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The emissions reductions required by 2050 under the Climate Change Act mean that energy will
need to be suppliedalmost entirely carbon-free. That pointsto a large role for electricity, for
which several low-cost zero-carbon production technologies are already available. It could also
mean a role for hydrogen, which can be produced in low-carbonways from electricity or with
carbon capture and storage (CCS).

Alternatives to carbon-based fuels will be required across the energy system: not just in
electricity generation, butalso in our buildings, industry and transportation. Now is the moment
for the UK to move decisively beyondthe successful decarbonisation of electricityintoa broader
strategy for these sectors. Emissions can be cut from these sectors while growing the economy
and at minimal overall costto energy consumers.

The UK’s commitments under the Paris Agreement further emphasise the imperative for zero-
carbon energy. This will require government to make strategic decisionson energy
infrastructure and the use of available energy resources. The Committee has undertaken this
Hydrogen Review in parallel withreports on Biomass in a low-carbon economy and on land use.
The insights in these reports will feed into our new appraisal of the UK’s long-term climate
targets, due in spring2019.

A combination of energy efficiency and electrification based on zero-carbonelectricity cantake
the UK a great deal of the way towards near-full decarbonisation of the whole energy system.
But itis a strategy that, alone, is not enough. Producing hydrogen in low-carbon ways and using
it to meet challenging demands (e.g. for heat in industrial processes, for heating buildings on
colder winterdays and for heavy transport) is likely to be an important part of the next stage of
the UK's energy transition.

Our key messages in this reportare:
e Hydrogencanbe a strong complement to electrification.

— The possibility of producing hydrogen bya low-carbonroute and storing it at scale
makesit a potentially valuable complementtoelectrificationinreducing emissions from
energy use to a very low level, cost-effectively, by 2050. Production of low-carbon
hydrogen at scale will rely on deployment of carbon capture and storage (CCS).

— Used selectively,alongside widespreadelectrificationand improvements to energy
efficiency, hydrogen has potentially valuable rolesin replacing natural gas (e.g. for
heating buildings on colder winter days, industrial process heat and back-up power
generation) and liquidfuels (e.g. in heavy transport). With a planned approach, it is likely
that the use of hydrogen will enable UKemissions to reach lower levels by 2050 than
could be achieved without it.

¢ The need foraction on hydrogen.If hydrogen is to play a substantial long-termrole,
progress towards deployment of low-carbon hydrogen at scale must start now. Deployment
of hydrogen should start in a 'low-regrets' way over the next decade, recognising that even
an imperfectroll-outis likely tobe betterinthe long term than a'wait-and-see'approach
that fails to develop the option properly.

¢ The need fora heat decarbonisation strategy. The largest potential for hydrogen to
contribute to decarbonisation is as a low-carbonfuel for heat in buildings and/or industrial
processes. These uses will also determine hydrogen infrastructure requirements, for example
relating to the future of gas distribution networks. Hydrogen’s future role therefore restson
strategic certainty about how the decarbonisation of heat will be deliveredin the UK. Italso
relies on the implementation of CCS, given its importance for low-carbon hydrogen
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production at scale. A commitment should be made now to develop a fully-fledged UK
strategy for decarbonised heat withinthe next three years, including clear signals on the
future use of the gas grid in the UK.

e Costs.Deploymentofhydrogen can provide a cost-effective option to displace fossil fuels in
applications where emissions reductions would otherwise be impractical and/or expensive.
This will be important in reaching near-full decarbonisation of the whole energy system. As
part of a package - alongside energy efficiency, cheap low-carbon power generation and
electrification of transport - hydrogen can contribute to deep decarbonisation of energy at
lower costs than we have previously estimated.

Where hydrogen can add value

Hydrogen is often seen as an easier or cheaper way of achieving long-term decarbonisation, but
itisimportant to draw such conclusions on the evidence over the role that hydrogen can play
(Box 1).

Box 1. Evidence on the potentialrole of hydrogen

In engaging with stakeholdersfor this review, the Committee heard a rangeof views about the
potential role of hydrogen in decarbonisation.The evidence and analysis presentedin this Review
allow us animproved understandingof hydrogen's potential role:

¢ The existing gas grid does not preclude other solutions for heat decarbonisation. The sunk
costs of having an extensive gas grid do not automatically meanthat it will be lower cost to switch
it over to hydrogenand useitin boilers as we do with natural gas at the moment.Our analysis finds
that the costs of arange of pathwaysfor heat decarbonisation are similar (see Figure 1), including
thosein which the gas grid has a much reduced role or is decommissioned.

o 'Surplus'low-carbon power is limited. While thereis some opportunity to utilise some 'surplus'
electricity (e.g.from renewables generating at times of low demand) for hydrogen production,our
modelling shows that the quantity s likely to be smallin comparison to the potential scale of
hydrogen demand. Producinghydrogenin bulk from electrolysis would be much more expensive
and would entail extremely challenging build rates for zero-carbon electricity generation capacity.

e Hydrogen from fossil fuels with CCS is low-carbon but not zero-carbon. Gas reforming with
CCS has a potentiallyimportantrole, especially in scaling up a hydrogen industry. However, it is
low-carbon rather thanzero-carbon, providinglifecycle emissions savings of 60-85% relative to
naturalgas usein boilers. If hydrogen fromgas with CCSis deployed in very large quantities, the
emissions savings may be insufficient to meet stretchinglong-termemissionstargets.

¢ Imports are uncertain. Internationaltrade in low-carbon hydrogen' maydevelop overtime.
However, itis not a certainty that it willand the costs may be no lower than that of domesticlow-
carbon hydrogen production.It would therefore notbe sensible for decisions taken nowon the
UK's energy infrastructure to rely on large-scaleimports.

We therefore conclude that hydrogen is best used selectively, where it adds mostvalue alongside
widespread electrification, improvementsto energyand resource efficiency, and use of CCSin industry
and on bioenergy. This means using hydrogen where the alternative is continuing to burn unabated
fossilfuels or where there are limits to feasible electrification.

' It currently appears that converting hydrogen to ammonia as a means of transporting it over long distances would
have lower costs than transporting itas hydrogen.
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While production and use of hydrogen is generally less efficient than electrification, hydrogen is

more readily storable than electricity at very large scale. This means that hydrogen has particular
value as a low-carbonreplacement for natural gas (and potentially oil) in applications where full

electrificationis very difficult, disruptive and/or expensive:

e Buildings.

— Hydrogen could play a valuable role as part of a heating solution for UK buildings,
primarilyincombinationwith heat pumpsas part of ‘hybrid heat pump’systems.Our
assessmentis now that heat pumps, powered by increasingly low-carbon electricity, offer
the potential to provide heat efficiently for most of the time, with hydrogen boilers
contributing mainly as back-up to meet peakdemands on the coldest winter days.

— Deployment of this combination of hydrogen and heat pumps could almost completely
displace fossil fuel use in buildings. While not without challenges, this solution would
enable the energy system to reach very low emissions, with greater feasibility and public
acceptance than islikely with strategies for the full electrification of heat or the full use of
hydrogen as a like-for-like replacement for natural gas as we use it today.

¢ Industry.New evidence indicates that hydrogen has an important potential role in reducing
emissions from industrial heat, especially where the flame (and subsequent combustion
gases) needs to come into direct contact with the material or product being produced (e.g. in
furnaces and kilns). Hydrogen also appears to be well suited to decarbonisation of more
distributed sources of CO, emissions (e.g. from the food and drinks sector), which would be
impractical and costly to capture.

e Power.By 2030, the UKis likely to have a very low-carbon electricity system, withrenewables
and nuclear backed up by flexible thermal plants — mainly natural gas plants. There is an
opportunity for hydrogen to replace natural gas cost-effectivelyinthis back-up role,
potentially enabling power system emissions to get close to zero by the 2040s. This would be
helpedif new gas plants can be made ‘hydrogen ready’, including beingwell-sited with
respectto potential hydrogen supplies.

e Transport.While battery electric vehicles are now well placedto deliver the bulk of
decarbonisation for carsand vans, hydrogen fuel cell vehicles could play an importantrole
for heavy-duty vehicles(e.g. buses, trains and lorries) and potentially for longer-range
journeys in lighter vehicles, where the need to store and carry large amounts of energy is
greater. There isalso a potentiallyimportantrole in decarbonising shipping, especiallyifan
international marketin low-carbon hydrogen or ammonia develops.

Repurposinggas distribution networks to contribute to buildings decarbonisation would mean
that low-carbon hydrogen is widely available, enablingit to play a wider role within other
sectors. However, this is not a preconditionfor adoption of hydrogen technologiesand there will
be an important period before any gas grids are switched over to hydrogen. Even without a
decisionto switchgrids to hydrogen, dedicated infrastructure solutions mean hydrogen can still
play importantrolesin industry, heavy transport and the power sector.

The need for deployment

Hydrogen has beenrecognisedas an option to reduce emissions for a long time, butit has yetto
justify its deployment at scale within the UK energy system.Currently, hydrogen is not
commerciallycompetitive in most potential applications. Thisis likely to continue unless and
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until costs can be driven down, including through deploymentat scale,and incentives for its use
become stronger.

Continuing an incremental approach that relies onisolated, piecemeal demonstration projects
may lead to hydrogen remainingforever an option 'for the future'. The longer it takes for
hydrogen to become a proven option, the smallerthe role it will be able to play by 2050.

The UK does not currently produce significant amounts of low-carbon hydrogen, nor does it
have technologies in place that would provide a market for that hydrogen. One of the key
challenges for hydrogen technologies is to get a foothold in the energy system, overcoming this
‘chickenand egg' barrier.

A priority for the 2020s should therefore be to demonstrate hydrogen'’s value by deploying
hydrogen technologies in a way that breaks this cycle of inaction:

e Hydrogen production should start at scale as part of a CCS cluster, for use in a range of ways

that would not initially require major infrastructure changes (e.g. use in buses, power
generation, industry or blending at small proportions into the natural gas supply).

e Hydrogen-ready technologies (e.g. boilers, turbines) should be developedin parallel and
theirdeployment supported by policy.

e Effective policy mechanismsshould be putin place that drive adoption of hydrogen

technologies where they add most value, as hydrogen’s long-term role in the energy system
becomesclearer.

A strategic approach to heat decarbonisation

Heating buildings is one of the areas where the challenge in achieving deep emissions
reductions by 2050 is greatest. We have previously recommendedlow-regret measures that the
government should pursue now, including much high levels of energy efficiency and some
deployment of low-carbon heat especially off the gas grid (Box 2). However, we identified that
displacingnatural gas heating will be difficult given its low costs, familiarity and convenience
and the need for strategic decisions by the mid-2020s on the respective long-term roles of
hydrogen and electrificationin decarbonising heat for buildings on the gas grid.

Making strategic decisionson the future of heat provisionand the gas grid will be difficult for
any government. It requires the acceptance of higher short-term costsand a long-term outlook,
beyond the standard Parliamentary timetable.Nevertheless, as an infrastructure issue with long
lead-times, it must be addressed with strategic decisionsin the 2020s if we are to meet the 2050
target under the Climate Change Act.

Analysis for this report shows that a range of pathways to 2050 for heat decarbonisation, based
on hydrogen and/or electrification, have similar costs. These conclusions are similar to those of
the National Infrastructure Commission.2 New analysis for this report shows that these pathways
include a ‘Hybrid Hydrogen’ pathway in which hydrogen boilers provide back-up to heat pumps
on colderwinter days.?

2 National Infrastructure Commission (2018), National Infrastructure Assessment.

3 The modelling undertaken for the Committee by Imperial College initially analysed three heat decarbonisation
pathways: full electrification; full deployment of hydrogen; and 'hybrid' heat pumps backed-up by boilers using
natural gas and biomethane. We subsequently asked themto model a pathway with hybrid heat pumps backed-up
by hydrogen boilers. Imperial College (2018) Analysis of alternative UK heat decarbonisation pathways.
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When taking decisionson how to decarbonise it is therefore sensible to consider a range of
factors other than cost, including public acceptability and the feasibility of delivering near-full
decarbonisation of heating for buildings by 2050.0n each of these considerations, pathways
based on full electrification and full hydrogen face considerable challenges.

e Publicacceptance.Newresearch has highlighted that the publicis unaware both of the
need to move away from natural gas heating and of what hydrogen or heat pump
alternatives would entail. Making decisions by the mid-2020s to pursue either option as the
primary solution for heat decarbonisation carries with it the possibility that the chosen
solution will be rejected.

e Delivering near-fulldecarbonisation by 2050.

— A ’full hydrogen’ pathway would require large volumes of hydrogen. Depending on
how this demand is met, this would lock-into significant residual emissions and/or mean
extremely challenging buildrates for low-carbon energy infrastructure.

* Producing large volumes of hydrogen from natural gas with CCS could lock the UK
into a path with insufficient emissions reductions by 2050 - this route offers a
reduction in lifecycle emissions of 60-85% comparedto natural gas boilers,so could
leave residual emissions of 20-70 Mt. It also depends heavily on both deployment of
CCS at very large scale and gas imports at around double today’s levels.

= While production of hydrogen through electrolysis from ‘surplus’ renewables and/or
nuclear could be a cost-effective niche, the size of this opportunity issmallin
comparisonto potential demands for hydrogen. Producing hydrogen in bulk from
electrolysis wouldbe much more expensive and would entail extremely challenging
buildrates for electricity generation capacity.

= Although it may become possible toimport hydrogen from low-cost production
elsewhere inthe world, in making strategic infrastructure decisionsin the near term
it would not be sensible to rely on an international marketin low-carbon hydrogen
emergingover the coming decades.

— A full electrification pathway would also entail major challenges, relatingto how
widely heat pumpscan be deployed and how to meet the peakof electricity demands of
the coldest winter days, which strain local grid capacity and are challenging to meet
through low-carbon supply alone. Batteries alone cannot provide the scale of energy
storage required to meet seasonal swings in energy demand.

Giventhe imperative for early decisions and the evidence currentlyavailable, itis not prudent to
plan now on achieving the necessary emissions reductions by 2050 only from hydrogen (i.e.
using hydrogen in boilers as we use natural gas now) or via full electrification.

Recentdevelopmentsin the Committee’s modelling of future energy system scenarios mean
that our assessment of the most feasible approach to decarbonising heat for buildings has
changed (Box 2):

e The path to near-full decarbonisationby 2050 now entails near-term deployment at scale of
‘hybrid’ heat pumpsin buildings on the gas grid, alongside substantial improvementsin
energy efficiency, low-carbon new-buildand other ‘low-regrets’ heat decarbonisation
deployment.

e Ahybrid heat pump can be retrofitted around the existing boiler, makingit part of an
upgraded, smart heating system.This retrofit can be done alongside improvements to
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energy efficiency of the building, leading to dramatic cuts in both emissions and fossil fuel
consumption while retaining high performance and potentiallyimproving comfort levels.

e Retaining the boiler means that the heating system would provide equivalent performance
to existing heating systems,and would not require changes to radiators. This more
incremental approachto switchingto heat pumpsis likely tobe considerably more
acceptable tothe publicthan replacing the boiler with a heat pump.

e Deployinghybrid heat pumpswould lead to greater reductions in near-term emissions from
buildings, and provide greater confidence that very low levels of emissions can be reached
by 2050.This would keep open the option of switching the remaining gas supply to
hydrogen at a later date, and would reduce the volume of hydrogen that would be needed
in that scenarioby around 70% for heating and by around 50% across the energy system.

e This would reduce concerns over whether sufficient low-carbon energy supplies can be
delivered.Hydrogen from gas reforming with CCS and from electrolysis could play significant
rolesas part of a mix, potentially with production from sustainable biomass with CCS.

This approach would retain the value of the gas grid to the energy system, while both cutting
emissions and the scale of gas consumption more quickly,and reducing the scale of the
challenge to move to full decarbonisation by 2050.

Box 2. A near-term strategy foremissions reductions from buildings

In combination with a set of actions on heat decarbonisationthat we have already recommended,
deployment of hybrid heat pumps alongside low-costrenewable power generation provide a further
means to reduce emissionsfrombuildings in the near term:

o Energy efficiency. Regardless of the approachto heat decarbonisation, effective policies must be
developed to deliver on the government's Clean Growth Strategy commitmentto improve the
efficiency of the existing stock of homes to EPCBand Cby 2035. Achieving this will help to reduce
people's bills, increase comfort levels and reduce the costs of heat decarbonisation. New buildings
should be built with a high level of energy efficiency and designed for low-carbon heating systems,
enabling them to be low-carbon from the outset.

¢ Hybrid heat pump deployment. Hybrid heat pumps can make a substantivedifference if
deployed at scale (e.g. 10 million hybrid heat pumps by 2035 in on-gas buildings). Retrofittinga
hybrid heat pump system at the same time as implementing energy efficiency improvementsto a
building would minimise overall disruption andsharply reduce its emissions. As demonstrated by
the Freedom project, these can be operated smartly, with the ability to fallback on gas (or
ultimately hydrogen) boilerswhen necessary.This would add considerably to the responsiveness
of electricity demand, helping it to operate with higher proportions of less flexible generation (i.e.
renewables and/or nuclear).

¢ Deployment of low-cost renewable electricity generation. The dramaticreductions in the costs
of renewable electricity generation have created an opportunity for more cost-effective earlieruse
of heat pumps. Deploying wind and solar will already be cheaper than building fossil power
generationin the 2020s at current carbon prices, so the addition of flexible demand from heat
pumps (i.e. that can be shifted smartly by a few hours or switched to gasboilers if necessary)
should be accompanied by the addition of corresponding amounts of additional low-cost
renewable electricity generation.

o Other low-regrets solutions for heat decarbonisation. The governmentshould also pursue the
range of low-carbon heating solutions we described as low-regretsin our 2016 report on Next Steps
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Box 2. A near-term strategy foremissions reductions from buildings

for UK Heat Policy: deployment of low-carbon heat networks in heat-dense areas; heatpump
deployment off the gas grid; and increasing levels of biomethane injection into the gas grid.

These actions, would lead to homes being more comfortable and having significantly lower emissions
in the nearer term. It would also make near-full decarbonisation of heatin thelong term more
achievable, if the hydrogen option is developed in parallel:

e Delivery ofthese measures,including hybrid heat pumps, would cut gas demandsubstantially by
the 2030s, making any subsequent switchoverof gas grids to hydrogen more deliverable by
reducing the volume of low-carbon hydrogenrequired.

e Hybrid heat pump deploymentwould also help develop a full electrification pathway, increasing
public familiarity with heat pumps via an incremental solution with less disruption (e.g. in replacing
radiators as may be required for non-hybrid heat pumps).

By taking thefirst part of the decision over how to decarbonise heat fully for on-gas properties now,
the second part - on how to reduce emissions from the considerably lower residual natural gas use -
could potentially follow slightly later than we had previously set out (Figure B2).

Figure B2. Pursuing a'hybrid first'approach alongside otherlow-regretactions

2020 2025 2030 2035 2040 2045 2050

Low-regret actions ‘ ‘ ; ‘ ‘ ; ;
Substantial energy efficiency 1 3 1 3 3 1 >

improvements, low-carbon heat
(heat networks, off-grid heat pumps)

g

Previous decision / roll-out timeline

Decisions for on-gas buildings on ‘
roles of hydrogen & electrification ‘

Roll-out for on-gas buildings of § § ‘ : 1 ‘ §
hydrogen and/or full heat pumps : : : i

OR
‘Hybrid first’ timeline . . ‘ : ; :
Roll-out of hybrid heat pumps in on- ' : : >':‘ “““ * ““““ “““ .

gas buildings

Decisions on how to decarbonise on-
gas buildings fully

Roll-out for on-gas buildings of I 1 1 >

hydrogen and/or full heat pumps

Notes:'Low-regret'actions are those that the Committee recommendedin 2016 should be pursued
immediately, with subsequent decisions to be made by the mid-2020s on the respective roles of hydrogen
and electrification in on-gas buildings outside heat network areas, for roll-out between 2030and 2050 (shown
the middle section of the diagram). The 'hybrid first' timeline would entail pursuing the low-regret actions
now alongside deployment of hybrid heat pumps in on-gas properties, with decisions on achieving full
decarbonisation able to come slightly later.
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The costs of decarbonising heat, power and surface transport

Parliament has already acceptedthat meetingthe targets under the Climate Change Act will
have some costs, which we have previously assessed as being 1-2% of GDP. We estimate that
costs of near-full decarbonisation heat for buildings, through hydrogen and/or electrification,
will be up to 0.7% of GDP in 2050.That the costs of heat decarbonisation are such a significant
proportion of the total costs reflectsits importance and the challenge in achieving the necessary
emissions reduction overall by mid-century.

However, the dramatic recentfalls in the costs of renewable electricity generationand batteries
mean that we now expectlow-carbonpowerand transport to cost lessby 2050 than their high-
carbon equivalents today, offsetting some of the costs of decarbonisingheat (Figure 1). The
lower costs of low-carbon power generation also reduce the costs of electrified heat. This means
that our overall assessment of the costs of decarbonising the energy system are considerably
lower than previously estimated. We will take this into account when providing advice in spring
2019 on the implications of the Paris Agreement for the UK's emissions targets.

There remainimportant questions over how to pay for heat decarbonisation, especiallyinthe
case that this is achievedin different ways or at different rates in different parts of the UK. The
distribution of the costs of heat decarbonisation is a policy choice for government.

In developing a Heat Strategy, the government should consider how to ensure that the costs of
heat decarbonisation are spread fairly, without exacerbating fuel poverty. This should include:

e Addressing the currentimbalance betweenelectricity and gas prices, which causes
households that rely on electric heatingto pay disproportionately towards the costs of
environmental and social policies,*anddistorts incentivesina way that increases the costs of
moving away from fossil fuel heating.

e Consideration of how to introduce hydrogen in industry, given that it would increase costs

relative to the use of fossil fuels it would displace and that there are likely to be significant
barriers to uptake.

The costs relating to a potential switch of heat in buildings from natural gas to hydrogen would
be appreciably reduced by the development and roll-out of hydrogen-ready boilers, ifthis is
achieved on a timescale that would enable them to comprise asignificant fraction of the boiler
stock. This would also reduce the disruption associated with a switchover.

4 Analysis forour 2017 Energy Price and Bills re port showed that policy costs comprise 13% of energy bills for
households with gas heating and 23% for those with electric (e.g. storage) heating.
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Figure 1. Costs of heat decarbonisation are largely offset by a cheap low-carbon electricity by 2050

Estimated energy system cost changes between 2030 and 2050
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Source: CCCanalysis based on Imperial College (2018) Analysis of alternative UK heat decarbonisation pathways.
Notes: Transportation savings are pre-tax and do not relate to the fact that electric vehiclesin the UK currently

don't pay fuel duty.

Recommendations

In order for hydrogen to become an established optionfor decarbonisation during the 2020s,
the Committee recommendthe following range of actions on strategy, deployment, public
engagement, demonstration, technology developmentand research:

Heat decarbonisation strategy. A key use of hydrogen is as a decarbonised fuel for heat in
buildings and/or industry. This requires strategic certainty on how decarbonisation of heat
will be deliveredin the UK. In order to create the necessary signals for commercial
investment,a commitment should be made now to develop a fully-fledged UK strategy for
decarbonised heat within the next three years, including clear signals on the future use of
the gas grid and supporting requirements for carbon capture and storage (CCS) in the UK.

Strategy for decarbonising heavy goods vehicles (HGVs). By 2050 it will be necessary for
HGVs to move away from combustion of fossil fuels and biofuels to a zero-emissions
solution. Decisions about how to achieve this will be required in the second half of the 2020s.
This will necessitate small-scale trial deployments of hydrogen HGVs in a variety of fleets
priorto this, in the UK or elsewhere.

Energy efficiency improvements. Regardless of the approach to heat decarbonisation,
effective policies must be developedto deliver on the government's Clean Growth Strategy
commitmenttoimprove the efficiency of the existing stock of homesto EPC Band C by 2035.
Achieving this will help to reduce people's bills, increase comfort levels and reduce the costs
of heat decarbonisation. New buildings should be built with a high level of energy efficiency
and designed for low-carbon heating systems, enabling them to be low-carbon from the
outset.
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¢ Hydrogen deployment. We have previouslyrecommendedthat two CCS clustersare
developedin the 2020s,in order to establisha CCS industry and enable deploymentat scale
from 2030.We now recommend that significant volumes of low-carbon hydrogen should be
produced at one of these clusters by 2030, and be used in applications that would not
require major infrastructure changes (e.g. applicationsin industry, power generation,
injectioninto the gas network and depot-basedtransport).

¢ Identification oflow-regret hydrogen deployment opportunities. The government

should assess the range of near-term opportunities for hydrogen use across the energy
system and set a strategic directionfor low-regret use of hydrogen in the 2020s.

¢ Publicengagement. Currently the general public has a low awareness of the need to move
away from natural gas heating, and what the alternatives might be.There is a limited
window to engage with people overfuture heating choices, understand their preferences
and factor these into strategic decisions on energy infrastructure. This is especiallyimportant
if solutions to heat decarbonisation could differ in different parts of the UK.

e Demonstration.Inorder to establish the practicality of switching to hydrogen, trials and
pilot projects will be requiredfor buildings, industry and transport uses. Itis also necessary to
demonstrate that hydrogen production from CCS can be sufficiently low-carbon to play a
significant role:

— Before any decisionto repurpose gas grids to hydrogen for buildings heat, pilotschemes
will be necessary to demonstrate the practical reality of such a switchover. These must be
of sufficient scale and diversity to allow us to understand whether hydrogen can be a
genuine option at large scale.

— Hydrogen use should be demonstrated in industrial 'directfiring' applications (e.g.
furnaces and kilns).>

— Depending on international progress in demonstrating hydrogen HGVs, the Department
for Transport should consider running trials in the early 2020s,in order to feed into a
decisionin the second half of the 2020s on the best route to achieving a zero-emission
freight sector.

— Asubstantial role for hydrogen produced from natural gas with CCS depends on
deliveringemissions savings towards the higher end of our estimatedrange of 60-85%
on alifecycle basis. This means demonstrating that it is feasible to achieve very high CO,
capturerates (e.g. at least 90%) at reasonable cost from gas reforming.

o Technologydevelopment.There are technologiesthat are not yet deployable at scale but
could play importantroles within hydrogen use in the energy system by 2050. These include
hydrogen-ready technologies, such as boilerand turbines, as well as hydrogen HGVs and
biomass gasification. It is important that these are a focus for government support, in order
to create a sufficiently wide range of pathways to achieve long-term emissions targets.

e Furtherresearchisrequiredin a number of areas to establish the feasibility and desirability
of using hydrogen in a range of applications:

— Thisreport identifies a key opportunity for hydrogen to provide low-carbon energy at
peaktimes, performing a role currently played natural gas. Key to this will be the ability

> Directfiring refers to combustion-based heating processes (suchas furnaces and kilns) where the combustion
gases come into direct contact with the product that is being heated.
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to deliver large quantities of hydrogen in a short space of time.Itis therefore important
to establish how the various options to store hydrogen perform with the patterns of
operation that appearin models.

Researchand developmentisrequiredon hydrogen technologies for industrial heating
applications, especially where there may be technical barriers to use of hydrogen.

The implications of hydrogen combustion for NOx emissions must be established -
comparedto fossil fuels and to any low-carbonalternatives— across applicationsin
buildings, industry and power.This includes identifying potential technologies that can
mitigate these NOx emissions.

The feasibility of hydrogen use in gas turbines for power generation should be
established, with consideration given to making new gas-fired capacity ‘hydrogen ready’.

The most cost effective way to produce and distribute hydrogen in order to supplya
nationwide refuelling network for heavy-duty vehiclesshould be assessed, in
consideration of hydrogen purity requirements and how these can be met.

It will be importantto complete the work currently underway to establish the safety of
hydrogen use, and to understand the implications of this for hydrogen deployment.

Further work isrequired to establishwhether and to what degree hydrogen acts as an
indirect greenhouse gas if emittedto atmosphere.

We will continue to bringtogether and develop the evidence on how deep emissions reductions
can be achievedand the respective roles of different solutions, as an input to our advice on the
UK'’s long-term targets in spring 2019.
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Chapter 1: Hydrogenfor heat in buildings
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The emissions reductions required under the Climate Change Act by 2050 mean that, to a very
large extent, energy will need to be deliveredto end-users carbon-free: as electricity, as hot
water via heat networks, and potentially as hydrogen. Unabated use of carbon-basedfuels will
need to be almost entirely eliminated across the energy system:not just for electricity
generation, but also for the buildings, industry and transport sectors.

There is no single technological route to achievingthis, as the ways in which energy is used
across the economy vary, as do the opportunities for decarbonisation. In meeting the challenge
for near-full decarbonisation, it is likely to be necessary to deploy a range of different solutions.

Achieving these emissions reductions will require major improvements to energy efficiency and
the application of decarbonised electricity toareasin which fossil fuels are currently used.
However, there are likely tobe limits to how far energy demand can be reduced and how far
electrification canfeasibly be taken (e.g. due to infrastructure challenges or inefficient use of
electricity).

This chapter introduces hydrogen and sets out how hydrogen from low-carbon sources could be
used for heat in the UK buildings and industry, and how it compares to other ways of
decarbonising energy. The key messagesare:

¢ Buildings.

— Hydrogen could play a valuable role as part of a heating solution for UK buildings, in
combinationwith heat pumpsas part of a ‘hybrid’ system.Based on new modelling, our
assessmentis now that heat pumps offer the potential to provide heat efficiently for
most of the time, with hydrogen boilers contributing mainly to meet peak demands on
the coldest winter days.

— Deployment of this combination of hydrogen and heat pumps could almost completely
displace fossil fuel use in buildings. While not without challenges, this solution would
enable the energy system to reach very low emissions, with greater feasibility and public
acceptancethan islikely with strategies for the full electrification of heat or the full use of
hydrogen as a like-for-like replacement for natural gas as we use it today.

¢ Industry.New evidence indicates that hydrogen has an important potential role in reducing
emissions from industrial heat, especially where the flame (and subsequent combustion
gases) needs to come into direct contact with the material or product being produced (e.g.in
furnaces and kilns). Hydrogen also appears to be well suited to the decarbonisation of more

distributed sources of CO, emissions (e.g. from the food and drinks sector), which would be
impractical and costly to capture.

The rest of this chapteris setout in five sections:
1. Hydrogen use today

2. Characteristics of hydrogen

3. Heat for buildings

4. Hydrogen use in industry

5. Blending of hydrogen into the gas grid

The subsequent chapters then cover hydrogen use for applicationsinpower and transport
(Chapter 2), how hydrogen could be produced to meet these demands (Chapter 3), scenarios for
hydrogen deploymentacross the energy system (Chapter 4), implications for the costs of energy
system decarbonisation (Chapter 5) and our conclusions and recommendations (Chapter6).
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1. Hydrogen use today

Currentlyaround 50 milliontonnes (50 Mt, or around 2,000 TWh of energy equivalent) of
hydrogen is produced globally each year, of which the UK produces around 0.7 Mt (27 TWh).¢
The majority of thisis produced from either steam methane reforming (49%) or from partial oil
oxidation (29%). The remainderis produced from coal gasification (18%) or electrolysis (4%)
(Figure 1.1).If used for energy, this would be equivalent to less than 1% of global primary energy
demand.

e Just under half of current hydrogen consumption is in the petroleum refiningand recovery

industry, where hydrogen is used to crack heavier oils into lighter oils for use as petroleum
and petroleum products.

e The second largest use of hydrogen isin producing ammoniafor fertilizers, where hydrogen
is combinedwith nitrogen as part of the Haber-Bosch process.

e The remaining 10% of hydrogen use is across the food, methanol, metalsand electronics
industries.

Evidence suggests that these demands for hydrogen are likely to remain steady into the future.”
If demand for low-carbon hydrogen for decarbonisation were to emerge, estimates suggest this
could add anywhere between 300-19,000 TWhto global annual hydrogen production by 2050
(see section 3¢).

Figure 1.1. Global hydrogen productionand consumption
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Source: Arup (2015) A five minute guide to hydrogen.
Notes: Production figures are for 2009, consumption figures are for 2010.

6 Energy Research Partnership (2016) Potential Role of Hydrogenin the UK Energy System.UK production is from about
15 sites. About half is a by-product, mainly from the chemical industry, which is either used on site or sold as
chemical feedstock, with a small percentage vented.

7 Hydrogen Council (2017) Hydrogenscaling up.
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The vast majority of hydrogen currently produced is not low-carbon. Hydrogen produced by
Steam Methane Reforming (SMR) has an emissionsintensity of around 285 gCO,/kWh, and coal
gasification around 675 gCO,/kWh.8 For these processesto be low-carbon itis essential that
carbon capture and storage (CCS) technology is deployed.®

The only current method for producing hydrogen that is potentially low-carbonis electrolysis, if
using a low-carbon supply of electricity (Box 3.1). However, electrolysers connected to the UK
gridin 2017 would have had an average emissionsintensity of around 395 gCO,/kWh.

2. Characteristics of hydrogen

Hydrogen can be a complementary solutionto energy efficiency and electrification,asit has a
number of helpful characteristics:

e Hydrogen can be produced in arange of low-carbonways and its use, whether through

combustionor an electrochemical reactionina fuel cell, produces no Kyoto greenhouse gas
emissions.'°

e Inafuel cell,use of hydrogen produces no local air pollutant emissions - the only by-product

is water. This will significantly reduce impacts on air quality compared to the fossil fuelsit
displaces.

e Combustionof hydrogen can generate high temperatures, meaningthat it can be used as a
replacement for fossil fuels (e.g. natural gas) where higher-temperature heatis required, for
exampleinindustrial applications (see section 3). But as it burns at a higher temperature,
nitrous oxides (NOx) - which are a harmful pollutant - may be a problem.

e Although hydrogen issignificantly less energy-dense than fossil fuels, when compressedit

has a significant higher energy density than batteries."" Hydrogen can be stored in large
volumes, at quantities that can last for months rather than hours or days.

e Asacompressiblegas, hydrogen can be deliveredat a high rate through pipelines.

Potentially this could include use of polyethylene natural gas distribution pipesthat have
replacedolder pipesunder the Iron Mains Replacement Programme (see section 3).

e Asan energy carrierthat can be produced in a variety of ways, hydrogen is not resource-
constrained in the same way as some other decarbonisation options (e.g. bioenergy).

Hydrogen as an energy vector isin some ways similar to electricity: both have to be generated
rather than occurring in a useful, extractable form as for fossil fuels. It can be produced in a range
of low-carbon ways: either through electrolysis based on low-carbonelectricity or through
applicationof carbon capture and storage combined with gasification or reformation of
hydrocarbons (e.g. biomass, natural gas). We set these options out in Chapter 3.

8 This is for emissions produced directly from the process.We report on the supply chain emissions associated with
supplying feedstocks to these processes in Chapter 3.

° We do not consider partial oil oxidation a potential future low-carbon source of hydrogen due to low efficiencies,
high costs and the carbon intensity of the process.

1 Hydrogenisn'titself a significant greenhouse gas, but emissions of hydrogen may have anindirect greenhouse
effectthrough extending the lifetime of methane emissions in the atmosphere.

" At Standard Temperature and Pressure (STP) a litre of hydrogen would contain just 0.09gof hydrogen by weight,
whereas a litre of natural gas would contain 0.66g, being significantly more energy-dense.
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However, use of hydrogen has potential disadvantages and challenges:

e Hydrogen isa smaller molecule than methane, so may leak more easily than natural gas.
Different combustion characteristics could also make it more of a safety risk. Like natural gas,
a hydrogen flame s colourless and odourless, so may require the addition of colourants and
odourants in order to make itvisible and detectable (Box 1.1).

e The energy density of hydrogen islower than that of incumbent fossil fuels across a range of
potential applications. This presents challengesin displacing use of these fuels where energy
storage density is important, for example intransport applications, although it may have
better characteristicsinthis respect than alternative low-carbon solutions (e.g. battery
electricvehicles).

e Inmany cases the use of hydrogen is likely to have relatively low efficiency, when
considering the whole energy chain, from primary resources to service demand. This implies
a greater requirement for primary energy input to meeta given energy service demand,
which has implications for cost, for whether enough low-carbon capacity can be builtin the
available time and for the import dependency of the UK energy system (see Chapter4):

— Most sources of zero-carbon energy (e.g. wind, solar, nuclear) are primarily harnessed
through electricity generationrather than hydrogen production. The use of this
electricity for hydrogen production would therefore entail use of electrolysis, leading to
some energy loss in the conversion process.

— Furthermore, in many applications (e.g. electric vehicles, heat pumps) electricity canbe
used with greater end-use efficiency than is possible with hydrogen. For example use of
electricvehiclesandheat pumps can deliver 75% and 270% more energy services
respectively comparedtofuel cell vehicles and hydrogen boilersin equivalent
applications (see Figures 1.2 and 2.2) for a given input of zero-carbon electricity.

— Hydrogen production with carbon capture and storage (CCS) also comeswith a
significant energy penalty relative to the use of fossil fuelsif used with the same end-use
efficiency (e.g. in a boiler). Producing hydrogen from natural gas incursan efficiency
penalty of around 65-80%.

e Other factors affect the costs of supplying energy alongside the implications of efficiency.
Although costs of end-use appliances may be significantly lower than those using electricity
(e.g. hydrogen boilers are expectedto be substantially cheaperthan heap pumps),as well as
higher energy input costs the extra conversion step also has an associated cost of the
electrolyser, reformer or gasifier. The costs of building CO, pipeline and storage
infrastructure and of repurposing or increasing the capacity of energy infrastructure are also
important.

e When hydrogen is combusted (e.g. in a boileror turbine), this may lead to some formation of
nitrogen oxides (NOx). Further research isrequired on the NOx emissions associated with
hydrogen combustion in different applications.In considering NOx emissions from hydrogen
combustionit is importantto compare them to the fossil fuel beingdisplaced, but also to
consider whether low-carbonalternatives (e.g. electrification) would reduce NOx to a greater
extent.

These advantages and disadvantages play out differently depending on the potential
applicationof hydrogen. There are some areas where hydrogen may be the first choice route for
decarbonisation, due to its storability (e.g. for heavy transport) or a continued need for high-
temperature heat (e.g. some parts of industry). In other areas, hydrogen and electrificationare
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alternatives and potentiallycomplementary (e.g.in residential heating). Even where
electrificationis clearly the preferred solution, hydrogen can offer a back-up option should
barriers to electrification prove too great.

This chapter considers the areas where hydrogen could be an importantlow-carbon energy
vector and considers the different challengesit presents comparedto the alternative
decarbonisation options in buildings and industry.

Box 1.1. Hydrogen safety

Hydrogen

Hydrogen has similar safety characteristics to methane (natural gas):it's flammable, and producesa
colourless, odourlessflame. Blended hydrogen was previously used widely in domestic premises in the
UK, in the form of 'town gas' (around 50%), which was phased out in the 1960s and 1970s and replaced
by natural gas (Box 1.3). Recently, interest in blending hydrogen intonatural gas networks has
increased (see section 4).

Like natural gas, colourantsand odourantscan be added to reduce the safetyrisk associated with using
the gas. However, hydrogen also has different properties to natural gas - such as leakage issues,
ignition temperature and NOx, which could make it more hazardous than natural gas, if solutions
weren't available to addressthese different characteristics:

e Air quality. Like methane, combustion of hydrogen produces nitrogen oxides (NOx), which causes
air quality issues and can be dangerousfor human health. It will beimportant to ensure thatways
areidentified, and implemented, to minimise the emission of NOxfrom hydrogencombustion.

e Visibility. Hydrogen, like natural gas, burnswith an almost invisible flame, and could requirea
colourantto beadded to ensureitis visible for usein common applications. BEIS's Hy4Heat
programme is aiming to identify a solution for colourantsin hydrogen.

e Odour. Hydrogen, like methane, is odourless and would require chemical odourantsto make leaks
detectable. Some types of odourants could contaminate fuel cells, so it will be important eitherto
useonethatavoids this problemor tofilter it out before some end-uses. This is currently being
considered in SGN's '"Hydrogen 100’ project.

e Leakage. Hydrogenis a smaller molecule than natural gas, so could leak more easily. This could be
a particularissue where a leak of hydrogen causesa build-up of hydrogenconcentration in an
enclosed space (though hydrogen's tendency to leak makes it harderto build up high
concentrations). Both hydrogen and methaneignite at 4-5% concentration by volume, but
whereas methane would not ignite above 15%, hydrogen willignite up to 75%. At about 30%
hydrogen the energyrequired to igniteitis about a tenth of natural gas, which could be a small
spark. Detection and managementof leaks and ventilation requirements need to be clearly defined
to prevent significant build ups.

e Heat radiation. Hydrogen flames produce less radiative heatthan natural gas, so close proximity
toa hydrogen flame won'tnecessarily feel hot.

None of these properties makes hydrogen inherently less safe than other fuels (e.g. natural gas), but
does require that safety protocolsare appropriate for its characteristics.

Hydrogen energy carriers

Ammonia and Liquid Organic Hydrogen Carriers (LOHCs) have both been proposed as 'energy carriers'
for hydrogen, as, unlike hydrogen, theyare liquid at (or close to) room temperature and atmospheric
pressure. Each comeswith safety issues:
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Box 1.1. Hydrogen safety

¢ Ammonia. Ammoniais a toxic chemical that requires safestorage and handling.

— Exposuretovery high concentrationsof gaseousammonia can result in lung damage and
death. Storingammonia in liquid form (at -33°Cor at pressure of 10 bar) reduces therisk of
ammonia leaking as a gas.

— Likehydrogen and natural gas, the direct combustion of ammonia will also lead to NOx
emissions.

¢ Liquid Organic Hydrogen Carriers. LOHCs can store hydrogenat roomtemperatureand
atmosphericpressure, in similar conditions to petrol or diesel. Like petrol or diesel LOHCs are
flammable, and would need to be stored appropriately.

It will be essential for the safety of hydrogenand any alternative carriersto be proven priorto their use
at scale. The BEIS Hy4Heat programme is currently undertaking a programme of work to ensure that
hydrogen safety caseis fully supported by the necessary evidence. This will need to be completed prior
toany decisions on large-scale hydrogen roll-out.

Source: National Physical Laboratory (2017) Measurement needs withinthe hydrogen industry. Energy Research
Partnership (2016) Potential Role of Hydrogenin the UK Energy System. BEIS (2018) Hy4Heat.

3. Heat for buildings

Near-full decarbonisation of heat for buildingsis one of the biggest challengesin reducing
emissions from the energy system to near zero by 2050.This challenge is arguably greatest for
existingbuildings on the gas grid, where use of gas boilersis convenient and cheap relative to
low-carbon alternatives.

In our 2016 report on Next Steps for UK Heat Policy, the Committee identified five low-regret
routes to reducing emissions from heating buildings that the government should pursue
immediately: energy efficiency improvements to existing buildings; ensuring that new buildings
are efficientand low-carbon from the outset; installation of heat pumpsin buildings off the gas
grid; roll-out of low-carbon heat networks in population-dense urban areas; and injection of
biomethane into the grid (Box 1.2). While these can make a significant contributionto reducing
emissions from buildings, they still leave a substantial challenge over what to do about existing
buildings on the gas grid (outside of heat network areas).

The two primary routes to reducing emissionsin this remaining segment are to electrify heat
provision using heat pumpsand/or to repurpose gas distribution grids to carry 100% hydrogen
rather than natural gas. We said in 2016 that strategic decisions will be requiredon the
respective roles for hydrogen and electrificationinthe first half of the 2020s,in order for
widespreadroll-out to occur between 2030 and 2050.We also said that the government should
make active preparations for those decisions.

Since then, BEIS has commissioned a wide range of studies on heat decarbonisation and
committedto publishinga summary of the evidencein 2018.These studies, alongside wider
emergingevidence, have helpedto develop our view further.

The need for strategic decisions does not necessarily imply that chosen solutions need be the
same everywhere.Some parts of the country may be better suited to one solution (e.g. where
hydrogen can be suppliedat lower cost due to accessto CO, infrastructure). We consider this
further in Chapter 4 on scenarios for hydrogen deployment.
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Box 1.2. Low-regret actionsfor buildings decarbonisation

In our 2016 report, Next Steps for UK Heat Policy, the Committee identified five low-regret routes to
reducing emissions from heatingbuildings that the governmentshould pursue immediately:

¢ Energy efficiency improvement to existing buildings. There is considerable potential to
improve the energy efficiency of buildings at reasonable cost. Our scenariosinclude around a 15%
reduction in energy used for heatingexisting buildings by 2030 through efficiency improvements,
requiring insulation of about7 million walls and lofts in homes, and heating controls and other
insulation measuresin homes and non-residential buildings.

e New-build. Buildings constructed now should not require retrofit in 15 years' time. Rather, they
should be highly energy efficient and designed to accommodate low-carbonheatingfrom the
start, meaning that it is possible to optimise overall systemefficiency and comfort at building level.

e Heat pumps inbuildings not on the gas grid. Heat pumps are the leading low-carbon option for
buildings not connected to the gas grid. Togetherwith new-build properties, installation of heat
pump in buildings off the gas grid can help create the scale needed for supply chains to develop,
potentially in advance of accelerated heat pump roll-out in on-gas grid properties after 2030.

e Low-carbon heat networks. District heating schemes require a certain density of heat demand in
order to be economic, which means that they are suited to urban areas, new-build developments
andsomeruralareas.Low-carbon heat sources can include waste heat, large-scale (e.g. water-
source) heat pumps, geothermal heat and potentially hydrogen.

e Biomethane. Injecting biomethaneinto the gasgrid is a means of decarbonising supply without
requiring changes fromconsumers, and providesa route for capture and use of methane emissions
from biodegradable wastes. However, its potentialis limited to around 5% of gas consumption.

While these can make a significant contributionto reducing emissions frombuildings, theystill leave a
substantial challenge over what to do aboutexisting buildings on the gasgrid (Figure B1.2).

Figure B1.2. Low-regret measuresand remaining challenges for existing buildings on the gasgrid

New build

Existing buildings
off the gas grid

Low-carbon heat networks

Existing buildings
on the gas grid

Low-carbon heat solution needed for on-gas
properties not on heat networks

Source: CCC(2016) Next Steps for UK Heat Policy.
Notes: The sizes of the blocks broadly reflect the scale of emissions reduction, but not precisely. Some
potential for heat networks will be in new-build and off the gas grid, rather than all on-grid as presented.
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Hydrogen and heat pumps

Hydrogen and heat pumps are both potentially viable routes to decarbonise heat at scale,and
have similar costs (see Box 1.6). As well as providing heat at the building scale, each could also
contribute via heat networks (e.g. through large-scale water- or sewage-source heat pumps,
hydrogen boilers or combined heat and power units).

Heat pumpsare a highly efficient way of producing low-carbon heat for buildings, although they
have relatively high capital costs and they face challengesin terms of publicacceptance (see
sectionbelow) and in meetingdemands for heat on the coldest days:

o Efficiency and use of low-carbon electricity. Heat pumps use electricity to produce heat
efficiently by extracting it from the air, ground or water, producing several units of heat for
each unit of electricity input.' They can use low-carbon electricity, the costs of which have
fallen significantlyin recentyears.

e Publicacceptability. Heat pumpsare not a technology with which most people are familiar.
The characteristics of the technology, extracting heat from (potentially already cold)
surroundings, are also not immediately intuitive. As they produce heat at relatively low
temperatures, they may also require installation of larger radiators, adding to the cost and
disruption of installation.

e Capital costs.Heat pumps have significantly higher capital costs than gas (or hydrogen)
boilers,and depending on whether changes to radiators are required, there may be other
associated up-front costs of installation.

e Peak demand.Smart control systems can be used that enable heat pumpsto 'pre-heat'a
building, using the building itselfto store energy, with or instead of hot water storage, so as
to smooth out electricity demandor allow it to follow variations in generation. This is likely to
be more effective inmanaging within-day demand variations than those on the timescale of
aweek or a month:

— Heat pumpsoperate most efficiently when the temperature of the air (or ground) is not
too far below the internal temperature of the building. Because the capital costs of heat
pumpsincrease with their capacity, there is advantage in using hot water storage and/or
smart control systems (e.g. by pre-heating the building ahead of need) to smooth out
their output within the day to ensure higher utilisation of a smaller heat pump capacity.

— However, on the coldest days when demand for heat is greatest, the larger gap in
temperatures betweenthe inside and outside of the property means that the efficiency
of the heat pump falls. This efficiency drop compounds the increase in heat demand to
produce a large increase in electricity consumption. These spikesinelectricity demand
provide challenges for the wider electricity system, both for local distribution networks
and generating capacity.

— Thisis less of an issue in non-domestic buildings, where thereis lessinstantaneous heat
demand (i.e.for hot water).

Using the existinggas grid to deliver hydrogen has significant advantages in terms of meeting
peakdemand, due to the possibility of storing gas for long periods of time and deliveringit
rapidly at peaktimes.

12 The range for the ratio of heat out to electricity inis 2-4 for air-source heat pumps, and anything up to 8 for
ground-source heat pumps if using things like phase-change materials and ground recharge over the winter.
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Hydrogen boilers are expectedto have relatively low capital costs, comparable to gas boilers.
However, their energy costs will be significantly higher (see Chapter 3), because the full
hydrogen chain, from production to end-use, has a number of inefficiencies (Figure 1.2). There
are also unresolved questions over the implications for nitrogen oxide (NOx) emissions from
burning hydrogen in boilers.

Rather than burning hydrogen in boilers, itis possible instead to use hydrogen in fuel cell
systems for combined heat and power generation at the building level (i.e. micro-CHP):

e Fuel cellshave a high electrical efficiency of up to 60% '3 and generate energy through
electro-chemical reaction ratherthan combustion, avoiding NOx emissions.

e Analysis undertaken by Imperial College indicates that fuel cell costs would have to come

down considerably from the assumed cost of around £2500/kW in order to be able to
compete on cost with a system based on hydrogen boilers.

e Widespreaduse of stationary fuel cells, generating both heat and power, would imply
greater consumption of hydrogen than use in boilers alone, raising questions over feasibility
of hydrogen supplyat this scale,import dependence and residual greenhouse gas emissions
(see Chapter 4).

For our analysis, we have assumed that hydrogen pipedto buildings will primarilybe used in
hydrogen boilers.

Figure 1.2. Relative efficiency of heating: electricity in heat pumps vs. electrolytichydrogen in boilers

INPUT ENERGY ENERGY CONVERSION TRANSMISSION CONVERSION TO HEAT TOTAL EFFICIENCY
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Source: CCCanalysis.

Notes: The diagram shows the indicative efficiency of using a given amount of zero-carbon electricity in
delivering heat for buildings. Whilst in practice each of the efficiency numbers could vary, this would not be
sufficient to change the conclusion that heat pumps provide a much more efficient solution for providing heat
from zero-carbon electricity than use of electrolytic hydrogenin a boiler.
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13 U.S. Department of Energy (2013) Comparison of Fuel Cell Technologies.
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Public acceptability

Itisdifficult to know quite how acceptable hydrogen will be for heating homes at this stage -
although itis likely to be no more dangerous than natural gas (see Box 1.1), there is a difference
betweenactual safety and perceptions of safety.

Work we have commissioned from Madano on publicacceptability of hydrogen and heat pumps
shows that there is currently very limited public understanding of these heating options. This
could present challenges for public support of widespreadroll-out, and for enablinginformed
contributions to any democratic decisions on future heat provisionon a local basis:

e The publicviewtackling climate change as an importantissue, but have limited awareness of
the need to switch to low-carbon heating technologies and what this would entail.

e For both heat pumpsand hydrogen, acceptabilityislimitedbya perceivedlack of tangible
user benefits relative to their existing heating system.

e Peoplealsoraisedconcerns about any time that households would spend without a gas
supplyin a switchover to hydrogen.

e When faced with a choice between hydrogen and heat pumps, preferences were not fixed -

respondents were influenced by how the information was presented, preferring options with
the leastdisruption and with little change compared to their existing system.

This indicates that there isa lot to do if the publicare to contribute significantly to making
strategic decisions on the future of heat in buildings. Alternatively, if decisions are made without
significant publicengagement there appears to be a significant risk that a stark 'hydrogen-only'
or 'heat pump-only' choice could provoke a negative reaction, based on people's current
preferencesand understanding of the options.

Hydrogen at large scale

Opting for hydrogen boilers as a like-for-like replacement for natural gas boilersinbuildings
would implyavery large demand for hydrogen. Due to the low overall efficiency of producing
electrolytichydrogen and then burning itin a boiler (Figure 1.2), thisimpliesascale of supply of
low-carbon hydrogen that probably goes beyond what can be produced in the UK from
electrolysis (see Chapter 3).

Implicitinwidespread use of hydrogen for heating thereforeis a large role for carbon capture
and storage (CCS) in producing low-carbon hydrogen in the necessary volumes (see Chapter 3).
This also raises questions over whether the hydrogen production, CO, infrastructure and
household switchover could be completedinthe 20 years from 2030."* While the 'town gas' to
natural gas switchover was achieved more quickly than this (Box 1.3), the greater number of
appliances and the challenges relatingto hydrogen production means that eventwo decades
may be insufficient.

We consider challengesrelating to how quickly energy generation capacity can be built,
together with the importdependence of a ‘widespread’ hydrogen scenario, in Chapter4.

Hydrogen cannot be carriedin all types of pipeline,as some materials are prone to
embrittlementand the gas can leak. However, the UK is now over halfway through the Iron

142030 is probably the earliest hydrogen conversion could start given the need to make well-evidenced decisions
by the mid-2020sand the lead-times fromthose to starting conversion (e.g.in establishing low-carbon hydrogen
supplies).
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Mains Replacement Programme (IMRP), a 30-year programme that started in 2002 to switch gas
distribution pipework from iron to polyethylene pipestoreduce gas leaks. This means that by
the early 2030s gas distribution networks will have pipeswell suitedto carrying hydrogen. Itis
anticipatedthat any conversion of the existing gas grid to carry 100% hydrogen would be
limitedto distribution networks, with dedicated new hydrogen transmission pipelinesbeing
added where required.

The possibility of converting gas distribution networks to 100% hydrogen has beenexaminedin
detail by the H21 projectsled by Northern Gas Networks, initially for Leeds and now across the
North of England (Box 1.4).

Box 1.3. Town gas to natural gas conversion

Natural gas (methane) has been used for heating and cooking in UK homes since the 1960s, when
indigenous gas sources were discovered in the North Sea. Before this, ‘town gas’ was widely used,
produced from gasificationof coaland distributedlocally. Between 1967 and 1977, 13 million homes,
and 0.5m business and industrial gas users in Great Britain were switched fromusing town gasto
natural gas, alongside the developmentof a natural gas transportation network.

e Town gas contained around50% hydrogen (H.), as wellas smaller quantities of carbon monoxide
(CO)and methane (CH.). The CO was poisonous, with leaks of the gas resulting in death. Town gas
was produced in or around large urbancentres, reducingthe need for widespreadtransportation
infrastructure.

e Between 1967 and 1977, the UK Gas Councilundertooka conversion programme which switched
40m appliances from town gas to natural gas. During this process, neighbourhoods were
disconnected from town gas networks andconnected to new natural gas networks on a street-by-
street basis.

Estimates suggestthata national switchover to hydrogen usein buildings would now cost up to £50-
100 bn' for a similar conversion (excluding network costs, which are expected to be lowdueto the
networks already being converted to be suitable for hydrogen use), at a cost of £2,000-4,000 per
household.

e Thewide range of costs represents uncertaintyaround the need for pipeworkupgradesin the
home and conversion of additional gas appliances. Costs could be reduced by around £1,500 per
household (around £36 bn) if ‘'hydrogen-ready’natural gas boilers could be installed as part of
regular boiler replacement cycles (Chapter 5).

e Aswitchoverto hydrogen today would be more complex, due to theincreasein householdsover
the past 50years (including more appliances per household), the privatisationof the energy supply
anddistribution industriesand the challengesinvolved in producinghydrogen (rather than
extracting natural gas directly from a gas field).

Source: CCCcalculations based on Imperial College (2018) Analysis of alternative UK heat decarbonisation
pathways, Dodds and Demoullin (2013) Conversion ofthe UKgas system to transport hydrogen suggests.Northern
Gas Networks (2016) H21 Leeds City Gate.

Notes: 1. Dodds and Demoullin (2013) suggest a conversion cost of £25bn, but this doesn’tinclude new boilers,
or any pipework/other gas appliances.
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Box 1.4.The H21 studies

In 2016, Northern Gas Networks (NGN) undertooka study to examine how the low-pressure gas
network in Leeds could be converted to 100% hydrogen. Their H21 Leeds City Gate study
demonstrated that the existing network has sufficient capacity for conversionto hydrogen.

It set out that this would entail converting the gasgrid in stages overthree years, with each customer
disconnected from the gas grid for less than a week during the summermonths.As with the
conversion of the gas grid from town gasto natural gas (Box 1.3), it would be necessary for technicians
to visit each property and replace gas-burningappliances with hydrogen-compatible ones, which
would operatein a similar fashion.

The H21 report produced cost estimates for the full switch from natural gas to hydrogenin Leeds,
including technical changes to the pipe network, the need for new hydrogen appliancesin buildings
and hydrogen supplyinfrastructure, basedon hydrogen production (via gas reforming with CCS). It
also outlined further workthat would need to be undertaken beforea decision to convert,including a
detailed engineering design study, demonstration of hydrogen appliances (e.g. boilers),development
of standards and field trials.

This report is being followed by a further H21 report, by NGNin partnership with Equinor, on
conversion of gas networksto hydrogenacrossthe north of England.

Source: Northern Gas Networks (2016) H21 Leeds City Gate.

Decisions and options for decarbonising heating

Decisions on whetherto repurpose gas distribution grids to carry hydrogen will have knock-on
implications for provision of hydrogen for other end-uses, as a hydrogen grid could open up
non-heat uses (see Chapter4). However, these decisions will need to be made on the basis of the
need to decarbonise heating, given that this isthe primary use of these networks currently.

The choice to be made is not simply between conversionto hydrogen of every gas network or
complete electrification of heat everywhere.Indeed, given the barriers and uncertaintiesin each
case, choosing either would entail significant risks of non-delivery. Different solutions might be
appropriate to different areas, either because of public preferencesorlocal circumstances (e.g.
the building stock or cheaper supply of hydrogen or electricity in particular areas).

Furthermore, itis importantto consider the role of hybrid heat pumps, which have been
successfully trialledin 75 homes in Bridgend as part of the Freedom project (Box 1.5), which use
a heat pump to meet the bulk of heat demand, while retaining the gas network and boilers to
provide heat on colderwinter days (Figure 1.3). They have a number of attractions:

e Capacity and operation. Heat pumps can use zero-carbon electricity andare highly efficient
under normal operating conditions. However, on the coldest winter days they perform less
well:heat demand will be higher on these days, while the efficiency of the heat pump will be
reduced and it may be difficult to generate extra electricity from low-carbon sources. A
hybrid system enables the heat pump to provide the bulk of the heat, but the more
responsive gas boilerto provide the back-up, contributing when demand is highest. This
enables the heat pump to have a lower capacity than it would need to be to meetall heating
demand, reducing its cost.

e Publicacceptability. Unlike a shift straight to an electric heat pump, a switch to hybrid heat
pumpswould enable people to experience unchanged characteristics of the heating service
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they receive and avoid disruption (e.g. by replacingradiators), while reducing emissions
substantially and increasing familiarity with the technology. It could also make a switchover
to hydrogen easier, as there would be a back-up heat source.

Supply chains. Deployment of hybrid heat pumps at scale in the 2020s, alongside the
installation for fully heat pump systems off the gas grid and in new-build properties, would

help to develop heat pump supply-chain capacity, which could be important for further roll-
out beyond 2030.

Electricity system operation. Use of smart control systems mean that heat pumpscan 'pre-

heat' a building, using the building itselfto store energy so as to smooth out electricity
demand or allow it to follow variations in generation.

— While this provides some benefitin making demand more flexible eveninheat-pump-
only systems, the requirement to meetall heat demand electrically does limit this
flexibility.

— Hybrid heat pumps have the further potential for the demand to be switched to the
back-up boilerif necessary (Figure 1.3). This creates an additional value of flexibility to the
electricity system, especiallyin managing an electricity system with a high proportion of
inflexible generation. This demand-side flexibility potentially enables more low-cost
renewablesto be added to the systemin the 2020s.

— By limitingthe spikesinelectricity demandon the coldest days, hybrid heat pumpsare
likely to entail fewer upgrades to electricity grids to ensure that there is sufficient
capacity.Furthermore, the ability to adjust the operation of the hybrid systems enables
them to beinstalled without any grid upgrades initially, potentiallyimplyingalower
proportion of heat comingfrom the heat pump at first, but then to increase the
operation of the heat pump if and when the grid is subsequently upgraded.

— Hybridsystemswill not be the best heat pump solution for all buildings - for some
building types (e.g. flats, non-domestic buildings with air-conditioning) it may be lower
cost and more straightforward to fit a non-hybrid heat pump.
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Figure 1.3. Operation of hybrid heatpumpsin alow-carbon energy system
Boiler use across three winter weeks
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Source:Imperial College (2018) Analysis of alternative UK heat decarbonisation pathways.

Notes: Chart shows aggregate heat demand for both domestic and non-domestic premises. Pattern of use could
be expected to be similar on individual premises. Chartis for heat output, rather than energy input. 'Boiler only
operation'is shown as a comparator, and is not expected to be in addition to the boilerin a hybrid system.
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Box 1.5. The Freedom project

The Freedom project, a joint initiative by Wales and West Utilities, Western Power Distributionand
PassivSystems, trialled 75 hybrid heat pumpsin residential propertiesin Bridgend in South Wales.
These hybrid systems were retrofitted aroundhouseholds’ existing boilers, adding a heat pump to take
on the bulk of the space heating load.

The system is controlled via an app that allows people to determine the comfort levels they want,
enabling the smart control system to optimise how to achieve this.The systemshave been able to
operate flexibly in two key ways:

¢ Flexible use of the heat pump. As the heat pump provides heatat alower rate than the boiler, in
order for it to contribute fully to comfortlevels the heat pump can commence operation earlier in
order to provide sufficient warmth, pre-heatingthe home (e.g. starting in the early hours, several
hours before people wake up). This ensures that people have the comfort theyneed from the heat
pump, whilst not attemptingto operateit like a boiler.

e Switchtothe boiler. Whenthe heat pumpis unableto provide all of the space heating needed
(e.g.on colder winter days), the boiler can switch on to provide boosts of heat to the system,
supplementing the outputof the heat pump. This could be useful not only to cope with colder
days with higher heat demand, but alsoto respond to economic signals around the relative prices
of electricity and gas and potentially to infrastructure constraints (e.g. ensuring electricity demand
does not exceed local grid capacity).

The project demonstrated successfully thatthe hybrid systems could maintain comfortlevels without
any wider changes to the heating system (e.g. radiators), across arange of household types.

Energy system modelling of heat decarbonisation pathways

In order to explore the costs and infrastructure implications of alternative heat decarbonisation
pathways, we commissionedImperial College tomodel three alternative energy systems for
2050:full electrification of heat for buildings, full deployment of hybrid heat pumps (with
methane as the residual gas) and full conversion of gas grids to hydrogen for use in boilers.The
results indicated that the costs of all three are similar (Box 1.6):

e Although the capital costs of heat pump installation and electricity gridupgrades are
significant in the pathways based on heat pumps, the costs of energy are considerably
higher in the hydrogen scenario.

e The savings from reusing existing gas distribution grids, although helpful in limiting costs, do
not give the hydrogen scenarioa decisive advantage.

We have undertaken further analysis with Imperial, to examine the costs of a scenariowith
hybrid systemsthat combine a heat pump with a hydrogen boiler.The overall cost of this
'Hybrid Hydrogen' scenariois similar to those of the other decarbonisation pathways (see Figure
B1.6).

The combination of hydrogen and electrification would offer the potential for full
decarbonisation, and avoid some of the pitfalls and delivery challenges of achieving such low
emissions pursuing either solution alone:

o Afull electrification pathway would have demands for electricity from heating that are very
peaky, creating challenges in having sufficient capacity to generate and deliver poweron the
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coldest days. Modelling suggests that additional 'back up'electricity generation capacityin
excess of 100 GW - roughly equivalent to the size of today's electricity system - could be
required to meetelectrified heat demand during peak periods.

e Apathway instead based on a wholesale switchover of gas grids to hydrogen - usedin
boilersas natural gas is currently - would imply avery large demand for hydrogen. This
volume of hydrogen demand would have challengesaround reliance on natural gas imports
and on CCS, if produced from natural gas reforming with CCS (see Chapters 3 and 4).
Alternatively, making the hydrogen zero-carbon rather than low-carbon would come with
high costs (see Figure B1.6) and major delivery challenges (see Chapter4). In either case,
there are questions over whether full decarbonisation of heating can be achieved.

e Ahybrid heat pump pathway based on methane as the residual gas has lower costs than
other decarbonisation pathways based on the results of the Imperial College optimisation
modelling.However, achieving the necessary degree of decarbonisation (e.g. in the 10 Mt
scenario) relies on reducing gas demand to very low levels,and a substantial fraction of this
being met from biomethane.The ability to do this rests on two significant assumptions:

— The modelling of hybrid heat pumps backed up by methane boilersleadsto an optimal
result that the heat pump part of the hybrid system would deliver 86% of heating in the
10 Mt scenario.In the event that such a high proportion cannot be achieved in practise,
this would lead to higher emissions. For example, residual gas use would be twice as high
at an electric heat proportion of 72%.

— This scenario has a very widespread deployment of heat pumps that may not be
achievablein practice.Asa gas boiler has around seven times the gas consumption
assumed for the hybrid heat pump systems, a shortfall in heat pump deployment would
lead to significantly greater unabated gas use in boilers, leadingto higher emissions.

— ltistherefore plausible thatonly say 18 millioninstead of 24 million hybrid systems can
beinstalled, with 72% electric heatinginstead of 86%.In combination, this would see
much higher residual gas use at 180 TWh in 2050, over three timesthe 55 TWh in the
Imperial modelling results. This equates to extra emissions of 23 MtCO, in 2050.

e Significantly higher residual gas use, due to a shortfall in hybrid heat pump deployment
and/or a lower share of electric heat from the installed hybrid system, would take gas
demand well beyond the available resource for biomethane production via anaerobic
digestion at a national scale, which we estimate at 21 TWh. While there may be an
opportunity for biomethane to meet the residual gas demand in some parts of the country,

especiallywhere residual gas demand islower, in other parts a larger low-carbon gas supply
would be required.

e Itisnot appropriate to plan for use of bio-synthetic natural gas (bio-SNG) to fill this gap. The
'bestuse of biomass'analysis in our parallel reporton Biomass in a low-carbon economy
shows that production of biofuels, evenwith CCS, is only one of the best uses of the finite
sustainable bio-resource ifthe fossil fuels it displaces cannot otherwise feasibly be displaced
(e.g. use of biomass to produce aviation biofuels with CCS). Given the opportunity to meet
this gas demand via hydrogen, the plan should be for any significant residual demand for gas
in a hybrid scenario to be met through hydrogen rather than bio-SNG by 2050.

Overall, a pathway that combines hydrogen and hybrid humps would moderate the challenges
around meeting peakelectricity demandsin winter, with a lowerreliance on bulk hydrogen
supply (e.g. from gas with CCS - see Chapters 3 and 4) than under a 'full hydrogen' pathway and
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with greater confidence that unabated fossil fuel use can be reduced to near zero in a manner
consistent with best use of bioenergy resources.

Therefore, although the results of the Imperial modellingfor this scenario suggest that the costs
are towards the higher end of the range across the decarbonisation pathways, it provides
greater confidence that near-full decarbonisation of heating can be achieved in practice.

Box 1.6. Imperial College energy systemmodelling for arangeof heat decarbonisation pathways

Imperial College evaluated the technicalfeasibility and overall system costs of four decarbonisation
pathways across the electricity and gas systems in the UK: hydrogen, electrification, hybrid heat pumps
with natural gas boilers and hybrid heat pumps with hydrogen boilers. This analysis foundthat:

e Thetotalsystem costsfor decarbonisation pathwaysbased on hydrogen, heatpumps,and hybrid
heat pumps, are broadly similar across arangeof emissions constraints: the costsof allthe
scenarios are within around 10% of each other, for a given emissions constraint.” This is in line
with findings of work for the National Infrastructure Commission. However, it is very expensive to
reach the most stringent emissions constraint in the widespread hydrogencase. Unless emissions
savings from fossil hydrogen productionwith CCS can beimproved, this requiresall hydrogento
be produced via electrolysis (see Chapter4).

e Giventheoption,the model consistently choosesto installa hybrid solution in consumer premises.
In a scenario with large levels of electrification then a heat pumpiis installed alongside resistive
heating, rather thaninstalling a larger heat pump, where the additional heat pump capacityis only
used at times of peak demand. In a hybrid heat pump scenario the modelinstalls a gas boiler
(which could burn naturalgas or hydrogen) in place of resistive heating.

e Gasisusedtomeet peak winter heat demandsin all pathways, demonstrating the value of the gas
grid.

— Inanelectrification scenario gas is used in back-up power generation capacity, and
electricity networks need to be upgraded to ensure electricity can reach users during these
periods.

— In ahybrid heat pump pathway gasboilers use gas more efficiently to meet peak heat
demand, and avoid these network constraints.

— Inahydrogen pathwaypeak gas demand is providedfrom the gasgrid, as well as
dedicated hydrogen storage.

e Regionalhydrogen-onlydeployment within an otherwise national hybrid heat pump pathway
could be similar cost to other pathways, particularly where hydrogen can be produced close to CO,
storagefacilities (reducing the need for onshore networks) and consumedin dense urban areas
(avoiding electricity network upgrades).

¢ Significant uncertaintyremainsacross allthe pathways, particularlyfor:

— Household conversion requirements and costs across all pathways,

— Theamount of electricity demand thatcan be shifted away from peak periods in the
electrification scenarios,

— Theneedforandoperation of dedicated hydrogen storage alongside a hydrogengas grid.
— Theextent to which gas demand can be reduced in hybrid heat pump pathways.

15 With the exception of the hydrogen zero emission scenario, where producing significant volumes of hydrogen
from electrolysis increase costs significantly (see Chapter4).
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Box 1.6. Imperial College energy systemmodelling for arangeof heat decarbonisation pathways

Figure B1.6. Annualised system costs for alternative heat decarbonisation pathways.
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The way forward on decarbonising heating for buildings

Our resultsindicate that the costs of the pathways do not differ dramatically. This supports
taking into account a range of considerations beyond cost alone, including feasibility of delivery,
publicacceptability, energy security and retaining options over how we decarbonise in the long
term.

Givensimilar costs, there is an argument for deployinga range of solutions for heat
decarbonisation, with solutions potentially varying by region across the UK depending on local
resources, infrastructure and, potentially, preferences of the local population. However, some
coordination will be required to ensure that infrastructure solutions are viable. This also raises
the question of how the choice of different solutions would be arrived at for different
geographical areas, and how heating is paid for in the case that different areas have different
low-carbon solutions and some areas stay on natural gas for longer than others.

We recommendthat hybrid heat pumpsbe deployed at scale in the near term. This would
enable significant near-term emissions reductions to be made without significant initial changes
to existing infrastructure, would help increase public familiarity with heat pumps without
concern over compromising their comfort, and would provide a flexible market for additional
low-cost renewables. It would also actively develop options for near-full decarbonisation of heat
by 2050 without locking out important contributions from hydrogen and fully heat pump
systems by 2050.
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Giventhe possibility of heat pump use for the bulk of heat for buildings, the value of low-carbon
gas in heat decarbonisation lies especiallyinmeetingdemandin a low-carbon way at peak times
(i.e. during the coldest periods). At a buildinglevel, the proportion of electric heat could be very
high (e.g.85%'¢). Limits to deployment of heat pumps meanthat overall the proportion could be
significantly lower, with correspondingly greater need for low-carbon gas. Preferentially, this gas
should be hydrogen rather than biomethane, due to the relatively small available resource for
biomethane and its potential value elsewhere inthe energy system (e.g. in combinationwith
carbon capture and storage).

As with a full switchto hydrogen boilers, the costs of switching the residual gas consumption to
hydrogen would arise from the combination of higher costs of hydrogen comparedto natural
gas, plus the upfront costs of switching the infrastructure and appliance stockto be hydrogen-
compatible:

e With a like-for-like switch of natural gas heating to 100% hydrogen using boilers, the
incremental costs are dominated by the higher costs of the gas that flows through the
network. The higher cost of hydrogen comparedto natural gas accounts for 75% of the
incremental cost, with the upfront costs of switching the pipeworkand appliances
contributing 25%.

e Atlower volumes of gas consumptionthe upfront costs of a hydrogen switchoverwould be
relatively more important. These could potentially be reduced if hydrogen-ready heating
appliances could be introduced and diffuse significantly through the stock prior to a
switchover. There also remainuncertainties over the need to change pipework within
buildings.

As the need for hydrogen, if it were focused on meeting peak demands, would be substantially
lower than providing all heat to on-gas properties, the challenges relatingto hydrogen supply
would be significantly reduced.

Near-term pursuit of hybrid heat pumps would not necessarily lead to a long-term solution of
hybrid heat pumps with hydrogen boilers. Awidespread near-term deployment of hybrid heat
pumpswould lead to a much better public understanding of heat pumpsas a heating option. In
turn, this could increase the acceptance of full heat pump solutions, making the subsequent roll-
out from 2035 more achievable than itis likelyto be in the nearer term.

We discuss the implications of these possible solutions for strategic decisions on long-term
heating solutions and the future of the gas grid in Chapter 6.

4.Hydrogen use in industry

The predominant demand for hydrogen today is as an industrial feedstock, although hydrogen
used in these processes does not currently come from low-carbon sources (see section 1).

In previous analyses of long-term decarbonisation, industry has beenone of the sectors with
significant remainingemissionsin 2050 (Figure 1.4), even with full deployment of identified
measures to reduce emissions (the 'Max' scenario). This is partly due to a poor characterisation of
opportunitiesto reduce emissionsinindustry. Evidence has also beenlacking on the potential
and costs of using low-carbon hydrogen to reduce UK industry emissions. For example, use of

6 Modelling for the Committee by Imperial College indicates that around 85% of a building's heat could be met by
the heat pump part of a hybrid heat pump system.
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hydrogen was specifically excluded from the development of the £1m industry decarbonisation
roadmap studies produced jointly by industry and governmentin 2015.

The scenarios that underpinned our advice on the fifth carbon budget'” were therefore cautious
with regard to the future role of hydrogen in industry, with no hydrogen deployedin the Central
scenario. An 'Alternative'scenario, based upon a combination of results from the industry
decarbonisation roadmaps and work we commissioned from E4tech and UCL,'® " did include
significant quantities of hydrogen use for high-temperature heat, but this was not costed.

Figure 1.4 Residual emissionsfrom industry in 2050 in the CCC Centraland Max scenarios
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Source: CCCanalysis from CCC(2016) UK Climate Action Following the Paris Agreement.

Potential to use hydrogen in industry

Recentanalysis commissioned by BEIS from Element Energy and Jacobs has examined the
potential for fuel switchingaway from fossil fuels to hydrogen, electricity andbiomass (without
CCS)in a range of industry sub-sectors. The scope of the study covers just over half of fossil fuel
use in manufacturing (i.e. around 120 TWh out of a total of 215 TWh).?°

This analysis indicates that hydrogen has significant technical potential for deployment, is
applicableinsome processes where there is no alternative low-carbon option and, based on our

17.CCC(2015),Sectoral scenarios for the fifth carbon budget.

18 DECC (2015) Industry Decarbonisation and Energy Efficiency Roadmapsto 2050.

19 E4tech etal (2015) Scenarios for deploymentof hydrogenin contributing to meeting carbon budgets and the 2050
target.

20 This excluded consideration of switching fossil fuels used for: industrial combined heat and power plants;
producing steam at external sites; unclassified industrial energy uses; as well as the option to switch the fuels that
produce ‘internal fuels' such as blast furnace gas and coke oven gas. The study also doesn't coverfuel use in fossil
fuel production, which is outside of the manufacturing sector, but inside our definition of the industry sector.
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projections of future biomass use and prices, will be cost-competitive with other fuel switching?'
options for mostapplications (Figure 1.5):

The new analysisidentified 90 TWh of current industry fossil fuel consumption that could be
switched to hydrogen by 2040.

For around 15 TWh of this demand it was the only option available - this demand was all
for directfiring,?* for which biomass and electrification are rarely technically suited.

The study found that hydrogen technologies are expectedto become available at
different rates in different sectors, and that some of the fuel switching technologies may
not be available until around 2035, particularly hydrogen heaters and kilns outside of the
chemicals and refining subsectors.

No potential was identified to switch fuels for the remaining 30 TWh of fuel use, due to
potential limitations on the capacity of fuel switching technology units and on how much
fossil fuel could be displaced.For example, the study estimatedthat there islikelyto bea
limit of 25% on how much fossil fuel used for reduction in blast furnaces can be replaced
by hydrogen by 2040. This could be conservative if transformational technologies such as
directreducediron are successfully developedand demonstrated (see Box 1.7).

Based on our projections of fuel costs, we estimate that hydrogen will be the most cost-
effective fuel switching option for the majority of the demand considered in the Element
Energy and Jacobs study:

— This includes fuel switching for all of the mainindustrial fuel consuming processes:steam

production, high- and low-temperature heating (both direct and indirect heating), and
reduction processes. Alongside this, the study identified some potential for low-cost
electrification, usingheat pumps for space heating in industrial buildings.

Our assessmentdiffers from the results of the Elementand Jacobs study under their
central fuel cost assumptions, where biomass technologies were identifiedas beingmore
cost-effective than hydrogen technologies for around half of demand considered
because of different fuel cost assumptions. As set out in the Committee’s parallel report
on Biomass in alow-carbon economy, our wider analysis shows that bioenergy can be
more valuably used for decarbonisation in other applications (e.g. use of bioenergy with
carbon capture and storage — BECCS), implyingagreater value of the biofeedstock than
assumed in the Elementanalysis.

21 Electrification and biomass; excludes CCS and BECCS.
22 Directfiring refers to combustion-based heating processes (suchas furnaces and kilns) where the combustion
gases come into direct contact with the product that is being heated.
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Figure 1.5. Costs and potential of fuel switching options in industry (excludes CCS)

Source: CCCanalysis based on Element Energy and Jacobs, Industrial Fuel Switching Market Engagement Study
(draft).

Notes: Costs exclude the cost of capital. Abatement costs are for 2040. These curves only consider the costs of
hydrogen, biomass and electric technologies; post-process BECCS and CCS are not considered. Long run variable
costs assumed for hydrogen 3.5p/kWh and biomass 3.7 p/kWh.Scope of combustion emissions considered
limited to those from combined heatand power, unclassified industrial sectors, those resulting from combustion
of onsite-derived fuels (such as blast furnace gas) and those from the fossil fuel production sectors. Emissions
from reduction in the pigiron sector are considered.

Box 1.7. Direct Iron Reduction

In 2016, three Swedish companies announced their plansto develop a methodto decarboniseiron
production processknownas 'direct reduction’, by using hydrogen as the reducing gas. Their concept
is called Hydrogen Breakthrough Ironmaking Technology (HYBRIT). Direct reductionof iron is currently
used for about 5% of global primary steel production, with the remaining 95% using blast furnaces.

Existing direct reduction ofiron uses a reducing gas derived from natural gas or coal, neither of which
arewidely availablein Sweden. HYBRIT will use hydrogen as the sole reducinggas, which will produce
water as a by-productinstead of CO,.

Theresulting 'direct reduced iron' (DRI) can then be made into steel using electricarc furnaces, in the
same way as traditional DRIis used.

Source: Ahman, M. etal. (2018) Hydrogen steelmaking for a low-carboneconomy: A joint LU-SE working paper
for the HYBRIT project; HYBRIT (2018) HYBRIT - Fossil-Free Steel: Summatry of Findings from HYBRIT Pre Feasibility
Study 2016-2017; World Steel Association (2017) World Steel in Figures 2017.
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There is also significant further potential for deployment of hydrogen in parts of industry outside
the scope of the ElementEnergy and Jacobs analysis:

e Hydrogen could be used instead of fossil fuels for industrial combined heat and power (CHP).

e There may also be some potential to reduce emissions from industrial energy (mainly oil) use

that is currently not classifiedinto a particularindustrial use, which stood at 36 TWhin 2016.
However, this is less clear as available data on 'unclassified' fossil fuel use lack detail.

Cost-effectiveness of hydrogen use in industry

The potential use of carbon capture and storage (CCS) inindustry is likely to be a key competitor
to the use of hydrogen in many industrial applications. There is considerable overlap between
the decarbonisation potential from switching away from fossil fuels to hydrogen and from
continuing to use fossil fuels and instead capturing and storing the resultant CO, emissions.
There is also overlap with the potential use of biomass with CCS to achieve negative emissions.
Giventhe likely major role for CCS in bulk hydrogen production (see Chapter 2), these options
are effectively ‘pre-process’ and ‘post-process’ forms of CCS (Figure 1.6):

e Pre-process CCS. Use of hydrogen produced predominantly from CCS to remove the carbon
before use in industrial processes,including combustionand reduction, isa means of
decarbonisation that can be used across a wide range of industrial applications.Itis likely to
be well suited to smaller sources of emissions and those further from CO, networks, for
which fitting CO, capture equipmentand connecting to a CO, network are likely to be more
difficult and expensive.

e Post-processCCS. Directapplication of CCS to industrial sitesis well suited to large point-
sources of CO,, especially those located close to CO, networks. An advantage of this
approach over the use of hydrogen is that the CCS can be used to reduce emissions from
industrial processesthat do not use fuel, such as calcination in the cement sector, in addition
to fuel-using processes (i.e.combustion and reduction).

The optimal balance betweenthe deployment of hydrogen and direct application of CCS
(including BECCS) in industry is not yet clear and will depend on risk profiles and the way that
investment decisions are made in industry, as well as costs and CO, savings (e.g. due to different
rates of CO, capture betweenthe two approaches).

In combination, we estimate that there could be a cost-effective contributionto industry

emissions reduction from some balance of hydrogen use and direct CCS of around 27 MtCO,e by
2050:

e This estimateisbased on our latest whole-system analysis using the ESME model, which
suggests that 10 MtCO,e could be avoided through hydrogen use and 17 MtCO,e reduced
through CCS and BECCS.? The potential may be higher, as this analysis excluded
consideration of hydrogen or CCS use (a) in most of the 'unclassified'industrial sector (b) on
emissions arising from internal fuel use, such as blast furnace gas and (c) in fossil fuel
production or on fugitive emissions.

e Weestimate that without hydrogen the cost-effective potential to reduce emissions from
industry would be 9 MtCO,e lower.?* Although there are some opportunitiesto reduce

2 Thisis comprised of 12 MtCO, stored and 5 MtCO, avoided through bioenergy use.
2 Atthe government's target-consistent carbon valuesin 2050.
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emissions through other means (e.g. some forms of electrification), the costs of these appear
prohibitively expensive.

The large combined contribution of pre-process and post-process CCS underlines the

importance of CCS in achieving the long-term decarbonisation required under the Climate
Change Act and the Paris Agreement.

The additional abatement potential identified of up to 9 MtCO,e is significant relative to the
residual manufacturing and refining emissions that remainedin our Central and Max scenarios
for 2050 that we presentedin 2016, of 46 and 32 MtCO,e respectively.?

Figure 1.6. ‘Pre-process’and ‘post-process’ forms of CCS for industry
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Potential deployment of hydrogen in industry

Giventhe uncertainty in our analysis, it is not clear what is the precise level of hydrogen use that

would achieve the necessary decarbonisation at least cost. This uncertainty is reflectedin our
modellingin Chapter 4.

Infrastructure developmentto supporthydrogen use inindustry is likely to take a staged

approach, both in terms of where in the country hydrogen use occurs and at which pressure tier
of the pipeline network.

Regional deployment of hydrogen to industry

Initial pathways for hydrogen use in industry may involve regional industrial clusters being
converted for hydrogen use, potentially co-located with industrial CCS. For example, Cadent has
proposed an industrial hydrogen cluster in the north-west of England (Box 1.8).

5 Itis likely that the 9 MtCO, abatement will reduce these residual emissions, although we will assess the exact

extent further for our upcoming advice onlong-term targets. The Central and Max emissions forindustry as awhole
were 61 MtCO, and 47 MtCO, respectively.
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Box 1.8. The HyNet North-West project

HyNet North West is a proposed regional hydrogenclusterbased aroundLiverpool Bay being
developed by Cadent and Progressive Energy, alongwith other local assetowners. The project
proposes to build an (autothermal reforming) hydrogen production plant, with the hydrogenbeing
used mainly in anindustrial cluster, but also being blended into the natural gas network, for use by
domesticand commercial users. The project mayalso supply hydrogenfor use as a transport fuel.

Theindustrial cluster would involve converting 10 large industrial sitesto using 100% hydrogen, which
will require modificationsto boilers, kilns and furnaces. New pipelines to transportthe hydrogento the
industrial sites would also be built.

Carbon capture would befitted on the hydrogen production plant, with CO, being stored in the
LiverpoolBay oiland gas fields. In addition, 0.35 MtCO, from an ammonia plant would also be storedas
part of the project.

Thetotal potential for annual emissionsreduction fromthe project is estimated to be 1.1 MtCO,at a
cost of £920 million. Longer term expansion of the overall hydrogen clustercould involve use of
hydrogen for power production and storage of hydrogen in undergroundsalt cavernsin Cheshire to
balance swings in hydrogen demand.

Source: Cadent (2017) HyNet North West: From Vision to Redlity Project Report.Cadent (2017) The Liverpool-
Manchester Hydrogen Cluster: A Low Cost, Deliverable Project.

If the cluster pathway is taken, the initial hydrogen clusters would likely be best placedin
regions that have attributes suited to hydrogen use:

¢ Regions with largeindustrial demand. Regions with large industrial fuel demands that are
suited to hydrogen use would likely benefit from economies of scale. The main industrial
clustersinclude Grangemouth, Teesside, Humberside, South Wales, Grangemouth and
Humberside.

¢ Regions with potential for CO, storage. Coastal regions with nearby offshore underground
geology suitable for CO, storage would likely be better suited. They would likely be able to
store the CO, produced from hydrogen production from CCS at a lower cost than regions
without nearby CO, storage. Regions with access to existing infrastructure (e.g. gas pipelines)
that could be repurposedfor CO, use could also have lower CO, transportation costs.

¢ Regions with existing hydrogen plants that have spare production capacity. Spare
capacity in existingindustrial steam methane reforming (SMR) hydrogen production plants
could be used to establishinitial hydrogen supply, whether for use in industry or other
sectors. This may helpin establishinga first cluster.|f this approach is taken, the SMR
hydrogen production should be fitted with CCS.

e Regions with otherlarge hydrogen demands. Initial industry hydrogen clusterlocations
could be driven by the proximity of significant demand from other sectors such as residential
and commercial buildings. Factors that may affect the location of demand for hydrogen for
buildings heat could include local public acceptability or the potential for hydrogen storage.
Areas with potential for onshore or offshore hydrogen storage (e.g. in salt caverns) would be
betterable to manage the large swings in hydrogen demand from buildings.

If an initial regional approach is taken, follow-on stages would be requiredto enable hydrogen
use in industry outside of these initial regions. A challenge may be supplyinghydrogen to users

42 Hydrogen in a low-carbon economy | Committee on Climate Change



that are not either (a) located near to large industrial clusters of hydrogen demand or (b) near to
aregion of hydrogen demand from buildings or transport and an associated hydrogen gas
network. In this case, residual hydrogen demand may need to be met by truck.

Options for distributing hydrogen to industry

A key challenge for hydrogen deploymentinindustry will be providing an infrastructure for
hydrogen supply, basedon existingand some new pipelines.The Iron Mains Replacement
Programme (IMRP) is converting low pressure gas distribution pipes from iron to plastic for
health and safety reasons by 2032 (see section 3); these new pipesinthe gas distribution
network will be able to transport hydrogen.

However,some components may still need conversion in the distribution network (e.g. steel
pipesthat distribute gas at intermediate pressure, monitoring systems, compressors). New
pipelinesfor hydrogen transmission may well be necessary — discussions with the gas industry
suggest these need not be much more expensive than natural gas equivalents.2¢

Infrastructure changes for hydrogen in industry could take a number of pathways:

o The gasdistribution networkis convertedto hydrogen, with transmission pipes builtin
parallel to the existing transmission network. This pathway would also allow widespread
use of hydrogen. Building new hydrogen pipes parallel togas pipeswould incur a capital
cost for the new pipeworkbut parallel placement would minimise additional costs (e.g. land
accessrights). Industries that are connected to the gas transmission network and that would
be unable to switch to hydrogen would be able to maintain their natural gas supply.

e Only thegasdistribution networkis converted to hydrogen. This pathway would have a
relatively low capital cost post-2032 following the completion of the IMRP. Hydrogen could
be fed into the distribution network from nearby hydrogen plants; this would not require
compression of the hydrogen. However, this would not supply all of industrial demand as
many large industrial gas users are connected directly to the transmission network. Those
industries would maintain a natural gas supply, although as larger consumers of natural gas
they may be well placedto decarbonise using carbon capture and storage (CCS).

¢ Neither networkis converted to carry hydrogen. This pathway would allow for hydrogen
blending at up 7% by energy (20% by volume) - see section 4. This would require the lowest
capital spending and use existing pipework. However, this would lead to much smaller
emissions savings. This pathway could be useful in establishinglow-carbon hydrogen
suppliesinthe near term.

Itisalso conceivable that in the long term, the natural gas network might be fully switched to
hydrogen, enabling wider use of hydrogen. However, it would have a high capital cost as the
transmission network would need pipe upgrades to prevent embrittlementandgas losses,and
any industries that are unable to switchto hydrogen would lose their piped natural gas supply
and would need to use other natural gas delivery methods.

26 Although hydrogen pipelines may require more expensive materials, the cost of the pipeline itselfis estimated to
be only around one third of the total cost of laying a new pipeline. The overall cost of the pipelineis therefore
relatively insensitive to the pipeline material cost.
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Next steps for hydrogen use in industry

Despite the uncertainty about future levels of hydrogen use, there are a number of low-regrets
actions that can be taken now to progress the option of using hydrogen for industrial
decarbonisation. As such, we recommendthat the government should:

e Supportthedemonstration of hydrogen use forindustrial direct firing applicationsin
industries with small point sources. Hydrogen appears to be the only realisticroute to
decarbonising these emissions sources and the government should ensure that this optionis
developed.

¢ Targetresearchanddevelopment spendinginto hydrogentechnologies forindustrial
heating applications where there may be technical barriers to use of hydrogen. This
should sit alongside further research on BECCS applicationsinindustry (see our parallel
reporton Biomass in a low-carbon economy).

To supportthe development of hydrogen use technologies (across the economy), the
government should support low-carbon hydrogen production as part of a CCS cluster (as
discussed in Chapter6). The government should ensure that existing spare hydrogen
production capacity in industry is considered for this low-carbon hydrogen production (through
the applicationof CCS).

Longer-term and larger-scale industrial hydrogen use and broader industrial decarbonisation
will require a clear mechanism to help supportinvestmentin industrial decarbonisation. The
development of such a mechanism will need to tackle the risk of carbon leakage, while taking
advantage of industrial opportunities. The Clean Growth Strategy set out a commitmentto
develop a framework to support the long-term low-carbon development of energy-intensive
processes, buta year on there has not beenfurther detail about this framework. This is needed
urgently.

5. Blending of hydrogen into the natural gas supply

At present the specificationfor gas that can be transported through the UK gas network is
closelylinkedto the composition of natural gas produced in the North Sea. It is likely that
blending a small proportion of hydrogen into the natural gas supply could be done safely and
without any changes to end-use appliances (e.g. boilers or cookers).

The HyDeploy project at Keele Universityisin the process of examining what proportion of
hydrogen could be blended into the gas network (Box 1.9). It is thought that up to 7% hydrogen
by energy?’ could be injectedinto gas supplies, but this study will develop animproved
evidence base.

Blending of hydrogen into the gas grid at 7% would reduce the greenhouse gas footprint of grid
gas by 4-6% if the hydrogen were produced from natural gas reforming with CCS, with
potentially slightly greater savings from electrolytic hydrogen depending on the carbon
intensity of the electricity used.

Although limitedin potential, blending of hydrogen into the gas supply avoids some of the costs
associated with switching to 100% hydrogen, including adjustments to the gas network
infrastructure, swapping out household-level appliance and potentially changing the pipework
inside buildings. It therefore reduces greenhouse gas emissions at a lower unit cost.

27 As hydrogenis less energy-dense than natural gas, this equates to 20% hydrogen by volume.
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Our cost estimates suggest that it could reduce emissions at a cost of £56-114/tonne, depending
on the source of the low-carbon hydrogen. However, the potential is limited by the extent to
which hydrogen can be blended before expensive and disruptive upgrades of natural gas
appliances would be required.

Blending of hydrogen is not a key stepping stone on the way to full conversion to hydrogen, as it
fails to tackle key challenges associated with higher proportions of hydrogen supply (i.e. costs
and disruption of conversion at the household level, public acceptability of hydrogen as a fuel).
Blending of hydrogen with natural gas and repurposing the gas grid to 100% hydrogen are quite
separate things, with blending providing some benefitsin a transition phase:

e The possibility toblend small proportions of hydrogen into the natural gas supply offers an
option to use low-carbon hydrogen to reduce emissions without significant infrastructure
changes.

e Production of low-carbon hydrogen for a range of uses, including potentially blendinginto

the gas supply, would enable hydrogen supply chains to develop. This would provide a
platform for subsequent wider deployment of hydrogen.

We consider the value of blending hydrogen into the gas grid as part of a transition to wider
hydrogen use in Chapter 6.

Box 1.9. The HyDeploy project

The HyDeploy project is investigating the potential to increase the limit of hydrogenblending into
natural gas supplies without changes to behaviouror existing gas appliances.

The project will test blends at up to 7% hydrogen by energy (20% by volume), the level below which
previous studies have indicated thattheregas appliances and customers are not affected. It is also
slightly below the level at which gas appliances manufactured since 1993 have been designed to
operate (8% by energy).

In November 2018, the project was given permission by the Health and Safety Executive to proceed to
a live trialduring 2019, which will test blends of hydrogen and natural gas for around 130homes and
buildings on the Keele University privategas network.
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Hydrogen's role in heat decarbonisation will determine whether or not gas grids are repurposed
to hydrogen. Hydrogen can also play a role in the powerand transport sectors irrespective of
decisions over the gas grid, although they may affect the extent of hydrogen use and how it is
delivered.

This chapter's key messages are:

e Power.By 2030, the UKis likely to have a very low-carbon electricity system, withrenewables
and nuclear backed up byflexible thermal capacity - mainly natural gas plants. Thereis an
opportunity for hydrogen to replace natural gas cost-effectivelyinthis back-up role,
potentially enabling power system emissions to get close to zero by the 2040s. This would be
helpedif new gas plants can be made ‘hydrogen ready’, including beingwell-sited with
respect to potential hydrogen supplies.

e Transport.While battery electric vehicles are now well placedto deliver the bulk of
decarbonisation for carsand vans, hydrogen fuel cell vehicles could play an importantrole
for heavy-duty vehicles (e.g. buses, trains and lorries) and potentially for longer-range
journeys in lighter vehicles, where the need to store and carry large amounts of energy is
greater. There isalso a potentiallyimportantrole in decarbonising shipping, especiallyifan
international market developsin low-carbon hydrogen or ammonia (see Chapter 3).

e Syntheticfuels.Production of synthetic hydrocarbon fuels using zero-carbon hydrogen and
captured CO, istechnicallyfeasible, butfaces major challengesin contributing to

decarbonisation in a cost-effective way. Inclusion of synthetic fuels within near-term policy
mechanismsis not a priority.

The rest of this chapteris setout in three sections:
1. Managing the electricity system
2. Transport

3. Production of synthetic fuels
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Just as hydrogen and electricity canbe used in complementary ways in end-use applications for
sectoral decarbonisation, there isalso potential to manage theirsuppliesinways that can
provide benefitsinmanaging the overall energy system.

The challenge in decarbonising electricityis to produce electricity from low-carbon sources -
including variable renewable electricity - and to match demand and supplyat all times.
Although electricity canbe stored in batteries, thermal stores and pumped-hydro storage,
electricity storage in very large quantities over long periods of timeis not cost-effective.Despite
improvements in battery technology, there s likely to remaina role for storable fuels - such as
natural gas or potentially hydrogen -in meeting peak electricity demand.

e Peak electricitydemandoccurs in winter,and fossil fuel power stations currently ensure that
enough electricity isgeneratedto meet this demand. In the future, electrification of heat for
buildings will increase seasonal variation in electricity demand. Factoring in electrificationin
other sectors, peakdemand could increase by up to four or five times by 2050 under a 'Full
Electrification’ pathway comparedto today.?®

e Whilstbattery storage and thermal energy storage have large rolesto play, they can largely
help to manage intra-day and inter-day peaks in energy demand. It is likely that the UK grid
will continue to rely on a storable fuel (e.g. natural gas or hydrogen) in order to meet peak
electricitydemandin the winter.

— Developmentsinother forms of energy storage, such as flow batteries?®and long-
duration thermal energy storage, could reduce the role for storable fuels, though fuels
such as gas are likely to remainimportant into the foreseeable future.

— Atransition of the UK's car fleet from fossil-fuelled vehicles to electric vehicles could
provide up to 125 GW (1.7 TWh) of additional electrical storage capacity.** However,
charging patterns (and possibly battery degradation through increased cycling) may limit
the availability of this capacity to help balance the UK's electricity system.Even if these
constraints can be resolved, vehicles are unlikely to provide a form of long-term storage.

— Asoutlinedin Chapter 1, hybrid heat pump systemswould add a flexible load to the
electricity system, able tobe moved by a hours within the day or to switchto the boilerif
necessary.

e Inaheavily electrified system there is a potentiallyimportant role for the seasonal storage
that is currently provided by natural gas, in order to meetpeakelectricityand heat demands
in winter (see Box 1.6). There is potential for hydrogen to perform a similarrolein a low-
carbon way.

If electricity generation exceeds electricity demand at certain times of the year (e.g. at times of
high renewable generation), this ‘surplus’ electricity could potentially be converted into
hydrogen whether to re-generate electricity, or for use in other sectors. However, the scale of
this surplus electricity is not likely to be significant and the role for electrolysisin converting it

28 See Imperial College (2018) Alternative UK heat decarbonisation pathways.

2 Aflow battery is a type of rechargeable battery with electrical charge provided by chemicals stored in two tanks.
Tanks can be sized to contain large volumes of liquids, increasing storage compared to Li-ion batteries.

30 Assuming 42m cars, 40 kWh battery, 3kW charger.

48 Hydrogen in a low-carbon economy | Committee on Climate Change



into hydrogen islikelyto be limitedbyits economics relative to those of other forms of power
system flexibility such as demand-side response and battery storage (Box 2.1).

We set out the economics of producing hydrogen via electrolysis and low-carbon electricityin
Chapter 3, and considerits role in the context of the whole energy system in Chapter 4.

Increasing penetration of variable renewable energyinto the UK's electricity system provide a need for
more electricity grid services - such as balancing services and frequency response - to ensure that
variable supply can match electricity demandat alltimes, and power quality can be maintained.
Several options are available to provide this 'system flexibility', including flexible generators, battery
storage, interconnection and demand-side response.

Electrolysers could be helpfulin managing an electricity systemwith variable supply, by absorbing
'surplus’ grid power (which would be low cost), by providing frequency managementservices,or by
locating in areas where grid constraints limit the amount of power thatcan be transferredfrom one
part of the electricity system to another. This role will be determined by the uptake of alternative
system flexibility options, which have greater energy throughput and therefore lower costs. There may
be a greater role for electrolysers in grid-constrained areas.

e Electrolysers arealready providing system flexibility services to the UK grid. ITM Power's 3 MW
electrolyserin Birmingham is able to contract for both frequency response and demand
managementcontracts from National Grid, the UK's electricity system operator.

e Imperial College modelling (Box 1.6) suggests that more cost-effective methods forbalancing the
grid, such as demand-side response (e.g. shifting demand for electricheatingvia thermal storage in
domestic premises or electric vehicle charging) are likely to play a greaterrole in providing
electricity system flexibility than electrolysis:

— Themodelling suggested electrolysis would be limited to managing around 1% of grid
electricity, producing around 1% of the hydrogen supplied in a scenario with high
hydrogen demand.

— Ifit were not possible to shift significant amounts of electrified heat and/ortransport
demand away from peak periods, there could be a greater role for electrolysis in providing
grid balancing.

Electrolysers could play a usefulrole in producing energy in areas without electricity grids, or that are
unable to export the electricity produced to an area of demand. This could be particularlyrelevantto
Scotland, where onshore wind can be produced cheaply but upgrades to the electricity transmission
system have been required in order to send electricity south of the border.

Source:Imperial College (2018) Analysis of alternative UK heat decarbonisation pathways. Grid Change Agent
(2018) ITM Power installing grid balancing hydrogen bus refuelling station in Birmingham.

Use of hydrogen for electricity generation can eliminate direct CO, emissions from the UK's
power sector, though there may be indirectemissions associated with the production of the
hydrogen being used. A zero-carbon power system can be a cost-effective contribution to
meetingthe UK's 2050 target. This could make sense especially where low-carbonH, is being
produced anyway and stored for other applications (e.g. for use in industry or buildings).
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e Technically, hydrogen can be used to generate electricity as a direct fuel in new gas turbines
or some existingones, as partof a pre-combustiongas CCS plant or a fuel for CHP plant,
producing no carbon emissions at the point of combustion. Ammonia (NH;3) is a hydrogen-
rich liquid that could be used as an alternative or complementary fuel to direct hydrogen use
in power stations.3'

e Hydrogen burntin power plants can playa role in providing long-duration energy storage in
order to meet seasonal peaks in electricity demand, as well as providing important system
services - such as system balancing, inertiaand voltage control —to help accommodate
variable renewable energy within the system.

Technical feasibility

It appearstechnically possible that new power stations could be builtto burn hydrogen,
ammonia or a combination of the two, at limited additional cost. Modest retrofitsto some
existing power stations could also make burning these zero-carbon fuelsviable.lt is possible to
already burn these fuels in engines. Further researchis required to determine the technical
capability, performance efficiencies and air quality implications of burning hydrogen in power
stations. Additionally, burning hydrogen in power stations is only likely to be viable if thereis a
low-cost route to getting sufficient volumes of fuel to the power stations:

e Discussions with leading power equipment manufacturers suggest that hydrogen and
ammonia could both be combustedin new gas turbines, with similar overall efficiency to
today's combinedcycle gas turbines (CCGTs).>? New CCGTs built with diffusion burners -
which are able to burn lower calorific gases - could be 'hydrogen ready', by burning natural
gas initially before switchingto burn hydrogen at a future date.??

e Atrial by Siemensin Oxfordshire demonstrates that wind power can be used to produce low-

carbon ammonia, for subsequent power generation via combustion of an ammonia-
hydrogen blend in an engine.?*

e ltislikelythat retrofitting existing CCGTs to burn hydrogen and/or ammoniawould be
possible, although suitability would be determinedon a case-by-case basis. Thisis because
turbine configurations may be space-constrained,and may not have room for additional
pipeworkrequiredfor higher volumes of gas (per unit of energy), and the Selective Catalytic

Reduction (SCR) technology that may be required to manage emissions of nitrogen oxides
(NOx).

e Hydrogen could be also used in fuel cells for small-scale distributed electricity generation.

These offer efficiency benefits comparedto small gas generators, but are expectedtobe
more costly at up to £2500/kW comparedto £300/kW.>*

31 Asammonia s rich in nitrogen, there are risks that burning it directly could increase emissions of NOx - a harmful
pollutant. This is also anissue for direct hydrogen combustion, as nitrogen in the air is involved in the combustion
process. Reducing the flame temperature (i.e. by adding ammonia to a hydrogen fuel mix), or installing Selective
Catalytic Reduction technologies are two options to help mitigate this.

32 Efficienciesare assumed to be around 53% HHV for both technologies.

33 US DOEalso has a programme of development for an efficient hydrogen turbine.See ETI (2015) Hydrogen - The
role of hydrogen storage in aclean responsive power system.

34 Siemens (2016) Green Ammonia.

35 BEIS (2016) Electricity Generation Costs; Fuel cell costs are domestic scale from Imperial College (2018) Alternative
heat decarbonisation pathways. There could be significant cost reductions from economies of scale.
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e Inpractice,the use of hydrogen for power generation may be constrained by the availability
of the fuel. In scenarios where the gas gridisn't converted to hydrogen, combustion of
hydrogen for power generation would be limitedto power plants located near hydrogen
production facilities, or using smaller volumes of fuel, that can easily be transported or
stored. This may favour larger-scale gas plants.

The government should investigate the technical feasibility of burning hydrogen fuels for
power, as well as the possibility of ensuring that new fossil-fired power plant beingdeployedin
the UK is 'hydrogen ready', both in its ability to burn hydrogen at a later date and in siting new
plants near to possible future hydrogen production facilities (e.g. near to CCS hubs).

The economic case for hydrogen in power

If hydrogen and/or ammonia can be combusted (at high efficiency)in gas power stations to
produce electricity, thenitis likely this could play a similar role to natural gas power plants
today: providing capacity, flexible generationand a range of essential power system services
such as inertia, and frequency response.

As carbon pricesrise, the economics of burning low-carbon gas for power generation improve.
We estimate that burning hydrogen in power stations will be cost-effective against the
government's carbon values in the 2030s (Figure 2.1):3¢

¢ Fuel switching.

— Forecast natural gas pricesrange between £13-28/MWh (39-83p/therm).Ifgas is burned
in a high efficiency CCGT (53% higher heating value) power can be produced at a cost of
£25-54/MWh.

— If natural gas isreformed into hydrogen it could cost £27-46/MWh (see Chapter 3).
Burning hydrogen in the same power station would produce powerat £51-87/MWh.

— Burning hydrogen instead of natural gas can reduce emissions by 60-85% when
including lifecycle emissions (Chapter 3).

= The emissionsintensity of gas-fired power generation isaround 355 gCO,/kWh, in
addition to lifecycle emissions from natural gas of around 30-135 gCO,/kWh.

= Hydrogen would produce no direct CO, emissions, but could incur emissions of
around 20-23 gCO,/kWh during the hydrogen production process (and emissions of
30-165 gCO,/kWh associated with supplying the natural gas for this process).

— Natural gas power plants currently pay around £11/MWh for their CO, emissions, at a
carbon price of £30/tCO,.Carbon prices would have to rise to around £70-100/tCO, to
encourage switching to a lower-carbonfuel. This would be cost-effective against the
government's carbon values from around 2030 onwards.

¢ New-build fossil plant. For all types of gas plant being builtfrom 2030 onwards, it looks as

or more cost-effective tobuild the gas plantto be able to burn either hydrogen or ammonia,
instead of natural gas, against the government's carbon values.

e This logic also appliestofuel cells,which could be used to displace mobile power generation
such as small-scale gas and diesel generators, as well as off-road mobile machinery.However,
the costs of fuel cells would have to fall significantlyin order to compete on cost with small
fossil power generators.

36 Assuming hydrogen engines and turbines have the same capital cost and efficiency as natural gas equivalents.
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Figure 2.1. Projected operating costs of gas plantsin 2040
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Source: HMT (2018) Green Book supplementary guidance: valuation of energy useand greenhouse gas emissions for
appraisal, BEIS (2016) Electricity Generation Costs.

Notes: Switching from using natural gas to using hydrogen becomes cost-effective at carbon prices of between
£70-100/tCO,. Assuming hydrogen is produced via gas-reforming at a cost of £35/MWh and an emissions
intensity of 12 gCO,/kWh. Current carbon prices are around £30/tCO,. Emissions intensity excludes supply chain
emissions which could add 30-135 gCO,/kWh for natural gas CCGT and 30-165 gCOx/kWh for a hydrogen CCGT.

System implications

Inour 2016 reporton UK Climate Action following the Paris Agreement we suggested that direct
emissions from the power sector would be 6 MtCO, in 2050 under our Central scenario,
comparedto around 72 MtCO, in 2017.Use of hydrogen in the power sector could displace
residual emissions from gas plant and gas CCS plant, providing the opportunity to reduce direct
emissions from power generation to zero. Residual emissions from hydrogen production would
depend on the source of the hydrogen, but would likely be lower than 5 MtCO,.

Use of hydrogen in the power sectordoesn't just depend on cost and emissions, butalso relies
on getting the hydrogen to power stations. Therefore its use in power could depend on
hydrogen use in other sectors with potentially larger demands for hydrogen, such as buildings
and industry.

e Current gas power stations use natural gas from the UK's transmission and distribution
systems.Gas plants that connect to the transmission network would require dedicated
hydrogen pipes from nearby hydrogen production facilitiesinorder to switch to hydrogen.
Converting the gas distribution networks to hydrogen use could allow direct use of
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hydrogen in smaller gas power stations. This demonstrates the importance of the gas grid
offering system flexibility across both heat and powerapplications.

¢ Inscenarios where the gas gridis not converted to hydrogen use, hydrogen power stations

could be limitedtolocations near sources of hydrogen, or to smaller volumes that could be
easily transported.

— For example,inscenarios where hydrogen isn't used for heat but is used in industry,
power stations may need to be located close to industrial clustersin order to accessa
source of low-carbon hydrogen.

— Separately,if hydrogen could be transported in small volumes, then it has the potential
to displace small-scale uses such as distributed power generation or off-road mobile
machinery.

While battery electric vehicles have made a lot of progress, there isa question as to whether
they are suited to all forms of road transport. The energy density by volume of hydrogen, whilst
lowerthan that of diesel and petrol,isfar greater than that of batteries. Refuellinga hydrogen
vehicleissimilarinspeed to refuellinga diesel or petrol vehicle, whereas battery electric vehicles
can take longer to charge.

Hydrogen fuel cell vehicles are electric vehicles that generate electricityonboard at relatively
high efficiency, avoiding or reducing the need for electricity storage inbatteries. As such, fuel
cell vehicles will have electric drive trains, and will benefit from improvementsinelectric
vehicles.

Use of fuel cellsfor buses or trains could have relatively limited hydrogen infrastructure
requirements, due to the potential for ‘return to base’fuelling. By contrast, long-distance road
transport, in cars, vans and/or trucks, would imply the development of a UK-wide network of
hydrogen refuelling stations. This would depend to some extenton decisions made elsewherein
the energy system - if the gas grid is converted to hydrogen, it may be possible to use itto
distribute hydrogen to refuelling stations.

Use of the gas grid to distribute hydrogen may mean that impurities are introduced into the
hydrogen, eitherfrom the griditselfor from the addition of odorants and colourants to ensure
the hydrogen can be safely used in homes for heating:

e To enablealong lifetime ofthe fuel cell, hydrogen entering it must be free of contaminants.
Whilstit is possible that vehicles will include onboard purifiers, itis likely that the refuelling
stations would need to provide hydrogen with a purity of a set standard.?” Cadent Gas and
the National Physical Laboratory (NPL) are currently collaboratingon a project to assess the
likely purity of hydrogen in the gas network and the purity requirements for fuel cell
applications, to identify how feasible it will be to use hydrogen from the gas grid in hydrogen
vehicles, with a focus on heavy goods vehicles (HGVs).38

e Whilstthe costs of purificationare uncertain, it is not clear whether converting the gas grid
to hydrogen will supporta transition to hydrogen in the road transport sectoras, if

37 Currently hydrogen refuelling stations need to be compatible with ISO 14687 standards for hydrogen purity,
mandated at the EU level.

38 Cadent (2018) NIA Project Registration and PEA Document: Hydrogen Gridto Vehicle (HG2V); Network Purity for
Transport.
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purificationand transportation costs are above around £15/MWh (see Chapter 3), itmay be
cheaperto produce hydrogen on-site from electrolysis. The likely requirements for, and costs
of, purifying hydrogen would be a useful area for further research.

In this section, we first consider the role for hydrogen in long-distance road transport, before
considering other surface transport and then international transport.

Cars

For passenger cars regularly travellinglong distances exceeding the range of a battery electric
vehicle, hydrogen cars provide the ability totravel further on a single tank of fuel and refuel
more quickly than battery electric vehicles.However, the costs of electric vehiclesare falling
more rapidly than for hydrogen fuel cell carsand increasingly fast charging technologies are
beingdeveloped.

Comparedto batteryelectric vehicles, there are fewer models of hydrogen vehicle available and
limitedfuellinginfrastructure:

e The number of hydrogen fuel cell car models available on the marketis low, with only two
models currently available in the UK: the Toyota Mirai and the Hyundai ix35.3° This compares
with more than 50 models of electric car.

e Hydrogen fuelling opportunities are also significantly more limited than for electric vehicles:

— 13 hydrogen refuelling stations are operational across the UK.*° The UK H,Mobility
consortium recommendedthat 65 stations should be installed by 2020 to supportthe
developmentof an early market of 10,000 vehicles, risingto 1,100 stations by 2030 to
enable a wider roll-out of the vehicles.*!

— Opportunitiesto charge electric vehicles are considerably greater. Alongside charging at
home and at workplaces, there are now 11,000 public electric vehiclechargersin 7,000
locations.*? With new 150kW and 350kW chargers beingrolledout in the next few years,
the time stoppedto charge for an electric vehicle driver will be roughly equivalent to (or
lessthan in the case of 350kW chargers) the recommendedrest breaks in the Highway
Code of 15 minutes every 2 hours of driving.*?

The UK'’s Hydrogen for Transport Programme was launched in 2017 by the Office for Low
Emission Vehicles (OLEV):

e Stage 1 will help fund four new hydrogen refuelling stations in Derby and Birmingham
(opening early 2019)and two in London. Over 190 fuel cell vehicleswill alsobe deployed, the
majority of which will operate in London. Userswillinclude Green Tomato Cars (a car service
with an environmentally focused approach) and the Metropolitan Police. The London Fire
Brigade and British Transport Police will alsotrial vehicles.

39 Availability of the fuel cell version of the Honda Clarity is currently unclear in the UK as it seems to be available
only for limited trials.

40 Zap-map.com

41 UK H,Mobility (2013) Phase 1 Results.

42 Zap-map.com

4 Department for Transport (2018) The Highway Code.
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e Stage 2 aimsto fund up to ten hydrogen refuellingstations as well as associatedfleetsand
commitsup to £14m. *

While hydrogen fuel cell vehicles are around twice as efficientas petrol and diesel vehicles, they
are less efficient than battery electric vehicles,and the overall energy efficiency of fuel cell
vehiclesisreduced by inefficienciesinthe rest of the energy chain (Figure 2.2).

Figure 2.2. Relative efficiency of battery electric vehicles vs. electrolytic hydrogenfuel cell vehicles
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Notes: The diagram shows the indicative efficiency of using a given amount of zero-carbon electricity in
powering a car. Whilst in practice each of the efficiency numbers could vary, this would not be sufficient to
change the conclusion that electric vehicles provide a much more efficient solution for powering vehicles than
use of electrolytic hydrogenin a hydrogen fuel cell vehide.

Fuel cell vehicles are electric vehicles that generate power onboard, so itis possible that
hydrogen cars could in the longer-term be hydrogen plug-inhybrids (i.e. combininga battery
and a fuel cell):

e The vehicle could have a smallerfuel cell,alongside a battery similar to those in other plug-in
hybrids. This would enable the user to benefitfrom cheaperenergy through the greater
efficiency of charging the battery, when convenient, whilst for longer journeys it would have
greater range enabled by the hydrogen storage.

e It couldalso reduce concern over coverage of hydrogen refuelling stations, especiallyinthe
initial stages, given the possibility tofuel with hydrogen or recharge the battery.

Overall, battery electric vehicles are well placed to deliver the bulk of decarbonisation in light-
duty transport, but hydrogen would be a useful option in some cases.

4 Ricardo (2018) Hydrogenfor Transport Programme (HTP).
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Heavy goods vehicles (HGVs)

Long-haul heavy goods vehicles are challenging to decarbonise, as they require a large payload
capacity.ltisimportant to aim to decarbonise heavy-duty transport by switching to hydrogen
and/or electricity, rather than continuing to use hydrocarbon fuels:

As set out in our parallel report on Biomass in a low-carbon economy, use of biofuelsis not the
best use of finite bio-resources where applications can be shifted to carbon-free energy,
given alternative uses and the potential to sequesterthe bio-carbonwith carbon capture
and storage (CCS).

Synthetic fuels are unlikely to contribute significantly to cost-effective emissions reductions
(see section 3).

The aim should therefore be to move HGVs to zero-carbon energy (i.e.electricity and/or
hydrogen) where feasible by 2050.

In principle, hydrogen fuel cell vehicles would be well suited to providing the necessary power
and range, but they are currently projectedto be more expensive than electric trucks:

Hydrogen trucks are currently being used in demonstration projects across the world,
including several projectsin California. However, these are generally for urban deliveryand
short distance routes.

Currently, there are no long-haul hydrogen fuel cell HGVs being demonstrated, although the
start-up Nikola has announced work towards a hydrogen truck with a range of 500-1000
milesand a 15-minute refuel time.

Toyota unveiled a second iteration of its hydrogen truck in July this year, with a range of 300
miles. The first iteration of this truck has been operatingat the Ports of Long Beach and Los
Angeles, completingnearly 10,000 miles of testingand real operations.* Port operations
offer a significant opportunity for low emission trucks, as many are located in areas of poor
air quality and the trucks are required to do relatively short trips between the port and the
distribution centre.

However, hydrogen is not the only potential solution for heavy trucks - electrification couldbe
feasible, either with battery electric trucks or by installing infrastructure that charges the vehicles
as they drive:

Battery trucks.Volume and weight constraints on the vehicle meanthat for larger battery
electric trucks to become feasible, the energy density of the battery would need to improve
comparedto batteriesavailable onthe market today. Lighter electric trucks manufactured by
Arrival and Daimler are already being trialled on urban routes by companiesincluding UPS,
DPD, Hovis and Wincanton.

— Pure batteryelectrictrucks could successfully operate on urban routes or predictable
regional routes with lighterloads, but require charging infrastructure to enable to them
to charge eitherovernight at the depot, whilst loading and unloading goods or during
the driver’s resttime. Local electricity grids would likely need to be upgraded to
accommodate these vehicles, or the charging infrastructure could be paired with large
on-site stationary batteries.

4 Toyota (2018) Press release: Toyota Doubles-Downon Zero Emissions Heavy-Duty Trucks.
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— Tesla have released specifications for a fully electric tractor trailer truck with an estimated
range of between 200 and 300 miles, indicatingthat there is potential for electric trucks
to service longer routes assuming certain developmentsinbattery technologies.

¢ Motorway charging.Technologies that charge electric trucks whilst they drive can enable
longer journeys and reduce the size and weight of batteries required, allowing larger

payloads. However, installing this infrastructure on major roads is likely to be expensive and
disruptive to road users (Box 2.2).

Giventhe large numberof HGVs travelling between the UK and the rest of Europe, suitable
infrastructure must be available in all countries that UK HGVs travel from, to and through. The UK
cannot therefore consider decarbonisation of long-distance haulage in isolation from other
countries. International coordination will be needed to ensure that countries across Europe
transition towards the same low-carbon solution and reduce the potential need to install
infrastructure to service trucks with multiple different power-trains.

Given theissues with installing sufficient batteries to enable trucks to travel long hauland to remove
the need for potentially long recharging periods, options to recharge the truck as it drives along the
road are being explored. A number of recharging options have potential, including overhead
catenaries, dynamicinductive recharging embedded into the road and conductive on-road strips. The
largeinfrastructure costs and disruption involved in installing these technologies mean that theyare
likely to be restricted to heavily used freight corridors.

Scania and Siemens are currently partnering to develop ‘E-highway’ technology, using overhead
catenaries to recharge the trucks, with ongoing trials in Sweden and Germany showing thatthe project
is technically feasible:

e In Sweden, overhead electric wires will be used to electrify a 2-km stretch of motorwaynorth of
Stockholm. Two electric trucks developed by Scania will be used to test the system.

e In Germany, threefield trials of the technology are planned to start operationin 2019.

e IntheUS, Siemens have electrified 1-mile of highway in California between the ports of Los
Angeles and Long Beach. Three trucksare currently being usedto test the system.

In 2015, Highways England commissioned a feasibility study fromthe Transport Research Laboratory
looking at installing dynamicinductive charging for cars, vansand HGVs on England’s majorroads.

e Aspartofthisstudy,asurveyofindustry stakeholders stated thatthey would be more likely to
purchase an electric vehicleiif it were possible to use on-road charging on equipped sections of
major roads, but thata returnoninvestmenton the vehicles of 18-36 months would be required.

e Dynamiccharginginstallationon the motorways was found to have positive monetary benefits
when modelled as being used by light vehicles (including cars and vans) and heavier vehicles
(including HGVs and coaches). The study highlighted thatat that time there were no systemsthat
could supply the two different levels of power required by the two different vehicle types.

Highways England planned an 18-monthtrial of this technology but have pausedthe project whilst
they wait for results of trials in other countries, including the FABRIC project that aimsto test installing
coils under the road surface to charge various typesof vehicles in Italy, France and Sweden.

Sources: Siemens(2016) Siemens builds first eHighway in Sweden; Siemens (2017) Siemens builds first eHighway in
Germany; TRL for Highways England (2015) Feasibility study: Powering electric vehicles on England’s major roads and
FABRIC project (2014) FABRIC project leaflet.
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Infrastructure and strategic decisions for decarbonisation of road freight

In order for the HGV fleet to have turned over fully to ultra-low-emissionvehicles (ULEVs) by
2050, this would require 100% of salesto be ULEVs by the mid-to-late 2030s given the lifetimes
of these vehicles.

In turn, for a hydrogen solution this would means rolling out infrastructure from the late 2020s:

e Assuming a similar number of refuelling stations would be required for hydrogen HGVs, as

has been estimatedfor a natural gas fleet,*® 350-400 refuelling stations would be required by
the mid-to-late 2030s to support the development of a hydrogen HGV fleet.*’

e Modelling for the UK H,Mobility projectindicates that it is feasible to roll-out this number of
stations in around a decade when starting from an initial 65 stations.*®

Givenlarge uncertainties over which technology option will prove most cost effective, it is
importantto consider the likely roll-out speeds of alternative technologies, if the electrification
of road freight provesa more cost-effective option comparedto the use of hydrogen fuel cell
trucks (Box 2.3).

Giventhe current evidence on lead-times for infrastructure and the time taken to turn over
vehicle stocks, the government would need to make a decisionon the choice of ULEV solution(s)
in the second half of the 2020s.

The Department for Transport should consider running larger-scale trials to assess these
technologiesin the early 2020s, after learning from the results of the ongoing international trials.
This should feed into a decisionon the bestroute to achieving a zero-emissionfreight sectorin
the second half of the 2020s.

Prior to this decision, it will also be important to improve understanding of the likely journeys of
freight vehicles, by collecting data on lengths of trips,actual payloads and volumes of freight
carriedand the proportion of each trip spenton major roads. This can inform a full assessment of
the different technology options (which may include hybrid hydrogen-electric trucks).

In the near term, the government should continue to focus on developing hydrogen refuelling
station and vehicle technology, by building an initial network to allow wider roll-out laterin the
2020s.Government funding in support of hydrogen refuelling stations should prioritise those
bids which allow a variety of vehicles, including HGVs or buses, to refuel. This will enable SMEs
and manufacturers to develop the early marketfor hydrogen HGVs.

Whilst cars and, to alesser extent, vans are increasingly electrifying, the additional weight and space
required to add sufficiently large batteries has provendifficult for electric trucks which carry heavier
loads.

e Accordingtothe Continuing Surveyfor Road Goods Transportin 2017, the average length of haul
fora domesticarticulated truckwas 85 miles, which implies a battery size of at least 270 kWh,

46 Energy Technologies Institute (2017) Natural Gas Pathway Analysis for Heavy Duty Vehicles.

47 Assuming a gradual ramp up of hydrogen HGV sales, starting from the late 2020’s and rising rapidly to nearly
100% of new sales by the late 2030's, resulting in 30-35% of the HGV fleet being hydrogen vehides in the late 2030s.
48 UK H,Mobility (2013) Phase 1 Results.
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which could weigh 1.3 tonnes. Assuming the truck will be at the depot for 30 minutes, a 550 kW
charger would be required to recharge the truck before it needs to leave again.

e Therewill be a significant proportion of tripsthat willbe much longer than this. Transport and
Environmentestimate thata fully electric truck with arange of 190 miles could cover 50% of trips
across the EU, potentially implying a 600 kWh battery, adding 3 tonnes of weight to the truckin
2025. Recharging this batteryin 30 minutes would require a 1200 kW charger.

In both cases, there would be an impact on the payload of the truck.Fast chargers willincreasingly be
required ifthe pure battery electrictruck is to become a viable option withoutsome sort of on-road
charging. However, given that 350 kW chargers are soon to be available, relatively minor
improvementsin charging speed could allow the use of electrictrucks on shorter routes.

Alternatively, given thelower costs of running an electric truck, fleet operators may be willing to adjust
working patternsto allowsslightly longer stopsat depotsto recharge. Improvementsin batteryenergy
density, even when excluding the possibility of completely new types of batteries, could significantly
improve theimpact on payload as well.

It is reasonable to expect HGVs with lower payloads on regional routes to switch to electrificationfrom
the early 2020s. To support development of battery electricHGVs, it would therefore be sensible to
ensure that HGVs parking in motorway service areas have accessto chargers. Additionally, ensuring
that allmotorway service areas havesufficient spare capacity in their grid connectionwould allow easy
installation of high-powered charging pointsin future, whilst also supporting the electrification of
passenger transport.

Battery electrictrucks could also be supported by some form of on-road charging, which could involve
inductive charging placed under the road, catenaries with overhead electrified lines that HGVscan
attachtoandonroadinductive charging:

e Givena decision to pursue this optionin the mid-2020s, in the Bundesverband der Deutschen
Industrie (BDI) report ‘Climate Pathsfor Germany’ it was assumed 400km of roads could be fitted
with overhead electrified lines by 2028. Assuminga similar roll-out pace, the UK’s motorways could
be fitted with the lines by the late 2030s if a decision was made in the mid-2020s.

e This pace may seem ambitious compared to the slower pace of railway electrification. However,
unlike railway electrification, HGVs travelling on the road network will need alternative power
sources for travelling when noton major roads, suchas diesel, batteries or hydrogen. Therefore, if
difficult stretches of motorway are encountered (e.g. multiple low bridges),aHGV can run on the
alternative power source for this stretch,avoiding the need to installthe infrastructure in this area.

Sources: Energy Systems Catapult (2018) ESME v4.4 Dataset; Element Energy for the Energy Technologies
Institute (2017) HDV - Zero Emission HDV Database.BCG and Prognos for BDI (2018) Klimapfade fiir Deutschland.
Transport and Environment (2017) Electric trucks’ contribution to freight decarbonisation.

There are hydrogen fuel cell buses already operating in the UK, including fleetsin London and
Aberdeenand plans in Birmingham and Dundee. Costs remain higher than for electric models,
but the buses can offer a longer range between stops to refuel.

Buses offer an important potential early market for hydrogen fuel cell vehicles:

e Depot-basedbus fuellinglimits the hydrogen refuellinginfrastructure required, enabling
busesto be alead market while hydrogen refuellinginfrastructure is not widespread.
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e Operation of buses occurs predominantlyin cities, where air quality is a particular problem.
Deployment of ultra-low-emission busesin place of diesel busesis therefore attractive in
improving urban air quality, especially where local authorities have the powerto make this
happen. For example, the Mayor of London's Environment Strategy*’ requires that all new
double-deck buseswill be hybrid, electric or hydrogen from 2018 and that all new single-
deck buseswill be electric or hydrogen from 2020.

The future balance between hydrogen fuel cell and battery electricbusesremainsto be seen,
with choices based not only on cost but also potentially on local circumstances (e.g. route
lengths and practicalities over charging and hydrogen refuellinginfrastructure).

There is potential to use hydrogen in trains. Whilst electrification can significantly decarbonise
the emissions from rail, the business case for electrificationis strongest only on the busiestand
high-speedlines. The main barriers to further electrification of the railway network are the cost
and lengthy construction times of the electrical infrastructure. Hydrogen trains could offer an
alternative for lines without this infrastructure, as refuelling can occur at rail depots (Box 2.4).

In February 2018, the then Transport Minister Jo Johnson set an ambition to ensure thatin 2040 no
diesel-only trains will be operating within the UK. The Rail Safety and Standards Board were due to
report on thefeasibility of this goalin September 2018, but this reporthas not yetbeen released.

The German government hasapproved the useof hydrogen trains on their railway networks, and
Alstom signed a contractto run hydrogen trains in Lower Saxony, commencing operationin late 2018.
However, the energy density of hydrogen mayrepresenta barrier to rolling outhydrogentrainsacross
the wholerailway network, as space constraints on the trains meanit is difficult to store sufficient
hydrogen to service especially busy, high-speed routesand to transportheavy-duty freight. The
Institute of Mechanical Engineers have released a report refuting the argument thatthereis no longer
a need to commit to further rail electrificationin England and Wales, stating that electrification offers
major opportunities to reduce the unit costs of train operation andmaintenance, as well as providing
improved capacity, journey times andreliability, while also producing significantenvironmental
benefits.

Both theintroduction of hydrogentrainsand further electrification of the railway network can offer
improved air quality, a significant issue in stationswhere trainsoperate in enclosed areas.

Source: Institute of Mechanical Engineers (2018) A breath of fresh air: New solutions to reduce transport emissions.

The shipping and aviation sectors currently depend entirely on liquid hydrocarbon fuels -
overwhelmingly fossil fuels - for propulsion.Given long journey lengths, electrification using
batteriesislikely to be limitedfor long-haul travel in these sectors. However, some electrification
of short-haul travel is likely to be feasible in both aviation and shipping, particularly if there are
further significant improvementsin battery energy density. Hydrogen use in shippingisalso
potentially feasible (Box 2.5).

Use of hydrogen - or another energy carrier based on it (e.9. ammonia) - for international
transport faces considerable challengesin ensuring that refuelling infrastructure and low-carbon

4 Mayor of London (2017), London Environment Strategy.
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fuel is available inevery country to which the craft might travel. In the case of shipping, the
potential development of an international marketin hydrogen (e.g. as ammonia) shippedfrom
countries with low costs of low-carbon hydrogen production (see Chapter 3), does raise the
possibility of this being the primary way of supplyinglow-carbon fuel for refuellingat ports.

Hydrogen use in aviation carries a further complicationthat it would lead to increased emission
of water vapour at altitude, where it enhances the greenhouse effect,compared to continued
use of kerosene.There does not therefore appearto be a role for hydrogen in decarbonising
aviation.

International shipping currently comprises 2% of global CO,emissions, and relies on Heavy Fuel Oil
(HFO), a tar-like fossil fuel with substantial air quality impactsresulting fromits high sulphurcontent
and black carbon emissions.In April 2018, the International Maritime Organisation (IMO) agreed to
reduce totalannual GHG emissions by at least 50% by 2050 compared to 2008. This highlighted the
need for rapid advancementsin decarbonisation options for shipping such as electrification, hydrogen
andammonia (see Chapter 3). Use of biofuels in shipping does not represent the bestuse of finite
sustainable biomass resources. Any biofuels produced are betterused in aviation,due to the lack of
other decarbonisationoptions.

Hydrogen and ammonia can power shipsthrough fuel cells, internal combustion, or dual fuel or hybrid
combinations. Low-carbonammonia can be made directly from electrolysis, or by adding nitrogento
low-carbon hydrogenwith renewable energyin the Haber Bosch process. There is a trade-off between
hydrogen and ammonia; while low-carbon ammonia is more expensive thanlow-carbon hydrogen,
hydrogen ships will have higher capital costs due to the difficulties associated with on-board storage.
Storing hydrogen is more difficult as in its gaseous roomtemperature form, on-board storage tanks
would take up a huge amount of space. Storage is more feasible if it is liquefied, but this requires
cryogenic conditions which are expensive to run and take up space on the ship, displacing cargo.
Ammonia is easier to store as a liquid than hydrogen, with a boiling point of -33°C instead of -253°C, so
requires less expensive, bulky storage equipment andless cargo is displaced.

More work is needed to look at the profitability and emissions savings of different decarbonisation
options,and how they willimpact the global refuelling infrastructure. Workis also requiredto ensure
thatammonia can be used safely as a shipping fuel (see Chapter 1,Box1.1).

Source:Lloyd's Register; UMAS (2018) Zero Emissions Vessels, what should be done? IEA (2017) Tracking Clean
Energy Progress.

There has beenconsiderable interestinthe production and use of synthetic hydrocarbon fuels
as 'carbon-neutral' drop-in replacements for fossil fuels. In effect, this seeks to reverse the
process of fossil fuel combustion: taking useful energyand CO, as inputs and ending up with a
hydrocarbon. Consequently, the thermodynamics of such routes are poor — in addition to CO,
they generallyrequire a large amount of zero-carbon energy (in the form of hydrogen) to
produce a significantly smalleramount of hydrocarbon energy. The CO, is then releasedto the
atmosphere on combustion of the fuel.

In order for the production of such fuels not to reduce other opportunitiesfor emissions
reduction, and therefore for them to be genuinely carbon-neutral, the CO, used as an input must
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either be captured from the air or from a source of emissions that would otherwise have gone to
atmosphere:

e ‘Directair capture’ (DAC)is potentially deployable ina relatively wide range of locations,
butis likely to have high costs.

— To date, DAC has only beendemonstrated on a pilotand small commercial scale.

— There is a wide range of estimates for what large-scale DAC might cost, but further work
is required to understand expectedcosts under widespread commercial use.

— Workis also needed to understand the challengesrelatingto scaling up DAC to a point
where it could achieve meaningful amounts of CO, capture, in order to be a potential
substantive source of carbon for synthetic fuels.

e 'Carbon captureanduse’ (CCU). CO, can be capturedfrom point-sources of emissions,

eitherfor sequestration (i.e. CCS) or for re-use. This is likely tobe mainlyin locations where
CCSis not viable and it is difficult to avoid the CO, emissionsin another way.

— Where CO, can be sequesteredvia CCS, this is preferable as once the CO, has been
captured, the costs for its transportation and storage can berelatively low relative to the
cost of capture.

— Alternatively,in many cases itis likely to be more feasible to switch away from unabated
fossil fuel use (e.g. using renewables), removing the source of CO, emissions.

— Remaining sources of CO, potentially available for CCU are therefore those in areas in
which CO, storage is not viable, basedon sources of CO, that cannot otherwise feasibly
be abated (i.e. fossil fuel use that cannot be switched and/or produce CO, emissions as
part of an industrial process).

Giventhe poor thermodynamic efficiency of synthetic hydrocarbon routes, in order to make a
potentially sensible and cost-effective contributionto emissions reduction, it would require low-
cost energy inputs. Therefore in order for synthetic hydrocarbon fuel production potentially to
be viable, it would require the following to be available at the production location:

e Suitable volumes of CO, available for capture at relatively low cost; and
e Large volumes of very low-cost hydrogen based on zero-carbon energy sources.

— Local production of zero-carbon hydrogen requires large amounts of available zero-
carbon electricity, additional to that required for decarbonisation of electricity system
(e.g. ‘stranded’ renewables - those that otherwise cannot access a market).

— Italsorequiresavailability of large amounts of water from which to produce the
hydrogen.

Whilst,in principle, the CO, or the zero-carbon hydrogen could instead be transported (e.g.
shipped)from elsewhere, this transportation would add to costs (see Chapter 3), further
undermining the economics of production.

However, even were all of the above conditions to be met production of synthetic fuels may still
not be optimal.ltwould still be better to undertake DAC where the CO, can be sequestered
geologically (i.e. DAC to CCS), leaving CCU as the primary route to synthetic fuels:

e DACtosyntheticfuels.Even if direct air capture of CO, were to turn out to be economicat

scale and if routes to synthetic fuels were to be potentially viable, this does not meaniit is
sensible tocapture atmospheric CO, for synthetic fuel production.
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— An alternative that appears clearly preferableis tolocate DAC instead in locationsin
which CCSis viable, directly sequestering the carbon rather than recyclingitinefficiently,
while continuing to use fossil fuels where hydrocarbon use is unavoidable.

— This has the same emissions outcome as the DAC-to-synthetic-fuels route, but avoids
much of the costs associated with the large zero-carbon energy supply required and the
production facilities to produce first hydrogen and then the synthetic fuel.

e CCU tosyntheticfuels. CCU routes look more sensible for synthetic fuel production, given
the location-specific nature of the CO, source and the lack of potential alternative ways of
avoiding its emissionto atmosphere.But given the poor fundamental characteristics of
going from CO, to hydrocarbon fuels, the economics are likely to be highly challenging.
Furthermore, the alternative of shippingthe captured CO, to a site where itcan be
permanently sequestered (as for DAC above) is likely to be preferable where thisis viable.

Therefore although there isa large technical potential for synthetic fuels from stranded CO,, the
challenges of finding sites that have the necessary characteristics,and of overcoming the very

difficult economicsrelative to alternatives, make synthetic fuels a speculative optionat this
point.

Inclusion of synthetic fuels within near-term policy mechanismsis not a priority,and could

potentially resultin perverse outcomes (e.g. production using grid electricity, withapotentially
very large carbon footprint).
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Chapter 3: Hydrogen supply



Use of hydrogen in the UK depends on low-carbon hydrogen being available at acceptable cost.
This chapter sets out the evidence on the costs and emissionsimplications of producing
hydrogen at scale in the UK, the infrastructure requirements associated with its supply.It also
considers the potential for the UK to meetsome its hydrogen demand via a global low-carbon
hydrogen market.

The chapter's key messages are:

e Fossilfuels with CCS. Production of hydrogen from fossil fuels with CCS (e.g. via
reformation of natural gas) is not resource-limitedinthe same way. Fossil hydrogen
production with CCS can be low-carbon, but cannot get to zero carbon due to residual
emissions both from the production of the fossil fuel and incomplete capture of CO,in the
process of producing hydrogen.

e Electrolysis.Use of electrolysersto soak up excesslow-carbon power generation can
provide a useful form of flexibility to the electricity system, and provide low-costelectricity
for hydrogen production. However, the size of this opportunity is small in the context of the
overall energy system (e.g. up to 44 TWh a year in 2050, less than 10% of buildings gas
consumption). Beyond this niche in helpingto manage the electricity system, the low overall
efficiency of electrolysis andthe relatively high value of using electricityasan input mean
that the costs of producing bulkelectrolytic hydrogen within the UK are likely to be high.
Large-scale hydrogen production from electrolysisinthe UK would also imply extremely
challenging build-rates for low-carbon electricity capacity between now and 2050.

e Bioenergywith CCS (BECCS). Our parallel reporton Biomass in a low-carbon economy
reaffirms that within the energy system, the best use of finite sustainable biomass resourcein
contributing to meetinglong-term emissions targets is to use it in conjunction with CCS, in
order to maximise the overall emissions savings. Although BECCS can be done in several
ways, our analysis indicates that production of hydrogen with CCS, sequesteringalmost all of
the bio-carbon, could be a favoured route if there is demand for this hydrogen. However,
given finite supplies of sustainable biomass globally and potentially strong competing
demands for it, this limits the potentiall role of BECCS in hydrogen production.

¢ Hydrogeninfrastructure.The current programme that isreplacingexistingiron gas
distribution pipeswith plastic ones will make the networks 'hydrogen ready'. This presents
an opportunity for hydrogen to be widely used in the UK, but significant new infrastructure -
in the forms of new hydrogen and CO, networks, and hydrogen storage - may be requiredfor
hydrogen production and consumption at scalein the UK.

e Hydrogenimports. The availability of low-cost energy resourcesin some parts of the world -
both natural gas and renewable electricity - could mean that international trade in hydrogen
develops. This hydrogen could potentially be importedto the UK at similar cost to producing
hydrogen directly in the UK, even when including the costs of conversion and transportation.
However uncertainty around the costs and availability of these importsimpliesaminimum
role for domestic hydrogen production across all future scenarios. Strategic decisions should
not be made in the near term that rely on high levels of future hydrogen imports.

The rest of this chapteris setout in three sections:
1. Technologies for producing low-carbon hydrogen
2. Hydrogen storage, transportation and infrastructure costs

3.Importing hydrogen to the UK
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1.Technologies for producing low-carbon hydrogen

\ Table 3.1. Key characteristics of hydrogen productiontechnologies
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Gasreforming
Steam methane | 965 Natural 65% 74% £44/MWh £45/MWh 45-120 Yes | Exposure to
reforming+CCS gas (£32- (£34-57/MWh) natural gas
50/MWh) price.
Advanced gas N/A Natural N/A 81% £39/MWh £44/MWh 29-99 Yes | Exposureto
reforming gas, natural gas
+CCS oxygen (£28- (£27-46/MWh) price.
45/MWh)
Electrolysis
Proton <1 Low- 67% 74-81% £89/MWh £73/MWh 0-325 No | Water use/
exchange carbon desalination.
membrane electricity (£48-80/MWh)
electrolysers , water
Alkaline 79 Low- 67% 74-81% £92/MWh £77/MWh 0-325 No | Water use/
electrolysers carbon desalination.
electricity (£52-84/MWh)
, water
Solid oxide N/A Low- N/A 92% £90/MWh £72/MWh 0-288 No | Water useand
electrolyser carbon (£54-79/MWh) availability of
electricity low-carbon
, water, waste heat.
low-
carbon
heat
Gasification
Coal 355 Coal 54% 54% £68/MWh £61/MWh 112-186 Yes | Land footprint.
gasification (£53-72/MWh)
+CCS
Biomass N/A Sustain- N/A 46-60% £106/MWh £93/MWh Potential | Yes | Sustainable
gasification + able (£64- to achieve supply of
Cccs biomass 127/MWh) negative biomass
emissions feedstock.
Source: CCCanalysis based on draft outputs in Element Energy (2018) Hydrogen for heat technical evidence
project, and SGI (2017) A Greener Gas Grid.
Notes: All conversion efficiencies are on a HHV basis.
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a. Gas-reforming (with CCS)

Gas reforming involves taking a stream of natural gas (CH,4) and reacting this with steam (H,O) at
high temperature to create hydrogen (H,). During this processthe carbon in the natural gas is
separatedas carbon dioxide (CO,), allowing it to be capturedfor storage or use. This is necessary
for gas reforming to be low-carbon:

e Steam Methane Reforming (SMR) is currently the most widely used gas reforming
technology and has beenused commercially formany decades. Steam methane reforming is
currently deployed in the UK, with the largest plantat run by BOC Linde in Teesside.>° SMR
units that capture around 60% of their CO, emissions are in operationin Texas, Canada and
Japan.”!

e Alternative gas reforming processes take place within chemical production processes around
the world (e.g. methanol production). Proposals to focus these technologies on hydrogen
production, alongside gas-heated reformers could achieve higher hydrogen production
efficiencies than SMRs by reusing heat produced during the processand introducing a
stream of oxygen into the reforming process. They could also achieve higher CO, capture
rates than SMRs. However, advanced reformers are not currently deployed at commercial
scale and so their potential real-world performance is more uncertain.

— CO, at process pressureis easier to capture than CO, at ambientair pressure, as it has a
higher concentration of CO, and so requires less energy to capture.

— The SMR process produces two streams of CO,: one at process pressure (about 60% of the
CO,) and one at ambientair temperature, when CO, is sent through the flue. In contrast,
advanced gas reforming technologies produce higher volumes of CO, at process
pressure. Advanced gas reformers are therefore likely to achieve higher CO, capture rates
than SMR technologies.

e The gas reforming process produces a stream of relatively pure hydrogen, but some
impurities will remaininthe hydrogen.>? These contaminants could limititsuse in some
applications, such as fuel cells, but it would likely be suitable for many end-uses, such as
burning for domestic or industrial heat. End-uses that require higher purity hydrogen could
use purificationtechnology, at additional cost.

Efficiencies and carbon intensity

Gas reforming technologies currently achieve around 65% conversion efficiency.>*** However,
conversion efficiencies have the potential to increase significantly through future technological
developmentto up to 85%. Those technological developments, and the addition of CCS
technology, could reduce carbon intensities from the CO, emitted during the production
process from today's levels of around 285 gCO,/kWh to between 11-25 gCO,/kWh:

50 E4tech and Element Energy (2014) Tees Valley and North East Hydrogen Economic Studyy.

51 The plants capture 90% of the emissions from the process, but vent the flue gas, meaning overall carbon captured
is around 60%. Capture rates in some ammonia production facilities may be higher than this.

52 Gas reforming can produce hydrogen with around 99.8% purity. However, fuel cells for transport may require
99.999% hydrogen purity.

53 All conversion efficiencies in this report are on a Higher Heating Value (HHV)/Gross Calorific Value (GCV) basis.

54 Sustainable Gas Institute (2016) A greener gasgrid.
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SMRs currently achieve around 65% conversion efficiency. Evidence suggests that future
technological developments and learning could increase this to around 74%.>°

Successful deployment of advanced gas reformingtechnologies could increase efficiencies
to between 75-85%.

CO, capturerates of at least 90%, and potentially close to 100%, could be achieved, with the
upperend of this range more likely to be achieved by advanced reforming technologies. This
would lowerthe emissionsintensity of hydrogen produced from SMRs to around 25
gCO,/kWh, and hydrogen produced from more advanced methods to around 11-15
gCO,/kWh.

Extraction and delivery of natural gas also leads to greenhouse gas emissions. When factoring in
these 'upstream'emissions, hydrogen production from gas reformingwith CCS can reduce
emissions relative to unabated natural gas use by 60-85% on a lifecycle basis. The remaining
emissions are split between uncaptured CO, from the hydrogen production processand
'upstream'emissions from gas supply (Figure 3.1):

Uncaptured CO, from hydrogen production. Dependingon assumptionsaround the
efficiency of natural gas reforming and the proportion of the CO, that would be captured
and stored, these residual emissions could be 6-14% of the combustion emissions from
natural gas.

Upstream emissions from natural gas supply. As hydrogen production from gas reforming
loses energy in the conversion process, a switch from natural gas to gas-based hydrogen
supply would actually increase natural gas consumptionand therefore 'upstream'emissions
from natural gas production. We use a range for upstream emissions from natural gas
production of 15-70 gCO,e/kWh:

— There is a wide range of estimated emissions relating to natural gas supply, reflecting
uncertainty both in the sources of natural gas available in the long term and a current
lack of knowledge over the upstream emissions from natural gas supplies, particular
relating to imported liquefied natural gas (LNG). In our 2016 report on Onshore Petroleum,
we presenteda range of upstream emissions for LNG of 15-70 gCO,e/kWh.

— The range of 15-70 gCO,e/kWhis similarfor UK shale gas production across the full range
of potential regulatory regimes, although if shale gas productionisto be compatible with
UK carbon budgets the regulatory regime will needto ensure that the emissions are
towards the lowerend of this range.

55 Based on draft outputs in Element Energy (2018) Hydrogen for heat technicalevidence project.
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Figure 3.1. Lifecycle emissions of natural gas compared to hydrogen fromnatural gas reforming
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Notes: Assuming 80%HHV efficiency for hydrogen production and a 95% CO, capture rate, with upstream
emissions from natural gas production ranging from 15-70 gCO,e/kWh.

Costs

Building a new steam methane reformerin the UK today could cost around £32-50/MWh, with
the majority of costs coming from fuel costs (£16-34/MWh) and carbon costs (£9/MWh).>¢
Advanced gas-reforming facilities could improve the efficiency of the hydrogen production
process, reducing costs, although some of these cost reductions would be offset by paying for

CCS. This could produce hydrogen at a cost of around £38/MWh by 2050, based on a gas price of
67 p/therm>’ (Figure 3.2):

e The majority of costs for a gas-reforming plantare fuel and carbon costs, which comprise
around 80% of overall costs; capital costs are low, at around 12% of overall costs.

e Future efficiency gains, deployment of advanced reformers, and capital cost reductions
could decrease costs to around £38/MWh (Figure 3.3).

— Estimates suggest that overall process efficiency could reduce by around five percentage
points with the addition of CCS, increasing costs by £2-5/MWh. Additionally, the capital
costs of CO, capture could increase costs by around £3/MWh,*® with payments for CO,

%6 Assuming gas-reforming facilities receive a 70% allocation of free allowances under the EU Emissions Trading
Scheme, so only pay 30% of their carbon costs. Future gas-reformers that produce hydrogen for non-industrial uses
may not receive this freeaallocation.

57 BEIS (2018) Energy and Emissions Projections.

58 CCC calculations based on IEAGHG (2017) Techno-Economic Evaluation of SMR Based Standalone Hydrogen Plant
with CCS.
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transport and storage infrastructure another £3/MWh (at £15/tCO,). However, savings
from avoided emissions due to application of CCS could be valued at around £50/MWh at
government carbon values.

— Future efficiency gains from more advanced reformers could reduce costs by around
£7/MWh. Reductions in the capital costs of building gas reformers, both from
deploymentat scale and from future innovations, could further reduce costs.

— Costs of gas reforming in 2040 could vary by around £17/MWh, depending on where gas
prices turn out withinthe full range of currentforecasts.

e Some countries have accessto significantly cheaper natural gas than the UK.>° There is
therefore potential for them to produce hydrogen from gas reforming at lower costs.
However, this hydrogen would then need to be shipped, or piped, to the UK, which would
come at additional cost (see section 3). It may also be difficult to validate that the hydrogen
was produced using low-carbon technologies.

Figure 3.2. Levelised costs of gas reforming with CCS (2025 and 2040)
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59 Aurora (2018) Aurora's Long-term Qutlook, references Qatar and Russia as two low-cost natural gas producers.
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b. Electrolysis

Electrolysisis the process of using electricity tosplit water (H,0) into hydrogen (H,) and oxygen
(O,). Electrolysers are modular technologies, with unit sizes up to 10 MW, and are therefore well
suited to small-scale on-site hydrogen production. Larger plants could be builtby “stacking”
many smallerelectrolysers together.Some types of electrolyser are technologically mature, but
emergingvariants could lead to significant performance improvements relative to current
technologies:

e Alkaline electrolysers are a mature technology and produce the vast majority of global
electrolytic hydrogen. Proton Exchange Membrane (PEM) electrolysers are currently at the
demonstration stage of technological deployment, with around 50 MW of capacity currently
deployed around the world.®°

e Solid-oxide electrolysers (SOE) are an emerging technology which utilise heat from other
sources to increase the efficiency of production significantly. However, in order for these
efficiency gains to berealisedin a low-carbon way the heat sources would also have to be
low-carbon (e.g. heat that would otherwise be wasted). Moreover, if this low-carbon heat
was not waste heat but had to be generated for the electrolyser, this would significantly
reduce the overall efficiency of the process. These factors may limit the role that SOE
electrolysers could playin producing significant quantities of hydrogen in the UK.

e Electrolysis producespure hydrogen with very low levels of contaminants (99.999%
hydrogen purity).5' This makes itmore suitable for end uses such as fuel cellsinvehicles
(see Chapter?2).

Efficiencies and carbon intensity

Current efficiencies forhydrogen production from electrolysis, using PEM and Alkaline
electrolysers, are around 67%.%> Depending on future technological developments electrolyser
efficiencies couldincrease to 74-82%.

The load factor®® that an electrolyserisrun at has a significant effect on its efficiency, as do rapid
changes in output. Therefore, efficiencies could be significantly lower if the electrolyseris runat
low load factors or requiredto increase or decrease production regularly.

e For example,ifan electrolyserisusedin combination with intermittent generation, such as a
wind turbine, efficiencies could be lower.

e Current evidence suggests that PEM electrolysersare bestable to handle an intermittent
supply of electricity,and may be best suitedto changing load factors (Box 3.1).

The commercial deployment of solid-oxide electrolysers couldlead to them having a higher
efficiency (e.g. up to 92%)in converting electricity to hydrogen, if there s sufficient input of low-
carbon waste heat.

Whilst no CO, emissions are produced directly from electrolysis, there are indirect emissions
from the input electricity. At current UK electricity gridintensities, a future electrolyser could see

% Element Energy (2018) Hydrogen for heattechnicalevidence project (draft outputs).
1 Element Energy (2018) Hydrogen for heattechnicalevidence project (draft outputs).
62 Sustainable Gas Institute (2017) Agreener gasgrid: whatare the options?

63 The load factor of a generation technology is given by actual generation divided by potential generation overa
given period of time.
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emissions of around 288-358 gCO,/kWh, howeverin a largely decarbonised electricity gridin
2050these are likely to be very low around at around 11-14 gCO,/kWh.

e Alongside hydrogen, electrolysisalsoproduces a stream of oxygen. There are potential
synergiesand savings available from using this oxygen with other low-carbon technologies
(oxygen can cost around £15-30/tonne to produce).®* For example,advanced gas reforming
technologiesrequire an oxygen input and so could be run in combinationwith electrolysis.

Costs

Current estimates of levelised costs for hydrogen production from electrolysis are around £89-
92/MWh, but could fall to around £75-78/MWh due to efficiency improvements.® Further
reductions in costs could come from capital costs, but electricity prices are likely toremain the
largest input cost (Figure 3.3). The cost of producing hydrogen from electrolysis could be even
lowerin countries where solar electricity canbe produced at very low cost. However, this
hydrogen would still need to be transported to the UK at additional cost (see section 3):

e The majority of the cost of producing hydrogen via electrolysisis the cost of the input
electricity (80-86%), rather than capital or operating costs. Capital costs are a small
proportion of an electrolyser's costs, limiting the impact of further capital cost reductions.

— Electrolysersare a modular technology, so could benefit from cost reductions through
repeateddeployment,in a similar way to that seen to date with solar PV, where costs
have fallen 12% perdoubling of capacity.® For electrolysis, this'learningrate' has been
estimatedat around 7%°®” perdoubling of globallyinstalled capacity.

— Howeveras capital costs are expectedto remaina small overall proportion of an
electrolysers cost, the impact of further cost reductions in thisarea is likely to be limited.

e With future efficiency gains, and capital cost reductions the costs of production could

decrease to between £72-77/MWhinthe UK. The lower part of the range would only be
achieved with the deployment of SOE electrolysers.

— Cost of production from PEM and Alkaline electrolysers are likely tofall by around £8-
13/MWh through efficiency gains.

— Future efficiency gains from deployment of SOE electrolysers could reduce costs by an
additional £3-5/MWh, provided that adequate low-carbon waste heat is available.

e Combiningan electrolyserdirectly withlow-cost renewable generation (at £30/MWh) could
see costs of electrolysisinthe UK reduce further to £48-60/MWh, although this may affect its
load factor, increasing capital cost requirements (Box 3.1).

e Countries with more sun and accessible wind resource can produce electricity at lower cost
and higher load factors than in the UK. This could lower the cost of hydrogen production
from electrolysis.For example, solar PV can be produced in the Middle East, Mexicoand Chile

64 U.S. Department of Energy (2016) Oxygen Production.

% Assuming an electricity price of £51/MWh. Higher electricity prices would significantly increase the costs of
electrolysis. Forexample, an electrolyser consuming electricity at a retail electricity price of £150/MWh would
produce hydrogen ata cost of £195-214/MWh.We have not considered this further in this analysis, due to the high
cost.

% Newbery (2017) How to judge whether supporting solar PV is justified.

57 Element Energy (2018) Hydrogen for heattechnicalevidence project.
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at around £10-15/MWHh,%8 electrolytic hydrogen could then be produced from this at around
£26-32/MWh. This would still needto be shippedto the UK at additional cost (see section 3).

e The high costs of electrolysisinthe UK, comparedto alternative hydrogen production

options, may limitthe technology to specificapplications orsituations, particularly where the
gas gridisn't converted to hydrogen:

— The use of hydrogen in HGVs could require up to 400 hydrogen refuelling stations in the
UK. As these are likely tobe spreadaround the country itcould make sense for hydrogen
to be produced directly onsite, rather than transported to the station. However, given the
cost difference between gas-reforming and electrolysis, the cost of the transportation of
hydrogen from a gas-reforming facility,as well as any additional purification
requirements, would have to be above around £15/MWhto make onsite electrolysisa
cheaper option (assuming electrolysis can produce hydrogen onsite at £48/MWh).

— Inareas where electricity output from renewablesis curtailed due to electricity network
constraints, electrolysis couldbe used to convert electricity to hydrogen for other uses.
This could be particularly useful where there is both network constraints and local
demand for hydrogen (e.g. in Scotland, particularly for islands). However wind

curtailment due to transmission constraints was just 1.5 TWh (3% of total wind
productionin2017.%°

— Analysis presentedin Chapter 2 (Box 2.1) suggested that the role for electrolysersin
providing electricity system servicesislikely tobe limited.

%8 See, for example: Bloomberg (2017) Saudi Arabia Gets Cheapest Bids for Solar in Auction.
9 Policy Exchange (2018) Fuelling the Future.
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Figure 3.3. Electrolyser costprojectionsfor 2025 and 2040
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factors to 30%, which adds £17-20/MWh. Electricity prices: £30/MWh, £46/MWh, £53/MWh.

Box 3.1. Pairing electrolysis with renewables

It is possible to build dedicated renewables for the sole purpose of supplying low-carbon electricity for
an electrolyser to produce low-carbon hydrogen, or 'pairing' renewables with an electrolyser. In the UK
this would likely involve building a wind turbine to pair with an electrolyser due to the less favourable
profile of UK solar generationover the year. Whilst thiswould ensurethat the hydrogen produced was
low-carbon and may have arolein small-scale distributed production, it is likely to be prohibitively
expensive for bulk hydrogen production:

e Projected costs of electricity from onshore and offshore wind turbines for the 2020s are around
£40-60/MWh. If the costs of electricity from wind could fallto around £30/MWh by 2050, the costs
oftheinput electricity alone for an electrolyser is likely to be around the costs of the hydrogen
produced from gas reformingin 2050 (our central estimate is £38/MWh).

e Ifanelectrolyser was paired directly with a wind turbine, it could only generate hydrogen when the
wind turbine was generating. Estimates for annualload factors of wind turbines range from 32%to
up to 55%, implying the electrolyser would only generate for this portion of the year. It would be
possible to combine a wind turbine with a battery, in order to suppling the electrolyserwith a more
constant stream of electricity, however a battery would haveto cost less than £15/MWh over its
lifetime to make this a viable proposition. Current battery cost estimates for similarapplicationsare
significantly higher than this.’
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Box 3.1. Pairing electrolysis with renewables

e Rapidandregular changesin wind output mayalso reduce the efficiency of the electrolyser,
increasing the overall costs of production.

e Therefore, hydrogen producedfrom electrolysis paired with renewables in the UK would cost
around £53-64/MWh (Figure B3.1), significantly higherthanour central estimate for gas reforming.

— Forhydrogen produced fromthis method to be cheaper than our central estimate for gas
reforming the costsof wind generation would need to fallto less than £10/MWh.

— Totheextentthat other revenue streamsare available, such as payments for flexibility
services (Box2.1), or transportation costs were saved (see section 2), this could improve the
economics of production.

Figure B.3.1 Cost of producing hydrogen fromrenewable electricity, compared to gas-reforming
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c. Gasification of coal, biomass, waste

Gasification heats a hydrocarbon-rich feedstock,”® such as coal or biomass, at high temperatures
to produce a syngas richin hydrogen (H,), which also contains carbon monoxide (CO) and
carbon dioxide (CO,). The syngas can then be upgraded, separating out the hydrogen from
other molecules and converting the carbon monoxide to CO, and more hydrogen (via the water-
gas shift reaction’"). This allows the carbon to be separated and sequestered, which is essential
for gasification to be a low-carbon hydrogen production technology.

e Gasification of coal is a mature technology that has been used for many decades. For

example, coal gasification was used to produce ‘town gas’ in the UK until the 1960s -
however this was a carbon intensive and highly polluting process (Box 1.3).

e Gasification of biomass, including waste, to produce hydrogen is a more novel emerging
technology which is currently at the researchand demonstration phase of technological
development.The processfunctions in a similar way to coal gasification, but there are
additional requirements for pre-processingthe feedstock (e.g. drying), and more effort is
required to clean the syngas to remove contaminants before upgrading it to hydrogen.
Therefore, there remains some uncertainty around whether biomass gasification can be
deployed at scale in acommercially viable way.

e Gasification can produce a stream of hydrogen of similar purity to that produced from gas
reforming (i.e. 99.8 % purity).”? However, if a diverse range of feedstocks (e.g. wastes) is used
thereis a higher risk of contaminants entering the gas.

Efficiencies and carbon intensity

Current efficiencies for hydrogen production from coal gasification are over 60%, but are
estimatedto reduce to around 52% with the inclusion of CO, capture technologies.”® As coal
gasification is a mature technology, it is unlikely that there would be significant future increases
in efficiency. Hydrogen production from coal gasification has a carbon intensity of around 675
gCO,/kWh, the addition of CCS would likely lower this to around 27-34 gCO,/kWh if a 95% CO,
capture rate can be achieved.

Biomass gasification with CCS is not currently commercially deployed, so efficiencies are less
clearalthough evidence suggests they could be between46-60%.Bioenergy used with CCS to
produce energy and sequester CO, has beenidentifiedas a key technology, as it maximises the
emissions reductions from finite sustainable bio-resources. The Committee's parallel reporton
Biomass in a low-carbon economy identifies bio-gasification to produce hydrogen as a high value
use of sustainable bioenergy, and given uncertainty around current costs and efficiencies,
recommended demonstration of the technology.

Extracting/harvesting and transportation of coal/biomass also leads to greenhouse gas
emissions. When factoring in these 'upstream'emissions, hydrogen production from coal
gasification with CCS can reduce emissions relative to unabated natural gas use by 7-56%on a
lifecycle basis. Sustainably sourced biomass can reduce emissions by more than 100% compared
to unabated natural gas:

70 Containing mostly hydrogen and carbon, as well as some oxygen and potentially some sulphur.

71 The water-gas-shift converts carbon monoxide (CO) and water (H,0) to hydrogen (H,) and carbon dioxide (CO,).
2 Element Energy (2018) Hydrogen for heattechnicalevidence project (draft outputs).

73 E4Tech (2015) Scenarios for deployment of hydrogen in contributing to meeting carbon budgets andthe 2050 target.
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e Lifecycle emissionsfrom coal are in the range of 86-153 gCO,/kWh’4, in addition to emissions
of 27-30gCO,/kWh from the gasification process (if 95% of the CO, can be captured and
sequestered).

e Lifecycle emissionsfrom biomass can vary substantially depending on supply chain
practices,and any changes in land-carbon stocks attributable to the harvested biomass (see
the Biomass in a low-carbon economy report).Sustainable and low-carbon harvested biomass
has the potential for overall 'negative emissions' to offset residual emissionsin hard-to-
decarbonise sectors, when used with CCS.

Costs

Building a new coal gasification plant in the UK today would cost around £68/MWh, including
the costs of CCS. Future savings from economies of scale could reduce this, putting our central
estimate of future coal gasification costs with CCS at around £61/MWh (Figure 3.4).

e (Capital and running costs are a significant part of overall costs (53-59%). As this isa mature
technology there is limited room for further technical improvements toreduce costs.

e Savings from building larger-scale coal gasification plants are significant, with estimates
suggesting that capital costs roughly half for every doubling of plant size.”® This contrasts
with other hydrogen production technologies which can be deployed effectively at much
smaller plantsizes.

e Costs of coal gasification in 2050 could vary by £12/MWh depending on coal price forecasts.

Hydrogen from biomass gasification with CCS could cost between £64-127/MWhin 2040.This
depends on successful commercialisationand deployment, future capital and operating costs
reductions beingrealised,and the costs of the biomass resource.

e Capital costs make up around 12-23% of overall costs, with fuel and operating costs making
up the rest.

e Against the full range of forecast biomass prices costs of biomass gasification in 2050 could
vary by £44/MWh.

74 Based on areport for the CCC by Ricardo AEA (2013) Current and future lifecycle emissions of key low-carbon
technologies and alternatives.
7> Element Energy (2018) Hydrogen for heattechnicalevidence project (draft outputs).
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Figure 3.4 Coaland biomass gasification costprojections for 2025 and 2040
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d. Other considerations

Our technology assessments also consider land and water footprints of the technologies,
emissions of pollutants other than CO.:

e Landfootprint.Deployment of a large-fleet of hydrogen production technologiesis likely to

have a similar land footprint to the UK’s thermal power generation fleet, or the UK's current
petrochemical processingsites.

— Gasificationtechnologies require more land than gas-reforming technologies due to the
need for onsite fuel storage of coal or biomass.”®

— Electrolysers would require additional low-carbon generation capacityto beinstalled in
the UK. If this was from renewable sources this would significantly increase their overall
land footprint.

e Waterfootprint.Electrolysers would require potable water to produce hydrogen, gas-
reforming technologies require water as part of the chemical process, and for cooling.

76 0.8-2.5m? kW H,, compared to 0.05-0.16 m? kW H. for gas-reformers and 0.07-0.14 m? kW H,, compared for
electrolysers (notincluding electricity capacity)
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Gasificationtechnologies also require water for cooling, similar to the UK’s current thermal
power stations.

— Electrolysersrequire around 0.5 litres potable water per kWh of hydrogen.”’” For
comparison, nuclear power plants consume around 1.5-2.7 litres of water for cooling
purpose per kWh of electricity produced (though this water can be of lower quality).”®
This could pose some constraint on electrolysis, depending on where they are locatedin
the UK. Sea water could be desalinated but this would incur a small additional cost.

— Gas-reformingand gasification technologies require around 0.1-0.3 litres of non-potable
water per kWh H, as part of the reforming or gasification process.In addition, both
require 0.1-30 litres of water for cooling.”®

e Air quality. Gas reforming and gasification produce nitrogen oxides (NOx). Gasification can
also produce particulate matteremissions. Both can pose serious health risks. These can be
mitigated by fitting filter technology, such as Selective Catalytic Reduction technologiesand
electrostatic precipitators tothe plants.

There are also implications for the potential scale of CO, infrastructure required and for energy
imports. We consider these in Chapter4.

e.Summary

Our assessment considers the potential and costs of producing low-carbon hydrogen at scalein
the UK. For scenarios with hydrogen demands in excess of 100 TWh/annum, gas-reforming with
CCSislikelytobe the lowest cost means of producing low-carbon hydrogen, although
producing large volumes of hydrogen in this way could resultin significant residual emissions
(Figure 3.5, Figure 3.6). Other technologies are likely to play a more niche role, limitedby amount
of sustainable feedstock (BECCS), costs and the impacts of the technology on the electricity
system (electrolysis),and emissions (coal gasification):

e Gas-reformingwith CCS looks like the cheapestoption for hydrogen production in the UK,
with costs of between £27-46/MWh, reducing emissions by 60-85%, on a lifecycle basis,
comparedto natural gas. Although thereis no real technical deploymentlimitto producing
hydrogen via gas-reforming, in practice the deployment of this technology is likelytobe
limited by feasible build rates, availability of gas imports and the level of residual emissions
from this technology isa decarbonised energy system.

e The potential for bio-gasification with CCS to be deployedat scaleislimited by the amount
of sustainable bioenergy available, but the technology offers one way of using bioenergy
with carbon capture and storage (BECCS) to maximise emissions reductions from finite
sustainable bio-resources. Deployment of bio-gasification will depend on the amount of
sustainable bioenergy available.Scenarios in our parallel report on Biomass in a low-carbon
economy suggest that 94-550 TWh/annum could be available, which could be used to
produce 55-330 TWh of hydrogen.

7 Element Energy (2018) Hydrogen for heat technical evidence project (draft outputs).

78 Woods (2006) Water requirements of nuclear power stations.

7 Element Energy (2018) Hydrogen for heat technical evidence project (draft outputs). Lower bound is using a cooling
tower, upper bound is using sea water.
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e Coal gasification is expectedtobe more than double the cost of gas-reforming, and only

offer emissions savings of 7-56% comparedto natural gas. Therefore we do not consider coal
gasification to be a viable means of low-carbon hydrogen production in the UK.

e Electrolysisis expectedto be higher cost than gas reforming, but could be zero-carbon. Cost
reductions in electrolysers canreduce costs, but the cost of electricity will remainthe most

important factor. The cost of electricity would have to be lessthan £10/MWh for electrolysis
to be the same cost as gas reforming in the UK.

e Other means of producing hydrogen may become commercialised, but given their current
state of development, they are unlikely to be deployedat significant scale by 2050 (Box 3.2).

Figure 3.5. CCC central estimatesfor levelised costs of low-carbon hydrogen productiontechnologies
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Notes: The black arrow shows the uncertainty range for the overall levelised cost of hydrogen for each
technology. Costs of capital is assumed to be 10% across all technologies, and a 3.5% discount rate is applied to
future costs. Load factors are assumed to be 90% across all technologies. Carbon pricesrise to £227/4C0O, by 2050.
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Figure 3.6. Lifecycle carbon intensities of hydrogen production technologies, compared to natural gas
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Source: CCCanalysis based on draft outputs in Element Energy (2018) Hydrogen for heat technical evidence
project, SGI (2017),A greener gas grid: whatare the options? Ecofys and E4Tech (2018) Bioenergy Heat Pathways to
2050 Rapid Evidence Assessment — pending publication, BEIS (2018) Energy and Emissions Projections, Imperial
(2018) Analysis of alternative UK heat decarbonisation pathways.

Notes:We assume a supply chain emissions intensity for biomass of up to around 70 gCO,/kWh on a primary
energy basis. Biomass is assumed to not cause any change in land carbon stocks. A 95% capture rate is assumed
across all technologies with CCS.

Box 3.2. Novel hydrogen production technologies

Severalnovel hydrogenproduction technologies are currently being researched and developed.
Progress in these technologies could see them play arole in hydrogen production. However due to the
lack of development, and robustdata on costs, we do not include them in our scenarios:

¢ Pyrolysis of hydrocarbons: Hydrocarbonscan be heated at high temperaturein the absence of
oxygen, a process known as pyrolysis, to produce a stream of hydrogen anda residual solid carbon.

¢ Downhole conversion of fossil fuels with CCS: Coal can be gasified underground, beforeitis
mined and extracted, to produce hydrogen. If this process was fitted with carbon capture and
storage technology it could produce low-carbon hydrogen. However, this is unlikely to be
deployed at scale as it has a low efficiency and there are potential environmental issues.

e Microwave technologies: Hydrogen can be produced fromnovel emerging microwave
techniques, which expose hydrocarbons and electricity to microwaves in the presence of catalysts
to produce a high quality stream of hydrogen and residual solid by-products. A source of low-
carbon electricity would be required for this hydrogen to be low-carbon.

¢ Microbial conversion: There are various emerging technologies thatcan produce hydrogen from
a fermentation process. These tend to be part of a wider biological refining process, such as
anaerobicdigestion, and the hydrogen is therefore producedalongsideother products. Whilst
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Box 3.2. Novel hydrogen production technologies

thesetechnologies could play some role in optimising yields fromexisting biological processes, it is
unlikely these could be scaled-up to produce significant quantities of hydrogen.

¢ Solar-to-fuel technologies: Similarly to electrolysis, solarto fuel technologies split water into
hydrogen and oxygen - but do so using solarenergydirectly. The main difference is thatthe fuel
production occurs in the same device thatis capturing the solar energy. Currently this had led to
lower efficiencies than a combination of solar PV and electrolysis but could, in the future, be less
costly and easier to build.

Source: The Royal Society (2018) Options for producing low-carbon hydrogen at scale.

2. Hydrogen storage, transport and infrastructure costs

a. Hydrogen infrastructure

Onshore networks

The UK has an extensive network of energy transmission and distributioninfrastructure that has
beenbuiltup over decades in order to transport oil, natural gas and electricity.

e The electricityand gas networks are separated into tiers, according to the flows of energy

that they are able to deliver.Gas networks are splitinto multiple pressure levels, while
electricity networks are split by voltage.

e Higher tiersare known as the transmission system, whereas lower tiers are grouped under

‘distribution networks’; both are owned by separate private companiesand regulated by
Ofgem.

Alllevels of electricity networks will continue to be used — and require upgrading - far into the
future. However, questions have beenraised about the future of gas distribution networks given
the need to decarbonise heat and alternative pathways for doing so. If heat demand can be
switched to low-carbon hydrogen then gas networks will play a key role:

e The UK’s existinggas distribution networks are expectedto be suitable for transporting
hydrogen at all lower pressure tiers.8° However, use of hydrogen as an energy carrier at scale
in the UKiis likely toinvolve building a new transmission network, at a cost of around
£0.5bn/year.?' If hydrogen is produced inland, away from coastal CO, stores, some hydrogen
transmission costs could be avoided, however additional onshore CO, networks could then
berequired at a cost of around £0.8 bn/year.

— Asasmall molecule, hydrogen can diffuse into other compounds, causing embrittlement
and fracturing. This is unlikely to be a probleminthe gas distribution system - once

80 The UK’s Iron Mains Replacement Programme, currently being undertaken by the UK’s gas network companies
and due to be completedin the early 2030s, is replacing old iron pipes with plastic ones that are suitable for
carrying hydrogen.

81 Total network length could be less than the natural gas transmission network, which was developed to link gas
fields andimported gas to centres of gas demand. See Imperial College (2018) Alternative UK heat decarbonisation
pathways.
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converted to polyethylene - but could be an issue if hydrogen were to be transported
through the steel gas transmissioninfrastructure.

— Insome cases there may be opportunities to repurpose parts of the natural gas
transmission system for transportation of CO,, or potentially hydrogen, although this will
be limited by both the feasibility of conversion®? and any continued use of the
transmission system for natural gas.

— The potential to transport hydrogen via the existinggas distribution networks from the
early 2030s provides an opportunity to deliver low-carbongas to residential and
commercial consumers.

— However,investmentin gas networks is just 5% of the annual costs of a decarbonised
energy system (Box 1.6), so does not in itself determine the optimal heat decarbonisation
pathway.

e Inscenarios where heat is fully electrified, there may be a case for decommissioning the gas
distribution networks. The gas transmission system could continue to remainuseful in order
to provide natural gas to power stations or industrial users (e.g. for use in combination with
carbon capture and storage).

Alternative hydrogen transportation options

As well as pipelines, hydrogen can also be transported via lorries or ships (see section 3), which
may play a greater role in scenarios where the gas grid isn't converted to hydrogen use:

e Hydrogen is currently transported in 'tube trailer'lorries to bus depots in the UK, carrying
around 1,000 kg (or 39 MWh) pertrip, enough for 25,000 bus-kms. This could increase to
1,500-5,000 kg pertrip in the future if pressurisationisincreased, although transportation of
compressed hydrogen has higher costs than liquefied hydrogen or ammonia.

e Costs of transporting hydrogen via trucks could be in the range of £1-2/MWh.Tube trailer
distributionis well suited to smaller volumes of hydrogen, but economies of scale favour
transportation of hydrogen via pipelines at higher volumes. Beyond the cost implications of
hydrogen distribution, transporting it by road in significant volumes would also add to
congestion, given the relatively low volume transported per tube trailer.

These infrastructure considerations are reflectedinour scenarios in Chapter4.

b. Requirements and options for hydrogen storage

As well as delivering gas on demand, the UK's gas networks provide much of the storage services
to the network as 'linepack’,®* enablingit to buffer large swings in energy demand over a period
of hours or days. Following a conversion to hydrogen, these networks could playa similarrolein
buffering demand and supply, supplemented by hydrogen production capacity and hydrogen
storage facilities (e.g. salt caverns) to ensure that the system can meet seasonal swings in
heating demand:

82 Current evidence suggests the existing gas transmission networks in the UK are unlikely to be able to
accommodate significant amounts of hydrogen.See POST (2017) Decarbonising the Gas Network.

8 The term linepack is used to represent the contribution to storage from the use of gas pipelines, due to the ability
to operate them atarange of pressures. The effective storage potential comes from the difference in the quantity of
gas heldin the pipeline at maximum pressure compared to minimum operating pressure.
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The ‘Beast from the East’ in March 2018 highlighted the challenge of heating UK homes
during an extended cold period. Most of this heat was provided by natural gas via the UK’s
gas networks, which suppliedan extra 120 GW of demand over a 3-hour period.?* Modelling
for the Committee by Imperial College was able to replicate these conditions for alternative
energy system configurations based on low-carbon heating (see Box 1.6).

Conversion of the UK's gas distribution system for hydrogen use, alongside a new hydrogen
transmission system, would enable significant amounts of hydrogen to be stored within the
pipeline system as linepackat very low cost. This can be particularly useful in smoothing out
short-term (e.g. within-day) demand fluctuations. The existing natural gas transportation
system contains enough capacity to meet peakdemand periodsin cold winters, as well as
sufficient flexibility to operate a lower flow levels during summers, when demand is low.#
However, as hydrogen takes up greater volume per unit of energy (and therefore requires
more pipeline pressure), there may be a need for additional storage in order to maintain
flows through the networks and meet peak demand.

Hydrogen can also store energy across longer time horizons (e.g. seasons). Salt caverns offer
a promising option for long-term storage, and evidence suggests losses in hydrogen storage
are minorand not time-dependent.® Such storage facilities could be used to help balance
hydrogen demand and supply, reducing the requiredinvestmentin hydrogen production
capacity,and increasing its utilisation. For example, winter heating demand can be metin
part from salt cavern storage, with production therefore spread out over the year, while
peaks can be metin part from linepack, allowing steady production over days/weeks.?’

— Hydrogen production facilities are large chemical processes that require multiple hours,
or even days, to start up or shut down, so are run most efficiently ifoperated
continuously. Modelling suggests that the optimal way to deal with this constraint may
be to have two fleets of hydrogen production facilities: one operating year-round, and
the other operating continuously over the winter.

— Hydrogen storage in salt caverns can provide reserves of energy for use over winter
periods, when hydrogen demand peaks (Box 3.3). However dispatching large volumes of
hydrogen from salt caverns over a short period of time could damage the cavern, with
estimates suggesting a limitof 10% of a cavern's volume can be exportedover a 24-hour
period.This may limit the ability of salt caverns to meetintra-day swings in demand.

The optimal mix of hydrogen storage solutions will depend on the volume and seasonality of

hydrogen demand, availability and costs of alternative hydrogen storage options and the
role of imported hydrogen in meeting seasonal swings in hydrogen demand.

— Scenarios with lowerand/or less seasonally variable demands for hydrogen (e.g.
transport) are likely to require lessinvestmentin seasonal hydrogen storage than those
with greater and/or more seasonally variable demands (e.g. buildings heat).

8 UKERC (2018) http://www.ukerc.ac.uk/publications/local-gas-demand-vs-electricity-supply.html. This demand is
equivalentto 15 million UK households turning their heating from zero to max over three hours, all at the same
time.

8 UK gas network operators are required to be able to supply gas against a probability of a'1-in-20'year winter
period occurring. See Ofgem (2017) Gas Transporters Licence: Standard Conditions.

8 Element Energy (2018) Hydrogen for heattechnicalevidence project.

87 Storing 10 TWh of hydrogen seasonally would require 77500 of the Tesla megabattery (129 MWh), which was
recently installed in South Australia.
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— Alternative hydrogen storage options include underground storage of hydrogen in oil
and gas fields, storage of hydrogen in pressurisedtanks, storage of hydrogen in liquid
form as ammonia, methanol or Liquid Organic Hydrogen Carriers (see Box 3.4 in section
3), or solid state storage of hydrogen in hydrides.2®

In recentyears the UK's natural gas system has dealt with reduced domestic gas storage through
the availability of imported gas during peak demand periods.® Ifimported hydrogen could play
asimilarrole, then the need for (and cost of) UK hydrogen storage could be reduced.

| Box 3.3. Hydrogen storage

Salt Cavern storage

e Naturalgas has been stored underground since 1916, and much of this experience is relevant to
hydrogen. For example, Sabic Petrochemicals currently operatesthree hydrogen salt cavern stores
in theTees Valley.

e Althoughsalt caverns provide a useful meansof storinghydrogen, they are limited by the amount
of hydrogen they can release at any one time,as importing/exporting hydrogen fromthe salt
caverntoo quickly can lead to fracturing and fragmentation of the salt formations. The Energy
Technologies Institute (ETI) estimatea safe limit to be around 10% of the total hydrogen storage
capacity, over a day.

e Thecosts of storing hydrogenin underground salt caverns are expected to be significantly higher
than storagein existing gas networks, at an annuitised costofaround £200/MWh/annum
(comparedto £34/GWh/annum).' These costestimatesimply developing a storagefacility ten
times the size of the required peak daily dispatch over the year. Avoiding this constraint, or finding
alternative means of storinghydrogen could significantly reduce storage costs.

— TheETlsuggest that optionscould be available to alleviate this constraint.?

— Alternative underground storage options for hydrogen (e.g. storage in aquifers or old oil
and gas fields) could reduce both this cost and constraint. However, currentevidence
suggests that residual contaminantsin these fields (e.g. sulphur compounds,
hydrocarbons),may render these unsuitable for hydrogen storage.

— Importing hydrogen during peak periods could reduce the need for UK storage, but may
imply other infrastructure costs.

Imperial College modelling

Imperial College modelled hydrogen flows through the UK’s gas networks (Figure 3.3a), in order to
determine whether additional volumes of hydrogen, which is less dense that natural gas, could be
accommodated in existing networks, and to determine the need for anyadditional storage. Their
conclusionsincluded:

e 'Linepack'storagein existing medium pressure networks is largely sufficientto meet seasonal
swings in demand, alongside scheduled seasonal outputfrom hydrogen production facilities
(Figure B3.3b)

8 Hydrogen can also be stored in solid form, via metal hydrides.

8 The UK’s largest natural gas storage facility, ‘/Rough’ in the Irish Sea, recently closed. Increasingly interconnected
gas markets (both to Europe, and Asia) have limited the business case of storing gas on a seasonal basis in order to
meet peak demands.
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Box 3.3. Hydrogen storage

Additional storage could be required to meet peakdemands in peak winter weeks, at costs of
around £6bn/yearfor 20 TWh of hydrogen storage. This storage is installed at high cost despitelow
utilisation over the year. Around 90% of this cost is oversizing hydrogen production capacity for
instantaneousdispatchoflarge volumes of hydrogen.

Somelimited additionallocalised gas storage to help flows through the networkat times of peak
demand, at an additional cost of £0.3-0.6bn/year.

Figure B3.3a. 'Linepack’ storagein existing networks can provide 90% of hydrogen storage needs
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Box 3.3. Hydrogen storage

Figure B3.3b. Salt cavern storage can be used as a seasonal store of energy
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Source:Imperial College (2018) Analysis of alternative UK heat decarbonisation pathways.
Notes: Hydrogen storage is gradually filled over the summerin order to supply hydrogen during winter
periods at the beginning and end of the year. Hour 1 is midnightto 1am on January 1st.

Source:Imperial College (2018) Analysis of alternative UK heat decarbonisation pathways.

Notes: 1. Storing hydrogen undergroundiis still expected to be cheaper than storing hydrogen above ground,
which is expected to costaround £1200/MWh/annum. See Element Energy (2018) Hydrogen for heat technical
evidence project.

2.ETI (2015) The role of hydrogen storage in a clean responsive power system.

Chapter 3: Hydrogen supply 87



3.Importing hydrogen to the UK

Hydrogen could be produced elsewhere, and pipedor shippedto the UK. Indeed there are many
countries with energy supplies that more plentiful and/or have lower costs than the UK. This
suggests the cost of producing both electrolytic and gas-reformed hydrogen could be
significantly cheaperthan the cost of producing it in the UK (Figure 3.7).9°

Hydrogen could be produced at low cost at locations outside of Europe (e.g. from gas reforming
in the Middle East, or from solar power near the equator). This would need to be importedvia
ships, eitheras hydrogen or another energy carrier such as ammonia (Box 3.4). If a UK hydrogen
market does develop, rulesand governance will be required to ensure supplies are genuinely
low-carbon.

Low-carbon hydrogen could be produced at a cost of around £15-25/MWhin countries with

cheap gas and renewable resources.However, transporting this hydrogen to the UKis likely
to add around £20/MWh to the cost of hydrogen.

This is a similar cost range to the costs of producing hydrogen in the UK, implying that
imported hydrogen could playa complementaryrole to- but is not necessarily cheaper
than - domestic hydrogen production.

For end-uses where ammonia can be used directly,® importedammonia (where
hydrogen doesn't have to be removedfrom the energy carrier) could be cheaperthan

domestically produced ammonia (where nitrogen would have to be added to hydrogen
to produce ammonia).

Importing large quantities of hydrogen via ships would affect the required UK hydrogen
infrastructure, but could also reduce the need for UK-based seasonal hydrogen storage.

Modelling by Imperial College suggested that without imports, domestic storage costs
could be up to £6bn/year (Box 3.3). Importing hydrogen could reduce the need for these
storage facilities.

Meetingall of the UK's hydrogen demand via sea-borne imports could require around 80
ocean-going vessels.®? This compares to around 4,000 large oil or chemical tankers
around the globe today, of which the UK effectively usesaround 95 vessels.

Importing hydrogen over large distances requires additional energy - to convert the
hydrogen to an easily transportable form, and transport it - comparedto domestically
produced hydrogen. There are opportunities for low-carbonenergy to be used at most
stages of this processin order to ensure emissions are minimised, but rules would need to be
put in place ensure this happens.

Transporting large volumes of hydrogen via ships is unlikely to materially increase the
overall emissions of the energy feedstock, as shipsare able to transport large volumes of
energy in a single journey.??

Furthermore, ships transporting low-carbon fuels may have the opportunity to use these
low-carbon fuels as a source of propulsion, reducing these emissions.

%0 Both solar PV and natural gas in the Middle East are around 20% of the costs of their costs in the UK.

°1 This could include use inindustry or power, or potentially in fuel cells.

2 Based on the Hydrogen Council report. Unclear if these are dedicated vessels or journeys.

3 Atan emissions intensity of 5 gCO,/tonne/km, transporting hydrogen from the Middle East would increase
emission by around just 1 gCO,/kWh of hydrogen.
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The UK's share of a global hydrogen market will depend on competition between the costs of
producing hydrogen domestically, versus producing it at lower cost elsewhere, and shippingit
to the UK. Both hydrogen produced in the UK and elsewhere would have to demonstrateit is
low-carbon. This could require an agreed universal definition or standard for low-carbon
hydrogen, or alternative mechanismsto appropriately recognise the carbon content of the
hydrogen being consumed.

Figure 3.7. Potential hydrogenimportroutes and costs
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Notes: Natural gas price of 15p/therm.Assumed cost of £10/MWh for solar PV. Low-cost hydrogen could also be
transported to the UK via pipeline ata transportation cost of under £5/MWh.

Importing hydrogen via pipelinesis more economic over shorter distances, so would only be an
economically viable optionfor hydrogen produced in other European countries. Norway has
access to both cheap gas, and abundant hydroelectricity, as well as gas interconnectors to the
UK. Iceland has low cost geothermal power, which could be used to produce electrolytic
hydrogen. Hydrogen produced from natural gas in Norway, or via electrolysis from low-carbon
electricityinNorway and Iceland, could potentially compete on cost with UK domestic
production, although transporting this hydrogen to the UK will depend on, cost, volumes and
technical feasibility:

e Pipeline transportation of natural gas is considered more economic than liquefied natural
gas (LNG) over distances of up to 3,000-4,000 km.?* Thisis likely to be similar for hydrogen,
given the expected costs of converting hydrogen into alternative energy carriers. If
production in these places becomes sufficiently low-cost, this could justify the building of

94 See CSIRO (2018) National Hydrogen Roadmap, and Cornot-Gandolphe et al (2003) The challenges of further cost
reductions for newsupply options (pipeline, LNG, GTL).
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new hydrogen pipelines betweenthese markets, ata cost of under £5/MWh. However, new
long-distance natural gas pipelinesin Europe have had capacities of around 200-600 TWh of
gas peryear, so new pipelinesare only likely tobe justified by high export volumes to the
UK.

e The UK currently has natural gas interconnectors to Norway, Holland, Belgium and Ireland. It
is not clear that these would be able to be converted to hydrogen, as embrittlementissues
could mean that conversion wasn't possible.

Box 3.4. Hydrogen-based energy carriers

Most global hydrogen consumptionoccurs nearto the point of production, or is traded via products
such as ammonia which contain large proportions of hydrogen. Hydrogen itself is therefore not a
globally traded commodity, althoughresearch and development is ongoinginto multiple energy
carriers that could be used to transport hydrogen internationally:

¢ Liquefied hydrogen (LH,). Hydrogen, like natural gas, can be liquefied in order to be transported
at volume via sea and without pressurisation, althoughliquefying hydrogen requires temperature
of-253C and is therefore energy-intensive, increasing costs. Additionally, once the gas reaches its
destination countryit needs to be regasified before being used, adding further cost. A project is
under development in Australia to export liquefied hydrogen to Japan.

e Ammonia(NH;). Ammoniais a traded global commodity, produced from synthesisinghydrogen
with nitrogen, and is shipped via sea in liquid form. Ammonia is a liquid fuel at temperatures of
below -33C or a pressure above 10 atmospheres, and is therefore easier and less costly to transport
than LNG or LH.. Thereis currently an energy loss of about 15-25% when cracking ammonia back
into hydrogen, which could favourthe use ofammonia, rather than hydrogen in certain sectors. A
project where ammonia could be exported from Saudi Arabia to Japanis under consideration.

e Liquid Organic Hydrogen Carriers (LOHC). Liquid OrganicHydrogenCarriers can be an option
fortransporting hydrogen at ambient temperature and pressure, althoughthis is more ofa novel
process than liquefied hydrogen orammonia. Hydrogen can be extracted after transportation,and
the energy carriers re-used. As the hydrogenation process is exothermic, and the dehydrogenation
process is endothermic, both could be a good pairing for technologies that require or produce
waste heat. A project is under developmentin Bruneito export hydrogen to Japanusing LOHCs. All
these energy carriersneed to resolve safetyissuesaround flammability, toxicity and safe storage of
the materials in order to be viable options for transporting and storing hydrogen at scale.

Source: Reuters (2018) Australia's AGL to host coal-to-liquid hydrogen export trial for Japan's Kawasaki Heavy;
Ammonia Energy (2018) Japan, Saudi Arabia Explore Trade in Hydrogen, Ammonia; Ammonia Energy (2017) Japan-
Brunei MCH Energy Carrier Demonstration.

Notes: Metal and non-metal hydrides can be used to store hydrogen in either liquid or solid form, but weren't
considered in this analysis.

Increasing global interest in low-carbon hydrogen

Several countries besides the UK are considering the potential for using low-carbonhydrogen in
the decarbonisation of energy. However, scenarios pointto low-carbonhydrogen remaininga
relatively niche global energy source to 2050 - providing around 1% of global primary energy
demand by2030and up to 8% in 2050 (Box 3.5).

% The new Nord Stream pipeline from Russia to Germany can export up to 600 TWh/year.Blue Stream (2005) and
Langeled (2006) are each up to 200 TWh/year.
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Genuineinterestin low-carbon hydrogen suggests that a global hydrogen market could emerge
over the next few decades. It is likely that hydrogen can be produced in the UK at similar cost to
importing hydrogen from overseas, though imports of hydrogen could complement UK
production. However uncertainties around the costs, scale and potential UK share of any global
hydrogen market, imply a de minimis role for UK hydrogen production in any future hydrogen
scenario.

e Globalinterestin low-carbon hydrogen, and opportunities for low-cost hydrogen to be
produced and shippedaround the world suggest that a global trade in low-carbon hydrogen
could emerge over the periodto 2050, although there is significant uncertainty over its size.
Despite genuine interestin the trade of low-carbon hydrogen, the most ambitious scenarios
for hydrogen use by 2050 comprise just 8% of global energy demand. Any internationally
traded marketin low-carbon hydrogen would be smaller than this, and could take decades
to scale up.

— Furthermore, imported hydrogen would have to demonstrate that itis produced via
genuine low-carbon processes,inorder to be a viable low-carbon fuel for the UK.

— Opportunities for lower cost hydrogen production outside of the UK suggest that itis
unlikely that the UK would ever be a large-scale exporter of hydrogen.

e Estimatesof the potential costs of hydrogen imports to the UK are comparable to the costs

of hydrogen production in the UK. Lower costs of production elsewhere suggest that any UK
role as a hydrogen exporter would be limited.

e Giventhe costs and uncertainties of the potential for a globally traded market in low-carbon
hydrogen to emerge, itis likely that any large-scale UKdemand for hydrogen would have to
be met, at leastinitially, by domestic production.

Box 3.5. Potential global supply and demandof low-carbon hydrogen

Current forecasts for global hydrogen demand vary widely, from 35-1,100 TWh per annum in 2030 (up
to 1% of global primary energy demand), scaling up to 300-19,000 TWh per annum by 2050 (0.1-8%)
(Figure B3.5).

There are some real-world developmentsin low-carbon hydrogen productionfor export. Howeverthe
scale of these developments to date is small, and insufficientto stimulate large scale global trade of
hydrogen:

e In 2017 theJapanese Governmentreleased a '‘Basic Hydrogen Strategy’, outlining its plansto
importaround 0.2 TWh by 2020, rising to 12 TWh by 2030, as well as research and investments into
international hydrogen supply chains and end-use technology.

e Australiais currently building a coal gasification plantin Victoria with the intention of shipping the
hydrogen to Japan.Unless CCSiis fitted, this would be high-carbon hydrogen. Australia is also
exploring potential for exports of low-carbon hydrogen via coal gasification plant with CCS, and
renewables with electrolysis. Total export potentialis envisagedas 5 TWh per annum from 2025,
rising to 55 TWh per annum by 2040.

¢ Norway, France and SaudiArabiaare also considering the potential for hydrogen supply and use.

If future global hydrogentrade followed a similar scale up to LNG, this would imply a limited role for
imports of low-carbon hydrogento the UK:
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Box 3.5. Potential global supply and demandof low-carbon hydrogen

e Naturalgas was originally consumed nearto low-cost centres of production (e.g. North Sea,
Russian gas in Europe). Asthe market matured and demand increased, new, low-cost sources of

gas werediscovered, thoughnot necessarily near large centres of demand (e.g. Qatar, US Shale). It
was therefore exported as LNG, with the global LNG marketincreasing from 80 TWh/annum (40
MTPA) in 1990 to over 600 TWh/annum (300 MTPA) today, around 1.6% of the global gas market.

e Evenif globalvolumes oftraded hydrogencould reach the size of today's LNG market, the total
volume of globally traded hydrogen would be lower than total potential UK hydrogen demand,
implying that the bulk of UK hydrogen would need to be produced domestically.

Figure B3.5. Potential global demands for hydrogen to 2050, compared to potential UK demand

2015 2030 2040 2050
B Baseline non-energy hydrogen demand mARENA m Shell 'Sky' Scenario mHydrogen Council (3Potential UK demand

Source: Hydrogen Council (2017) Scaling up; Shell International B.V (2018) Sky Scenario; ARENA (2018)
Opportunities for Australia from hydrogen exports.

Notes: Potential UK demand is based on the 'Full Hydrogen'scenario presented in Chapter 4. IRENA (2018)
Hydrogen from renewable power assessed economic potential for 2050to be 8 EJ (or 2200 TWh).

Source: Reuters (2018) Australia's AGL to host coal-to-liquid hydrogen export trial for Japan's Kawasaki Heavy,
Hydrogen Strategy Group (2018) Hydrogen for Australia’s future, METI (2017) Basic Hydrogen Strategy, IGU(2018) 2018
World LNG Report, BP (2018) Global Energy Outlook.

92 Hydrogen in a low-carbon economy | Committee on Climate Change



Chapter 4: Scenarios for hydrogen use



Having identified how hydrogen might sensibly be used in a highly decarbonisedenergy system
(Chapters 1and 2), and how hydrogen could be produced in a low-carbonway (Chapter3)itis
necessary to understand what a sensible infrastructure might look like to connect the two, and
how this fits with the rest of the energy system.

Our Conclusions in this chapter are:

A ‘Full Hydrogen'’ scenario would be very difficult to deliver, whatever the primary
production method. The required capacity to service this scenariolooks implausibly large,
especially giventherelatively short timeframe to roll it out, and it brings further challengesin
importdependencyand potentially insufficient emissions reductions.

We therefore do not recommendthat a Full Hydrogen pathway be pursued. Instead we
recommendthat a smallerrole for hydrogen is pursued for buildings decarbonisation,
focused on the colder periods of winter which it may otherwise be particularly difficult to
decarbonise at reasonable cost. Limiting the use in light vehicles- cars and vans - where
electricalternatives are available will also help to reduce the required low-carbon capacity.

Givenlikely limits to hydrogen production from electrolysis and bioenergy with carbon
capture and storage (BECCS), thereis an important role for low-carbon hydrogen production
from gas reforming with CCS. However, this is a low-carbon rather than zero-carbon route for
hydrogen production, reducing emissions on a lifecycle basis by 60-85%.Keeping overall
hydrogen to a more manageable level (e.g. the Hybrid or Niche scenarios) would limit
reliance on natural gas importsand CCS, and would limit residual emissions from hydrogen
supply.

We set out this chapterin seven sections:

1.Our scenarios

2. Hydrogen demands in our scenarios

3. Meeting hydrogen demands

4. Could we build enough low-carbon capacity?

5. Implications forenergy imports

6. Regionally-varying solutions
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The biggest infrastructure question regarding hydrogen is whether or not to repurpose gas
distribution networks to carry hydrogen rather than natural gas. These decisions primarily relate
to decarbonisation of heat, given the role of these gas networks today.

We therefore define scenarios in which this does or does not occur nationally. We then further
distinguish between a hydrogen network that is used similarly tothe current gas network with
heavy use of hydrogen in boilers, as against one in which it plays a back-up role (Figure 4.1):

¢ Full Hydrogen.In this scenario, gas networks are repurposedto hydrogen, whichis usedin
boilersina similarway to natural gas today, requiring that strategic decisions are taken by
the mid-2020s for the wholesale switch to hydrogen for heating. Widespread availability of a
hydrogen grid means low-carbon hydrogen supplies beingavailable for other applications.

e Hybrid Hydrogen.In this scenario, gas networks are also repurposedto hydrogen. However,
the near-term focus for decarbonising existingon-gas propertiesis deployment of hybrid
heat pumps, leading to sharper near-term reductions in emissions. Gas demand would be
significantly lower in this scenario, enablinga slightly later switch of gas networks to
hydrogen due to a lesser challenge in producing sufficient low-carbon hydrogen by 2050.
Again, widespreadavailability of a hydrogen grid means low-carbon hydrogen supplies will
be available for other applications.

¢ Niche Hydrogen. This is a scenario in which gas grids are not switchedto hydrogen, with
heat decarbonisation for on-gas buildings relying primarily on electrification through full and
hybrid heat pump systems. Despite this, the potentially high value of hydrogen in other
sectors means that some deployment does occur, focused on areas in which the value of
hydrogen is greatest and where infrastructure barriers can be overcome more readily.

These scenarios are intended to beillustrative and make assumptions about the levels of
hydrogen use not only for buildings heat but elsewhere inthe energy system. It isalso possible
to pursue different strategiesin different parts of the UK.

The quantitative analysis presented here is primarily from internal modelling undertaken using
the Energy System Catapult's ESME energy system model, updated with our assumptions. This
modelling has beenundertaken jointly for this reportand our parallel report on Biomass in a low-
carbon economy. Papers on both will be publishedfollowing this report. Where appropriate, we
also draw on modelling done for us by Imperial College onheat decarbonisationscenarios.

Both models perform optimisationon the costs of meetingenergy service demands under a
range of scenarios with differing roles for hydrogen. As we are interestedin how large a role
hydrogen could potentially play, we have used assumptions on technology costs and
performance (e.g. efficiencies and CO, capture rates) that are relatively optimistic.

In general our analysis assumes that hydrogen demand within the UK energy system will be met
through domestic production rather than relyingon imports, due to uncertainties over whether
an international market in low-carbon hydrogen (e.g. as ammonia) will develop and be able to
provide hydrogen at a lower cost than UK production. Itis therefore possible that some of the

hydrogen supply, especially closerto 2050, might come from importsifthis turns out to be
cheaperthan domestic production.
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The Full Hydrogen scenario

The widespread repurposing of gas grids to hydrogen over the period 2030 to 2050, for use in
hydrogen boilers,implies very rapidgrowth in low-carbon hydrogen supplies during this period,
as well as building-by-building switchover (e.g. by replacing gas boilers with hydrogen ones).

Even allowing for uses elsewhere inthe energy system, enabled by having access to hydrogen
networks, demand for hydrogen in this scenario isdominated by buildings (Figure 4.1):

¢ Buildings. Under this scenario, we assume that strong policyisimplementedtodrive
significant improvements in energy efficiency as under our cost-effective path for reducing
emissions.Remaining heating demand is largely switched to hydrogen. This resultsina
demand for hydrogen in 2050 of 470 TWh, with conversion of networks assumed to occur at
a consistent rate over the periodfrom 2030to 2050.

e Industry. As outlined in Chapter 1, hydrogen can playan important role in industry
decarbonisation, alongside energy and resource efficiencyimprovements, product
substitution and the use of CCS and BECCS. Here we assume that the full cost-effective
potential of hydrogen is taken up, reaching 82 TWh by 2050.

e Transport.The case for hydrogen use in surface transport is less clear-cut,even in a scenario
with abundant low-carbonsuppliesavailable. We assume that hydrogen is used for most
HGVs, including urban delivery trucks. Cars and vans are assumed to switch to hydrogen only
when needing to regularly travel long distance journeys, given that battery electric vehicles
are likely to be lower cost.

e Power.Given limitedend-user considerations, we allowedthe model to optimise the use of
hydrogen to supporta decarbonised power system.We assumed that the costs and

efficiencies of hydrogen combined-cycle and open-cycle gas turbines (CCGTs and OCGTs) are
the same as for equivalent natural gas plants.

The Hybrid Hydrogen scenario

Itisin the buildings sector where the Hybrid Hydrogen scenario differs from the Full Hydrogen
scenario. In this scenario, hydrogen consumptionis limitedto playinga back-up rolein a system
with widespread hybrid heat pumps (see section 2 of Chapter1).

This reduces hydrogen consumption in buildings under the Hybrid Hydrogen scenario by
around 75%, and overall hydrogen consumption by around 50% relative to the Full Hydrogen
scenario.

Outside the buildings sector, hydrogen demands in this scenario follow those in the Full
Hydrogen scenario.

The Niche Hydrogen scenario

Under the niche scenario, gas grids are not repurposedto hydrogen, meaning that hydrogen is
not used for heat in buildings and also that, unlike in the Full and Hybrid scenarios,a piped
supply of hydrogen is not available for other sectors.

Hydrogen can still offer decarbonisationin other sectors, even without conversion of the gas
grid, but potentially at lower levels giventhe greater barriersand higher cost of low-carbon
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hydrogen provision in such a scenario. The use of hydrogen outside of heat in buildings will
depend on its value in offering decarbonisation solutions in these sectors that go beyond what

can be offered by other available options or at lower costs, and the ease of ad-hoc infrastructure
solutions:

¢ Industry. We have assumed a smallerrole inindustry, focused on applicationsinwhich
decarbonisation islikely to be infeasible without hydrogen. We have assumed that hydrogen

is not deployed where there are overlaps with other potential cost-effective abatement
options (e.g. CCS).

e Transport.Hydrogen may still be deployedin HGV fleets, mainly in the long-haul sector. A
nationwide refuellinginfrastructure to serve these HGVs will be required, which will depend
on electrolysis sitedat or near refuelling stations. For cars, vans and HGVs operating on

shorter regional and urban routes, battery electric vehicles are the preferred option, given
the lower costs of vehiclesand fuel.

e Power.We again allowedthe model to optimise the use of hydrogen to supporta
decarbonised power system.

Figure 4.1. Demands in the FullHydrogen, Hybrid Hydrogenand Niche Hydrogen scenarios (2030-50)
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Source: CCCruns of the Energy System Catapult's ESME model with data and assumptions updated by the CCC.
Notes: Hydrogen consumption in buildings and transport was fixed at the values shown above for the ESME runs
forall scenarios. For power generation, the model was free to select the cost-optimal level of consumption in all
scenarios. For industry: for the niche scenario, the model could use hydrogen only where CCS or electrification
options were not available; for the Hybrid and Full scenarios, hydrogen is assumed to be deployed wherever
feasible.
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Whilst there are some potential opportunities to supply hydrogen from a mix of sources, the
contributions of each of biomass gasification with CCS (BECCS) and electrolysis couldbe limited,
given high costs and/or limits to sustainable supplies:

e Electrolysis. The use of electrolysers to utilise excesslow-carbon power generation can
provide a useful form of flexibility to the electricity system, and as such when this occurs we
would expect the electricity tobe very low cost. However, the volumes of hydrogen that can
be expectedto be produced using very low-cost electricity are smallinthe context of the
overall energy system (e.g. up to 44 TWhin 2050,° around 6% of consumption in the Full
Hydrogen scenario). Beyond this niche in helping to manage the electricity system, the low
overall efficiency of electrolysis and the relatively high value of using electricityasan input
mean that the costs of producing bulk electrolytic hydrogen within the UK are likelytobe
high.

e Bioenergywith CCS (BECCS). Our parallel reporton Biomass in a low-carbon economy
reaffirmsour positionthat within the energy system, the best use of finite sustainable
biomassresource in contributing to meetinglong-term emissions targetsis to use it in
conjunction with CCS, in order to maximise the overall emissions savings. However, given
finite supplies of sustainable biomass globally and potentially strong competingdemands
for it, we estimate that the UK might have accessto around 94-550 TWh of biomass in 2050.
Allowing for important uses elsewhere (e.g. use of wood as a construction material) and for
the energy lossesin hydrogen production this might be sufficient to produce 55-330 TWh of
hydrogen.

Beyond these sources, the remainder of low-carbon hydrogen supply would be expectedto
come from gas reforming with CCS, although there is potential for hydrogen importsto
supplement this. A focus therefore on supplyinglarge volumes of low-carbon hydrogen at the
lowest cost is likely to entail a heavy reliance on natural gas reformingwith CCS (Figure 4.2).

The evidence presentedin Chapter 3 suggests that although gas reforming with carbon capture
and storage (CCS) is the lowest-cost way of producing low-carbon hydrogen, its residual
emissions are significant:

e Bulk production of hydrogen from gas reforming with CCS can reduce emissionsrelative to
unabated natural gas use by 60-85% on a lifecycle basis, with the remaining emissions being
from a combination of uncaptured CO, from the hydrogen production processand
'upstream'emissions from gas supply.

e Achieving the upperend of the potential emissions savings (i.e. an 85% lifecycle emissions
saving against natural gas) would require sourcing of very large quantities of natural gas with
proven low upstream emissions (e.g. at or below around 15g CO,e/kWh), high efficiency of
gas reformation and very high CO, capture rates (e.g. at least 95%).

We projectaround 470 TWh of gas demand from buildings alone in 2050 allowing for growth in
the number of buildings and delivery of strong energy efficiency policy.This impliesthata
switch to a hydrogen supply based fully on gas with CCS would achieve an emissions reduction

% Imperial College modelling of heat decarbonisation pathways selected up to 44 TWh of electrolysis in pathways
with less stringent emissions constraints (i.e. 30 MtCO, and 10 MtCO,). The ESME model tends to select less than
this, but it has a less detailed temporal resolution than the Imperial College model.
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for buildings from 87 MtCO,e in 2017 to around 5 Mt from un-captured CO, from hydrogen
production in 2050, alongside a further 8-41 MtCO,e from upstream natural gas supply.®’

Gas reforming at very large scale would also place a heavy reliance both on CCS and on natural
gas imports (see section4).

The lower levels of hydrogen consumptionin the Hybrid and Niche scenarios would place less
reliance on gas reforming with CCS, both due to the lower overall hydrogen demand and

because the contributions of the more volume-limited sources of hydrogen (i.e.electrolysis and
BECCS) would form a greater share of production (Figure 4.2).

Depending on the need to minimise residual emissions, further electrolysis could be undertaken
to reduce the production from natural gas, although this would significantly increase both costs
and challenges over delivery of the necessary capacity (see section4).

Overall volumes of hydrogen production in the Niche Hydrogen scenario would be a fraction of
the Full Hydrogen scenario. A lack of widespread hydrogen infrastructure means that hydrogen
production would likely needto be produced nearer to points of demand. Production for
industry could be based on CCS (i.e.based on natural gas and/or bioenergy) as part of industrial
clusters, while use in transport is likely to be dominated by electrolysis.

Figure 4.2. Hydrogen productionin the Full, Hybrid and Niche scenarios (2050)
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Notes: The ESME model tends to select low levels of electrolysis, but has a less detailed temporal resolution than
the Imperial College model which choosesslightly more. For the ‘low gas variant’ of the Full Hydrogen scenario,
deployment of gas reforming with CCS plant was restricted and production via gas reforming and biomass
gasification without CCS were made unavailable.

7 Some of the upstream emissions from natural gas supply would occur overseas and would therefore not be
counted towards UK carbon budgets.
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Whilst the contribution of BECCS to hydrogen productionis smallin Figure 4.2, thisisunder a
lower biomass supply scenario,and where only a fraction of the UK's available bio-resource goes
to hydrogen production with CCS. There is potential for this to be considerably higher:

The finding in our parallel report on Biomass in a low-carbon economy is that by 2050 any
biomass used in the energy system should be used with carbon capture and storage (CCS)

where feasible, in order to maximise the emissions savings from the finite supply of
sustainable biomass.

This combination of bioenergy with CCS (BECCS) could take a number of forms, including
electricityand hydrogen production. In these cases virtually all of the bio-carbonwould
be sequestered,and the resultant energy provided in a zero-carbon form for usein the
energy system.

Alternatively biomass could be used with CCS to produce hydrocarbon fuels that displace
otherwise irreducible demandfor fossil fuels (e.g. in aviation), providing emissions
savings from both fossil fuel displacement of and carbon sequestration with CCS.

The optimal choice of BECCS applicationin2050is currently highly uncertain, depending
on the costs and CO, capture rates of the range of BECCS processes. If hydrogen can be
produced at reasonable cost with a high rate of CO, capture, it may be the most effective
use of the finite sustainable biomass resource by 2050.

The quantity of biomassavailable to the UK energy systemis also uncertain. We have
developedfour supplyscenarios to reflect this uncertainty, taking into account varying levels
of domestic production plus imported biomass based on an 'equal share' of the global
sustainable resource, which itselfis likely to vary considerably.lt is possible that both UK
production and the global resource will be higher than that shown above. It is also possible
that the UK could access a greater share of the global resourcein a 'UKBECCS hub' scenario:

Figure 4.2 assumesan increase in UK sustainable bioenergy resource of about 40% from
around 145 TWh today to around 200 TWh in 2050. This could be met by an ambitious
‘UK bioenergy focus’ scenario where the UK prioritised domestic production of biomass,
or through a balance of domestic production and imports.

Under certain conditions itmay be possible for the UK to access higher levels of

sustainable resource, up to around 300 TWh in total in 2050, with around half of this
coming from imports.

Furthermore, it may be that the UK accesses a different share to the 'fair share' we have
assumed (e.g. as a result of being an early mover on BECCS deployment).In a "'UKBECCS
hub' scenario we assume that the UK might be able to access 550 TWh of biomass by
2050, and could accommodate this with manageable implications for ports and other
infrastructure.

The range for potential UK hydrogen production from BECCS based on biomass gasification is
therefore very wide. At one end of the range itcould be very low, based on low availability of
sustainable biomassand hydrogen production getting a small share of this. At the other end, if
the UK were to become a BECCS hub and use BECCS primarily for hydrogen production it could

provide a substantial proportion of hydrogen consumption by 2050 (Figure 4.3).
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Source: CCCanalysis using the Energy System Catapult's ESME model with input data updated by the CCC.
Notes: The five scenarios for biomass supply are those presentedin our parallel report on Biomass in alow-carbon
economy. Deployment of different types of BECCS is very sensitive to assumptions on their CO, capture rates —
where capture rates are assumed to be equal across applications, the model chooses a range of BECCS
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Production primarily from natural gas

Producing the volume of hydrogen required under the Full Hydrogen scenariowithin the UK

would be challenging. If produced very largely from natural gas reforming with CCS, it would
require:

e Upto 90 GW of hydrogen production capacity, installed over a period of little over 20 years.
This is around three times the capacity of the existinggas CCGT power station fleet.

e Very large volumes of carbon capture and storage (CCS) would be needed, with deployment
for hydrogen production reaching annual levels of over 140 MtCO, by 2050 out of a total of
over 190 Mt (Figure 4.4). This would mean a heavy level of reliance on CCS deployment at
very large scale by 2050, especially considering the lack of progress to date on CCS
commercialisation.Itis not clear that CCS could be scaled up to reach these levels from our
recommendeddeploymentlevelsof 10 Mt perannum by2030and 20 Mt per annum by
2035,implyinga potential need for greater near-term ambitionon CCS.

e Substantial developmentof UK infrastructure, including a new hydrogen transmission
network and hydrogen storage capacity (e.g. salt caverns).

It would also have large implications for the level of total gas consumption, and therefore for the
level of gas imports (see section 5).
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Production primarily from electrolysis

Use of hydrogen at very large scale while limiting the contribution of gas reforming is likely to
imply a very large contribution from electrolysis (see Figure 4.2). However, given the buildrates
of zero-carbon electricity generating capacity that supplyingthis quantity of electrolytic
hydrogen would imply, and the costs that it would entail, meeting the Full Hydrogen scenario
hydrogen demands predominantly through electrolysisis unlikely tobe feasible or sensible:

The electrolysis processleads to energy losses and requires additional decarbonised electricity
to be generated. This would have very high costs (see Figure B1.6) and would mean extremely
challenging buildrates for low-carbon electricity capacity:

e This would require more than 300 TWh additional zero-carbon electricity generationby 2050
comparedto all of the other scenarios, increasing the requirement for decarbonised
electricity by 50%-130% comparedto the other hydrogen scenarios in 2050 and by over
175% comparedto our High Low-Carbon scenariofor 2030 (Figure 4.5).

e This would require very major additional capacity build, for example an additional 31 GW of

nuclear capacity comparedto the Niche Hydrogen scenario, which is scenario with the next
highest electricity consumption.

e Itwould also require over 100 GW of electrolyser capacity, the operation of which can follow

the profile of wind and solar generation, with hydrogen storage used to buffer supply and
demand (Figure 4.6).

As we conclude in section 7, these levels of production make a Full Hydrogen scenario look very
challenging, and point towards a preference for lower levels of hydrogen use.

Figure 4.4. CCS deployment in the Niche, Hybrid and Full Hydrogen scenarios (2030-2050)
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Figure 4.5. Electricity generationin the Niche, Hybrid and Full Hydrogen scenarios (2050)
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Figure 4.6. Electrolyserscould add over 100 GW to peak electricity demand
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A widespread hydrogen scenario where hydrogen is produced predominantly via gas reforming
would likelyincrease the UK's import dependence, through both increasedimports of gas, and
potentially bioenergy (Figure 4.7).

e The UKimported 60% of the natural gas it consumed in 2017.As production of oil and gas in
the North Sea continental shelfdeclinesin the UK, our import dependence will tend torise,
unless the consumption of fossil fuels can be made to decline more quickly than North Sea
production.

e Widespreaduse of hydrogen could exacerbate this import dependence, either by increasing
dependence on natural gas for domestically produced hydrogen via gas reforming (which

requires more units of natural gas per unit of hydrogen produced), or by importing hydrogen
directly.

e The level of biomassimports by 2050 will depend on the extentto which it has been possible
to scale up global sustainable supplies of biomass, and the fraction of the 'tradable' resource
that the UK accesses. Our scenarios for sustainable biomass supplyalso include a substantial
contribution from UK-grown feedstocks (see our parallel 2018 report on Biomass in a low-
carbon economy for more details).
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The role of hydrogen as a low-carbonfuel need not be nationally determined, but could be
driven by regions where hydrogen isa strong decarbonisation option. This could be due to
publicacceptability of hydrogen as a heating solution, clusters of industrial activity, proximity to
carbon storage, and grid upgrades in urban areas:

Regions where gas deliveredvia the gas grid is already the dominant heating source will
have the greatest opportunities for using hydrogen.

Publicacceptability that favour hydrogen over alternative heat decarbonisation optionsin
certainareas could lead to a regional push for hydrogen conversion.

Estimates suggest that economies of scale available for large centralised hydrogen
production technologies such as gas reformers could reduce costs by up to 20% compared
to smaller-scale equivalents. °® This could favour large-scale centralised production of
hydrogen.

Siting hydrogen production in coastal areas near to CO, storage facilities couldavoid the
need for buildingnew onshore CO, transportation infrastructure. Most CO, storesin the UK
are in proximity to North East or North West England, or North East Scotland. This could also
offer overlap with salt cavern storage, and industrial CCS clusters:

— Asidentified in Chapter 1, decarbonising heavy industry in the UKis likely toinvolve a
combination of hydrogen and CCS technologies. Four out of five of the UK's industrial
clustersare in areas in proximity to identified CO, storage facilities,®® presenting potential
opportunities for infrastructure sharing between hydrogen production facilities and
industrial decarbonisation efforts.

— Studies suggest significant overlap betweenareas where hydrogen could be stored in
salt caverns, and potential for geological storage of CO,, particularlyin North West and
North East England.'® These synergies could reduce the costs of a hydrogen energy
system.

The cost of upgrading electricity networksin urban areas is estimatedto be up to three times
as expensive as rural upgrades.’' A hydrogen heating pathway could make use of existing
gas networks, and avoid electricity network upgrades, potentially favouring dense urban
areas where hydrogen can be consumed for heat, as an alternative to electrification.

For example, the H21 North of England study, led by Northern Gas Networks, will set out a vision
for how hydrogen could be deployedon a widespreadbasis in the North of England.

% Element Energy (2018) Hydrogen for heattechnicalevidence project.

% CCTF (2018) Delivering Clean Growth.

100 Element Energy (2018) Hydrogen for heattechnicalevidence project.
191 Imperial College (2018) Alternative UK heat decarbonisation pathways
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Chapter 5: Energy system cost
implications



In setting the targets under the Climate Change Act, Parliament has already acceptedthat
meeting them will have some costs. We have previously assessed the cost of meetingthe
existing2050 target as being 1-2% of GDP.

Low-carbon heating is very likely to remain more expensive than burning natural gas in boilers
(and allowing the CO, emissions to escape for free to the atmosphere). We estimate that costs of
near-full decarbonisation of heat for buildings, through hydrogen and/or electrification, will be
up to 0.7% of GDP in 2050.This estimate is for a degree of decarbonisation that may go beyond
what isrequired to meet the existing2050 target for an 80% reduction under the Climate
Change Act, although this depends on sufficient emissions reductions being made elsewherein
the economy.

However, the dramatic recentfalls in the costs of renewable electricity generationand batteries
mean that we now expectlow-carbon powerand transport to cost lessby 2050 than their high-

carbon equivalents today, offsetting some of the costs of decarbonising heat. The lower costs of
low-carbon power generation also reduce the costs of electrified heat.

This assessment of the costs of buildings decarbonisationis consistent across pathways for
decarbonisation involving electrification, hydrogen use and hybrid heat pumps (and therefore
applicable tothe Full, Hybrid and Niche hydrogen scenarios outlined in Chapter4). This reflects
the analysis undertaken for us by Imperial College, whichfinds that the costs of a range of heat
decarbonisation pathways for buildings have similaraggregate costs. This isalso in line with the
conclusions of the National Infrastructure Commission, based on analysis by E4tech and Element
Energy.'?

In this Chapter, we outline the costs of decarbonising heating using the deploymentunder a Full
Hydrogen scenarioto illustrate where the costs fall.

Costs of heat decarbonisation in buildings

In a Hybrid Hydrogen scenario, emissions from heat in buildings could be reduced from
around 83 Mt/year today to around 5 Mt/year at a cost of around £28 bn/year. This would be
occurring alongside cost reductions for the electricity and light-duty transport sectors between
2030and 2050 even as these sectors decarbonise, as they switch to zero-carbon options that
have lower costs than fossil fuel technologies. Together, this could result in no increase in overall
costs and therefore in theory could be managed without increasing consumer bills.

The additional costs come from producing hydrogen and removing the carbon from natural gas
(£4 bn/year), installing heat pumps and upgrading electricity networks (£17 bn/year),and
installing appliancesand changing pipeworkin consumer premises (£7 bn/year). Alternative
options for heatdecarbonisation are likelytoincur similarcosts, including hybrid heat pump
and full electrificationscenarios, although the distribution of these costs between households
andenergy production will differ.

e Currently, use of natural gas for heating costs around £30 billionannually. That islargely the

cost of buying and burning the gas, plus the cost of replacinggas boilers at the end of their
lives (on average every 10-15years).

e Decarbonising heat that is currently provided by natural gas is likelyto incur additional costs
of around £28 bn/year.

102 National Infrastructure Commission (2018), National Infrastructure Assessment.
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— InaHybrid Hydrogen scenario, using natural gas to produce hydrogen via gas reforming,
and capturing and sequestering the carbon will increase costs comparedto just using
natural gas. Building and running the hydrogen production capacity and network
capability totransport hydrogen to consumer premisesatall times could add around
f4bn/year to the costs of heat.’®

— Installing heat pumpsin consumer premises, installinglow-carbon electricity generation
to meetnew heat demands, and upgrading electricity networksis expectedtoadd £17
bn/year to the cost of heat.

— Inaddition to this, installing hydrogen boilers and converting consumer premisestobe
able to use hydrogen could increase costs by around £7bn/year.'*

— There remains uncertainty over the infrastructure requirements for a hydrogen world.
Theses cost estimatesinclude the cost of converting pipeworkand other (non-boiler) gas
appliances.Those conversions may not prove necessary if pipeworkin consumer
premises couldsafely carry hydrogen without needing upgrading, and if gas appliances
in the home - such as cookers or fires - could be switched to electric equivalents, or made
'hydrogen-ready' in anticipation of a hydrogen conversion. In that case, costs of up to
f£4bn/yearcould be saved, reducing total heat decarbonisation costs to £24 bn/year
instead of £28 bn/year. BEIS's Hy4Heat programmeisinvestigating the requirements
forconsumer premisestobe able to use hydrogen for heat and other purposes.

— Separately, there is uncertainty around the need for seasonal hydrogen storage. System
modelling suggests that significant investmentin salt cavern storage could be required
for both a Full Hydrogen and Hybrid Hydrogen scenario, at a cost of up to £6bn/year.
Improved understanding the need for, and operating characteristics of, geological
hydrogen storage could significantly reduce overall costs.

e Under hybrid heat pump and electrification scenarios the total costs incurred would be
similarto a hydrogen heating scenario,'®® although the balance of costs would shift, as heat
pumpsare more expensive upfront, but cheaperto run than hydrogen boilers.

These cost numbersassume a reduction in average household heating consumption from
around 14 MWh per annum today to around 10 MWh perannum in 2050, due to an increasein
the average efficiency of the housing stock. This is through new-build efficiency improvements
and insulation of existing properties. Afailure to deliver these savings would imply higher costs
for a decarbonised heating system.

103 CCC estimates based on Imperial College (2018) Analysis of alternative heat decarbonisation pathways.

104 Costs are annualised over the lifetime of the technology using a simple interest approach ata 3.5% discount rate.
Capital costs for households are also assumed to be low, at 3.5%, reflecting a world where government action
reduces barriers and costs to installing low-carbon technologies in consumer premises.

195 Imperial College (2018) Analysis of alternative heatdecarbonisation pathways concluded the costs of heat
decarbonisation pathways across a range of emissions reduction scenarios (except for a hydrogen scenario with a
strict zero emissions target) - see Box 1.6

196 CCC (2017) Energy prices and bills: impacts of meeting carbon budgets.
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Costs when including the power sectorand cars

In 2017 the Committee publishedanassessment of how energy bills are and would be affected
by the transition to a low-carbon electricity supply.' We concluded that whilst the unit cost of

electricity hasincreased, this has been more than offset by reductions in energy use as energy
efficiency has improved. Household energy bills were therefore lowerin 2016 than in 2008 when
the Climate Change Act was passed. Looking to 2030, we expectedthe effects of energy
efficiency to continue offsetting increased costs of low-carbon electricity and the carbon price.

Beyond 2030, electricity costs should fall, both on a unit basisand in aggregate:

e Renewablesare now beingcontracted at a price lower than the cost of new gas generation
(e.g. the latest offshore wind contracts were signed at £57.50/MWh).

e Future projects could be cheaperstill as innovation and learning continues and if more
establishedtechnologies are also offered contracts (e.g. onshore wind and solar).

e Many renewable projects will keep operating beyondtheir contract lifetimes, potentially
providing power even more cheaply (e.g. contracts are for 15 years, whereas project lifetimes
are expectedto be up to 25).

e Higher paymentsto legacy projects will cease as their contracts come to an end. Payments
under the Levy Control Framework are due to peak at around £9 billion peryear in the mid-
2020s."% These payments to legacy projects will then fall to below £1 billion by 2050.

e Further savings should also be available from energy efficiency, as lights and appliances
continue to be replaced by more efficient models.

In total we expectan annual saving from lower costs in the power sector of up to £16 billionper
year between2030and 2050. All consumers, including commercial and industrial consumers,
will be able to benefitfrom lower costs.

Further savings are available from the transport sector as electric vehicle costs continue to fall:

e At presentthe total cost of ownership (TCO) of electric vehiclesis greaterthan theirinternal
combustionengine (ICE) equivalents; the premium varies across different vehicle typesand
categories. This is due to the higher up-front costs of most electric vehicles, even after
government support.

e The cost of electric vehiclesisexpectedtosteadily decrease in the coming years, as battery

costs decline and manufacturing methods improve. Market projections suggests that EVs
could reach price parity with ICEs by the mid-2020s.'°8

e Providing the energy for electric vehicles will be significantly cheaper than use of petrol and

diesel on a pre-tax basis (i.e. ignoring the fuel duty differential), especially as reduced costs of
electricity generationfeedthrough into lowerconsumer prices.

In total this suggests a saving of up to £17bn/year saving in switching away from diesel and
petrol vehicles towards low-carbon transport. Combined with the reduced costs for the
electricity sector these savings more than offset the costs of decarbonising the heating sector.

197 HMT (2017) Control for Low Carbon Levies.
1% Bloomberg New Energy Finance (2018) Electric Vehicle Outlook, HM Government (2017) The Clean Growth Strategy.
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Figure 5.1. Switching to low-carbon heating increases costs but will be occurring alongside cost

savings in transport andthe power sector
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Distribution of costs and savings

However, the costs of decarbonising heating and savings from powerand transport will not
automaticallyfall to the same consumers:

e Households with higher than average heating consumption will be more affected by heating
cost increases.

e Some consumers may have more opportunities for energy efficiency to offset these costs
than others.

e The benefits of cheapertransport will be skewed towards those who travel most often.
Currently a quarter of UK households do not own a car, while over a third of households own
more than one.

e Lower power pricesover this period will benefitall electricity consumers, including non-
domestic consumers.

A challenge for government is to design policiesina way to drive the required changes but
without creating too many winners and losers. That will require a joined-up approach and could
include:

e Maintaining the Levy Control Framework at its peaklevel, but redirecting funds to pay for
low-carbon heat investments (e.g. the upfront cost of installinga heat pump).
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e Rebalancing policy costs betweenelectricityandgas (Box 5.1):

— Electricity consumptionissubjectto a carbon price under the EU Emissions Trading
System (ETS) and the Carbon Price Floor in the UK, whereas there is no carbon price on
domesticgas consumption.

— Low-carbon support costs are currently higher on electricity as theyinclude the costs of
decarbonising the power sector (through subsidies such as the Renewables Obligation
and Contracts for Difference).

e Using carbon price income from residual fossil fuel use to help finance the transition. For
example,in2015 the UK's carbon prices (i.e.the EU ETS and the carbon price underpin) raised
£2.3 billion, while the Exchequer spent £0.6 billion on the Renewable Heat Incentive and
payments to reduce energy costs for heavy industry.

e Shifting tax on vehicle use from a tax on fuel to a tax per mile.In theory the overall tax take

could be increased within the same overall cost of motoring, with extrafunds redirectedto
pay for heat decarbonisation.

e Itisnot for the Committee todictate these choicesand it is not necessarily the case that the
goal should be to minimise the change from the current distribution of costs.

There will also be challengesin the regional distribution of costs. Certain areas, regions or
customers will move to low-carbon heating solutions before others. Policy will need to be
carefully designed to ensure that these consumers are not penalisedfor switching earlier.

Opportunities to reduce the costs of heat decarbonisation

Governmentand regulators have opportunities to reduce the costs of the transition to low-
carbon heating by reducing investmentrisk, developing standards for low-carbon heating
appliances and developing funding instruments to reduce the cost of capital.

e Costof capital. Modelling by Imperial College for this reportidentifies savings of up to
£16bn/yearthat could be made by reducing the cost of capital available to developers of
hydrogen production facilities from 10% to 3.5%. Whilst it may not be possible toreduce the
cost of capital to that extent, this illustrates the importance of reductions in investmentrisk,
and of government developing funding instruments to support hydrogen productionina
low-risk way. This principle canbe appliedto any capital-intensive technologies, including
heat pumps.

— As a comparator,long-term contracts (i.e. Contracts for Difference)'* for low-carbon
electricity generators have demonstrably reduced the cost of capital for project
developers.'"® A recentreport by Frontier Economics for BEIS suggested that other
options for reducing risk could include implementation agreements, Government
underwriting of debt and cap-and-floor type regulatory mechanisms.'"

— The capital-intensive equipmentrequiredfor low-carbon heating - such as hydrogen
production facilities, heat pumps, or new networks - may not require long-term contracts

199 Contracts for Difference provide guaranteed revenue streams to low-carbon electricity generators, by offering
fixed payments above an electricity price, with the payments (and associated risk) spread over consumer bills.

110 CCC (2018) Progress Report to Parliament.

11 See Frontier Economics (2018) Market and regulatory frameworks for alow-carbon gas system. Inan
implementation agreement the Government would guarantee some recovery of development spend if a future
Government decision meant that the project could no longer proceed.
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in the same way that electricity generators do, but the importance of avoiding
unnecessary policy riskremains.

¢ Hydrogen-ready appliances. Development of regulation and standards for hydrogen-ready
appliances could reduce costs in a transition towards a hydrogen economy.

— If'hydrogen-ready' boilers can be developedat limited additional cost, then they could
beinstalledas part of the regular boilerreplacement cycle,andavoid the need for old
boilersto be swappedout as part of a future hydrogen switchover, saving costs. Ifa
hydrogen switchover didn't occur then the 'wasted' cost associated with this foregone
option would be small,assuming that hydrogen-readiness comes at limited additional
cost.

— Similarly, there will be benefitsin making other gas-fired investments hydrogen-ready,
such as gas turbines for power stations (Chapter 2), as well as cooking equipment and
gas fires.

— Howeverif deploying 'hydrogen-ready' appliancesdid incur a significant additional cost,
this could result in wasted costs if such boilers were never used for hydrogen. If this cost
for hydrogen-readiness is judged worth paying it will be important to ensure that a later
switch to hydrogen is feasible. This means hydrogen-ready boilersand power stations
beingdeployed in locations where a switchto hydrogen is potentially feasible (i.e.with
potential access to a low-carbon hydrogen supply).

e Energy efficiency. Reduced energy consumptionthrough energy efficiency will reduce the
costs of all heat decarbonisation pathways.

Developinghydrogen-ready appliances with low additional costs would be a valuable
innovation goal. Policies todecarbonise heat and develop a UK supply of low-carbon hydrogen
should be designed to keep costs of capital as low as possible.

During the transition to low-carbon heating in the UK, there are several other issuesrelatingto
pricesand cost recovery, not least the current absence of carbon pricing (Box 5.1).
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Box 5.1. Price and cost recovery in a transition to low-carbon heating

Currently low-carbon policies are paid througha mixture of taxation and energy bills. Decisions by
Government and regulatorswill need to be taken on the appropriatemeans of paying for the costsand
savings of the energy transitions, and policy-makers have an opportunity to manage these costsinan
equitable way. This will require a joined up approach.

— Switching to low-carbon heating is made more costly by the fact that the carboncosts of
gas are not reflected in its price:

— Electricity consumptionis subject to a carbon price under the EU Emissions Trading System
(ETS) and the Carbon Price Floor in the UK, whereas thereis no carbon price on domestic
gas consumption (business andindustrial gas consumers pay the Climate ChangeLevy on
their gas consumption).

— Low-carbon support costs are significantly higheron electricity as they include the costs of
decarbonising the power sector (through subsidies suchas the Renewables Obligation and
Contracts for Difference). These costs are likely to largely disappearfrom electricity bills by
2040.

— Bothelectricity and gas prices include supportcostsfor low-carbonand fuel poverty
energy efficiency schemes, at 0.6 p/kWh on electricity and 0.2 p/kWh on gas.

— Longer-term,introducing a carbon price for heat in homes would reduce the cost of low-
carbon heat compared to conventional alternatives,and make energy efficiency more cost-
effective.

e Fueldutyis currently collected from sales of diesel and petrol, and raised £28bn in revenue for the
Exchequerin 2017/18. A transition away fromfossil-fuelled to electricand/orhydrogenvehicles -
which are currently exempt fromfuel duty - will reduce taxrevenue, unless fuel duty is extended to
include low-carbon vehicles, or alternative mechanisms are introduced.

Additionally, allforms of heat decarbonisation will require a change in the regulatory framework
around how consumers currently pay for gas:

e Asgases of different calorificvalues, such as biomethane or hydrogen, enter the gasgrid, billing
procedures willhave to change to ensure thatcustomers are billed according to the amount of
usefulenergy they consume, regardless of the calorific value of the gas in their network.

e Certainareas, regionsor customers willmove to low-carbon heating solutionsbefore others. As the
cost of low-carbon heating s likely to remain higher than the costof gas heating, thecosts of
supporting low-carbonheatingshould be distributed amongstall users, ratherthan falling on
those that reduce heating emissionsearliest.

e Thelron Mains Replacement Programme is paid by UK gas customersvia their energy bills, with
payments for this programme projectedto continue beyond 2050. Fundingfor this programme will
need to continueregardlessof what happenswith gas use, as costsare paid for over a 45-year
period.

Source: CCC(2017) Energy prices and bills:impacts of meeting carbon budgets, Northern Gas Networks (2018) H21
North.

Notes: By volume, hydrogen contains less energy than natural gas - a lower 'calorific value'. Consumers are
currently billed according to the estimated calorific value of their energy, by multiplying the amount of gas
consumed atameter point by the UK's standard for 'calorific value of gas'.
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Chapter 6: Conclusions and
Recommendations



Hydrogen is not a new solution for reducing emissions - for example, fuel cell buses have been
running on our roads for the past 15 years. However, hydrogen does not currently make a
significant contribution to reducing greenhouse gas or local pollutant emissionsinthe UK.

The preceding chapters highlight the opportunities that hydrogen offers in reaching the very
low levels of emissions from the energy system that will be requiredin the long term,
complementingthe roles of electrification,improvements to energy efficiency and carbon
capture and storage (CCS):

¢ Buildings.Hydrogen could potential play a valuable role in decarbonisation of buildings
heat, especiallyinmeetingthe peaksin heat demand on colderwinter days:

— The latest evidence indicates that the costs for decarbonisation pathways based on
hydrogen and/or electrificationthrough heat pumps are similar (see Chapter 3). The
balance betweenthese solutions should therefore not be primarily determined by cost
but by a range of considerations, feasibility of delivery, public acceptability,import
dependence and retaining options over how we decarbonise in the long term.

— Full conversion of the UK's gas distribution networks to hydrogen, and its like-for-like use
in boilersas is done today, would lead to a very high demand for hydrogen by 2050 (e.g.

470 TWh even allowing for substantial improvements to buildings energy efficiency).

Giventhe relatively low efficiency of hydrogen energy chains, this requires more energy

input than some other pathways, raising questions over feasibility of delivery,import
dependence and residual emissions (see below).

— By focusing the role of hydrogen more narrowly, concerns over delivery, residual
emissions and imports can be reduced, while retaining an important role for hydrogen
where it would provide the greatest value: in meeting peaksin heat demand in winter

months and/or only in particular parts of the country where low-carbon hydrogen can be

sourced at lower costs (e.g. due to access to CCS or 'stranded' renewable electricity).

¢ Industry.New evidence indicates that hydrogen has an important potential role in reducing

emissions from industrial heat, especially where the flame (and subsequent combustion
gases) needs to come into direct contact with the material or product being produced (e.g.

in

furnaces and kilns). Hydrogen also appears to be well suited to the decarbonisation of more
distributed sources of CO, emissions (e.g. from the food and drinks sector), which would be

impractical and costly to capture.

e Power.By 2030, the UKis likely to have a very low-carbon electricity system, withrenewab
and nuclear backed up by flexible thermal capacity — mainly natural gas plants. Thereis an
opportunity for hydrogen to replace natural gas cost-effectivelyinthis back-up role,

les

potentially enabling power system emissions to get close to zero by the 2040s. This would be

helpedif new gas plants can be made ‘hydrogen ready’, including beingwell-sited with
respectto potential hydrogen supplies.

e Transport.While battery electric vehicles are now well placedto deliver the bulk of
decarbonisation for carsand vans, hydrogen fuel cell vehicles couldplay an importantrole
for heavy-duty vehicles (e.g. buses, trains and lorries) and potentially for longer-range
journeys in lighter vehicles, where the need to store and carry large amounts of energy is

greater. There isalso a potentiallyimportantrole in decarbonising shipping, especiallyifan

international marketdevelopsin low-carbon hydrogen or ammonia.
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Hydrogen isalready produced at scale, globally and in the UK - for example infuel
desulphurisation at refineries and for ammonia production. However, the vast majority of
hydrogen is currently produced in a high-carbon way, from fossil fuels without CCS. This will
need to change for hydrogen to contribute to decarbonisation.

There are three main routes to producing hydrogen in a sufficiently low-carbonway for itto
contribute by 2050: electrolysis usinglow-carbon electricity, bioenergy with CCS and fossil fuels
with CCS. The firsttwo of these are likely to be limited by resource availability and/or economics,
while there isa question over the size of a role for fossil fuels with CCS due to their residual
emissions:

116

Electrolysis.

— The use of electrolysers tosoak up excesslow-carbon power generation can provide a

useful form of flexibility tothe electricity system,andas such when this occurs we would
expectthe electricity tobe very low cost. However, the infrequency and relatively small
size of this opportunity is such that the volumes of hydrogen that can be expectedtobe
produced using very low cost electricity are small inthe context of the overall energy
system (e.g. up to 44 TWh a year in 2050, less than 10% of buildings gas consumption).

Beyond this niche in helping to manage the electricity system, the low overall efficiency
of electrolysis and the relatively high cost of using electricity asan input mean that
producing bulkelectrolytic hydrogen within the UK islikely to be expensive.Large-scale
hydrogen production from electrolysisinthe UK would also imply extremely challenging
build-rates for low-carbon electricity capacity between now and 2050.

Bioenergy with CCS (BECCS).

— Our parallel reporton Biomass in a low-carbon economy reaffirms our position that, within

the energy system, the best use of finite sustainable biomass resource in contributing to
meetinglong-term emissions targets isto use itin conjunction with CCS, in order to
maximise the overall emissions savings. Although BECCS can be done in several ways, our
analysis indicates that production of hydrogen with CCS, sequesteringalmost all of the
bio-carbon, could be a cost-effective route if there is demand for this hydrogen.

However, given finite supplies of sustainable biomass globally and potentially strong
competingdemands for it, we estimate that the UK might have accessto around 150-300
TWh of biomass in 2050. Allowing for uses elsewhere (e.g. use of wood as a construction
material and other forms of BECCS) and for the energy losses in hydrogen production this
might be sufficient to produce up to 150 TWh of hydrogen, although it could be much
less.

Fossil fuels with CCS. Production of hydrogen from fossil fuels with CCS (e.g. via reforming
of natural gas) is not resource-limitedinthe same way. Fossil hydrogen production with CCS
can be low-carbon, but cannot get to zero-carbon due to residual emissions both from the
production of the fossil fuel and incomplete capture of CO,in the process of producing
hydrogen.

Imports. Thereis substantial interestin hydrogen globally, which may lead to international
trade in low-carbon hydrogen, or an equivalent energy carrier such as ammonia, produced at
low cost from cheap energy resources (e.g. wind and solar) that otherwise cannot accessa
market. Whilst the scope to importlow-carbon hydrogen at a competitive costagainst
domestic production is valuable for the long term, there are risks around reliance on such a
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market emerging when taking decisionsin the 2020s on the extentto which we repurpose
existing gas networks to hydrogen.

Storage. There is significant uncertainty over the extent to which hydrogen storage facilities
will be needed alongside the ‘linepack’ storage in pipelines,and over which types of
hydrogen storage will be best suited to help balance the system at least cost.

Widespreadrepurposing of gas distribution grids across the entire UKto hydrogen, and its use
as a like-for-like replacement for natural gas in boilers, would entail a very high level of hydrogen
consumptionin 2050.

This raises questions over the feasibility of delivery of a wholesale shift to hydrogen for heating
and, depending on how the hydrogen is produced, its implications for the level of residual
emissions that would resultif the hydrogen production is low-carbonrather than zero-carbon
and for dependence on energy imports:

Feasibility of delivery. A switchover of this scale would entail a very large-scale build out of
hydrogen production plants, as well as a programme to switch households over to
hydrogen, which would be challenging to achieve even in 20 years across the whole gas grid:

— Switching all buildings on the gas grid to hydrogen, starting in 2030, would entail
scrappingthe natural gas boilersand cooking appliances present. While itmay be
possible toroll out hydrogen-ready appliancesovertime,the need to start a switchover
as early as 2030 means that there would be quite a limited opportunity for these to
diffuse through the stock by the time the switchover occurs, especially for areas that
convert earlieron.

— Howeveritis produced, this scale of hydrogen production would require a very large
build programme for hydrogen capacity, along with majorimplications for carbon
capture and storage (if production is primarily from natural gas) or zero-carbon electricity
generation capacity (if primarily viaelectrolysis).

Residual emissions. Large-scale production of hydrogen from fossil fuels with CCS by 2050
would lead to some residual emissions, both from a small proportion of CO, beingreleased
during the hydrogen production processand from emissions relatingto production and
supply of the fossil fuels themselves. As hydrogen produced from natural gas with CCS can
reduce emissions by 60-85% relative to natural gas, itis low-carbon but not close to being
zero-carbon. Its widespread use would lead to higher residual emissions than deployment of
zero-carbon technologies where this isfeasible.

Import dependence.

— Aswe outlined in Chapter4, a very high level of hydrogen consumption means that its
production would depend heavily on fossil fuels - most likely natural gas - combined with
carbon capture and storage. This would imply very high levels of natural gas
consumptionin 2050, including a high reliance on gas imports.

— Decisionson buildings heat for this scale of hydrogen deployment would need to be
committedto in the mid-2020s, well before we can be confident that importedlow-
carbon hydrogen will be able to meet a significant fraction of our long-term needs. A
decisionto pursue hydrogen at this scale should therefore not relyon an import market
emergingin the longer term.
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e NOx emissions. There remain questions over the emissions of nitrogen oxides (NOx)
associated with combustion of hydrogen and therefore impact on air quality from its
widespread use. More work is required to identify the size of this potential problem and
options to mitigate it.

Itistherefore prudent to plan for hydrogen to have a smaller, more focused role in the
decarbonisation of heating, playing to its strengths alongside other solutions. This could mean a
national role for hydrogen that provides the capacity to meet peak heat demands in winter but
meets relatively small proportion of total heating, with hybrid heat pumps meetingmuch of the
'baseload' demand. There may also be some role for larger amounts of hydrogen deployment
more in certain geographical areas.

There remain questions about the size of hydrogen's contribution and about how the UK's
energy infrastructure will change over the coming decades. The next decade will be very
importantin developing the hydrogen option sufficiently for it to make an important
contribution by 2050. Rather than a wait-and-see approach, this means making key strategic
decisions, taking action to develop the hydrogen option and developing key technologies.

Infrastructure and strategic decisions for decarbonisation of road freight

In order for the heavy goods vehicle (HGV) fleet to have turned over fully to ultra-low-emission
vehicles (ULEVs) by 2050, this would require 100% of vehicle salesto be ULEVs by the mid-to-late
2030s given the lifetimes of these vehicles.Inturn, for a hydrogen solution this would means
rolling out infrastructure from the late 2020s.

Givenlarge uncertainties over which technology option will prove most cost-effective, itis
importantto consider the likely roll-out speeds of alternative technologies, if the electrification
of road freight proves a more cost-effective option comparedto the use of hydrogen fuel cell
HGVs (Box 2.3).

Giventhe current evidence on lead-times for infrastructure and the time taken to turn over
vehicle stocks, the government would need to make a decision on the choice of ULEV solution(s)
in the second half of the 2020s.

The Department for Transport should consider running larger-scale trials to assess these
technologiesin the early 2020s, after learning from the results of the ongoing international trials.
This should feed into a decisionon the bestroute to achieving a zero-emissionfreight sectorin
the second half of the 2020s.

Prior to this decision, it will also be important to improve understanding of the likely journeys of
freight vehicles, by collecting data on lengths of trips, actual payloads and volumes of freight
carriedand the proportion of each trip spent on major roads. This can inform a full assessment of
the different technology options (which may include hybrid hydrogen-electriclorries).

In the near term, the government should continue to focus on developing hydrogen refuelling
station and vehicle technology, by building an initial network to allow wider roll-out laterin the
2020s.Government funding in support of hydrogen refuelling stations should prioritise those
bids which allow a variety of vehicles,including HGVs or buses, to refuel. This will enable SMEs
and manufacturers to develop the early marketfor hydrogen HGVs.
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Strategic decisions on heat decarbonisation

The potential use of hydrogen for heating requires strategic decisions, as a wholesale shift away
from natural gas for heating can be expectedto take around 20 years.

e We have previously setout''? that decisions on the respective roles of hydrogen and
electrificationinheating buildings will be required by the middle of the 2020s, in order to
allow for these solutions to be rolled out between 2030 and 2050.This means actively
preparingfor these decisions over the intervening period, by understanding betterthe
challenges and potential solutions relatingto each of hydrogen and heat pumps.

e BEIS has commissioned useful and important work in the two years since we set out this
decisiontimeline, which has occurred alongside other analysis and pilots. The latest evidence

indicates that the costs for decarbonisation pathways based on hydrogen and/or
electrificationare similar (see Chapter 1).

e Italsosuggests a moreimportantrole than we had previously consideredfor hybrid heat
pumpsby 2050.We had previously beenconcerned that they would lead to insufficient
levels of decarbonisation by 2050. However, the latest evidence suggests that higher
proportions of electric heat can be achievedthan we had assumed. The latest analysis
suggests that the remaining gas demand can be decarbonised with hydrogen, with
potentially some contribution from biomethane.

e Solutions for heat decarbonisation may differ across the UK, without significant implications
for the overall costs of decarbonisation. However, currently public understanding of heating
theirhomes with hydrogen or heat pumpsis far from where it would need to bein order to
contribute to making the decisions that will be requiredin the early 2020s.

We recognise the difficult nature of the decisions around the heat decarbonisation and the
future of the gas grid. There may well be a strong temptation politically to 'kick the can down
the road' by sticking with natural gas for longer, given the higher costs of the low-carbon
alternatives and the lack of end-user benefit that a switch would bring.

This is one of the areas where the challenge is greatest in reducing the UK's emissions to very
low levelsby 2050.But failing to take the necessary actions and decisions will not significantly
reduce size of the challenge and would put at risk the ability of the UK to meetitscommitments
under the Climate Change Act and the Paris Agreement.

Targeting a smallerrole for hydrogen in providing buildings heat, focused where it can provide
most value, would raise a question over whethera different approach to can be taken on
decisions over future heating and gas grids. The decision could be split, with a part of the
decisionmade soon to drive near-term deployment of hybrid heat pumps at scale, which would
also deliver nearer-term decarbonisation. Doing this would also create the option for different
kinds of heating solutions by 2050, on which decisions could be made slightly later.

This approach would have lower risks of regret than near-term decisions to pursue hydrogen or
full electrificationas the primary route for decarbonisation (Box 6.1).

Were a near-term decision made to pursue hybrid heat pumps, it may be possible to defer the
second part of strategic decisions on energy infrastructure for heating. However, this would

require concerted near-term action to deploy energy efficiency, hybrid heat pumps, low-cost
renewable power generation and hydrogen:

112 CCC (2016) NextSteps for UKHeat Policy.
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e Energy efficiency. Regardless of the approach to heat decarbonisation, it is essential that
effective policies are developed urgently to deliver on the government's Clean Growth
Strategy commitmenttoimprove the efficiency of the existing stock of homes to EPC Band C
by 2035. Achieving this will help to reduce people's bills, increase comfort levels and reduce
the costs of heat decarbonisation.

e Hybrid heat pump deployment. Retrofittinga hybrid heat pump system at the same time
as improving energy efficiencyina buildingwould minimise disruptionand dramatically
reduce itsemissions. The scale of deployment should be such that hybrids are widely used
by 2035 (e.g.in 10 million homes), reducing the later challenge of tackling residual gas use.

e Deployment of low-cost renewables. The dramatic reductions in the costs of wind and
solar generation have not only reduced the costs of power sector decarbonisation but also
createdan opportunity for more cost-effective and earlier electrification of other sectors. As
deploying wind and solar will already be cheaper than fossil power generation in the 2020s,
the addition of flexible loads to the electricity system should be accompanied by the
addition of corresponding amounts of additional low-costrenewable generation.

o Developing the hydrogen option.ltislikelyto be considerably easierand quickerto switch
the remaining gas supply to hydrogen once hydrogen has beendeployed at scale and
become a mainstream option, including establishment of low-carbon hydrogen supplies.

¢ Hydrogen-ready heating appliances. Whilst not essential to a switch to hydrogen, the
deployment of hydrogen-ready boilers or fuel cells would reduce the costs and disruption of
switching to hydrogen by avoiding scrappage of natural gas boilers.Dependingon the
development of hydrogen-ready appliancesand the cost premium over natural gas boilers,
the government should consider mandating hydrogen-ready heating appliances by the mid-
2020s similar to the successful mandation of condensing boilersin20 years earlier.

e Otherlow-regrets actions to reduce heating emissions. It remains necessary to pursue
the range of actions we describedas low-regretsin our 2016 reporton Next Steps for UK Heat
Policy: deployment of low-carbon heat networks in heat-dense areas; ensuring that new
buildings are efficientand low-carbonfrom the outset; heat pump deployment off the gas
grid; and increasinglevels of biomethane injectioninto the gas grid.

Being able to split the approach to deciding on the long-term future of heating and the gas grid
relies on the government ensuring good progressin the areas set out above. This would enable
decisions to be taken more gradually, over the period to 2030, as the implications of different
pathways become clearer.However, should less progress be made in some or all of these areas it
might be necessary to intervene at an earlier stage in order to ensure that the buildings sector
can be fully decarbonised by 2050. We will keep progress under review.

Deployment of hybrid heat pumps would offer an additional way of reducing emissionsinthe
2020s, beyond those set out in the Clean Growth Strategy, helping to meetand outperform the
fourth and fifth carbon budgets (covering 2023-27 and 2028-32). This progress would also
reduce the risks,and potentially the costs, relating to meetinglong-term emissions reduction
goals. However, it will also come with some increased costs in the 2020s - mainly the capital
costs of the hybrid heat pumps.

There remainimportant questions over how to pay for heat decarbonisation, especiallyinthe
case that this is achievedin different ways or at different pacesin different parts of the UK (see
Chapter5). We have not attemptedto address these questions in detail in this report, but they
will be an essential part of any strategy to decarbonise heating.
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A large deployment of hybrid heat pumps togetherwith much improved energy efficiency acrossthe
building stock by the mid-2030s would reduce emissions very substantially from properties on the gas
grid. A key advantage of hybrid heat pumpsis that they can be retrofitted around existing heating
systems, retainingthe existing radiatorsand also the existing boiler (although its utilisation would be
much decreased). This meansthat the retrofit could sensibly be done togetherwith improvements to
the energy efficiency of the building. In combination, these changes could reduce a household'sgas
consumption by over80% and reduce energy bills.

In sharply reducing gas demand and increasing publicawarenessof heat pumps, it would also help to
develop more deliverable solutions relating to fullheat pumps and hydrogen to 2050:

e Hybrids then full heat pumps. A widespread deployment of hybrid heatpumpswould lead to a
much better publicunderstanding of heat pumps as a heatingoption.In turn, this could increase
their acceptance of full heat pump solutions, making their widespread roll-out more achievable
thanitis likely to be inthe nearer term. If from a certain date (e.g. 2035), hybrid systemsat the ends
of their lifetimes were replaced with full heat pump solutions, thenover the following 15 years this
stock could be very largely turned over. In this way hybrids could end up being an enablerto a
widespread switch to fullheat pumps by 2050.

¢ Hydrogen hybrids. Near-term deploymentof hybrid heat pumps,together with making new gas
heating appliances hydrogen-ready, could make a switch to a hybrid solution of hydrogenplus
heat pumps more achievable and potentially reduce the costs of doing so:

— Ifthedeployment of energy efficiency and hybrid heat pumpsis successfulin reducing gas
demand sharply, thiswould reduce the challenge of switching remaining natural gas
consumption to hydrogen.Overall gas consumptionin buildings could be reduced by
around 75%, which would in turn reduce the challenge in supplying the necessary volumes
ofhydrogen and could reduce the time needed for the switch.

— Theotherkey challengein switching from natural gas to hydrogenis the disruption and
costs atthe household level. If there were a sufficiently large stock of hydrogen-compatible
heating appliances - either boilers or fuel cells - by the time of a switchover to hydrogen
there would be many fewer boilers that need to be scrapped. This would reduce the costs
significantly and increase the public acceptability of a switch to hydrogen. This could
potentially be achieved by deploying hydrogen-ready heating appliances sufficiently early
(e.g.from the mid-2020s) as part of the standardboiler replacementcycle, so that these
would be able to build upin the stock by the time the switch occurs.

It remains to be seen what theright balance between hydrogen and full electrification will be in the
long term, but the aim should be to eliminate all direct use of hydrocarbonfuels for heatingbuildings
by 2050 through low-carbon energy delivered througha combinationof hydrogen, electrification and
heat networks. In the case that some areasof the gas network are particularly difficult to switch to
hydrogen and these buildings cannot switch to fully electric solutions, the smallamountofresidual
fuel demand could potentially be met throughbiomethane from anaerobic digestion.

Weintend to commission further analysisto look at how accelerated deployment of flexible electricity
demands (e.g. electric vehicles, hybrid heat pumps) could help to managean electricity system with an
increasing proportion of variable renewables and, in turn, how cheap renewables can help cost-
effective earlier decarbonisation of heat and transport.

A potential shift of approach, to deploymentof hybrid heat pumps in the near term, also bringsinto
focus theimbalance in the respective retail prices of electricity and gas:

o Electricity prices have historically been increasedsignificantly relative to gasprices due to the way
costs relating to policies both to reduce emissionsand to achieve social objectives were levied,
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Box 6.1. Near-term deploymentof hybrid heat pumps could develop optionsfor full decarbonisation

paid for through consumer electricity bills. By placing these costs primarily onto electricity prices,
households off the gas grid thatrely on electric heating payingdisproportionately towards the
costs of these policies.

¢ It hasalso madeit significantly more costlyto move fromfossil fuel heating to electric heating, and
distorts the operational incentivesover when a hybrid system should be operated on electricity
rather than fossil fuel.

Rebalancing therelative costs of electricity and gas would make the introduction of hybrid heat pumps
more achievable and provide appropriate signals so thatthey achieve high proportions of electric heat,
as well as reducing the burden of policy costs on electricity-only households.

Figure B6.1. Pursuing a 'hybrid first' approach alongside otherlow-regretactions

2020 2025 2030 2035 2040 2045 2050

Low-regret actions : ; ; ] : ; ;
Substantial energy efficiency : 5 ‘ 5 3 ‘ >

improvements, low-carbon heat
(heat networks, off-grid heat pumps)

+

Previous decision / roll-out timeline

Decisions for on-gas buildings on '
roles of hydrogen & electrification ' :

Roll-out for on-gas buildings of : : | : : : |
hydrogen and/or full heat pumps 3 3 , : i

OR
‘Hybrid first’ timeline . . ‘ ,
: : 3 5 3 3 I
Roll-out of hybrid heat pumps in on- ' : pres==e ittt s \}i
gas buildings ‘ bococccdomoonos i————~|/’§

Decisions on how to decarbonise on-
gas buildings fully

Roll-out for on-gas buildings of | ; :
hydrogen and/or full heat pumps ! 3 3 ‘ : 3

Notes:'Low-regret'actions are those that the Committee recommended in 2016 should be pursued
immediately, with subsequent decisions to be made by the mid-2020s on the respective roles of hydrogen
and electrification in on-gas buildings outside heat network areas, for roll out between 2030 and 2050 (shown
the middle section of the diagram). The 'hybrid first' timeline would entail pursuing the low-regret actions
now alongside deployment of hybrid heat pumps in on-gas properties, with decisions on achieving full
decarbonisation potentially coming slightly later.
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At the moment, hydrogen is not commercially competitive in most potential applications. This is
likely to continue unless and until costs can be driven down, including through deploymentat
scale.Continuation of an incremental approachthat relies onisolated, piecemeal demonstration
projects may lead to hydrogen continuing to remain foreveran option 'for the future'.

The UK does not currently produce significant amounts of low-carbon hydrogen nor does it have
technologiesin place that would provide a market for that hydrogen. One of the key challenges
for hydrogen and its associated technologies s to get a foothold in the energy system,
overcoming this 'chickenand egg' barrier.

e This could be done through taking a highly coordinated approach, ensuring that hydrogen
demand and supplyinfrastructure develop in parallel.ltis likely that this coordination would

need to be ledby government, due to the range of policyleversit has on both the demand
and supplysides, and given the funding that would be required.

e The need for active coordination can be lessened, however, by taking actions that break the
interdependence of supply and demand. This could be achieved, for example, through
establishinglow-carbon hydrogen suppliesthatcan be accommodated within the existing
energy infrastructure (e.g. through blending of hydrogen into the gas grid and/or generation
of power from the hydrogen produced) and/or deploying technologies that can be switched
over to hydrogen when suppliesbecome available (e.g. hydrogen-ready boilersorgas
turbines).

Without taking near-term action to deploy hydrogen, it is difficult to see how the infrastructure
and costs challenges will be addressed to enableit to play an important part in decarbonisation
by 2050.This means starting deployment of hydrogen in a 'low-regrets' way in the 2020s,
recognising that evenan imperfectstartis likelytobe betterinthe long term than a 'wait-and-
see'approach that failsto develop the option properly.

Whilst hydrogen can be produced in a range of ways and used in a variety of applications, there
are several technologies that are of strategicimportance in enablinghydrogen to playa
substantial role in a highly decarbonised energy system:

e Carbon captureandstorage (CCS). As we outlined in Chapter 3, there are three main
routes to producing hydrogen in a sufficiently low-carbon way for it to contribute by 2050:

electrolysis usinglow-carbon electricity, bioenergy with CCS (BECCS) and fossil fuels with
CCS. Alarge role for hydrogen within the energy system will entail an important role for CCS:

— While the electrolytic route can help to manage a low-carbon electricity system, the
amount of hydrogen it can produce in the UK at reasonable cost is likely to be relatively
small.Beyond this, due to low efficiency of this energy chain, itis likely to be expensive
and imply extremely challenging buildrates of low-carbon electricity.

— Without CCS therefore, hydrogen is likely to be limitedto niche applications unless a
large-scale international marketin low-carbon hydrogen (e.g. carriedas ammonia)
emerges. Such an international market cannot be reliedupon and isunlikely to occurin
the next 10-15 years, during which time key decisions on the role of hydrogen mustbe
made.
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— Infrastructure decisionsrelating to repurposing parts of the gas grid to hydrogen must
therefore be taken on the basis that sufficient low-carbon hydrogen can be produced
domestically. This means establishing CCSas a credible pathway by the time these
infrastructure decisions are taken in the first half of the 2020s.

Biomass gasification. Hydrogen production has beenidentifiedin our analysis as a key
potential use for finite bioenergy resourcesin conjunction with CCS. Biomass gasificationisa
key technology that would openup a range of potential pathways for using bioenergy with
CCS (BECCS), including hydrogen production but also routes to production of synthetic fuels
for use where the use of hydrocarbons cannot be eliminated completely (e.g.aviation fuels).
However, biomass gasification is not yet proven at scale,and it should be priority to do so.

Hydrogen-ready heating appliances. The development of hydrogen-ready heating

appliances, whetherboilers or fuel cells, at reasonable cost would openthe possibility to
reduce significantly the costs of, and barriers to, switching buildings heat to hydrogen.

— This would depend not only on the hydrogen-ready technologies being available at a
sufficiently small premium relative to natural gas boilers but also that they are rolled out
as part of the normal boilerreplacement cycle intime to comprise alarge proportion of
the stock of heating appliances by the time any grid switchover to hydrogen occurs.

— Thisimpliesthat hydrogen-ready appliances would need to be available - and probably
mandated - in areas earmarked for switching the gas grid to hydrogen, during the 2020s

to allow for substantial turnover of appliances by say 2040 in areas where the switchto
hydrogen does not occur in the 2030s.

Hydrogen-ready turbines. Emergingevidence, and discussions with leading equipment

manufacturers, suggest that burning hydrogen and/or ammonia as a low-carbon fuel for
power generation is possibleinnew — and in some cases existing - turbines and engines.

— Work should be done to improve the evidence and understanding of this, with particular
focus on the ability to develop ‘hydrogen-ready’ turbinesthat can beinstalled in new
natural gas CCGTs, opportunities for retrofitting existing turbines and engines to burn
low-carbon fuels,and solutions that can reduce emissions of NOx during the combustion
process.

— Consideration should also be given to the opportunitiesto site gas plantsnear toa

supply of low-carbon hydrogen, so that a transition to switch turbines to using hydrogen
is more feasible.

Hydrogen HGVs. Use of hydrogen fuel cell vehiclesis a key option for the decarbonisation of
heavy-duty transport, including HGVs. There is emerginginterestin developing hydrogen
HGVs internationally — the UK should support these efforts, including demonstration of these
technologies where appropriate.
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In order for hydrogen to become an established optionfor decarbonisation during the 2020s,
the Committee recommend the following range of actions on strategy, deployment, public
engagement, demonstration, technology developmentand research:

¢ Heat decarbonisation strategy. A key use of hydrogen is as a decarbonised fuel for heat in
buildings and/or industry. This requires strategic certainty on how decarbonisation of heat
will be deliveredin the UK. In order to create the necessary signals for commercial
investment,a commitment should be made now to develop a fully-fledged UK strategy for
decarbonised heat within the next three years, including clear signals on the future use of
the gas grid and supporting requirements for carbon capture and storage (CCS) in the UK.

e Strategyfordecarbonising heavy goods vehicles (HGVs).By 2050t will be necessary for
HGVs to move away from combustion of fossil fuels and biofuels to a zero-emissions
solution. Decisions about how to achieve this will be required in the second half of the 2020s.
This will necessitate small-scale trial deployments of hydrogen HGVs in a variety of fleets
priorto this, in the UK or elsewhere.

e Energy efficiency improvements. Regardless of the approach to heat decarbonisation,
effective policies mustbe developedto deliveron the government's Clean Growth Strategy
commitmenttoimprove the efficiency of the existing stock of homesto EPC Band C by 2035.
Achieving this will help to reduce people’s bills, increase comfort levels and reduce the costs
of heat decarbonisation. New buildings should be built with a high level of energy efficiency
and designed for low-carbon heating systems, enabling them to be low-carbon from the
outset.

¢ Hydrogendeployment. We have previouslyrecommendedthat two CCS clustersare
developedin the 2020s,in order to establisha CCS industry and enable deploymentat scale
from 2030.We now recommend that significant volumes of low-carbon hydrogen should be
produced at one of these clusters by 2030, and be used in applications that would not
require major infrastructure changes (e.g. applicationsin industry, power generation,
injectioninto the gas network and depot-basedtransport).

¢ Identification oflow-regret hydrogen deployment opportunities. The government

should assess the range of near-term opportunities for hydrogen use across the energy
system and set a strategic direction for low-regret use of hydrogen in the 2020s.

¢ Publicengagement. Currently the general public has a low awareness of the need to move
away from natural gas heating, and what the alternatives might be.There is a limited
window to engage with people overfuture heating choices, understand their preferences
and factor these into strategic decisions on energy infrastructure. This is especiallyimportant
if solutions to heat decarbonisation could differ in different parts of the UK.

e Demonstration.Inorder to establishthe practicality of switching to hydrogen, trials and
pilot projects will be requiredfor buildings, industry and transport uses. Itis also necessary to
demonstrate that hydrogen production from CCS can be sufficiently low-carbon to play a
significant role:

— Before any decisionto repurpose gas grids to hydrogen for buildings heat, pilotschemes
will be necessary to demonstrate the practical reality of such a switchover.These must be
of sufficient scale and diversity to allow us to understand whether hydrogen can be a
genuine option at large scale.
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— Hydrogen use should be demonstrated in industrial 'directfiring' applications (e.g.
furnaces and kilns).'"3

— Depending oninternational progress in demonstrating hydrogen HGVs, the Department
for Transport should consider running trials in the early 2020s,in order to feed into a
decisionin the second half of the 2020s on the bestroute to achieving a zero-emission
freight sector.

— Asubstantial role for hydrogen produced from natural gas with CCS depends on
deliveringemissions savings towards the higher end of our estimatedrange of 60-85%
on alifecycle basis. This means demonstrating that it is feasible to achieve very high CO,
capture rates (e.g. at least 90%) at reasonable cost from gas reforming.

o Technologydevelopment.There are technologiesthat are not yet deployable at scale but
could play importantroles within hydrogen use in the energy system by 2050.These include
hydrogen-ready technologies, such as boilerand turbines, as well as hydrogen HGVs and
biomass gasification. It is important that these are a focus for government support, in order
to create a sufficiently wide range of pathways to achieve long-term emissions targets.

e Furtherresearchisrequiredin a number of areas to establish the feasibility and desirability
of using hydrogen in a range of applications:

— Thisreport identifies a key opportunity for hydrogen to provide low-carbon energy at
peaktimes, performing a role currently played natural gas. Key to this will be the ability
to deliverlarge quantities of hydrogen in a short space of time.Itis therefore important
to establish how the various options to store hydrogen perform with the patterns of
operation that appearin models.

— Researchand developmentisrequiredon hydrogen technologies for industrial heating
applications, especially where there may be technical barriers to use of hydrogen.

— The implications of hydrogen combustion for NOx emissions must be established -
comparedto fossil fuels and to any low-carbonalternatives— across applicationsin

buildings, industry and power.This includes identifying potential technologies that can
mitigate these NOx emissions.

— The feasibility of hydrogen usein gas turbines for power generation should be
established, with consideration given to making new gas-fired capacity ‘hydrogen ready'.

— The most cost effective way to produce and distribute hydrogen in order to supplya
nationwide refuelling network for heavy-duty vehicles should be assessed, in
consideration of hydrogen purity requirements and how these can be met.

— It willbeimportantto complete the work currently underway to establishthe safety of
hydrogen use, and to understand the implications of this for hydrogen deployment.

— Further work isrequired to establishwhether and to what degree hydrogen actsasan
indirect greenhouse gas if emittedto atmosphere.

We will continue to bringtogether and develop the evidence regarding how deep emissions
reductions and the respective roles of different solutions, as an input to our advice on the UK’s
long-term targets in spring 2019.

113 Direct firing refers to combustion-based heating processes (suchas furnaces and kilns) where the combustion
gases come into direct contact with the product that is being heated.
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