
in 2050

Gas network
conversion

NO-LIMIT

A scenario with no emission constraints

n/a

Not available

BASE

A base decarbonisation scenario

80%

Not available

CONV-A

Gas network conversion available

80%

Available

CONV-E

Gas network conversion enforced in 2030–2045

80%

Enforced

These scenarios produce cost-optimal pathways, illustrated in Figure
5.1 for the CONV-A scenario, and it is very tempting to interpret such
pathways as the most appropriate future configuration of the energy
system. Yet such models are prone to ‘tipping point’ behaviour, where
small changes in costs cause great variations in the optimal pathway.
Sensitivity studies have generally been used to perform limited assessments of the uncertainty in UK pathways, but more comprehensive
methods are now being investigated including stochastic, Monte Carlo
and MGA (Modelling to Generate Alternatives) approaches [241–243].

Figure 5.1 Total residential fuel consumption and heat provision
in the CONV-A scenario
(a) Total residential fuel consumption
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(b) Residential heat provision
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Fuel consumption includes all energy service demands (heat, cooking, lighting and
appliances). Hydrogen is mostly injected into the gas networks prior to 2045 so is
consumed by natural gas boilers.

It is important to understand the cost drivers that underpin pathways
in scenarios and to appraise their sensitivity to cost uncertainties.
Moreover, if the cost of heat provision from different technologies
is similar, leading to tipping point behaviour, then the choice of technology is likely to be determined by non-economic factors that are not
considered by the model. This section examines heat provision using
the new UKTM-UCL model. The levelised costs of different technologies are compared and important underlying cost drivers are identified. Finally, the costs and benefits to the energy system of incorporating hydrogen and fuel cell technologies are assessed.

5.3.1. UKTM-UCL energy systems model
UKTM-UCL25 (the UK TIMES Model developed by University College
London) portrays the entire UK energy system, from fuel extraction and
trading, to fuel processing and transport, electricity generation and all
final energy demands. The model generates scenarios for the evolution
of the energy system based on different assumptions about the evolution of demands, commodity costs and future technology costs.

25. More information about
UKTM-UCL is available at:
www.ucl.ac.uk/energy-models/
models/uktm-ucl

UKTM is used to identify the energy system that meets energy
service demands with the lowest discounted capital, operating and
resource cost, subject to constraints such as greenhouse gas emission
targets and government policies. It allows us to draw insights about the
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relative importance of different technologies, costs and policies, including the use of different fuels to satisfy energy demands across the economy. It is built using the widely-used TIMES model generator developed
by IEA-ETSAP [244] and can be characterised as a partial equilibrium,
bottom-up, dynamic, linear programming optimisation model. It was
developed from the UK MARKAL model and uniquely represents all
gases regulated by the Kyoto protocol rather than just carbon dioxide.
The model contains more than 1,500 distinct technologies. Hydrogen
can be produced by coal, biomass and waste gasification, steam
reforming of natural gas and oil (including biomethane and biooil) and
electrolysis. A full representation of both existing gas and prospective hydrogen transmission and distribution networks is included.
Heat technologies include boilers (for a wide range of fossil and
low-carbon fuels), air and ground source electric heat pumps, hybrid
heat pumps, solar thermal, and conventional and fuel cell micro-CHP.
A range of district heat and CHP technologies are available including
hydrogen-powered fuel cells, boilers and combined-cycle gas turbines. Assumed technology capital costs and operating efficiencies are
shown in Table 5.3 for some key technologies.

Table 5.3 Capital cost and operating efficiency assumptions for
some key heat technologies in 2030 in UKTM-UCL
Technology

Capital cost (£/house)

Operating efficiency

Heat:power ratio

Natural gas boiler

2025

98%

Hydrogen boiler

2025

104%

Air source heat pump

6531

255%

Ground source heat pump

9907

282%

Fuel cell micro-CHP

2721

99%

1.0

Stirling engine micro-CHP

4025

94%

7.5

Capital costs include the cost of installation but exclude taxes and profits and
are in GBP in 2012. Efficiencies are in LHV where appropriate. Data sources are
summarised in Ref. [245].

5.3.2. UKTM-UCL results for the base scenario
The base scenario used in this section is the CONV-A scenario
described in Table 5.2. The model is required to cut greenhouse
emissions by 80% in 2050 relative to 1990, including the UK share of
international aviation and shipping emissions, and this cut is stepped
from 2020. Hydrogen can be supplied through injection to the natural gas stream, at concentrations of up to 7% by energy content, or
the existing gas networks can converted to deliver pure hydrogen.
Hydrogen-fuelled technologies are defined across the residential, com-
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mercial, industrial and transport sectors, and include both fuel cells
and combustion technologies.
The final energy fuel consumption for this scenario is shown in
Figure 5.2. This is the fuel consumption by end-use technologies
(e.g. boilers, cars) that provide energy services in the end-use sectors. A range of fuels, including hydrogen, are consumed in 2050.
The transport sector consumes 82% of the 1,100 PJ hydrogen in 2050
for fuel cell electric vehicles while the residential sector consumes
11% and the other sectors only 7%. As Figure 5.1 demonstrates, the
cost-optimal pathway for this scenario has a small but not dominant
role for hydrogen in heat provision. By 2050, residential hydrogen
is used to decarbonise the gas supply and is used in boilers, with no
fuel cell micro-CHP deployed in the cost-optimal pathway. Hydrogenfuelled boilers are similarly used in the service sector, while no
hydrogen is used in the industrial sector.

Figure 5.2 Final energy fuel consumption in the CONV-A scenario
in UKTM-UCL
7,000
Final Energy Consumption (PJ/year)

70

6,000
5,000
4,000
3,000
2,000
1,000
0
2010

2015

2020

2025

2030

2035

2040

2045

2050

Biomass and Biofuels

Coal

Electricity

Natural Gas

Hydrogen

Oil Products

Other Renewables

Manufactured Fuels

Studies using the RESOM model have identified hybrid heat pumps
as a key low-carbon technology for the future. Although hybrid heat
pumps are available in UKTM-UCL, they do not tend to feature in the
cost-optimal decarbonisation pathways in the scenarios examined here.
RESOM represents a 1-in-20 year cold period as well as average winter
conditions and the higher demand in this period could be the underlying driver for hybrid technology adoption. In UKTM-UCL, it is assumed
that heating technologies are not sized for extremely cold periods and
that heat demand is not fully met during these rare periods.
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5.3.3. Levelised cost of heat provision
The levelised costs of heat provision from different technologies
can indicate whether the model is likely to be affected by tipping
point behaviour. From an energy systems perspective, the levelised
cost can be defined as the annual system cost of heat provision to an
average house, which is calculated as the sum of the annualised capital, operating and fuel costs less income from electricity generation.
The costs for several heat technologies are shown in Table 5.4. These
costs are not comparable to the current cost of heat provision, as calculated by OFGEM and others, for three reasons: (i) the energy systems
perspective excludes taxes and profits across the supply chain; (ii) fuel
consumption for cooking is not included; and, (iii) they use long-run
rather than short-run fuel costs so short-term fuel price fluctuations
are not considered.
The cost of heat provision in Table 5.4 is substantially higher in
2050 than in 2012. One reason is that natural gas is substantially more
expensive in 2050 than now because a carbon tax is applied to all
commodities and this is calculated by the model to reduce emissions
by the required amount. In 2050, the carbon tax is calculated at £277/
tCO2e to reduce emissions by 80%. The higher cost of heat provision
in 2050 could have important consequences for energy affordability.
Air heat pumps are cheaper than other technologies by 2050 as the price
of electricity is lower than the prices of natural gas and hydrogen, as
shown in Table 5.5. While fuel costs dominate for most technologies by
2050, this is not the case for heat pumps where capital outlays comprise
75% of the total cost (Table 5.4); this might make heat pumps less attractive to poorer households but this factor is not considered in decarbonisation pathway models. Hydrogen and natural gas boilers have very
similar costs and are susceptible to tipping point behaviour.
Micro-CHP levelised costs are higher than for other technologies,
particularly fuel cell micro-CHP costs. The base case assumes a fuel
cell cost of $4000/kW but the levelised cost is higher than for boilers
even if the assumed cost is reduced to only $1000/kW because the cost
of generating electricity using hydrogen via micro-CHP is more expensive than centralised generation, even after accounting for the avoidance of some electricity transmission and distribution costs. MicroCHP fuel cells only enter the cost-optimal pathway if the fuel cell cost
is reduced to zero and the capital cost is purely the add-on boiler and
installation costs. At $4000/kW, they would only be competitive if the
cost of hydrogen were reduced or the income from generated electricity greatly increased.
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Table 5.4 Levelised costs of heat for existing houses

Year

Heat technology

Levelised
cost
(£/house/
year)

2012

Natural gas boiler

725

48%

52%

Natural gas boiler

1418

73%

27%

Hydrogen boiler

1389

73%

27%

Air heat pump

1054

25%

75%

Stirling engine micro-CHP

1679

67%

33%

Fuel cell micro-CHP: $4000/kW

1920

63%

37%

Fuel cell micro-CHP: $1000/kW

1582

76%

24%

2050

% fuel

% other

Fuel costs are from the CONV-A scenario. For micro-CHP, the income from electricity
generation is subtracted from the hydrogen cost to calculate the net fuel cost.

Table 5.5 Average marginal prices of residential fuels in 2050
in the CONV-A scenario
Marginal price (£/GJ)
Natural gas

22.2

Hydrogen

21.6

Electricity

16.6

Electricity prices are calculated for four daily time periods in four seasons while gas
prices are calculated seasonally; in each case, the prices here are averaged according
to the residential demand for heat throughout the year.

5.3.4. Costs and benefits of introducing hydrogen and fuel
cell technologies
We can use UKTM-UCL to calculate the cost of using hydrogen for
heat by imposing a constraint for a minimum deployment of hydrogen-fuelled technologies. If we force the model to supply 85% of heat
demand using hydrogen from 2050 then the overall cost is £23bn higher
in the period 2010–2060, an increase of 0.2% over the whole period.
This is a small but not insignificant increase across the whole economy
that might be acceptable when taking account of the currently-unquantified benefits of hydrogen technologies compared to heat pumps.
The higher system cost of using hydrogen-fuelled technologies is in
contrast to a similar study that used UK MARKAL and found a substantial penetration of fuel cell micro-CHP in the cost-optimal path-
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way for the same scenario [124]. These differences between models
are caused by a number of underlying drivers:
1. The capital cost of fuel cell micro-CHP is $1000/kW more expensive in UKTM-UCL, based on the latest data reviewed in Chapter 2.
2. Hydrogen is around 10% more expensive in UKTM-UCL than in
UK MARKAL as the capital costs of production technologies have
been revised upwards to account for higher costs of deploying such
technologies in the UK relative to the USA, and because flows are
tracked seasonally rather than annually in UKTM-UCL so the price
in winter is around 40% higher than in the other seasons.
3. Electricity for heat provision (i.e. accounting for high demand in
winter) is around 50% cheaper in UKTM-UCL than UK MARKAL,
as a result of a wider range of electricity generation technologies
and a greater focus on energy storage technologies. This makes heat
pumps more competitive while reducing the value of generation
using micro-CHP fuel cells.
4. Greenhouse gas emissions from heat are the most expensive to mitigate in both models, and the introduction of biomass CCS technologies to UKTM-UCL gives the model the flexibility to implement
lower heat emission reductions in the end-use sectors so higher
natural gas consumption becomes possible.
Forecasting the prices of hydrogen and electricity is difficult because
both are secondary energy carriers rather than primary fuels. A range
of methods are available for both electricity generation and hydrogen
production, and the final price in the model depends on the cost of
the marginal technology in each case and therefore can be very sensitive to the total demand. This means that the fuel prices presented in
Table 5.5 are only valid for the production level in that scenario, so
the levelised costs could be quite different in other scenarios. Given
these difficulties, it is important to understand the sensitivity of the
results to commodity price variations. Moreover, the differences in
results between UK MARKAL and UKTM-UCL when running the
same scenario demonstrates that we need a better understanding of the
uncertainties in the cost of heat provision, perhaps using Monte Carlo
and other techniques.
The economic benefits of fuel cell micro-CHP are especially difficult
to determine. Much fuel cell research has concentrated on capital
costs, which are the most important cost factor for vehicles [246]. In
contrast, the value of micro-CHP depends much more on the cost of
hydrogen and the income available from electricity generation, and
these can vary substantially between models and modelled scenarios.
Their value also depends on the market structure: energy systems
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models assume that the same marginal price is paid to all electricity
generators, in a system similar to the UK post-privatisation electricity
market, but recent market reforms offer higher inducements for generating peak load than base load electricity. The next chapter shows that
micro-CHP tends to generate peak-load electricity so the income could
potentially be higher than calculated by the models.

5.4. CONCLUSIONS
A range of energy systems, building stock and hybrid models have
been used to identify decarbonisation pathways for heat provision.
Most of these models consider a similar mix of low-carbon technologies that excludes both hydrogen and micro-CHP fuel cells and so are
not able to assess the potential role for these technologies in the future.
Moreover, these models are all designed to identify decarbonisation
pathways and there is a need further research into impacts of different heat technologies on energy security and affordability, within the
context of the whole energy system.
A recent UK MARKAL study did find a role for fuel cell micro-CHP in
a scenario where the existing gas distribution networks are converted
to deliver only hydrogen. The new UKTM-UCL model finds a small
cost-optimal role for hydrogen boilers in the same scenario but fuel
cell micro-CHP is relatively uncompetitive. These studies show that
hydrogen and fuel cell technologies could have a role in future heat
provision but that this depends on a number of factors, particularly
the relative prices of electricity and hydrogen. This is quite different to heat pumps, whose costs are primarily sensitive to the capital
costs. The levelised costs of heat provision are reasonably close for
a number of technologies and further research is required to understand the impact of uncertainties in these costs and in commodity
prices. Although most of the UK uses a single technology for heating
at present (gas boilers), most scenarios of the future forecast a portfolio
of different technologies being used in different houses. Particularly
when non-economic characteristics are taken into account, none of
the low-carbon technologies are clearly superior to the others and it is
not clear that any one technology should be prioritised. Heat provision
is similar to electricity generation in this regard, where a portfolio
approach is being used to support new technologies, and a similar
inclusive approach to all technologies, including hydrogen and fuel
cells, seems appropriate for heat provision.
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6.1. INTRODUCTION
Many studies of fuel cell and hydrogen applications consider technologies in isolation. While such an approach can give insights into
the relative merits of individual technologies, it does not consider
the interaction of devices as part of an integrated energy system.
This chapter seeks to explore such interactions within selected case
studies and thereby illustrate possible opportunities and challenges.
Studies of UK decarbonisation scenarios have consistently identified decarbonisation of the electricity supply as a key early goal
[234], alongside a mass-market shift in transport and heating towards
low-carbon alternatives. The cost-optimal pathway for heat in these
studies is often electrification, using heat pumps, combined with
aggressive introduction of energy efficiency measures such as thermal
insulation, as illustrated in the CONV-E scenario in Section 5.3.2.
The role of fuel cells for low-carbon heat provision remains unclear.
The low temporal resolution of energy systems models may not fully
reflect the potential contribution of fuels cells to supporting system
operation. Chapter 2 has shown that natural gas-powered fuel cells
would reduce UK emissions in the short-term. Decarbonising the fuel
input would make fuel cells a strong long-term option and could make
a positive contribution to developments in the broader energy system.
This chapter takes a forward-looking and systems-oriented view of
the role of fuel cells within systems of low carbon heat technology
and infrastructure. It explores the detailed operational characteristics
of fuel cell technologies in combined heat and power applications
with heat to power ratios ranging from 1:1 to 2:1, which are typical for SOFCs and PEMFCs respectively. It assesses the role of fuel
cells alongside other technologies and as part of a wider low carbon
energy system. This approach complements the scenarios approach
of Chapter 5 by assessing the performance of fuel cell micro-CHP
and heat pumps at high temporal resolutions, using empirical field
trial results and simulation modelling, in order to explore the system
dynamics and interactions as well as the impacts of mass market heat
technology choice on infrastructure requirements and CO2 emissions.
Sources of data and the modelling assumptions underlying these simulations are described in the Appendix in Section 6.8.
Four case studies are presented:
1. the implications of fuel cell uptake on meeting peak electricity
demand;
2. the potential combination of fuel cells with heat pumps and electric vehicles to mitigate electricity network impacts;
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3. the implications of building thermal efficiency on heating technology performance; and,
4. the greenhouse gas implications of fuel cells within future low
carbon energy systems.

6.2. IMPACT OF ELECTRIFYING HEATING ON PEAK
ELECTRICITY DEMAND
Most UK energy system decarbonisation pathways include significant
shares of wind and nuclear energy entering the electricity system. This
poses new challenges in terms of system flexibility and the provision
of peak demand capacity. The scale of generation, transmission and
distribution infrastructures in the UK, and the substantial costs associated with these assets, are to a large extent governed by a few hours of
high demand each year. Any increase in load during these periods can
force the need for costly infrastructure expansions. Indeed, the potential electrification of heat and transport discussed above would lead to
very significant increases in peak demand. We therefore focus the case
studies in this chapter on the week in which peak electricity consumption is most likely to occur – the coldest week of December – and
the interactions of fuel cells and other residential heating technology
during this week.
Reduction of peak demand can bring about a host of benefits for many
different stakeholders across the energy systems: (i) all other factors
being equal, a reduction in peak demand could lead to higher asset utilisation across the electricity system, which in turn implies lower levelised electricity costs; (ii) peak demand periods have the highest risk
of system failures and potential black-outs, so reducing peak demand
improves the security of the system and its resilience to shocks; and,
(iii) distribution and transmission systems are sized to cope with their
respective peak demands, so any avoided increase in peak demand
can defer costly network upgrades and better utilise existing assets.
Furthermore, generation capacity for peak demand is costly and tends
to operate for only a few hours per year. To cover their capital costs
and earn a return on investment, the electricity generated from such
plants has to be sold at a premium, driving up the cost of peak time
electricity. Efficiency and emission factors tend to be less important for
plants operating in this mode, leading to some of the highest marginal
emission factors during peak demand. Even in decarbonisation scenarios with low-carbon electricity systems, some conventional generators
remain on the system to serve peak demand well into the future. Peak
demand reduction is therefore both economically and environmentally important.
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Like many cold-temperate climates, the UK tends to experience peak
electrical demand at roughly the same time as peak thermal demand
in the residential sector. Both typically fall on a cold December
weekday at around 5:30pm. Figure 6.1 presents this coincidence of
demand, based on 2,700 UK dwellings [247]. This creates an important
link between the heat and electricity sectors and poses challenges for
the electrification of heat via the introduction of heat pumps as set
out in many energy system decarbonisation scenarios, which could
increase peak load further.
Electrification of heating with heat pumps could add considerable
loads onto the system and exacerbate system stress at peak load by
shifting a large and seasonal load from the existing gas network infrastructure, which has storage and buffering capacity, onto the electricity network. In addition, resistive back-up heating may be used within
heat pump systems to provide peak heating capacity on particularly
cold days, adding to the load at a time when the system is already
likely to be under stress.

Figure 6.1 Thermal and electrical power demands from 2700
dwellings in the UK on a winter weekday [247]
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6.3. CASE STUDY 1: FUEL CELL CONTRIBUTION
TO MEETING PEAK ELECTRICITY DEMAND
The operating patterns of heat pumps and CHP units are different in
nature. While individual heat pumps in the trial data considered here
(see 6.8.1) are cycled on and off, even for a small sample of 46 homes,
their aggregated load results in a relatively constant demand through-
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out the coldest week of the year. This pattern is characteristic of heat
pumps, which in this instance were controlled to provide continuous heat. Alternative operating strategies may be possible, but given
that heat pumps are best suited to feeding systems with a steady heat
input and lack the thermal power to rapidly heat up buildings (unless
a back-up boiler is added), relatively constant continuous operation
may be preferred.
Boilers or micro-CHP, by comparison, can deliver large peak heating
loads and are responsive to thermal demand profiles. Their heat led
operation follows thermal demand in the morning and evening periods, shown in Figure 6.1. This profile further coincides with national
electricity demand profiles for the GB network, which characteristically ramps up in the morning and peaks in the late afternoon around
5:30pm.
The relationships between heat pumps and CHP load profiles with
national electricity loads are shown in Figures 6.2 and 6.3, respectively. The approximately linear relationship between fuel cell-based
electricity generation and national electricity load in Figure 6.2
suggests that fuel cell units tend to generate more electricity during
high demand periods, thereby potentially supporting peak generation
requirements. These simulations are arrived at without any demand or
load shifting, or inclusion of thermal storage, and deliberate scheduling of fuel cells with system requirements could strengthen the relationship further. However, given the natural match of winter thermal
loads and national demand, the impacts of load shifting and storage
requirements would likely to be moderate.
Such a relationship does not exist for heat pumps. Figure 6.3 shows
that heat pump load is neither positively nor negatively correlated
with the national demand. It is conceivable that a change in operating
strategy may better schedule heat pump loads with respect to national
loads. However, in contrast to fuel cell CHP, the continuous operation
of heat pumps in this field trial suggests that the scope for changes to
their load profile may be limited and may necessitate significant storage capacity.
Each kW of fuel-cell based CHP electricity generating capacity in this
simulation would obviate the need for around 0.6 kW of peak capacity
requirements, saving in the region of 240 £/kW on power station infrastructure26 [248]. In addition, there is the potential for transmission
and distribution network savings in the region of £100 to £300 per kW,
based on the present cost of transmission and distribution network
reinforcement from several studies [248–250], and depending on the
nature and level on network constraints. Further savings from more
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efficient system operation could lead to total system savings in excess
of 500 £/kW of installed fuel cell capacity.

Figure 6.2 Coincidence of electricity generation from fuel cell
based CHP (aggregated from 46 sites) and national load in each
half hour of the coldest week
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Figure 6.3 Coincidence of combined heat pump load for 46 sites
and national load in each half hour of the coldest week
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6.4. CASE STUDY 2: COMPLEMENTING HEAT PUMPS
AND ELECTRIC VEHICLES WITH FUEL CELLS
In the past, the literature on fuel cells and heat pumps tended to present them as alternative or rival technologies, with one or the other
expected to become the dominant source of heat provision [251, 252].
More recently, the potential benefits of combining heat pumps and CHP
technologies have been discussed [253–256]. In Denmark, for instance,
municipal CHP systems with heat networks have been investigated for
their ability to better integrate large wind resources through the addition
of heat pumps [257–259]. Here we explore the potential of fuel cells to
complement heat pumps for residential heat applications, as well as
their potential match with likely charging patterns for electric vehicles.
In a heat-led system, a fuel cell would generate electricity at a time
when heat pumps consume electricity. Thus, the system impact of the
heat pump on the electricity network could be mitigated by complementing them with CHP technologies [254, 260]. This case study investigates the combined load profiles on low voltage networks with combinations of fuel cells and heat pumps, with the aim of identifying the best
ratio of installations of the two technologies for optimal load smoothing.

Figure 6.4 Load duration curve for a group of 46 dwellings
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The impact of heat pumps on a low voltage feeder with 46 residential
dwellings is shown in Figure 6.4. Here, each 5-minute period in the
coldest week of the year is ranked by its load. The highest point on the
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left of this load-duration curve represents the peak demand on this
feeder. Its value defines the capacity a low voltage network would have
to support in the absence of storage or demand response measures.
The addition of heat pumps in 20% of the dwellings in this example
raises the load duration curve throughout, with a notable increase
in peak demand, potentially necessitating costly network reinforcements and transformer upgrades. Fuel cells, which generate electricity
during peak demand periods, may mitigate the demand increase and
thereby avoid such investments. Simulation results shown in Figure
6.4 suggest that fitting fuel cells to half of the dwellings would fully
offset the peak demand contribution of the heat pumps. Furthermore,
the load duration curve of the combined heat pump and fuel cell case
is flatter than the alternatives, suggesting improved asset utilisation
and probably reducing the average levelised cost of electricity.
Based on these findings, a 2.5:1 ratio between fuel cell and heat pump
systems may have a neutralising effect on network peak load and any
associated costs for network reinforcement or generation capacity
requirements.
Electrification of transport could also increase future electricity system
loads. Presently transport, heat and electricity are delivered from
separate sectors within the energy system and from broadly different
energy commodities. Electric vehicles would shift a substantial energy
demand from petroleum products towards electricity. As with heat
pumps, the timing and distribution of this added load is crucial for its
system impact.
A shift from petrol and diesel to electricity moves away from a fuel
with some degree of storage in its supply infrastructure towards the
‘just-in-time’ electricity network. Depending on the timing of charging, this can add or alleviate electricity network challenges [261]. The
potential impact of charging patterns for electric vehicles on distribution networks, and the potential for SOFCs to mitigate their impact,
have been examined in Refs. [247, 262].
Vehicle charging tends to fall into the early evening period, when
many people return home and seek to recharge their car for the next
day. This behaviour pattern has the potential to adversely affect peak
demand periods. The load profiles in Figure 6.5 show the timing of
electric vehicle charging as experienced on a low voltage network. The
electricity generated by heat-led fuel cell CHP operation counteracts
the main load from electric vehicle charging in the period from 5pm to
11pm. For a scenario with a 30% penetration of plug-in hybrid electric vehicles (PHEVs) matched by a 30% penetration of fuel cell CHP
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systems, the combined load profile over a typical day is fully compensated during the critical evening peak hours and the maximum impact
at any time of day is reduced by 30%.

Figure 6.5 Fuel cells can compensate for the evening load increase
from PHEVs on distribution networks
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6.5. CASE STUDY 3: THERMAL EFFICIENCY OF HOMES
The UK housing stock comprises many dwellings with poor thermal
efficiency. Demand reduction through efficiency measures has been
identified as a high priority area by policy makers and the potential
energy consumption savings are considerable [7]. It is therefore important to assess the performance of heating technologies against the
prospect of more efficient homes with lower thermal demands.
Figure 6.6 shows the electrical output of fuel cell and Stirling engine
CHP systems with the same electrical capacity (1 kW) in homes with
a wide range of daily heating demands. Fuel cells generate more electricity because they have a lower heat-to-power ratio and can therefore
continue to operate when thermal demand is low, while higher heatto-power ratio systems must modulate or switch off.
Figure 6.7 further highlights this point. It shows the difference
between fuel cell and Stirling engine output in relation to the thermal
efficiency of the dwelling. Homes with lower heat loss rates show the
greatest increase when switching towards fuel cell CHP.
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Figure 6.6 Fuel cells deliver higher electrical output than Stirling
engines of comparable capacity, independent of the thermal
demand of the dwelling
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Figure 6.7 Additional electricity generation from fuel cell CHP
compared to Stirling engines
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Figure 6.8 Electrical output of Stirling engines against
national load
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Figure 6.9 Fuel cell operation is not constrained by the thermal
efficiency of homes (green = most efficient, blue = least efficient)
60

National el. load [GW]

55

50

45

40

35

30

0

0.2

0.4
0.6
FC el. generated per unit [kW]

0.8

1

86

A H2FC SUPERGEN White Paper

Figures 6.8 and 6.9 add an additional element to this insight. They
identify the most, and the least, thermally efficient 30% of dwellings,
based on their heat loss rate. The most efficient homes are marked
as green circles and the least efficient homes as blue circles. As the
thermal efficiency of homes improves, the demands on residential
thermal generators changes in two ways: (i) less energy is required
overall, because heat losses are reduced; and, (ii) the timing of heat
provision is relaxed, because the home will remain within ‘comfortable’ temperature ranges for longer. The latter can be seen as an increase
in the flexibility of heat provision or even a form of thermal storage
provided by the thermal mass of the building.
Both of these factors have important ramifications for the choice, scale
and operation of heating technologies. Of particular interest is the
difference between Figures 6.8 and 6.9 at times of high national electricity demand. Thermally-efficient homes fitted with a Stirling engine
tend to generate less electricity, which could act as a disincentive to
homeowners with a Stirling engine to improve the thermal efficiency
of their home because this would lead to a reduction in revenue from
electricity generation. With fuel cells, however, this is not the case.
Output during high national demand remains high, irrespective of the
thermal performance of the dwellings, making fuel cells resilient to
any gains in thermal performance of the homes they are installed in
over time. Importantly, they would also continue to be viable in future
housing stocks with better thermal efficiency.

6.6. CASE STUDY 4: FUEL CELLS AS PART OF A LOW
CARBON ENERGY SYSTEM
Reducing thermal demand is part of a wider effort to reduce UK emissions. However, CHP units continue to use natural gas as their fuel,
which raises questions over their long-term viability as a low carbon
heating solution. This section presents the relative carbon intensity
of three residential heating solutions: (i) condensing boilers; (ii) heat
pumps; and, (iii) fuel cell micro-CHP. It examines their CO2 emission
under present and future carbon intensity assumptions and compares
their ability to lower emissions.
The environmental case for switching from condensing boilers to
heat pumps rests on the expectation that grid emission rates will drop
over time. Figure 6.10 shows how lower grid emission factors lead
to a reduction in the average daily CO2 emissions from heat pumps.
Emissions from gas based condensing boilers remain unaffected,
such that for grid emission levels below 0.35 kgCO2/kWh heat pumps
become the least carbon intensive heating technology.
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Fuel cell CHP systems have the lowest emissions of these three technologies as long as grid emissions remain above 0.33 kgCO2/kWh. As
grid emissions reduce, fuel cells are less able to offset their own emissions by displacing grid emissions.
In this context, it is important to consider exactly which emissions
are being displaced. At present, average emission factors for the UK
are around 0.484 kgCO2/kWh [263], suggesting that a mere 30% emission reduction in electricity would bring heat pumps and boilers to
parity with fuel cell CHP. However, the more relevant emissions value
that should be considered here is the marginal emissions factor, which
is incurred when increasing the electricity load or saved when reducing load.
Changes in load are typically responded to by marginal plants, such as
gas-fired power stations, while many baseload plants with low emission
factors remain unaffected. The marginal emission factor is significantly
higher than the average emissions factor, at between 0.6 and 0.7 kgCO2/
kWh [84], and so a substantial reduction would be required before fuel
cells lose their position as the least carbon-intensive heating technology.
Using average emissions factors therefore underrepresents the impact of
load changes. Figure 6.2 has already shown that fuel cell based microCHP displaces centralised electricity generation during high demand
periods. These periods tend to have the highest marginal emission
factors and are also the most difficult to decarbonise, even with high
penetrations of wind, nuclear or CCS in the future.
In addition to the uncertainty over future emission factors, there is
wide variation in the household thermal demand data. These are indicated as dotted lines in Figure 6.10, which show one standard deviation variations between sites.
Electricity grid emissions are not the only route to decarbonisation.
As discussed in Section 3.2, a range of technology options have
been proposed to decarbonise the gas mix itself. Research, especially
in Germany, is focused on use of bio-methane, hydrogen and power
to-gas options, which could reduce the emission factor of gas delivered
to homes through the network [264]. In the UK, National Grid have proposed that 15% of gas could become renewable by 2020 and that eventually 50% of the gas mix could come from renewable sources [120].
If the gas networks were converted to deliver only hydrogen, as
discussed in Section 3.2.5, then fuel cells could operate on entirely
renewable hydrogen fuels with an emissions factor approaching zero.
Solid oxide fuel cells can operate on a range of fuels from natural gas
to pure hydrogen, so would be much more resilient to changes in the
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supplied gas composition than other technologies; from this perspective, they represent a no-regrets strategy that keep open several options
for the future of the gas networks.

Figure 6.10 Comparison of CO2 emissions by technology
for different grid emission factors (the dotted lines are at 1
standard deviation from the correspondingly-coloured
solid lines)
14
Average CO2 emissions per day
during heating season (kgCO2/day)
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For comparison, the CO2 emissions factor of natural gas is 0.189 kgCO2/kWh.

6.7. CONCLUSIONS
These case studies have used empirical data from field trials of heat
pumps and Stirling engine CHP units to assess their operational
characteristics in relation to the interactions with the broader energy
system and their fit with likely energy system developments over
coming decades. These data have also been compared with simulations of fuel cell CHP units with higher electrical efficiencies. More
information about the modelling methodology is available in the next
section.
One of the distinct features of fuel cells is their low heat-to-power
ratio. The analysis performed here suggests that this yields several
advantages and that these become more valuable as the system decarbonises. First, the electrical output is substantially improved over systems with equivalent electrical capacity but lower electrical efficiency
(such as Stirling engines). Second, the improved load-following ability
leads to a better match with national and local network requirements.
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Third, as the thermal efficiency of the UK housing stock improves over
time, fuel cells continue to operate effectively within such dwellings,
making them resilient to future system change.
Furthermore, fuel cells offer the lowest average carbon emissions
of the technologies considered here. Especially when considering
marginal emissions, the simulations suggest that fuel cells may remain
lower-carbon sources of heat than air source heat pumps well into the
future, until marginal electricity emissions fall to around half of their
present level. This period could be further extended if supplied gas
is partially decarbonised, for example through biomethane, hydrogen
injection and other power-to-gas options. For a 50% reduction in the
gas emissions intensity, fuel cells could provide lower emissions than
heat pumps even if marginal grid emissions were to fall below 0.17
kgCO2/kWh.
More importantly, however, are the potentially beneficial coevolution
routes for heat pumps and fuel cells. The timing and load profiles of
each technology are correlated, and installing them in the optimal
proportions could reduce the need to reinforce electricity transmission
and distribution networks as well as improving system operation and
generation capacity requirements. The same beneficial impacts may
also apply for the integration of electric vehicles, for which evening
peak demand is matched by increased electricity supply for cases
with 30% penetrations of both heat pumps and electric vehicles. The
system savings from the presence of fuel cells on constrained distribution networks could exceed £500/kW.
While the generating profile of fuel cell CHP can supply peak loads
and reduce network constraints and carbon emissions, a clustered
approach to technology deployment raises interesting questions for
policy makers. How could a desirable mix of technologies be encouraged, given that individual households are presently free to install
loads in a liberalised market irrespective of wider network impacts?
For example, a low voltage feeder in an area where heat pumps have
proven popular will have higher peak loads. So should a mechanism
be put in place that favours deployment of fuel cells in this area using
very specific and targeted incentives? Such incentives may be difficult
to reconcile with consumer choice principles.

6.8. APPENDIX: CASE STUDY METHODOLOGY
6.8.1. Sources of data
Two major sources of data have been combined in these case studies. The first is a field trial of heat pumps in 65 dwellings [265]. The
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second set of data stems from a micro-CHP trial [266]. In addition to
the performance and operational characteristics of Stirling engines,
these data include internal and external temperatures, thermal
demand in the dwellings and gas and electricity consumption.

Figure 6.11 Average thermal power demand distribution
in a December week for the 48 dwellings in the CHP trial
Thermal Demand of dwellings in CHP trial
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Figure 6.12 Distribution of electrical load from heat pumps
for 46 dwellings
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Both sets of data are recorded at 5-minute intervals throughout.
A subset of these data has been selected, excluding sites with incon-
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sistent or incomplete readings and focusing on the coldest week of the
year. The subset comprises 46 dwellings with heat pumps and 48 with
CHP, of which 46 have valid readings for the CHP unit itself. Having
the same number of data for both technologies is an unintended
coincidence. The demand distribution between these dwellings in
the coldest week of the year is illustrated in Figures 6.11 and 6.12.
The data does not provide any direct measure of the thermal efficiencies of homes so these have been inferred from internal and external
temperature readings. The rate at which internal temperatures drop
when the heating is off can be used as an indicator of thermal efficiency in conjunction with external temperatures. The rate of temperature drop was therefore sampled between midnight and 1:00am,
in cases where the heating systems are switched off and the gradient
between internal and external temperatures is suitably large. To draw
comparisons between the efficient and less efficient homes, the 30%
of dwellings with the highest and lowest rates of temperature drop
were identified and analysed separately.
Electricity consumption of individual households participating in
the CHP trial is aggregated to inform their potential impact on distribution networks. In addition, national electricity demand data is used to
assess the timing of local demands or generation on the national system.
These data are publicly available from National Grid as half hourly data,
and also at 5-minute resolution from May 2009 onwards [267].

6.8.2. Simulation of fuel cell performance
The operation of fuel cells has been extensively studied in the literature [20, 255, 262, 268–271].
Despite considerable uptake in Japan (see Section 1.3.1), micro-CHP
is still an emerging technology in the UK and field trial data is not
yet available of the detail covered in the above study. Instead, the
thermal demand data is used to simulate the operation of fuel cells. In
this case study we focus on Solid Oxide Fuel Cells (SOFC) and PEM
Fuel Cells, which are represented with a heat-to-power range from 1:1
to 2:1.
The Stirling engines in the micro-CHP trial are specified as 1 kWe
units and operated as heat-led devices with around 5% electrical
efficiency. For comparison, a solid oxide fuel cell is simulated with
the same electrical capacity and efficiencies of 38% electrical and
55% thermal. The resulting heat-to-power ratio of 1.5 is typical
for this type of fuel cell. These values are based on a commercially
available Panasonic model simulated by [247]. This unit is assumed
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to also operate in a heat-led mode and tracks the thermal demand
of the dwelling up to its thermal capacity of 1.5 kWth (see Table 1).
When thermal load drops below 20% of its thermal capacity, the
fuel cell is assumed to switch off. We also simulate fuel cells with
heat to power ratios ranging from 1:1 to 2:1. As shown in Figure 6.2,
the output of fuel cells with heat to power ratios within this range is
not constrained enough for improvements in the heat to power ratio
to significantly affect output.

Table 6.1 Thermal and electrical capacities for technologies
under review
Thermal unit

Thermal output
(kWth)

Electrical rating (kWe)

Stirling engine

6–10

1 (production)

Heat pump (without
backup)

6–9

2–3 (consumption)

Solid oxide fuel cell

1–1.5

1 (production)

Operation of fuel cells is simulated at the individual household level
and subsequently aggregated across dwellings. Figure 6.13 shows how
the electrical output of Stirling engines and fuel cells follows the thermal demand profile for the set of 46 sites.

Figure 6.13 Electrical output of Stirling engines and fuel cells
operating as heat-led devices for 46 houses
Combined profile for 46 dwellings
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7.1. INTRODUCTION
This chapter provides an overview of the UK industrial and innovation capacity for developing hydrogen and fuel cell technologies for
heat markets. The chapter draws on a review of key documents, simple
analysis of bibliometric and patent indicators, and interviews with
industry stakeholders. Chapter 5 showed that hydrogen and fuel cell
technologies could have a cost-optimal role in low-carbon heating, and
as global markets for hydrogen and fuel cell technologies develop it is
increasingly clear that the global potential is very large. This chapter
considers how well positioned the UK industry is to capture a share of
the global supply chains for hydrogen and fuel cell systems in heating.
The structure of the chapter broadly follows key elements of an innovation systems analysis, identifying the UK industry’s performance
in terms of: (i) knowledge production; (ii) skills and financing; (iii)
entrepreneurship and firms; and, (iv) market development.

7.2. KNOWLEDGE PRODUCTION
The UK has a reputation for a strong scientific base in hydrogen
and fuel cell research. This strength is borne out with simple bibliometric analysis using search terms to identify the relative publication strengths of the UK in the scientific literature. The UK is within
the top 10 countries globally in terms of numbers of hydrogen and
fuel cell publications. Perhaps more importantly, among the top ten
countries publishing fuel cell articles, bibliometric data suggests that
UK publications are generally high quality, with the UK second only
to Germany in terms of average citations per article.27
Stakeholders expressed a more modest assessment of the UK’s capacity for commercialisation of new technologies. One measure of the
UK’s capacity to generate H2FC-related inventions is data on patents.
Patents are well-known to be an imperfect measure of innovative
performance, since typically only a small portion of patents have high
value, and since a great deal of technical and R&D knowledge is never
patented. However, patent data enables relatively easy comparison
and provides some indication of the relative intensity of inventive
activity in different sectors and countries.

27. Based on articles published
in the year 2010, using SCOPUS
records.

Patent data do not enable an easy comparison of country performance
specific to hydrogen and fuel cells in heating, as it is not always straightforward to identify where a hydrogen or fuel cell invention should
be regarded as specific to heating applications and this is not always
straightforward within existing patent classification codes. The time
available for this analysis did not enable an in-depth text-search
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approach. The analysis below therefore restricts itself to inventions
relating to hydrogen fuel cells, for which the analysis is relatively
straightforward. Patent data were retrieved from the World Intellectual
Property Organisation’s PCT (Patent Cooperation Treaty) database.28
Two metrics illustrate the relative position of the UK in H2FC patenting. Figure 7.1 shows the relative share of global patents that relate to
hydrogen and fuel cells, highlighting the dominant position of Japan,
the US and Germany. The UK, in contrast, has a relatively small share
of global PCT patents in these technologies.

Figure 7.1 Relative shares of global patents based on PCT patents
from WIPO
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Figure 7.2 Revealed patent advantage (RPA), based on PCT
data from WIPO
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An RPA of +100 indicates full specialisation in fuel cells; an RPA of 0 indicates fuel
cell patenting activity no different from overall national patenting activity; an RPA of
-100 indicates no patenting in fuel cells.
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The relative specialisation of different countries in hydrogen and
fuel cell technologies, as measured by ‘revealed patent advantage’
(described in [272]), has a similar trend. Figure 7.2 shows the extent
to which countries have specialised in hydrogen and fuel cell
patenting, and again suggests that the UK has tended to specialise less
than major competitors in hydrogen and fuel cell technologies.
Patent codes allow a comparison of relative UK strengths in two key
areas: hydrogen production and fuel cells. The UK does relatively
better in hydrogen production than in fuel cells, where the leadership
of the US, Japan and Germany is very clear.
Even so, the UK is in the top ten countries globally in terms of fuel cell
patents granted [273]. It is notable that in leading competitor countries
(US, Germany, Korea and Japan) the dominant patent filing firms are
major industrial players: GE, Siemens, Samsung and Panasonic) as
well as firms for whom fuel cells are the core business. The UK fuel
cell industry lacks a player of this scale. Johnson Matthey dominates
UK fuel cell patenting, with around 20% of fuel cell patents [273].

7.3. FINANCING AND SKILLS
7.3.1. Financing
Many commentators on the UK energy innovation system have noted
that overall levels of public R&D spending on energy are much lower
than many competitors [274, 275]. Overall levels of energy R&D have
been rising since 2000, and this has included increases in funding specific to hydrogen and fuel cells. While overall levels of funding remain
low compared to competitors, hydrogen and fuel cells have not been
disadvantaged within the overall UK R&D funding portfolio. The share
of public R&D that is devoted to hydrogen and fuel cells in the UK is
comparable to most competitor countries (see Figure 7.3), though well
behind countries that have prioritised investments in hydrogen and
fuel cells such as Denmark and Korea.
All major public energy R&D funding bodies have provided support to
various H2FC projects. H2FC maintains a profile across research councils through the SUPERGEN Hub, and the intention of the research
councils following a recent review is to maintain current levels of
funding. The TSB and DECC have also provided significant support to
the sector, spending over £29m between 2007–2013 including projects
relevant for to heating technologies. These include the GridGas project, support for manufacturing and supply chain development [276]
and others focused on fuel cell components. The Carbon Trust ran
the Polymer Fuel Cell Challenge, another project developing PEMFC
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technology, though this has now largely finished. European funding
has been important for enabling demonstration projects. These have
tended to focus on transport but the two fuel cell CHP projects, SOFTPACT and Ene.field, both include UK partners and involve installations of fuel cell CHP systems in the UK.

Figure 7.3 Hydrogen and fuel cell R&D funding as a share of all
public energy R&D
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Stakeholders broadly supported the view that overall levels of R&D
funding were not inadequate. However, several stakeholders suggested that the absence of a long-term commitment to future funding
of R&D within the hydrogen and fuel cell sector was a problem. These
stakeholders argued that it reduced confidence in the government’s
commitment to the sector and hence held back private investment.
Stakeholders also highlighted challenges in access to finance for
demonstration-stage trials. Several suggested that while funding
was available to support R&D work, it was considerably more difficult
to access financing for demonstration, which was seen as critical to
enable the establishment of a commercial market and supply chains.
The situation in the UK was contrasted unfavourably with competing countries, which were seen as having relatively easier access to
finance. Several stakeholders suggested that this was due to longerterm and more strategic government funding programmes that provided greater certainty and were able to leverage more private finance
at lower cost as a result.
Fuel cell CHP demonstration projects have largely been supported
by European funding sources. Two large demonstration projects are
currently in progress for fuel cell micro-CHP. SOFT-PACT involves
Ideal Heating (the UK boiler manufacturer) integrating and deploying
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SOFC units from CFCL. Ideal completed integration of the units and
received CE certification in early 2014. The Ene.field project is a larger
European demonstration programme that plans to deploy up to 1000
fuel cell micro-CHP units across 12 member states, including the UK.
The first installation of systems was conducted in September 2013.
Several industry stakeholders suggested that UK firms found raising capital harder than their counterparts in the US or elsewhere in
Europe. This was variously attributed to a weak venture capital culture
(though data suggest higher clean energy venture capital in the UK,
per capita, than in most other European countries [275]), and to a lack
of investors willing to commit to long-term investments in technology-based companies. It is worth noting that this widely seen as a problem that is not specific to the hydrogen and fuel cells sector. A number
of commentators have raised concerns about the UK’s relatively low
levels of investment in innovation [277], and the relatively short-term
focus of UK capital markets [278].

7.3.2. Skills
Overall, skills were not seen as a major stumbling block for the growth
of a UK hydrogen and fuel cell industry. Stakeholders suggested that
the strong science base in hydrogen and fuel cell technologies in the
UK has been an important source of skills development for the industry. In particular, stakeholders saw the recent creation of doctoral
training centres as a positive development.
However, some concerns were raised by stakeholders who reported
challenges recruiting skilled personnel. In particular, it was suggested
that it is more difficult in the UK than in competitor countries to
attract high-quality people with engineering skills. The problem is not
solely one of a lack of skills—it was also reported that recent PhD graduates often found it easier to find exciting employment opportunities
overseas, rather than staying in the UK. Lack of critical mass within
the UK sector means both a sense of shortage of skilled personnel, and
a shortage of employment opportunities for those with relevant skills.
The potential for hydrogen injection into gas networks through powerto-gas or conversion of the gas networks to deliver hydrogen suggests a
need for gas engineering skills. While the UK has a well-established oil
and gas sector, much of this is focused around extraction, bulk transport
and refining, rather than end-use appliances and gas distribution network management. There is only one MSc dedicated to gas engineering
in the UK and the number of domestic students is reported to be small.
Gas industry stakeholders noted a potential concern around skills in the
gas industry, with the age profile of gas engineers suggesting that many
are close to retirement and a potential shortfall may be emerging.
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7.4. ENTREPRENEURSHIP, FIRMS AND NETWORKS
A number of UK-owned firms, or firms with a substantial UK presence,
are international leaders in hydrogen and fuel cell technologies [279].
This includes some firms focusing on heat markets and a wider range
of firms developing core technologies for hydrogen and fuel cells in
general. It includes firms operating across the supply chain, from those
specialising in components, to system integrators and those providing
testing and verification services. A non-exhaustive overview of firms
across the UK supply chain is set out below.
Despite the existence of globally competitive firms, the UK is acknowledged not to be a leader in terms of the size and diversity of the sector.
The depth and diversity of the hydrogen and fuel cell industries in
Germany, the US and Japan, for example, are much greater.

7.4.1. Fuel cells and components
The UK has globally relevant players in three fuel cell types: SOFCs
(Ceres power), PEMFCs (Intelligent Energy and in particular IE-CHP,
which is a joint venture owned by Intelligent Energy and SSE) and
AFCs (alkali fuel cells, for which the global leader is the UK’s AFC).
The sector also includes globally-established suppliers of components
(e.g. Johnson Matthey Fuel Cells, with over 150 employees and £6m
in annual sales, and Bac2), as well as a number of innovative new
entrants developing novel technologies and components, such as Ilika,
Acal and Amalyst. Australian firm CFCL has a presence in the UK to
market its BlueGen SOFC micro-CHP unit. However, CFCL chose to
locate its European manufacturing centre in Germany. The UK is not
well represented among companies dominating global manufacturing and sales of fuel cells for CHP applications, which are typically
from the US (ClearEdge and FuelCell Energy) and Japan (Panasonic,
Toshiba, Eneos and Kyocera).
In terms of MW-scale fuel cells, the UK has also been active but not a
leader. Rolls-Royce have been developing fuel cells since 2004, with
the fuel cell business based in the US rather than in the UK. It recently
sold its majority stake in Rolls-Royce Fuel Cells, which has now
become LG Fuel Cell Systems.

7.4.2. System integrators
The UK has a number of firms integrating fuel cells into CHP products, such as Logan Energy, which delivers bespoke CHP solutions for
individual clients. Other UK firms are integrating fuel cell products into
non-heat applications (Arcola Energy, Fuel Cell Systems, LightGreen
Power and BOC). Fuel Cell Systems, which sells fuel cell systems for
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back-up, remote and uninterruptible power, has indicated an interest
in moving into CHP markets.

7.4.3. Hydrogen production, distribution and storage
Global industrial gas companies, with expertise across hydrogen production, distribution and storage, have a significant presence in the UK,
including Air Products and BOC (part of the Linde Group). At Teesside,
Air Products are building a 49 MW waste gasification plant, which can
produce either electricity or hydrogen from municipal waste. A number
of new firms developing novel hydrogen production technologies are
also active, notably ITM Power who are developing electrolysers. Others
include RE Hydrogen, also an electrolysis company, and GasPlas, which
is developing plasma gasification technology. The UK is also home to
Cella Energy, an innovative hydrogen storage company.

7.4.4. Gas engineering and gas appliances
The UK has companies developing hydrogen combustion technologies
(Almaas Technologies) and expertise in gas engineering (Kiwa Gastech
at CRE). Several boiler manufacturers maintain R&D facilities in the
UK (e.g. Ideal Boilers, Keston and Worcester Bosch), though many of
the larger manufacturers have their major R&D centres overseas (e.g.
Vaillant and Viessman). Ideal Boilers, based in Hull, are integrating
CFCL BlueGen units through the SOFT-PACT project [280]. Industry
stakeholders suggested that the UK industry has sufficient capacity
and expertise to develop and deploy hydrogen-combustion products
without significant challenges, but that this would have to be driven
by perceptions of significant future market demand and this depends
on government policy.

7.4.5. Industry network and representation
UK firms have strong international networks with global partnerships
to bring products to market. The UK industry is represented by the
UK Hydrogen and Fuel Cell Association and by the Scottish Hydrogen
and Fuel Cell Association. In London, Hydrogen London provides a
platform for engagement with the Greater London Authority and has
facilitated project proposals and development, as well as educational
initiatives (the London Hydrogen Schools Challenge).

7.5. GLOBAL MARKET DEVELOPMENTS AND
OPPORTUNITIES
Globally, more than 30 MW of new stationary fuel cells have been
installed every year since 2007, with over 100 MW deployed in 2012
alone as shown in Figure 7.4 (including both CHP and power-only
applications). Much of this growth has occurred in Asia and it is
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expected to continue as fuel cell costs continue to fall, both in Europe
and in the USA [15]. Estimates of the potential global market vary
enormously, and such estimates are of course highly uncertain, but
recent progress in cost reduction and extensions of policy support in
key markets have secured continued growth in the short term while
bolstering the long-term potential.
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Global markets are thus developing rapidly and industrial partnerships are bringing fuel cells into mainstream heating businesses. A
flurry of recent Europe-Asia industrial alliances have built off the
surge of deployments in Japan (and to a lesser extent Korea), which
have allowed fuel cell CHP companies in Asia to build expertise and
learning from volume production. Three major European heating technology companies have recently formed partnerships with Japanese
fuel cell firms. Viessman and Panasonic are expected to bring a PEM
fuel cell CHP unit to market in Germany in 2014 [281]; Bosch have
formed a partnership with SOFC firm Aisin; and BDR have formed an
alliance with Toshiba [282]. UK-based Ceres has built a partnership
with Korean boiler manufacturer KD Navien, expanding beyond the
UK market to the more rapidly growing opportunities in Asia.
In the UK, the rate of market development is very much lower than
it has been elsewhere, with less than 2 MW of stationary fuel cells
deployed in total. The slow uptake of fuel cell technologies in the UK
as compared to other jurisdictions is due to weak policy support in the
UK, with less funding for demonstration projects and weaker support
for deployment.
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8.1. INTRODUCTION
This chapter provides an overview of the key policy issues surrounding the potential for hydrogen and fuel cells to play a role in low
carbon heating. The chapter draws on a review of key policy documents, the wider literature, and on a workshop and series of interviews with government and industry stakeholders.
First, the rationales that government uses to determine whether and
how to intervene in heat markets are reviewed. Next, the extent to
which existing policy instruments enable or penalise hydrogen and
fuel cell technologies is assessed, including whether current policies
recognise the potential system-level benefits of deploying fuel cells.
The focus then turns to what steps can be taken to keep the hydrogen
option open for the gas network, and the potential for support for the
development and deployment of fuel cell and hydrogen technologies
for heating.

8.2. UK HEAT POLICY RATIONALES
8.2.1. UK heat policy strategic direction and drivers
Despite comprising almost half of UK energy consumption, heat has
only recently become prominent in energy policy discussions. Prior to
2012, policy efforts had largely focused on the power sector, with heat
appearing marginalised in comparison. The government’s strategic
framework for heat policy in the UK has been set out in a pair of policy
documents on ‘the future of heating’ released in 2012 and 2013 [3,
7]. These documents set out a vision of the pathways through which
heat can be decarbonised while meeting other key energy policy goals
(particularly energy security and affordability). Both documents focus
on what is required in terms of the deployment of technologies, the
existing policy landscape and the steps that government is taking to
further develop low-carbon heating. They provide some clarity on the
key technologies that the government wishes to support and the types
of policy instrument that government considers appropriate.
The graphical summary for the future of residential heat provision,
shown in Figure 8.1, focuses on heat networks, heat pumps and
various hybrid systems and does not include hydrogen and fuel cell
technologies. This suggests that hydrogen and fuel cells technologies
are perceived as peripheral options in the long-term.
However, hydrogen does feature in the government’s vision for the
future of heating [3]. The document describes potential roles for
hydrogen in industrial heating and the potential for hydrogen injection into natural gas distribution networks, or indeed the complete
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conversion of the networks to hydrogen. Similarly, fuel cell CHP is
recognised as having a potential role, though both documents frame
fuel cells as a long-term option and do not recognise that fuel cells are
the dominant global micro-CHP technology.

Figure 8.1 DECC strategic framework for low carbon heating in
residential buildings
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technology into
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the 2030s
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High electric heat pump penetration faces fewer barriers
in homes that are less clustered, starting with buildings off
the gas grid which are more likely to have space and be using
expensive, high carbon forms of fuel such as heating oil

Source: DECC

Source: [3]

8.2.2. Rationales and drivers for policy intervention
UK heat policy, as set out in the future of heating documents [3, 7],
is overwhelmingly framed in terms of the necessity of reducing carbon
emissions. Three additional overarching objectives are also clear: (i)
affordability to consumers and business; (ii) security and reliability
of supply; and, (iii) the potential to stimulate the development of technologies with export opportunities (or to replace imports with domestic technologies). These overarching policy objectives are not always
in alignment. For example, the decarbonisation and security of supply
objectives may be supported by measures that impose costs on consumers and hence conflict with the affordability objective.
In practice, policymaking also is informed by a set of practical drivers
and constraints, in addition to the overall objectives set out above.
These include:
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1. The desire to promote renewable energy, and in particular to meet
the requirements of the targets that the UK set itself under the EU
Renewable Energy Directive.
2. Measures to improve the efficiency of energy production and consumption, in particular to meet the requirements of various European Directives, including the Cogeneration Directive and
the Energy Performance of Buildings Directive.
3. Promoting technologies that can deliver system-wide benefits that
the current energy market arrangements are unable to deliver
(including both infrastructure technologies, such as smart-meters,
and micro-generation technologies).
4. There are also political constraints on effective policy. For example, a range of commentators have suggested for many years that
the UK should remove existing subsidies for domestic consumers
(i.e. the reduced 5% VAT rate on domestic fuels), but this is seen
as politically impossible.
The responses to these drivers and constraints are mediated by a set
of rationales that inform whether government should take an active
role in heat markets, and if so, what form intervention should take.
The government’s heat strategy makes clear that interventions should
be justified on the basis of evidence for market failures [3] and barriers
to technology deployment. Beyond this, the heat strategy documents
do not elaborate the rationales that underpin heat policy. In the context of thinking about policy for hydrogen and fuel cell heating, it is
worth understanding the core rationales underpinning public policy
action in heat markets in general.
Several market failures in relation to heating are clearly apparent.
Perhaps most obvious are the externalities associated with carbon
emissions, air pollution and security concerns, the social costs of
which are not reflected in the prices paid by heat producers and
consumers. Dealing with these requires a blend of policy instruments.
Carbon prices and tax incentives, while important by themselves,
are unlikely to result in the deployment of optimal technologies
for a range of reasons. In particular:
1. There are barriers to the cost-effective diffusion of low-carbon
heating technologies, including further failures in heat markets
(landlord-tenant problems, for example). Furthermore, the observations from behavioural economics suggest that marginal price
changes may have little substantial effect on consumer heating
behaviour, even where this would be cost-effective. Recognition
of such barriers has led government to adopt a range of regulatory
measures, subsidies and other schemes to address specific barriers,
an approach that is broadly endorsed by industry [e.g. 283].
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2. Governments play an important role in enabling the development
and upkeep of large critical infrastructures such as gas and power
networks and emerging heat and hydrogen networks. These infrastructure assets are long-lived and decisions made by governments
now constrain options in the future. This path dependent and
‘locked-in’ nature of infrastructure may hinder the adoption of
optimal technologies and systems.
3. There are important rationales related to innovation, technology
and industrial policy. As with infrastructure, there are important
‘lock-in’ effects at work, and various market and system failures
which mean that government involvement is required to achieve
optimal outcomes. Failure to support emerging clean technologies
at the critical phases of pre-commercialisation can prevent their
market entry, potentially leading to lock-in to inferior or high-carbon systems [284].
It is within this complex environment of different objectives, drivers and
rationales for intervention that policies specific to hydrogen and fuel cell
heating must be understood and assessed. Various authors and advocates
have argued that hydrogen and fuel cells should receive higher levels of
incentive support, both in heating and in wider markets. Such claims
receive little policy traction where it is not clear why these technologies
in particular deserve dedicated support. There are four general rationales
for measures to support hydrogen and fuel cells in heating:
The technology neutrality argument. Heating policy should maintain a level playing field unless there are good reasons not to do so.
Existing policy frameworks may exclude hydrogen and fuel cell technologies if they have been designed without due consideration of the
potential for these technologies. Where this is the case, then there is a
strong policy rationale for amending such policies to enable hydrogen
and fuel cell technologies to compete alongside other alternatives.
The market design argument. Existing market arrangements may fail
to reward system benefits provided by particular technologies, resulting in sub-optimal investment and deployment of those technologies.
Two potential types of system benefits can be recognised in particular.
First, the potential for small and micro-CHP to reduce energy system
costs by reducing peak power demand flows through distribution
networks, as discussed in Chapter 6. Second, the potential for powerto-gas projects to reduce wind energy curtailment and/or defer transmission grid investments.
The option argument. Heat markets are subject to market failures,
technological lock-in and path-dependency arising from network
effects and the long-lived nature of infrastructure assets, and related
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to innovation and technology development. There is a corresponding
need to provide support to emerging technologies where failure to do
so would close off a potentially important long-term option or result
in unacceptable delay. The government acknowledges this rationale,
noting that “This government is keen to support innovation: supporting the market to discover solutions” [3]. Failure to invest in keeping
options open will result in the loss of these options in the future, even
where these options are potentially the best long-term pathway.
The industrial development argument. The fourth argument is based on
the idea that support for hydrogen and fuel cell technologies can enable
the development of a successful domestic industry, with the ultimate
aim being net economic benefits arising from net exports. Clearly this
is true for all emerging technologies, and there are risks to providing
strong technology-specific support based on this argument [274].
These arguments are not mutually exclusive, but there are specific
issues associated with each of them. The rest of the chapter largely
follows the order of these four arguments.

8.3. EXISTING POLICY INSTRUMENTS AND REGULATORY
STRUCTURES: ARE HYDROGEN AND FUEL CELLS
TREATED APPROPRIATELY?
This section reviews the current support structures for low-carbon
heating technologies and identifies how they might influence adoption
of hydrogen and fuel cell technologies. Particular attention is given to
the extent to which policy frameworks exclude or penalise hydrogen
and fuel cell technologies.
Current policy mechanisms provide support for heating technologies or
fuels where they are lower carbon (via technology-neutral measures) or
renewable fuel, as well as providing specific support for CHP (including
micro-CHP). There are no current incentives dedicated to hydrogen and
fuel cell technologies except where they fit into the above categories.

8.3.1. Technology-neutral measures based on carbon emissions
or energy efficiency
Carbon pricing and energy taxation
The UK has a number of policies in place that put a price on carbon
emissions. The EU Emissions Trading Scheme and corresponding Carbon Price Support is targeted at large emitters while the
Carbon Reduction Commitment targets the commercial and public
sector. The Climate Change Levy (and associated Climate Change
Agreements) provides an incentive to reduce consumption of carbon-based fuels by levying a tax per unit energy for gas, coal, LPG, oil
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and electricity consumption. These measures provide incentives to
reduce energy consumption and carbon emissions, and this applies to
low-carbon heating technologies including those based on hydrogen
and fuel cells. However, current carbon prices (actual or implicit) are
well below those believed necessary to reach the UK’s statutory carbon
targets. They therefore currently provide weak incentives for those
attempting to deploy new technologies.
There are no such measures in the domestic heating sector. Indeed,
domestic heating fuels receive a subsidy, in the sense that the rate of VAT
is reduced relative to that of other consumption goods (VAT on domestic
energy consumption is set at 5%, rather than the standard rate of 20%).

Building Regulations
UK building regulations (Part L) specify a minimum level of emissions and energy performance in new constructions. One stakeholder
suggested that the emissions reductions requirements set out in the
building regulations were an important existing driver for small fuel
cell CHP projects in the commercial sector (around 50–500 kW). The
performance standards under the building regulations are assessed
with a range of standardised calculation methods and associated software tools. The performance standards are flexible in the sense that a
range of different compliance options exist for developers, with compliance assessment based on a standard method called the National
Calculation Methodology. Hydrogen and fuel cells can fit within these
methodologies, particularly under new rules that facilitate recognition
of innovative technologies, but are underrepresented in the default
options in dominant software systems.

ECO
The ECO scheme has provided a mechanism to facilitate funding for
high-efficiency heating technologies that reduce bills, including fuel
cells. In November 2013, National Grid Affordable Warmth announced a
partnership with CFCL for delivery of 10 fuel cell micro-CHP units [285].

8.3.2. Renewable heating support measures
The government is legally obliged to provide support for renewable
energy under the EU Renewable Energy Directive, but this support
also reflects the view of successive governments that renewable energy
offers a range of benefits in support of energy policy objectives. The
renewable heat incentive (RHI) provides support for renewable heating in both the domestic and non-domestic sectors. Hydrogen and fuel
cell technologies are not directly eligible for support under the RHI
because neither hydrogen (as an energy vector) nor fuel cells (as conversion devices) are inherently renewable.
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Fuel cell systems are eligible for support where the fuel is a renewable fuel, and hydrogen-rich gases produced from biomass are eligible
where these are produced by anaerobic digestion, pyrolysis or gasification. However, hydrogen produced from renewable electricity is not
eligible, and in any case incentive mechanisms exist for the production of electricity from renewable sources.
Hydrogen production from direct biological routes other than anaerobic digestion (fermentative and photosynthetic) is excluded from
the definition of biogas under the RHI. Similarly, there is no explicit
support for direct photocatalytic hydrogen production, which is the
only renewable hydrogen production technology that involves neither
electrolysis nor biomass. However, these technologies are far from
commercial development and it is not clear that there is any need for
changes to the existing RHI definition until they are further advanced.
Nevertheless, an explicit inclusion of hydrogen generated directly
from renewable energy sources would be a more helpful and less
restrictive way of providing support to renewable gases under the RHI.
Note that there is no clear case for hydrogen produced using renewable electricity that is already eligible for Renewable Obligation certificates (ROCs) or feed-in tariffs (FiTs) to receive additional support.
Support for training for installers of renewable micro-generation technologies is also available through a voucher scheme funded by DECC.
However, as with other renewable energy support mechanisms, this
does not apply to micro-CHP.

8.3.3. CHP, energy efficiency and distributed generation
support measures
A range of policy incentives provide support for CHP, including fuel
cell CHP and combustion-based CHP using hydrogen as a fuel (see,
for example, the unit installed at Berlin Airport [286]). However, these
incentive and support structures treat fuel cells unfairly, with the
result that they are dis-incentivised compared to other technologies.

CHPQA

29. Hydrogen that is a byproduct of an industrial process
qualifies as an ‘alternative fuel’,
and has to meet a lower quality
threshold than oil or gas-based
equivalents. This is justified by
the additional environmental
benefits of using a by-product
rather than a primary fuel.

The CHP QA is a quality assurance process linked to a number of other
support mechanisms. It is designed to reflect the environmental and
efficiency benefits of good quality CHP. Current CHPQA arrangements
do include incentives for both hydrogen29 CHP (regardless of primemover technology) and fuel cell CHP (regardless of fuel), but in the
case of fuel cells these arrangements appear to be flawed. One industry
stakeholder said that it was effectively impossible for a fuel cell CHP
system around 200 kWe to qualify, with the result that a range of other
incentives are not available for fuel cell CHP projects. This is partly
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because of the complexity of the process of registration, even for small
(sub-500 kW) projects,30 and partly because of the way in which the
thresholds for “good quality” are calculated for different technologies.
The calculations of the quality metric (“QI”) used within the CHPQA
are based on a detailed breakdown of different technology classes,
ensuring that larger schemes (which can be expected to have higher
efficiencies due to scale, but which frequently involve greater distances and hence distribution losses) are assessed against more-stringent criteria than smaller schemes. Despite recommendations by the
CHPQA administrator in 2007 to make such adjustments for fuel cells
(which would have made it easier for smaller fuel cell schemes to
achieve certification), 31, 32 the current CHPQA standard treats all fuel
cell CHP schemes identically regardless of size.33 The rationale for
using different QI calculations for different technologies is to create a
challenging threshold that is appropriate to the size, technology type
and fuel used, in order to ensure that the scheme generates environmental benefits [287]. The failure to facilitate fuel cell CHP schemes of
a small size limits the ability small CHP in particular to access accreditation and hence limits the availability of a range of benefits to fuel cell
projects. There appear to be no good reasons for this, other than the
(small) administrative costs of adjusting the system by implementing
the recommendations made by the CHPQA administrator in 2007.

30. Fuel cell CHP projects are
deemed a “complex scheme”,
regardless of size and the actual
complexity of the project. In
contrast, small (sub-500kW)
schemes based on reciprocating
engines follow a simpler
process, with performance based
on the specification of standard
models.
31. http://chpqa.decc.gov.uk/
assets/Presentations/2007/
CIBSE-Presentation-r4.pdf
32. http://chpqa.decc.gov.uk/
assets/Presentations/2007/
CHPAmembersbrief13-sept07r118Sep.pdf
33. http://chpqa.decc.gov.uk/
assets/CHPQADocuments/
CHPQAStandardIssue5.pdf
34. https://etl.decc.gov.uk/etl/
site/criteria.html

Access to CHPQA accreditation enables a range of incentives to be
accessed by CHP developers. These benefits were described by stakeholders as being an important source of support for CHP projects and
that the difficulties for fuel cell projects in accessing them was perceived to be clearly unfair. The benefits include:
• ECAs. Enhanced Capital Allowances are a tax incentive for investments in energy efficiency technologies, which are set out in the
energy technology list. 34 The Energy Technology List does not currently include any fuel cell technologies. However, CHP as a class
of technologies is on the list and fuel cell CHP would therefore
qualify, as long as it is certified under the CHP QA system.
• CCL exemption. Fuels used in CHP plant, and the resulting electricity, are granted exemption from the Climate Change Levy. This
is dependent on the scheme being registered as “Good Quality”
CHP, under the CHPQA. This support was altered in 2013 to exclude electricity from CHP that is sold to the grid, which no longer
qualifies for the CCL exemption [288].
• Business Rates exemption. A tax incentive enabling relief on business rates is also granted on certain equipment installed as a part of
good quality CHP schemes where these have successfully applied for
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a Secretary of State exemption certificate. However, the list of equipment does not include fuel cells [289, 290] except in Scotland [291].
• CPS exemption for CHP. Fuel used in CHP below 2 MWe is exempt
from Carbon Price Support levels of the Climate Change Levy. In
systems larger than 2 MWe, the fuel attributable to heat output is
also exempt from CPS levels of the CCL [292].

CHP Focus
The government has established an advisory service for those developing CHP projects, with the aim of overcoming some of the information
barriers associated with the adoption of CHP. Fuel cells remain largely
hidden within the CHP Focus website, with the advice section on
prime movers (i.e. the core power and heat generating technology) not
including fuel cells. Moreover, the database of CHP projects does not
include existing fuel cell CHP systems. As a relatively new technology, just emerging into the CHP market, it is perhaps unsurprising that
fuel cells are not prominent on the CHP Focus website. However, the
exclusion of fuel cells from the national database of operational CHP
projects is problematic, as it artificially obscures the technology.

Electricity market access for CHP generators
The Energy Act enables government to revise licensing for power generators with the intention of easing market access [3], para 1.78). This
could remove a current barrier to CHP, including fuel cell CHP. Ofgem
has developed a simplified licensing procedures for small-scale power
generators that is expected to facilitate the development of markets for
small scale CHP. These measures appear likely to support fuel cells
and hydrogen alongside other CHP technologies. Codes and standards
for grid connection were previously a problem for microgenerators and
these have now largely been resolved through the development of G83
and G59, the grid connection codes for microgenerators.

VAT incentive for micro-CHP
Micro-CHP benefits from a reduced rate of VAT, at 5% [293], introduced in Budget 2005. This is available for all CHP below 50 kWe.

Feed-in tariffs for micro-CHP
FiTs were established to encourage the development of distributed
renewable electricity generation and have successfully mobilising
significant investment in solar PV in particular.
During the consultation on the introduction of the FiTs, the government
became convinced of the value of including a feed-in tariff for microCHP (below 2 kW) on a ‘pilot’ basis, with a cap restricting support to the
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first 30,000 units sold, thinking that this would facilitate market development and commercialisation. Feed-in tariffs are thus available for
micro-CHP (below 2 kW) that are registered with the Microgeneration
Certification Scheme. This provides a clear incentive for the adoption of
micro-CHP, regardless of the fuel or technology used, and represents an
important enabler for fuel cell micro-CHP learning and early adoption.
Industry stakeholders indicate that this is seen as an important source
of market support. Micro-CHP installations are eligible for a generation
tariff of 13.24p/kWh, plus a further 4.77p/kWh for power sold back
to the supplier.35 Some in industry have argued that this is too low to
enable the rates of return that the FiT was designed to generate, which
were intended to be 5–8% [294]. Despite increases to the value of FiTs
for micro-CHP that came into effect in March 2013, uptake has been
slow (see Figure 8.2) and well below government’s expectations [295].
While 300 units were installed in 2011, this fell in 2012 and again in
2013. Current support mechanisms are to be reviewed once 12,000
units have been installed.

Figure 8.2 Cumulative installations of micro-CHP in the UK
receiving feed-in tariffs Source DECC FiT statistics
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Stakeholders questioned the logic of the 2 kW size cut-off, suggesting
that there was no clear rationale for supporting 2 kW CHP while not
supporting larger (but still ‘micro’) schemes at a scale relevant for multi-unit residential buildings or small commercial premises (e.g. 2–50
kW), an idea broadly endorsed by the CHP Association [296]. The government’s position, when it introduced the micro-CHP FiT, was that
larger systems (2–50 kWe) already benefited from a range of incentives
aiming to drive decarbonisation and energy efficiency in organisations, such as the CRC [297]. It is not clear why a similar argument (i.e.
that ECO, the Green Deal, and VAT exemptions already provide incentives for uptake of micro-CHP in the domestic stock) should not apply
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in the same way to technologies below 2 kWe. A leading UK fuel cell
CHP developer, IE-CHP, is developing products too large, at 10 kWe,
to receive support under the micro-CHP FiT. Since the purpose of the
micro-CHP FiT is to act as a pilot project enabling commercialisation,
the rationale for limiting participation in this pilot project to only the
smallest of micro-CHP technologies does not appear to be strong.

Planning permission and requirements for onsite
power generation
The Planning and Energy Act 2008 provides local authorities with
powers to require developers to go beyond building regulations in
terms of energy efficiency and to require developers to meet a portion
of energy demand from renewable or low-carbon, on-site sources.
Many local authorities have adopted rules in response to this Act that
stakeholders feel have been important in enabling fuel cell CHP projects to be viable. For example, London has made use of these powers
to develop energy-related measures in the London Plan, and these are
reported by industry stakeholders to have been critical in enabling the
development of recent fuel cell CHP projects at the 20 Fenchurch Street
building and the Quadrant 3 building in Regent Street. DCLG36 have
consulted on an intention to repeal the Act and are yet to publish their
response. Organisations representing the CHP industry have argued that
this would result in serious damage to the UK CHP market [298].

8.3.4. Gas distribution and gas appliances: current regulatory
structure
As discussed in Chapters 3 and 5, there are various options for using
existing gas distribution networks to distribute hydrogen. The current
regulatory structure around gas distribution networks and gas appliances defines the extent to which hydrogen can be used within existing infrastructures.
Gas distributed by the UK network is regulated to ensure that gas
quality is consistent, compliant with the integrity of the network and
compatible with the end-use appliances. This involves two related sets
of regulatory framework: those dealing with gas quality (which specify
the type of gas composition that can legally be distributed) and gas
appliances (which specify the safety and performance criteria required
to ensure the safety of consumers.

Gas quality regulations

36. DCLG is the UK government
Department for Communities
and Local Government

Gas quality is regulated under Schedule 3 of the Gas Safety
(Management) Regulation (GSMR). This reflects the gas composition
from the North Sea rather than a detailed process of safety testing and
evaluation. As a result, some aspects of the specification are con-
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sidered more restrictive than is necessary from a safety perspective.
In particular, the very low proportion of hydrogen that is currently
allowed within Schedule 3 of the GSMR (0.1%) is believed to be
unnecessarily stringent, as reflected by the higher limits in most other
European countries [299]. Further testing and research is necessary
to establish the safe proportion of hydrogen that could be added to
gas intended for use in the distribution system, but it is believed that
proportions up to 10% by volume would be unlikely to cause difficulties within distribution networks while concentrations of at least 3%
by volume would be acceptable for the current stock of gas appliances.
There have been periodic moves to change gas quality rules. A detailed
review of gas specifications was undertaken in 2006, in response to
expectations that the UK might import gas of a specification different from that set out in Schedule 3 of the GSMR. The Department of
Trade and Industry determined that it was not in the UK’s interest to
change the UK’s gas standards as the costs of the associated appliance
conversion process would outweigh any benefits arising from the ease
of imports (DTI 2006). Recent efforts within Europe to harmonise gas
standards across the continent have raised similar issues [131] and in
future it is likely that the development of shale gas will lead to questions about the appropriateness of existing gas standards.
Perhaps surprisingly, a pure hydrogen distribution pipe network
would not be regulated under the GSMR. It would be subject to other
gas safety regulations, particularly the Pipeline Safety Regulations,
and it seems likely that a new set of regulatory arrangements would be
required to ensure that the widespread distribution of hydrogen in gas
networks could be conducted safely and without uncertainty around
liabilities or responsibilities of the various parties.

Gas appliance regulations
Gas appliances are, of course, designed to operate on gas of the specification required by law in Schedule 3 of the GSMR. Both injection
of significant quantities of hydrogen into the gas distribution network
and conversion of the gas distribution network to deliver hydrogen
would require changes to gas appliances, and these would need to be
reflected in the regulatory frameworks that govern these appliances.
The overall direction for gas appliance regulation is developed at a
European level under the Gas Appliance Directive [300]. This covers a
wide range of appliance categories and assesses safe operation using a
specific array of test protocols and test limit gases. For most appliances,
there is a direct trade-off between fuel flexibility (the ability of appliances
to operate on a relatively wide range of gas qualities) and efficiency, cost
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and cleanliness of operation. The recent policy focus on efficiency and
environmental performance has led to appliances operating on narrower
gas specifications than would otherwise have been the case.

8.4. RECOGNISING SYSTEM BENEFITS AVAILABLE
TODAY FROM HYDROGEN AND FUEL CELLS IN HEATING
Current electricity and heat market arrangements do not fully reflect
the costs and benefits that different technologies generate for the
system as a whole. This means that the market, as currently arranged,
can be expected to result in sub-optimal market outcomes. This issue
was discussed at some length, and illustrated with empirical research,
in Chapter 6, in the context of micro-CHP. There is also thought to be
potential benefits arising from ‘power-to-gas’.

8.4.1. Benefits to the power system of micro-CHP
Energy companies charge consumers based on the average cost of
power generation, with the result that consumers do not have incentives to vary their consumption habits according to power prices. In
the context of distributed generation technologies, it is also clear that
current market arrangements do not reflect the fact that the value of
power generated differs during the course of the year. Power produced
by micro-CHP is generated disproportionately when power is expensive to produce and demand is high, as shown in Chapter 6. Current
market arrangements reward micro-CHP generators on the basis of
average power generation costs (avoided consumption plus flat-rate
FiTs) and do not reflect the benefits enjoyed by the major energy companies as a result of lower consumption during peak times when it
costs more to meet consumer demand.
Smart meters and ongoing reviews of energy retail markets may go
some way to improving the operation of the market to generate incentives for microgenerators that reflect the benefits that micro-CHP tends
to bring to the system as a whole. However, until this takes place, there
is a case for the provision of incentives that serve as a proxy for the
market signal, where this will generate system benefits overall. This
has been argued to provide a justification for the micro-CHP feed-in
tariff [294, 301]. In the longer term, smart technologies will enable
new market arrangements that reflect the benefits of micro-CHP to the
wider system and hence provide more appropriate signals for investment in micro-CHP. In particular, there is the potential for micro-CHP
generation to be aggregated into a ‘virtual power plant’.
While the government rationale for design of the FiTs was to deliver a
standard rate of return across all eligible microgeneration technologies,
at 5–8%, this does not reflect the specific system benefits provided by
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those technologies whose output correlates with system load. Solar PV
generation, which produces system costs rather than benefits, receives
support aimed at generating the same rate of return. There appears to
be a case for reviewing current arrangements to examine whether support could be adjusted to ensure that the additional system benefits of
micro-CHP are represented in price structures.

8.4.2. Hydrogen injection and power-to-gas
In the near term, there are potential system benefits arising from
injection of hydrogen into gas distribution networks at concentrations
below those requiring modifications to gas appliances. These benefits
arise when there is a high proportion of renewable electricity capacity
on a grid or in an area that has insufficient transmission capacity. This
situation can lead to renewable generation being temporarily curtailed
and these instances have been increasing in the UK and elsewhere in
recent years. One option is to use the electricity that would otherwise
have been curtailed to produce hydrogen via electrolysis, with the
hydrogen injected into hydrogen distribution networks.37 Advocates
argue that power-to-gas projects of this kind can result in deferred or
avoided electricity transmission grid upgrades, avoided or reduced
needs for other forms of energy storage, as well as reduced curtailment
of renewable power generation. The long-term potential of this option,
and its competitiveness with other options, remains uncertain; the
near-term issue is whether existing regulatory arrangements act as a
barrier to the power-to-gas market by unnecessarily restricting the use
of hydrogen–natural gas blends in the existing distribution networks.

37. Other potential uses of the
hydrogen of course exist, but
grid injection is potentially the
most straightforward.

Gas specifications as set out in the GSMR are currently perceived as
a minor barrier to enabling learning about the options for hydrogen
to play a role in gas distribution networks. The level of hydrogen
currently allowed in distribution networks is seen as unnecessarily
stringent but the regulatory structure is sufficiently flexible to enable
the Health and Safety Executive (HSE) to allow exemptions to the
specifications set out in the GSMR. For example, the relatively high
oxygen content (up to 1%v/v) of biomethane from anaerobic digestion
(AD) would prevent its injection into the gas networks without expensive technology that would render AD injection projects uneconomic,
but HSE determined that there was no safety concern with the higher
levels of oxygen, and several bespoke exemptions have granted to
enable pilot projects, followed by a class exemption for all biomethane. A similar process (bespoke exemptions to facilitate pilot projects,
followed by a class exemption) could provide a pathway for enabling
hydrogen injection. Such a process would present a clear route to
amending Schedule 3 of the Gas Safety (Management) Regulations to
enable 2–3%v/v hydrogen concentrations.
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A number of European and North American projects have demonstrated blending of hydrogen into gas networks both at relatively high
and stable concentrations [e.g. 302], and in lower-concentration power-to-gas projects using electrolysers (at least four separate projects of
this kind are in progress in Germany, one of which involves the UK’s
ITM Power [303]). There have also been tentative attempts to develop
power-to-gas projects as a commercial venture, enabling environmentally-motivated consumers to purchase “green gas” that is similar to
the “100% renewables” tariffs offered by many electricity companies.
Such projects have not yet been launched, largely because the costs
remain prohibitive, but the concept provides a potential early market
for power-to-gas projects [304].

8.5. ENABLING OPTIONS FOR THE FUTURE: INNOVATION
AND SUPPORT FOR COMMERCIALISATION
Previous chapters have examined the potential for hydrogen and fuel
cells in the UK and noted the rapid growth in markets for hydrogen
and fuel cell applications in heating globally. In the UK, numerous
barriers confront the development of hydrogen and fuel cell systems
for heat. Technology, market and regulatory challenges must still be
overcome. Given the market failures highlighted earlier in this chapter,
government action is necessary to keep open the option of hydrogen
and fuel cells playing a significant role. The technologies need to be
pushed forward in the near term to keep the option open for using
them in the future.
This section considers the action that government may need to take to
enable hydrogen and fuel cell technologies to meet their potential in
delivering affordable, secure, low-carbon heating.

8.5.1. Building on existing R&D support to fill key
knowledge gaps
As noted in the Chapter 7, hydrogen and fuel cells have received
public support from funders across the innovation landscape. R&D
support is generally considered to have been appropriate and should
be sustained.
Unfortunately, there has been little systematic attempt to assess the
innovation needs and priorities for hydrogen and fuel cells in heat.
Both the recent Technology Innovation Needs Assessments (TINA)
[305] and the 2010 Committee on Climate Change analysis of innovation priorities [274] restricted analysis of hydrogen and fuel cell
technologies to transport applications (though hydrogen production
technologies were included in the Hydrogen for Transport TINA).
Similarly, the TINA on heat excluded hydrogen and fuel cell technol-
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ogies. The electricity and network storage TINA, which might have
been expected to examine the potential for power-to-gas technologies,
says “We consider the role of hydrogen as an energy storage medium
in a separate TINA” [306], though this does not appear to be the case.
There is thus no government-supported assessment of innovation
needs for hydrogen and fuel cell technologies to play a significant role
in delivering secure and affordable low-carbon heating. This reduces
the visibility across government and innovation funding mechanisms
of the potential for these technologies to play a role outside transport.
It seems important that government follows up on the heat TINA,
which noted “we have not considered natural gas or hydrogen based
micro-CHP but would recommend this for further study in subsequent
work” [209]. This would both assess the potential for innovation in
fuel cell technologies for reducing costs and identify the priorities
within the H2FC technology landscape.

8.5.2. Hydrogen in gas networks R&D
There has been little funding for hydrogen combustion technologies
and appliances. As a result, there are significant knowledge gaps about
the performance and design issues associated with the long-term
option of grid conversion. There have been no significant UK field
trials, as there have been in Denmark [307] and the Netherlands [302].
Similarly, there has been little work on hydrogen-natural gas blends,
although this picture is starting to change, with various projects starting to move forward with funding from both government and industry
(such as the TSB-funded GridGas Project). The long-term uncertainties
around gas network conversion, and the long time frames involved,
suggest that public R&D support will be required alongside private
sector sources.
A major new source of funding for gas network innovation has arisen
with the shift in regulatory framework for gas distribution price controls
from RPI-X to RIIO. Prior to this change, the ability and incentives for
network operators to invest in innovation were limited, and the result
had been a significant loss of R&D and innovation capacity in the UK
gas industry since privatisation. The new framework enables two forms
of innovation funding: the Network Innovation Competition (NIC) and
the smaller, more flexible Network Innovation Allowance. Both provide
an opportunity for R&D that can enable learning about the options for
hydrogen in gas grids. Compared to the previous Innovation Funding
Incentive (IFI), which operated under the RPI-X price control system,
the overall volume of funding available is considerably larger. Up to
£30m per annum is now available for gas network innovation. In comparison, total UK public funding for all energy R&D in 2011 was £306m.
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No hydrogen-focused projects were funded in the first round of the
NIC or the related Low Carbon Network Fund (LCNF, the equivalent
mechanism for electricity distribution networks), which took place
in 2013. Stakeholders raised a concern that the design of these innovation support mechanisms create particular challenges for hydrogen
projects. The rules governing these sources of funding require LCNF
projects to benefit electricity consumers and NIC projects to benefit
gas consumers (see [308]). It was suggested that hydrogen projects
tend to benefit both sets of consumers, but that these system-wide
benefits could not be taken into account by either of the mechanisms,
making it more difficult for hydrogen projects to access LCNF and NIC
funding. There may be a case for reviewing this potential weakness of
design of the network innovation support structure, and if necessary
making alterations to facilitate projects that generate benefits for both
gas and electricity consumers.

8.5.3. Linking innovation support to deployment support
As noted earlier, heat markets are subject to considerable lock-in effects
and other market failures that prevent new technologies from becoming
adopted. As a result, support for research, development and demonstration alone is unlikely to lead to an optimal outcome in terms of
secure, affordable and low carbon heating. The challenges associated
with shifting away from dominant heating technologies and systems are
considerable. Support will be required to facilitate the establishment of
new technologies in early markets—to build initial supply chains, establish cost reductions through scale economies, manufacturing innovation
and learning-by-doing. Previous experience from a range of low-carbon
energy technologies has demonstrated that technology-push measures
based on R&D funding alone are rarely successful. A mix of instruments,
aimed at developing an effectively functioning innovation system are
required [275, 309, 310]. As recently argued by the cross-government
Low Carbon Innovation Coordination Group, “use of direct public funding to mitigate investment risk alongside market incentives to mitigate
market risk is the norm around the world.” [305]. Government provides
such support for renewable energy and low carbon vehicles, and this is
the basic rationale behind the existing FiT for micro-CHP.
In the case of fuel cells, particularly for residential and small-scale
applications, stakeholders felt that the need for support for early
deployment was more important than support for basic R&D. The technology is now believed to be at the stage in which deployments are
crucial to enable learning and cost reduction in manufacturing, supply-chain development and in real-world operating conditions. This
would in turn enable the UK industry to capture the benefits of earlier
public investments in basic and applied R&D.
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Various options can be envisaged for hydrogen and fuel cell deployment support mechanisms, and a number have been proposed by
stakeholders. Suggestions include:
• Support for hydrogen production at 7.1 p/kWh, building on existing
policy instruments such as the RHI, and support for fuel cell power
generation of 5.1 p/kWh, based on the existing FiT structure [311].
• An ‘off-grid electrolyser tariff’ of 5 p/kWh, to replace the export tariff
within the current FiT structure where export is not possible [299].
• Increase in the rate of FiTs for micro-CHP to 17 p/kWh [294].
A comprehensive support structure should:
• Be aligned with innovation support measures, including demonstration programmes, to ensure that deployment support is timed
and structured appropriately in light of the readiness of technologies. For example, the current FiT for micro-CHP has failed to
provide sufficient incentive to enable significant uptake. Given
the progress within the Ene.field and SOFT-PACT demonstration projects, the time may be right to develop a bridge between
demonstration projects and the market support under the current
micro-CHP FiT. This could be achieved through premium-rate FiT
(or RHI-equivalent or capital grant) which would be available for
the first 500 or 1000 units of each technology (PEMFC and SOFC).
This would provide a route from demonstration to upscaling of
production of micro-CHP fuel cell technologies within the UK.
• Set out a clear approach to support degression, ideally based
on volume.
• Include a diversity of technologies. At the early stages of innovation system development, before a dominant design has been established, enabling experimentation and learning with a diversity of
technologies enables more rapid growth in the longer-term [312].
• Deliver clarity on the environmental performance criteria
for support.

8.5.4. Sustainability criteria for hydrogen energy support
Hydrogen is not a sustainable energy vector unless the production
process produces low emissions. There is a range of views concerning whether any deployment support that provide incentives for the
production and/or use of hydrogen energy should be limited to ‘green’
hydrogen, and if so, whether green criteria should apply immediately or be phased in as the market expands. There is a concern that
a failure to establish and apply criteria could result in a situation in
which subsidy support would be provided to hydrogen produced from
a high-carbon source, resulting in negative environmental outcomes.
Such outcomes are clearly undesirable, not least because they could

Chapter 8

121

risk reducing the perceived legitimacy of hydrogen and damage
prospects for continued policy support. Clarity on this issue, and
the government’s approach to dealing with it over time, would be an
important element in any near-term support for the use of hydrogen
as a heating fuel. In Germany, a ‘green hydrogen’ standard has been
developed by TÜV-SÜD [313], and is increasingly widely used as a
benchmark in projects and demonstration activities for defining ‘green’
hydrogen. The European Commission Joint Undertaking on Hydrogen
and Fuel Cells is funding the development of a European framework
for guarantees of origin of green hydrogen, to enable the harmonised
development of green hydrogen standards.

8.5.5. Deployment policy support in other countries
Other countries have tended to be more willing than the UK to strategically support the development of hydrogen and fuel cell markets.
This has typically been in explicit recognition of the potential energy
system, innovation and industrial benefits of successfully developing
the industry.
Commercial and micro-scale fuel cell CHP projects receive support
of various kinds (FiTs, capital grants, tax incentives) in a number
of countries and regions. Japan’s programme of support for microCHP has been particularly important in terms of deployment and
is summarised in Box 8.1. Korea has provided support at both ends
of the fuel cell size spectrum. 210 micro-CHP systems were installed
between 2006 and 2009, backed by a government subsidy of 80%
of the purchase price (~$47,500 in 2012) [71], at a cost of $18m [314].
Larger-scale systems (multi-MW) for prime power generation have
also received considerable support, making Korea the largest market
for large-scale fuel cells.
In Germany, there has been policy support for micro-CHP in the form
of funding for the Callux demonstration project, which received public
support covering 48% of the project costs [315]. There are also incentives on offer; for example, capital subsidies are available covering 45%
of the additional costs of a fuel cell compared to conventional technologies in Nord-Rhein Westphalia, with the scheme in place until 2017.
In the USA, federal tax credits support both direct investments in fuel
cells (up to 30% of the capital cost), and investments in fuel cell manufacturing [15, 316]. A number of states also provide various support
mechanisms including FiTs, grants and tax credits. The USA, along
with Korea, dominates the market for medium and large-scale fuel
cell deployments, in large part as a response to these policy incentives, and it is US firms that play the dominant role in global fuel cell
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markets at this scale (ClearEdge Power, Bloom Energy and FuelCell
Energy). In California, the Self-Generation Incentive Programme provides a capital subsidy for fuel cells of 1.8 $/W and this has resulted
in substantial growth in fuel cell power generation (note that most of
this is power-only fuel cells), as shown in Figure 8.3. The incentive
provides an additional 20% uplift where the technologies are sourced
from a California supplier [317].

BOX 8.1 JAPAN’S FUEL CELL MICRO-CHP PROGRAMME
By far the greatest activity has occurred in Japan, as the result of generous government funding (circa €200m per year) over the last 10–15
years for both research and demonstration projects to catalyse fuel cell
micro-CHP development. A series of large demonstration programmes
were carried out between 2002 and 2010, resulting in the installation of
3,352 PEMFC and 233 SOFC units into private homes [318, 319].
After the completion of the Japanese Large-scale Stationary Fuel Cell
Demonstration Project in 2009, the Ene-Farm brand of PEMFC systems
was launched collectively by Panasonic, Toshiba and Eneos (a joint
venture between JX Nippon Oil & Sanyo). The commercialisation of EneFarm proceeded swiftly with sales approximately doubling each year,
so that a total of 57,000 systems had been sold as of October 2013 [16].
This rapid expansion has been aided by continued government support,
with subsidies offered to the buyers of these systems, up to a total budget
of £50–150 million per year [16, 72]. The government subsidy has fallen
in line with prices, halving to £4,500 per system in the three years to
2012. It will be phased out by 2015, marking the transition to a selfsustained market for fuel cells.
Japan also lies at the forefront of SOFC development. Companies such as
Kyocera, Nippon Oil and Toto have been engaged in residential demonstrations of 0.7–1 kW systems since 2007. Two models of EneFarm-S were
launched by Kyocera and Eneos in 2012, and over 1,000 systems had
been sold in their first 2 years [320]. The government roadmap aims for
widespread commercialisation of SOFC from 2015–2020 [318].
Japanese fuel cell manufacturers are planning to expand into the
European market, and are partnering with established heating companies. Panasonic and Viessmann have announced their cooperation on
a PEMFC system, while Bosch plan to integrate the Aisin Seiki SOFC
module into their heating system [21]. With continued cost reduction
and take-off of the European market, sales are expected to continue
increasing rapidly in the coming years.
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Figure 8.3 Systems installed under the SGIP in California
Annual SGIP Incentivised Generation Capacity by Technology
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Source: Carter and Wing, 2013 [317].

8.5.6. Converting the gas networks to deliver hydrogen
A particularly important and long-term policy issue is the future of the
natural gas distribution network. As discussed in previous chapters,
and as recognised in government heat policy [3], there is potential
to convert the gas network to deliver pure hydrogen as a zero carbon
domestic heating fuel. Indeed, the energy system modelling suggests
that conversion of some of the UK’s gas distribution network to operate
on pure hydrogen is part of a least-cost pathway to 2050 (Chapter 5).
Additional non-economic factors not represented in the modelling,
but discussed in Chapter 1, make clear that despite the major challenges associated with a conversion programme, these may be similar
to the challenges associated with driving adoption of other low-carbon
technologies that are ill-matched to UK consumer expectations and
current household heating profiles.
Research, innovation and policy planning are required to keep open
the option of a long-term transition to a pure hydrogen network. The
timescales of a cost-effective transition are sufficiently long that there
is a case for embarking on that work now. Such a programme of work
should be staged and re-evaluated as further knowledge is gained
about the potential of gas grid conversion.
The UK has experience of such a conversion process, having converted from town gas (which was 50% hydrogen) to natural gas in the
1970s. The Isle of Man has only recently converted to natural gas. Each
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process required the conversion or replacement of all gas appliances.
Much has changed since the conversion from town gas to natural gas—
with more sophisticated gas appliances, higher gas consumption and
the fragmentation of what was then a consolidated and nationalised
industry. The priorities in the near and medium term are to ascertain
whether conversion is a cost-effective option and whether action
should be taken now to reduce the costs of that option, for example by
mandating that new appliances be easily convertible to operate using
hydrogen and by altering the Iron Mains Replacement Programme to
facilitate the conversion programme.
One important source of uncertainty about the costs and complexity
of a conversion programme is the current lack of knowledge about the
existing gas appliance stock [190]. The DTI concluded in 2005 that
thoroughly mapping UK appliances and subsequently converting or
replacing them would require a workforce of around 50,000 [321].
One option to ameliorate this problem is to consider approaches to
ongoing data collection on installations. Gas appliance installers are
required to carry out a set of checks (under the Gas Safe scheme), and
register new installations.38 Increasingly, manufacturers are requiring
data to be logged on servicing, to ensure warranty conditions are met.
This data is not currently collected systematically or digitally, though
manufacturers are increasingly interested in collecting such data
for commercial reasons. There may be an opportunity for a scheme
to collect data on new appliances and servicing that would enable
better understanding of a conversion plan. Clearly this would involve
potentially sensitive commercial and personal privacy issues, and
these would have to be handled carefully. Stakeholders with whom
we spoke expressed different opinions about the value of such data in
enabling a transition, with some believing that the data would likely
be flawed and that the complexity of model types of gas appliance
would be difficult to deal with.
Finally, there is a need for near-term research and innovation support
to enable longer-term decisions about the future of the gas network.
This includes a need for building and component-scale studies, to
assess the challenges and issues associated with using hydrogen in
existing distribution pipes and systems. It also includes a need for
larger-scale field trials, involving real-world use of hydrogen in a
domestic setting, enabling both learning and demonstration.

38. See Gas Safety (Installation
and Use) Regulations 1998:
www.legislation.gov.uk/
uksi/1998/2451/contents/made.

Examples exist internationally of component and system-scale field
trials. In Denmark, dozens of houses in the village of Vestenskov have
been converted to hydrogen-based heating systems, with micro-CHP
units powered with hydrogen generated from the local wind farm. The
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project involved the laying of a hydrogen pipeline network to houses
(the area was not previously served with natural gas), and the installation of fuel cell micro-CHP systems [307]. Similarly, in Fukuoka
Prefecture in Japan, by-product hydrogen from industry has been used
as the source for a network of homes operating with fuel cell microCHP systems [322].

8.6. CONCLUSION
Hydrogen and fuel cells represent important options for meeting
government heat policy objectives. The current policy structure for
delivering low-carbon, secure and affordable heat has neglected these
technologies and several of the policy instruments and incentives used
to meet heat policy goals omit hydrogen and fuel cell technologies.
This chapter has provided an overview of the key policy issues for
using hydrogen and fuel cell technologies for heating in the UK.
Several key conclusions can be drawn. First, current policy mechanisms do in some cases discriminate unnecessarily against these
technologies. In particular, the rules underpinning the CHPQA and the
very narrow limits on hydrogen in distributed gas should be reviewed.
Second, there are a number of system benefits that hydrogen and fuel
cell technologies offer that cannot be captured under current market
arrangements. Until technical and institutional changes that can reflect
these benefits are made (in particular enabled through smart meters),
investment in these technologies will be less than would occur in an
optimal market outcome. There may be a case for policy intervention
in order to capture these system-wide benefits, where this can reduce
overall costs and enhance system resilience. Third, it is clear that
hydrogen and fuel cell technologies are an important long-term option,
and that action now is necessary to keep the option open. This is true
for the long-term possibility of converting the gas distribution network
to hydrogen, and it is also true for fuel cell CHP systems—at domestic
or commercial scales—which will require policy action to enable the
technology to be developed to the point at which market forces alone
can determine their role.
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9.1. THE OPPORTUNITY FOR HYDROGEN AND FUEL
CELLS TO CONTRIBUTE TO LOW-CARBON HEATING
UK homes and other buildings are currently overwhelmingly heated
by natural gas, which has important advantages over other forms of
heating by being familiar to consumers, convenient and relatively safe
to use, supplied through an extensive infrastructure, and combusted
by well-developed and well-understood appliances. Unfortunately,
natural gas is a fossil fuel and the carbon emissions from millions of
buildings cannot be cost-effectively captured and sequestered. This
means that the decarbonisation of the energy vector used for UK
heating is an imperative if the medium and long-term targets for
UK decarbonisation are to be achieved.
Current modelling tends to indicate that such decarbonisation will be
achieved by some combination of heat pumps, using very low-carbon
electricity, and biomass combustion, with or without district heating.
However, there are practical difficulties associated with these low
carbon options. Heating tends to be required at times of day when
there is already peak demand for electricity (the early evening on cold
winters’ days). Meeting this heat demand through heat pumps would
require substantial new investment both in peaking plant, used relatively infrequently through the year, and in reinforcement of electricity distribution networks, to enable them to carry the extra electricity
required for the heat pumps. In addition, most current central heating
systems would not function well with heat pumps, so that they would
need to be substantially redesigned for heat pump heating to be effective. This would entail substantial domestic upheaval and extra
expense. Finally, heat pumps, especially air source heat pumps, work
least well in cold ambient temperatures.
District heating would require substantial investment in heat networks. While a number of Northern European countries have established extensive heat networks, which work efficiently at providing
low-carbon heat, the UK has not so far succeeded in installing heat
networks on a large scale, and there are grounds for thinking there
are barriers to this that are not experienced elsewhere.
Fuel cell micro-CHP has a number of advantages over both heat pumps
and district heating. Fuel cells use fuel very efficiently, so that overall
efficiencies of at least 80% can be achieved through the generation and
use of both heat and electricity. Second, fuel cells deliver maximum
heat and power output when there is peak demand for electricity,
which, compared with heat pumps, reduces both the required peaking
capacity and the necessary distribution network reinforcement (Chapter
6). Third, micro-CHP fuel cells resemble boilers in their operation,
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which means that they should be more readily accepted by consumers,
and they can use current central heating systems, obviating the need
for their substantial re-design. Fourth, the fuel for micro-CHP fuel cells
can be delivered through the current gas network, without any modification of the natural gas fuel (which is then reformed at the household
level to produce hydrogen for the fuel cell). Fifth, micro-CHP diversifies
the generation mix and improves energy security. These are powerful
advantages, which argue for micro-CHP fuel cells to be taken seriously
as potential large-scale sources of low-carbon heat.
Hydrogen appliances also have a number of advantages over low-carbon
alternatives. As already noted, hydrogen boilers operate identically to
natural gas appliances, and could provide zero-carbon energy services
without the disruption to living patterns entailed by other low-carbon
technologies. In the near term, hydrogen could be injected into the gas
network to lower the carbon intensity of the delivered gas. In the longer
term, there are plausible scenarios under which hydrogen could potentially replace natural gas altogether in some or all of the UK’s regional
gas distribution networks. The energy system modelling in Chapter 5
suggests that conversion of some of the UK’s gas distribution network to
operate on pure hydrogen is part of a least-cost pathway to 2050.

9.2. CHALLENGES FOR HYDROGEN FUEL CELLS TO
MAKE A LARGE-SCALE CONTRIBUTION TO LOWCARBON HEATING
Delivering low-carbon heat through hydrogen and fuel cells nevertheless faces a number of significant challenges if its use is to become
widespread.
The biggest obstacle to the mass deployment of fuel cells is cost, with
the capital cost of micro-CHP still around seven times the cost of gas
boilers. The lower operating cost of fuel cells, because of their higher
efficiency, would not easily pay back their extra capital cost over their
lifetime. However, the capital costs of fuel cells have fallen markedly
in recent years, as discussed in Chapter 2, and there is every prospect
that this cost reduction will continue, although perhaps more slowly
than in the past, provided that substantial deployment of micro-CHP
fuel cells continues. In addition, the system benefits of micro-CHP fuel
cells, permitting lower energy system peaking capacity and distribution network reinforcement, are another considerable source of value,
although whether they actually contributed to fuel cell deployment
would depend on whether the incentive structure was such that the
benefits could be captured by those installing the fuel cells. Chapter 8
explains how smart grids and smart meters could enable such incentives to be implemented.
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The other major challenge facing micro-CHP fuel cells is that, despite
their high efficiency, the continued use of natural gas as their primary
fuel source is incompatible with the high levels of decarbonisation
required by statutory UK carbon emission reduction targets. Clearly it
would be possible to deliver hydrogen directly to the fuel cells. If this
was done purely at the distribution network level, the network would
require very little modification – indeed, the network at this level used
to carry ‘town gas’ which was a mixture of hydrogen and other gases.
However, the hydrogen would need to be produced from low-carbon
sources if it was itself to be low-carbon, and this probably entails electrolysis using electricity from renewable or nuclear sources (Chapter
3). The production of hydrogen in this way is currently more expensive
than the natural gas it would be replacing, although it would be reduced
to the extent that it could be achieved through the use of renewables
that would otherwise be wasted because of low demand at times of high
renewables generation. The quantity of hydrogen required to be a significant substitute for natural gas would, however, be very large, and it is
unlikely that surplus renewables could provide more than a relatively
small share of this. Moreover, unless the hydrogen could be produced
locally in the required quantity, it would need to be delivered through
a new gas transmission network as the existing natural gas transmission
network is not suitable for hydrogen transportation.

9.3. POLICY APPROACHES TO ENABLE HYDROGEN AND
FUEL CELLS TO MAKE A LARGE-SCALE CONTRIBUTION
TO LOW-CARBON HEATING
Given the need to supply low-carbon heat, whether it is delivered
through heat pumps, fuel cell CHP or micro-CHP, or some combination
of these options, it may be said with confidence that public policy,
entailing planning and the establishment of appropriate incentives,
will be required for the transition to be managed effectively and
efficiently.

9.3.1. Policy approaches for fuel cells
Most obviously, policy in this area needs to remove the discrimination
against fuel cell CHP in the current definition of ‘good quality CHP’ as
discussed in Chapter 8. For micro-CHP, there may be a need for training
support to be established, perhaps building on the existing voucher
support for renewable heating installers, to ensure that gas installers
become as familiar with and expert in installing micro-CHP fuel cells
as they are with gas boilers. In addition, there is a case for expanding
support for the early installation of micro-CHP fuel cells (whether in
the form of capital grants or a premium-FiT for a limited number of
initial installations), to bridge the demonstration and early deployment
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stage. Policy support should learn from the Japanese experience in this
area. Together, these measures should remove the barriers to installing
fuel cells in both residential and commercial buildings.
The initial deployment would need to be reinforced by the provision
of operating incentives for fuel cell CHP. Most desirable would be the
establishment of time-of-day feed-in tariffs for the electricity that is
exported to the grid. To the extent that the feed-in tariffs reflect the
costs of peaking capacity and network reinforcement avoided by fuel
cells, these feed-in tariffs would not, unlike most feed-in tariffs, represent a subsidy, but rather a reflection of the value that they deliver
to the wider electricity system. However, setting up the feed-in tariffs
in this way, and determining their cost-reflective level, as well as any
extra support that may be required in order to ensure that the fuel cells
are actually deployed, is likely to be a non-trivial task. It is clear from
the current level of uptake of micro-CHP that the current level of support for micro-CHP fuel cells is too low to drive adoption.
As fuel cell deployment proceeds, government policies should aim
to build up the domestic supply chain in this area. With a growing domestic market, it is likely that some of the foreign companies
already active with fuel cells would establish UK-based operations.
Government should seek to promote innovation in this sector, linking
the science base with existing commercial expertise in fuel cells, and
providing a supportive environment for the latter to grow as deployment proceeds, such that the full supply chain for micro-CHP fuel
cells is increasingly present in the UK.

9.3.2. Policy approaches for hydrogen
Finally, government needs to take a long view on the future of the
natural gas grid. It is unlikely that the feasible, cost-effective option
will be either of the two extremes: complete decommissioning of the
gas grid by 2050, with a complete switch of heating to heat pumps and
biomass; or complete conversion of the gas grid to carry hydrogen. It is
more likely that the gas grid will be gradually converted to carry more
hydrogen, with the end point of this process still very uncertain.
There is still considerable uncertainty as to whether the process
of decarbonising the gas grid should begin by injecting small, but
increasing, quantities of hydrogen (from either electrolysis or anaerobic digestion) into the grid, or whether it would be better to start by
seeking to create more or less discrete ‘hydrogen communities’, with
their gas distribution grid and appliances converted to carry and use
exclusively hydrogen, produced locally.
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The first approach has the advantage of not requiring changes to the
basic infrastructure of the gas grid, and therefore offering the opportunity of early decarbonisation in ways that do not involve major future
commitments, but its potential impact on emissions is limited by the
relatively low proportion of hydrogen that this path offers.
The second approach can approach total decarbonisation for the
communities involved, but the level of change for these communities is much larger (although this change should involve few changes
to the local gas distribution network, which studies suggest could
mostly already safely transport pure hydrogen). It is unlikely that this
approach would be successful unless the UK were to acquire considerable experience with the installation and operation of fuel cell and
hydrogen appliances, to the point where the conversion programme
could proceed with confidence that the relevant communities would
be pleased with the results. An early bad experience with such a conversion could greatly delay its widespread take up or prevent future
conversions.

9.3.3. The need for a roadmap for hydrogen and fuel cell heating
These considerations suggest a possible way for policy to proceed in
this area. First, fuel cell micro-CHP using natural gas needs to be quite
widely deployed, using the policy incentives outlined above, building
up installer skill and experience and consumer understanding and
acceptance of the technology. Small quantities of hydrogen could start
to be injected into the grid, for the limited decarbonisation that this
would achieve, but mainly to start the process of consumers becoming
familiar again with the idea of the gas networks carrying hydrogen.
Once there was adequate experience and familiarity with and acceptance of the technology, the government could announce a competition
for areas that wanted to become ‘hydrogen communities’. This could
build on the experience of some Scottish towns whose gas networks
are supplied by LNG rather than the gas transmission network. Some
of the hydrogen communities could be off-grid areas with high local
housing densities where it would be relatively inexpensive to build a
new gas network. Others could be already on the gas grid, which could
be converted to 100% hydrogen, and disconnected from the natural
gas grid once all the appliances had been converted and adequate local
hydrogen production facilities been put in place.
The conditions for achieving this conversion, and the costs associated
with it, require careful further study. It would be useful for government
to engage industry, and consumer organisations, in the construction of
a ‘roadmap’ plotting out in some detail the sequencing of how a large-
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scale conversion to hydrogen-fuelled heating could be brought about.
This would assess the costs for the fuel cells, hydrogen production and
grid conversion, which would in turn depend on the pace and extent
of cost reduction, through technological advance and through ‘learning
by doing’ as the technologies were deployed. Any substantial conversion programme would take a considerable period of time. Taking early
action to assess its desirability and, where this was shown, to implement demonstration projects, could greatly reduce its long-term costs,
and increase its likely success, compared to trying to do it in a rush.
A successful conversion programme could significantly reduce the cost
of low-carbon heat provision in the UK. Conversely, a lack of government action will risk being left with a gas grid that is incompatible with
the UK’s carbon targets, and only relatively costly low-carbon heating
options, because it is certain that low-carbon fuel cell micro-CHP will
not be delivered on a large scale by market forces alone.
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