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Extended Executive Summary

Context and objective of the studies

Addressing the challenges related to decarbonisatiogasf and heat, the Committee on

Climate Change (CCC) has identified multiple decarbonisation pathways foarban

KSFiAy3 a LINRPLRAaSR Ay (GKS ///7/Qa hO#206SNI Hawm
Three central pathways have been identified: i.¢. (i0 & WINBSYyAy3IQ GKS 3l
shifting to lowcarbon hydrogen (H2), (ii) electrification ledat supported by lowcarbon

power generation, or (iii) by potential hybrid solutions, with the bulk of heat demand,

met by electricity, and peak demands metdngen ga& Each pathway brings significant

challenges, and it was unclear whether there is a dominant solution and what the
implications are on the future infrastructure requirements and operational coordination

across energy systems in the UK.

In this context, the Integrated Whol&nergy System (IWES) model developed by
Imperial College London, has been applied to assess the technical and cost performance
of alternative decarbonisation scenarios for learbon heating in 2050 with the aim to:

- Understam the implications of alternative heat decarbonisation pathways on
electricity and gas infrastructures in the UK energy system in 2050 by:

0 Analysing the interactions between the electricity and heat systems (including
various forms of storage)

o Optimisingthe interactions across different energy vectors to maximise the whole
system benefits;

- Understand the economic performance and drivers of various pathways by:

o Comparing the whole system costs of alternative heat decarbonisation scenarios
in 2050, and bgond towards a zer@missions energy system. For example,
comparing the costs of retaining gas distribution networks that arpusosed
for hydrogen transport, against reinforcing the electricity grid under various low
carbon heating scenarios

o Analysinghe impact of uncertainties in technologies and costs;

- Provide fundamental evidence to support the development of policies for
decarbonisation of heating and the electricity system.

Comprehensive studies have been carried out to quantify the investmerdt a

operational requirements as well as the costs of alternative heat decarbonisation

pathways for a representative energy system for Great Britain in 2050. These studies

1 Available at: https://www.theccc.org.uk/wpcontent/uploads/216/10/Nextstepsfor-Uk-heat-
policyCommitteeon-ClimateChangeOctober2016.pdf

21 o0A2SySNHe F20dzAaSR LI GKgle glFa y2id O2yaiARSNBR |
Review suggested a limit of around 135 TWh of primary bioenergy that coulddialde to the
UK power and gas systems.
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were carried out in the context of related activities in this area, includiegparch
carried out by theDepartment for Business, Energy & Industrial Strategy (BEIS) research
on Heat and Strategic Options, research into the costs of future heat infrastructure for
the National Infrastructure CommissignNetwork Innovation Competition (NI@jals

etc.

The interactions across different energy vectors, i.e. electricity, gas, and heat systems
including different types of energy storage (electricity, hydrogen, thermal) have been
optimised using the IWES model to maximise wigylstem benefitsin summary, the
IWES model minimises the total cost of leegm infrastructure investment and short

term operating cost while considering the flexibility provided by different technologies
and advanced demand control, and meeting carbon targets. The MédE8! includes
electricity, gas, hydrogen and heat systems, simultaneously considering bothtsimort
operation and longerm investment decisiorfs covering both local district and
national/international level energy infrastructure, including carbon esioiss and
security constraints.

Scopeof the studies

¢KS /// Qa | LR heBlfs présentefl Bigure E1. The scope of this

particular study includes quantification of the system costs of differemath
RSOFNb2yAal A2y LI GKgl edas O2y-aabanthé&yTae oA G K (K
/11 Qa LINB@A2dza |yl fe&ara K-basgrid FoSgsiandBsaneR KT (
direct electric heating to heat pumps, representing 18% of househohlisd 13%of

households in urban areas to district heating is egf§tctive. This modelling, therefore,

considers the costs of converting the remaining 71% of households to -&adwn

heating technology.

The studies focus on:

- The cost performance of each decarigation pathway and crossutting analysis
across pathways;

- The interaction and optimal capacity portfolios of power system infrastructure
(generation, electricity network, electricity storage), hydrogen infrastructure
(production capacity, hydrogen netwq storage), carbon capture and storage
infrastructure and heating infrastructure;

- The impact of uncertainties keymodelling assumptions and input parameters;

- The role and benefits of enabling technologies that can improve system flexibility

29f SYSyli 9ySNHe |yR 9niSOKxz¢ /2alG lylrfteara 27F Fdzi
Infrastructure Commission, March 2018.
4 This study focuses on the optimal investment needed to meet the 2050rsystquirements and
carbon target. The transition from the present to the optimised 2050 system warrants further
studies.
5 Assuming 34.3m households by 2050
PageB of 159
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across alenergy vectors and reduce emissions;

- The impact of energy efficiency and climate change;

- Technical feasibility of the existing gas distribution infrastructure to transport
hydrogen.

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

Figure E1 Lowregrets measures and theemaining challenge for existing buildings on the
gas grid

The analysis is based on an optimised systmnstructed by the IWES model, which
assumes that full coordination across all system components (i.e. gas, electricity, heat
infrastructure) can be adbved. This will require further development of appropriate
regulatory and commercial frameworks as well as cooperation across all market
stakeholdersand deployment of appropriate technologiasd control systemaecessaryo
enable cost effective decarbisation of the GB energy systemhich is beyond the scope of

this report.

Overview of the investigated heat decarbonisation strategies
The study focuses on three core heat decarbonisation pathways:

- Hydrogen pathway
The core Hydrogen pathway is basedtba application of endise hydrogen boilers
at consumer premises to decarbonise heat demand. It is assumed that consumers
that do not have access to gas would use electric heating.

- Electric pathway
In this pathway, heat demand is met by the optimal deglment of enduse electric
heating appliances including heat pumps (HP) and resistive heating (RH).

6 CCC (2016) Next Steps for UK Heat Policy
Page9 of 159



Imperial College
London

- Hybrid pathway
This pathway is based on the application of combining the use of gas and electric
heating systems, i.e. hybrid heat pump (HHP). The gasnigesyistem in the Hybrid
system uses natural gas or carboeutral gas such as biogas or hydrogen to reduce
emissions from gas.

The study uses two main annual carbon emissions targets, i.e. 30Mt and OMt to identify
the implications of going to zero carbobQMt is used in some studies to investigate the
system changes in the transition from 30Mt to OMt. Sensitivities of the results against
different assumptions (e.g. financing cost, heat demand, system flexibility, hydrogen
import, unavailability of nuclearhave also been studied and analysed.

A range of alternative strategies hadso been investigated, with the core heat
decarbonisation pathways. This includes the implementation of:

- Regional decarbonisation strategies
The strategies combine one decarlsation pathway with a different pathway with the
aim to find lower cost solutions:
0 Use of hydrogen in the North of G#&hile the rest of the system is decarbonised
through HHP, in order to minimise investment in hydrogetworks
0 Use of hydrogen in urbaareas while rural areas are decarbonised through HHP.
0 Use of industrial HBased district heating in urban areas.
- District heating
This consists of two scenarios including:
o National deployment of industrisdcale hydrogen boilers in district heating
networks (H2+DH);
o National deployment of industrial HP in district heating networks (Elec+DH);
- Micro-CHP
In thisscenario,L0GW of micreCHP is deployed in the Hybrid system that can displace
end-use HHBand power generation

The key results of the studieseadescribed as follows.

Cost performance of core decarbonisation pathways

The annual system costs of different decarbonisation pathways were considered in this
study across three different annual carbon emissions targets, i.e. 30 Mt, 10 Mt, and 0
Mt® are presented inFigure E2.

" Scotland, North of England and North of Wales
8 H2[3Q, H2[10],and H2[0] refer tahe H2 pathway with 30Mt, 10Mt, and\Mlt target respectively.
The same notation is used to identify the decarbonisation pathways (H2, Elec, Hybrid) and the
carbon targets ([30]10],[0]).
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Key assumptions

- Auto Thermal Reformer (ATR) combined with Carbon Capture and Storage (CCS) is
considered as the default technology for producing hydrogen from natura® gas
otherwise, tydrogen is produced using electrolysis.

- Hydrogen is produced from gas in a centralised manner, in the regions which have
access to gas and carbon storage terminals, to maximise the benefits of economies
of scale and eliminate the need for national CC&stfucture.

- 21 TwWh of biogas and 135 TWh of primary bioenergy are used in all pathways

- The assumed maximum capacityl@fv-carbongeneration that can be deployed hy
2050 for wind, PV, CCS, and nuclear is 120 GW, 150 GW, 45 GW, and |45 GW
respectively.

- 50% of the potential flexible technologies across electricity, heat and transport
sectors is assumed to be available to provide various system services. These jnclude
controllable industrial and commercial loads, electric vehicles, smart domestic
appliances ad preheating.

- Optimised energy storage including electricity, thermal, and hydrogen storage

- Household level energy efficiency measures (including insulation) are assumed to
0S RSLIX28SR 0O2yaAradsSyd e¢AdK GKS /// Qa aoSy
assodated with energy efficiency in the modelling.

- Light vehicle transport is assumed to be electrified in all scenarios, leading tp 111
TWh of electricity demand by 2050.

- 135 TWh of industrial space heating demand is assumed to be either electrified or
hydrogenated in the respective pathways.

140

C: Non-electric
heating

=
=]
o

WO: NG+H2+CCS

=
(=]
o

C: H2+CCS+P2G

[o=]
o

MW C: Electric

|| heating+storage
W O: Electricity
W C: Electricity
network
20 W C: Electricity
generation

H2[30] H2 [10] H2 [0 Elec [30]  Elec [10] Elec [0]  Hybrid [30] Hybrid [10] Hybrid [0]

[]
o

Annual system costs (Ebn/year)
N
o

Hydrogen Electric Hybrid

Figure E2 Annual system cost of core decarbonisation pathways

9 Assumed natural gas price: 67p/therm
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The IWES model optimises 29 system cost compotentsich are grouped into five
capex (C) and two opex (O) categories devid:

a. C: Electricity generatior annuitisedcapital cost of electricity generation that
encompasses both lowarbon and nodow carbon generation.

b. C: Electricity networkg, annuitisedcapital cost of the electricity network that
consists of the cost ofhe distribution network, transmission network and
interconnectors.

c. O: Electricity¢ annualoperating costof electricity that includes all the variable
operating costs (e.g. fuel, O&M) as well as stgot and fixed operating costs.
Carbon prices are exdad from this analysis.

d. C: Electric heating +storage annuitised capital cost of electric heating and
energy storage in electric scenario includes the capital cost of the heat pump
(domestic and industrial), resistive heating, electric storage, thermarggn
storage, cost of endise conversion (replacing ghased heating to electric),
cost of appliances and cost of decommissioning gas distribution due to
electrification.

e. C: H2+CCS+P2Gannuitised capital cost of hydrogen and CCS infrastructure,
including the cost of all hydrogen production technologies, cost of hydrogen and
CCS networks, cost of hydrogen storage and carbon storage.

f. O: NG+H2+CGQSannualoperating cost of the natural gas system that includes
fuel cost of gadased hydrogen production teoblogies, e.g. SMR and ATR, cost
of hydrogen import, operating cost of hydrogen storage and the fuel cost of the
natural gas (NGhased boiler.

g. C: Nonelectric heatingg annuitisedcapital cost of norelectric heating includes
the capital cost of naturalag (NG) and hydrogdmased boilers, cost of district
heating infrastructure, conversion cost and the cost of maintaining the existing
gas distribution network.

The key findings are summarised as follows:

1. Costs of alternative decarbonisation pathways arelatively similar for 30Mt, but

the cost differences increase for the H2 pathway in 0 Mt case
As shown inrable E1, the system costs of the decarbonisation pathways at the carbon
emissions target of 30Mt/yeaare broadly similarthe cost difference between core
pathways, i.e. Hybrid, Electric and H2 is within 10%, and hence the ranking may change
when different assumptions applyhe costs marginally increase at OMt/year, except in
H2 pathways as the hydrogeproduction shifts from gas to electricity, which
significantly increases the cost of hydrogen infrastructure (due to the shift from ATR to
electrolysers).

10 More description of the cost components used in the IWES model can be found in Appendix A.
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Table E1 Cost performance of different decarbonisation pathways

Pathways Cost (Ebnlyear)

30Mt 10Mt OMt
Hybrid 81.6 84.8 88.0
Elec 87.8 89.5 92.2
H2 89.6 90.2 121.7

In the H2 pathways, the cost of hydrogen infrastructure is dominated by the cost of gas
reforming plants and hydrogen storage, which is optimised in theystThe function of
hydrogen storag€ is to improve the utilisation of the hydrogen infrastructure by
reducing thecapacityof hydrogen production plants. For example, the peak demand of
hydrogen in the H2 30Mt case reaches 260 GW while the total capafctlydrogen
production proposed by the model is only3LGW (costs 8bn/year). In order to meet
such demand, there is a need for aroun@ PWh of hydrogen storage (costing £6.
bn/year). Without storage, the hydrogen production capacity would be 2.6 tilaeger
which would increase the cost of th¢2 pathway by £13 bn/year).

2. The Hybrid pathway is the leastost under central assumptions while the cost of

the H2 pathway is found to be the highest cost, compared to the other pathways.
The cost of each dhe core pathways is presented in merit order Table E1. The
Hybrid scenario is identified as the most ceffiective decarbonisation pathway, with
the hydrogen pathway being the most expensive. All of thesg cesults involvea
broadrange of uncertainty (see pa@g).

There are several key drivers contributing to the cost performance of different
decarbonisation pathways:

- The Hybrid pathway is based bigh-efficiencyHHPs thasupply the baseload of heat
demand while providing the flexibility to use gas during peak derffacmhditions or
low renewable output. This flexibility reduces the capacity requirement of the power
system infrastructure required to meet peak demand compatedthe capacity
required in the Electric pathway. This also reduces the capacity required for security
of supplyreasonsand the corresponding costs. It is important to highlight that the
model determines the level of capacity needed to maintain the skewel of security
in all pathways.

- In general, the Electric pathway requires the highest investment in electricity

11 Combination of underground storage, e.g. salt caverns as is currently usedsaid€esnd medium
pressure over ground storage
2 In order to test the adequzy of the system capacity to deal with the extreme weather conditions,
1-in-20 years events are considered, i.e. extreme cold winter week coinciding with low output of
renewables.
Pagel3of 159
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networks, particularly at the distribution level, due to a significant increase in peak
demand driven by heat electrification. Network costs the Hybrid pathway are
significantly lower than in the Electric pathway as the use of the gas boiler
component of a hybrid heat pump during peak demand can efficiently reduce the
need for distribution network reinforcement (although some network rerctament

is required to accommodate renewable generation). The H2 pathway tends to require
significantly lower electricity distribution network reinforcements, when compared to
the other pathways, except in the OMt case where significant reinforcement is
needed to accommodate demarside flexibility and integrate more renewable
generation to achieve the carbon target castectively (as it is assumed that all
hydrogen is produced domestically via electrolysis in the OMt case, requiring
additional lowcarbonelectricity generation).

- In the H2 pathway, natural gas is decarbonised through hydrogen production via gas
reforming with CC& This reduces the need for investment in loarbonelectricity
generation but requires higher investment in the hydrogen &@S infrastructure
compared to other pathway4 However, the overall operation and investment cost
associated witithe hydrogen system in H2 pathway exceelde benefits associated
with lower investment in electricity generation. The cost difference becommeich
more pronounced in OMt case as the cost of hydrogen infrastructure increases
substantially (as shown ikigure E2) due to the shift from ATR to electrolysers
(capex of electrolysers is higher than the cap# ATR), although the increase in
capex can be partially offset by the reduction in the gas opex.

- The H2 pathway is characterised by the lowest energy efficiency due to a number of
energy conversion processes involved: heat pumps are opgtzéveen 2@% and
300% efficiency (or highéP) whereas converting gas to hydrogen for use in domestic
gas boilers is 80% efficient or less (depending on the efficiency of hydrogen boilers
and efficiency of the hydrogen production). However, the cost of hydrogeersas
significantly lower than HP or HHP.

- There is a need to replace gas appliances in both the H2 and Electric pathways, which
increases the costs aforrespondingscenarios. Hydrogen boilers are significantly
lower cost than heat pump§ at £75/kW, for a boiler and £600/kW for a heat

13 Assuming Autdhermal Reforming, with 88% HHV efficiency and 96% captate, based on
Element Energy (2018) Hydrogen Infrastructure: Summary of Technical Evidence
“W¢eKS /// &LISOAFASR GKFG mMop ¢2K 2F LINAYINEB o0A2SYy
SYAaaAirz2yaQ @Al . A2SyYSNEHe LI I yd ¢ughtkesd nedafive y / | LIG dz
emissions are not considered within the carbon constraint in the model as these are accounted for
across the economy. The model chose to use BECCS to produce hydrogen in all cases, with the
hydrogen being used in either hydrogbased paver plant or gas boilers. The cost of BECCS plant
is included in all pathways. Efficiencies for BECCS plant were assumed to be 69% for gasification
and 40.6% for electricity generation.
15 Annual average COP of HP used in the study is 2.7.
16 More detailedinformation about household conversion costs can be found in Appendix B.
Pagel4 of 159
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pump but have higher operating costs. In the Hybrid pathway the other hand,
there is no need to replace other gas appliances, which minimises the household
conversion cost.

3. Electric and Hybrid pathways havgreater potential to reduce emissions to close

to zero atareasonablecost, compared to the H2 pathway.

Comparing the system costs of 30Mt, 10Mt and OMt caseSaible E.1, the results
demonstrate the following:

While the cost to meet a 10Mt carbon target in the H2 pathway increases only by
£0.6bn/year compared to the cost in 30Mt scenario, there is a significant increase in
cost (more than £30bn/year) in H2 pathways when carbon target changes from 30Mt
to OMt, drivenby the change in hydrogen production from ATR to electrolysers. The
system costs of electrolysers are higher than ATR as the application of electrolysers
also requires a significant increase in investment in the-davbon electricity
generation. Improvedarbon capture rates on gas reforming plant or importing-low
carbon hydrogen to the UK could allow for reduced emissions in the H2 pathway.

The costs of the Electric and Hybrid pathways in the OMt cases are aélh/year
higher than the correspondg costs in 30Mt; this is driven by the increase in
electricity generation capex as a higher capacity of nuclear is needed to provide a
firm low-carbon electricity source. The increased nuclear capacity is also observed in
H2 OMt case. The implication isat fewer emissions are available to the reserve and
response plants thaare required toback upvariable renewables in these pathways,
requiring firm lowcarbon generation.

Achieving zero emissions with a hybrid pathway will depend on the availaliliyo
carbon biogas, as well as consumer usage of the hybrid heat pump.

The analysis demonstrates that:

Systems with more stringent carbon emission targets will lead to higher costs;
Further decarbonisation beyond 30 Mt is possible at limited additiooatsc(few
billions per year) in the hybrid and Electpathways this is also true for deep
decarbonisation towards a ze®®missions energy system.

Electric and Hybrid pathways provide more optionality towards a-gzarbon future
compared to the H2 pathay, which is limited up to 10 Mt unless there is an
improvement in the capture rate of CCS.

4. The costs of lowcarbon systems are dominated by capital expenditure (capex)

while operating expenditure (Opex) is significantly lower.

In the 30Mt cases, the rett between the system opex and total cost is relatively small,
i.e. less than 2% in the H2 pathway, 5% in Electric, and 6% in Hybrid. Towards zero
carbon, the opex component in all decarbonisation pathways reduces significantly as

Pagel5of 159
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most of the energy is pduced by zero marginal cost renewable resources and low
operating cost nuclear generation, while the use of gas is limited to onkcdotaon gas
(biogas, bioenergy), with any hydrogen being produced by electrolysis supplied by low
carbon electricity genation. This implies that the system costs will be very sensitive to
capital and financing cost of infrastructdfeand much less sensitive to fluctuations in
future gas prices.

Impact of heat decarbonisation strategies on the electricity
generation portfol io

Different decarbonisation pathways require substantially different electricity generation
portfolios, as the choice dfeatingpathway will have significant implicatiofer gas and
electricity systems. Optimal generation portfolios for the core deoargation scenarios
are presented irFigure E3. Coordination of the design and operation of gas, heat and
electricity systems isimportant for minimising the wholesystem costs of
decarbonisation.
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Figure E3 Optimal generation portfolio in the core decarbonisation pathways

From the optimal generation portfolio proposed by the model, a number of conclusions
can be derived:

1. Maximum capacity oflow-carbon generation that is assumedat be available by

7 Hurdle rates used in the study are between 3.5% and 11% depending on the technologies.
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2050 is sufficient to reach the zercarbon target®.
Across all scenarios a significant capacity of low carbon electricity generation PV, wind
and nuclear is required, representing an increase of-430% of electricity generation
capacie 2y (2RIFé&Qa S@Sfta o02F | NRdzyR mnn D20®
includes hydrogen based CCGT and OCGT plant. There is only one case, i.e. OMt H2
pathway, where the capacity of PV, wind and nuclear hit the upper limits of UK
deployment potental by 2058°. This increase in electricity generation capacity implies
significant build rates over the period to 2050, in order to meet the decarbonisation
targets. Any constraints on build rates, such as financing, materials or skills issues could
reducethe achievabldevel of energy system decarbonisation by 2050.

2. Energy system flexibility and interactions across different energy systems
significantly influence the power generation portfolio.
The optimal portfolio of PV, wind, nuclear and hydrogmsedCCGT/OCGT is based not
only on the levelized cost of electricity (LCOE) of these generation technologies, but also
system integratio costs of all technologies areonsidered. The wholsystem cost
would depend on the level of flexibility which can be yided by the interaction
between the heat and electricity sectors, which will impact deployment rates of low
carbon generation technologies, aimed at meeting the carbon target at minimum costs.
It is important to note that crossector flexibility and thelink between local and
national levels services across different thsweales areonsideredby IWES modeh all
scenariosand that thiscrossvector coordination minimises cost of decarbonisation of
the whole-energy systemin the absence ofrossvector coordinationthe overall system
costswould significantly increase

The modelling results demonstrate thatoviding additionalsystem flexibility(beyond
crosssector flexibility)canfurther reduce the annual system cost by up to £16 bn/year.
The flexildlity provided bydemandside management or energy storage across different
energy vectors (electricity, gas, heat) can improve the utilisation of-clasvon
generation and reduce the overall requirement of production capacity and network
infrastructure renforcement. For example, if heat demand is supplied by electric
heating, reducing the peak of heat demand by preheatiog using thermal storage can

18 The CCC defined the upper UK deployment limit fordavibon electricity generation techrmgies
as wind, PV, CC&hd nuclear i420 GW, 150 GW, 45 Gald 45 GWor wind, PV, CC&hd nuclear
respectively.

19 Due to insufficient capacity of losarbon electricity generation, this case cannot meet the zero
carbon target and the annual carbon eniiss were 2 Mt/year.

20 Preheatingnvolves heating the households earlier than it would be otherwise done while utilising
inherent heat storage in the fabric of the houses. This type of flexibility is critical for reducing
system peaks, enhancing thelwa of the provision of balancing services and increasing utilisation
of renewablesy electric heatingwhich significantly reduces the cost of decarbonisation.
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reduce the required firm generation capaétyThe studies demonstrate that most of
the value of systemldxibility (including preheating) contributes to the savings in the
capex oflow-carbonelectricity generation which is a dominant cost componehigire
E.1).

3. A dgnificant capacity of firm lowcarbon generations needed in all pathways with

a OMt carbon target
Analysis demonstrated that meeting a zezmission target cost effectively would
require a significantcapacity of nuclear generation in all pathways, due tohdability
of renewable production and # need to eliminate emissions associated with
management of demandupply balance. Hence, in the 0 Mt casesignificantamount
of capacity of variable renewables is replaced by firm-éanbon generation capacity,
i.e. nuclear. The results demonstrateathalthough in the short and medium term the
focus can be on deployment of variable RES, in the-temyg, to achieve a zeroarbon
emissions target, firm lowarbon generation technologies such as nuclear (or
alternatives) will be required, e.g. for thé/, in all core pathways, more than 40 GW of
nuclear generation is deployed. The appropriate portfolio of power sector technologies,
therefore, depends on the desired level of decarbonisation of the energy system.

4. Precombustion CCS generating plant isore attractive than the postcombustion

CCs.
No postcombustion CCS plant is selected due to the high cost of the technology and the
presence of residual carbon emissions (it is important to note that-postbustion
fossil CCS cannot be used in OMt scendue to residual carbon emissions). There is,
however, asignificantvolume of precombustion CCS, i.e. hydrogbased combined
cycle gas turbine and hydrogdrased open cycle gas turbine primarily in the Electric and
Hybrid scenarios. Preombustiorhydrogenbased generation can be considered as
complementary to CCS generation as it enables decarbonisation of traditional gas plant
technologies and can provide flexibility while making efficient use of the hydrogen
infrastructure.

5. The total capacity of ectricity generation in the Electric pathways is significantly
larger than in other pathways.

Full electrification of heating demand in the Electric pathway will substantially increase
peak electricity demand. Hence the corresponding amount of-fieneraton capacity

in the Electric pathway is about 100 G&vgercompared to other pathways. It should be
noted that in the Electric pathway there is a significant amount of peaking plant (OCGTSs)
that are supplied by biogas and operatevatry low load factorgoperating during high
peak demand conditions driven lextremely lowexternal temperatures). In the Hybrid

2 In the Electric 0 Mt scenario, the use of preheating can reduce more than 40 GW of firm
generating capacity.
Pagel8of 159



Imperial College
London

pathway, on the other hand, the extreme peak of heat demand is directly supplied by
gas boilers using biogas in the gas grid rather than electriaitd hence the capacity
requirement for peaking plant is much lower.

Considering the uncertainty across different heat decarbonisation pathways and
Syraairzya (F NBS ®acapacityt a gpegffiz lowaidah NgSrieration
technologies can be deterimed by taking the minimum of the proposed capacity for the
corresponding generation technology across different pathways (given the costs of
different low carbon generation technologies) and across emissions targets. This
suggests that a capacity of aakt 74 GW of wind generation is useful in all scenarios,
given the seasonal profile of both wind generation and energy dertaiitie modelling

also indicates a role for at least 5 GW of nuclear power, and 3 GWdobgenfuelled
CCGT capacity, across athpvays.

It is important to highlight that more electricity generation capacity will need to be built,

but the optimal generation portfolio will depend on the decarbonisation pathway and
the carbon target. For example, in the Elec 30Mt case, there raayreed for 13 GW of
nuclear, 117 GW of wind, 146 GW of PV and 12 GW of H2 CCGT while in the H2 30 Mt
case, the requirements are 5 GW of nucleat,GW of wind63 GW of PV12 GW of H2

CCGT. However, in the H2 0 Mt case, the required capacity for nusieadr PV and H2
CCGT are 45 GW, 120 GW, 150 GW, and 3 GW. There is a significant increase in the
capacity of nuclear, wind and PV while a reduction in H2 CCGT. In this case, hydrogen is
mainly produced from lovcarbon generation sources and used for hegtinstead of

for electricity production. The balancing services provided by H2 CCGT can be displaced
by the operation flexibility of electrolysers.

Building more or less (i.e. having a syftimal generation portfolio) will increase system
costs and myg lead to less utilisation of lowarbon generation capacity and deteriorate
reliability of the system if there is inadequate firm capacity. It is important to note that
the optimal generation mix is system specific and depends on the assumptions taken in
the model. Therefore, the low/no regret capacity provides a tangible indicator of how
much the minimum capacity needed for each foarbon generation technology across
different scenarios. It is important to note that deployment of flexibility technologies
and systems will bamportant to support decarbonisation of electricity generation.

22 Low/no regrets capacity is defined as the capacity that will be needed irrespective of the
decarbonisation pathway adopted in the future.

23 The results are based on the assumptions and system conditions used in the studigswasg. i
assumed that the system was supported by flexibility from demand response, energy storages,
generators, and interconnectors.
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Impact of uncertainties on the cost of decarbonisation

As shown irFigure E2, the costs of the core decarbonisation pathwaysed relatively
similar (cost difference is within 10%) except the H2 OMt case and hence the overall cost
of alternative pathways may change when different assumptions apply. In order to
inform this process, a range of sensitivity studies has been caotietb determine the
corresponding changes in total system costs in the core H2, Electric and Hybrid
decarbonisation pathways. Specifically, the sensitivity studies analyse the impact of (i)
H2 technology (using SMR instead of ATR), (ilctmst hydrogenmports, (iii) reduced
discount rates, (iv) capex of legarbon generation, (v) carbon emissions targets, (Vi)
space heating demand, (vii) system flexibility, (viii) heating appliance cost, (ix) fuel
prices, and (x) reduced peak of heat demand. The resiflltae sensitivity studies for
30Mt are presented ifrigure E4.

Basecase

Hybrid Electric  H,
{iy H2 technology H2 i
(i) H2 import H2 == i
""""" Hybrid i
(iiiy Discount rate Electric
.......... H2
Hybrid
{iv) CAPEX of low-carbon gen  Electric
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....... iigbrid
{v) Carbon emissions target Electric
_______ H2
Wybrid e
{vi) Space heatingdemand  Electric
....... H2 [
wbrid e
{vii) Flexibility in power system  Electric
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....... iivorid
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H2
""""" Hybrid
(ix) Fuel prices Blectric '
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demand M2
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Figure E4 Cost changes in core decarbonisation pathways under different scenarios
[30Mt]

The results demonstratthat:

- For all pathways, low financing costs would be the primary driver for reducing the
system cost as the lowarbon energy system costs are driven by the capital rather
than operating costs

- The2"most substantial cost reduction for the H2 scenario is found in the case when
low-cost hydrogen import is available (risks associated with significant energy imports
are not within the scope of this study). By importing hydrogen, the infrastructure
needed to transport, and store hydrogen can be reduced assuming that there is
flexibility in managing the import in terms of the timing, and the locations of where
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the hydrogen should be delivered to. Consistently low gas prices could also improve
the viability of a hydrogen pathway, compared to other pathways.

- In all pathways, meeting dr&ter carbon target will increase the system costs. While
the increase in costs in Electric and Hybrid is between 4.4 and 7.2 £bn/year, the
increase in cost in the H2 pathway is much more substantial (more than £30bn/year);
this implies that H2 would bine highest cost pathway towards zero carbon.

- A reduction in annual heating demand, driven by improved energy efficiency, could
reduce the total system costs l}9 ¢ 6.2 £bn/year. Across the three pathways, the
highest impact of heat demand reductionthme Electric pathway.

- The kenefits ofsystemflexibility are highest in the Electric scenario and lowest in the
H2 pathway, as both H2 and Hybrid scensuiovolve some inherent crosgector
flexibility across both gas and electricity systerRkexibility benefits inthis report,
present only the value of additional flexibility beyond cregstor flexibility that isan
inherent part ofthe IWES modellingwhich co-optimises electricity, gas, hydrogen
and heat systems, simultaneouslyThis implies thatwhole-energy system costs
would significantly increase in the absenceaissvector coordination.

- Cost of H2 pathway is more sensitive towards the fuel prices compared to the Electric
and Hybrid pathway; the volume of gas used in the last two pathways ¢$ hower
compared to the one in the H2 pathway since the heat demand is met primarily by
electric heating (HP) and most of the energy comes fromdarbon resources.

- The impact of the reduction in the peak of heat demand is relatively marginal in all
pathways, as a significant level of system flexibility is agslimia preheating and
thermal storage at a household level. Without this flexibility, the impact on costs of
peak heat demand would be much more significant.

- Across the uncertainties listed ab®whe core Hybrid system (£81.6bn/year) remains
the leastcost solution, followed by Electric pathway (£87.8bn/year) and H2 pathway
(£89.6bn/year). It can therefore,be concluded that the Hybrid pathway is the most
robust decarbonisation pathway to reache 30Mt carbon target. There ara few
conditions wherean H2 pathway become more competitive, i.e. ifargescaleand
low-cost imports of hydrogen are available (at £25/MWh), and all other conditions
remain the same, or if gas prices dmv (at 39p/them). The cost of the Electric
pathway is always higher than the cost of Hybfitle cost of the Electric pathway is
close to the cost of the Hybrid pathway particularly when heating demand is low.

As the impact of different assumptions may get intensiifie the zerecarbon cases, the
importance of different parameters on the costs of different decarbonisation pathways
may also change; the results of the sensitivity study for OMt cases are shdviguire E.

5.
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Figure E5 Comparison between the costs of different decarbonisation pathways under
different scenarios [OMt]

In most cases, the trends are the same as ones observed in the 30Mt cases with some
exceptions such as:

- The impact ofeduced financing costs in the H2 pathway is higher than in the other
pathways. The results are driven by the need for the OMt H2 case to have a much
more significant investment in electrolysers and {oarbon generation technologies
compared to the othepathways. This is a contrast to the results of the 30Mt cases
where the highest impact of havirjow discount rate is found in the Electric case.

- For the same reason, the impact of reduced capex ofdarbon generation is the
highest in the H2 OMt caseThis is a contrast to the results of the 30Mt case, where
the largestimpact is found in the Hybrid pathway.

- The value of system flexibility increases significantly in OMt scenarios. However,
additional flexibility is lessimportant in zero emissions Hpathways given the
presence of electrolysers that can provide system balancingces while generating
hydrogen.

- As indicated in Table E2, the cost of the core Hybrid pathway is the lowest
(£88.0bn/year) compared with Electric pathway (£92.2bn/year}l &2 pathway
(£121.7 bnl/year). The cost of the H2 pathway is the highest in most cases, with the
exception of potential lowcost hydrogen imports.

- The cost difference between the Hybrid/Electric and H2 pathway increases compared
to the cost difference beteen the corresponding pathways in 30Mt cases. In
contrast, the cost differences between the Electric and Hybrid decreases in OMt
cases. This is expected since the Hybrid system becomes more dependent on
electrification to decarbonise the heating and gastseyns, as less residual emissions
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are allowed for in the gas boiler element of the hybrid heat pump.
Since the Hybrid pathway is the leastst scenario in both the 30Mt and OMt cases, it
can be concluded that the Hybrid scenario is the most robust decéshtion pathway,
although the absolute level of decarbonisation that can be achieved through this
pathway depends on the availability of biogas, and consumer usage of the heat pump
and boiler elements of the hybrid heat pufip

Alternative heat decarbonisa tion strategies: district heating and
micro -CHP

Successful implementation of district heating in Denmark (some other EU countrigs
and the potential application of erdse micreCHP technologies have raised questions
about the contribution these techrogies could make to heat decarbonisation
pathways. The results are compared with the core scenarios in the corresponding
pathways. The costs and system implications of implementing these alternative
strategiesare presentedn Figure EB6.
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Figure E6 Annual system cost of different decarbonisation pathways

The key findings from these studies are:

1. National district heating pathways are significantly more costly than other heat
pathways due to the expenditure associated with the deployment of heat
networks.

24 Annual use of the boiler component is around 14% in the 30 Mt scenario and 3% in the 0 Mt
scenario
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The analysis demonstrates that national deployment of district heating incurs a higher
cost than the systems with domestic heating appliances, which is primarily driven by the
cost of deploying heat networks and the cost of connecting consumers to heat networks,
including new assets needed to control heat and the metering in dwellings. On the other
hand, due to economies of scale, the cost of heating devices in the districingeat
networks is significantly lower (35%0%) compared to the cost of domestic heating. In
the Electric pathway, there is also a significant reduction in the capital cost of the
electricity generation driven by a higher COP of industrial HP (4 on ave@gpgared to

the COP of domestic HP (less than 3 on average) but this cost reduction is still lower
compared to the increase in costs associated with heat network deployment and
connection.

While the study provides evidence that national deployment of aistneating will not

be costeffective, local application of district heating in higbatdensity areas could
provide a more coseffective solution as the cost of heat networks and disruption cost
could be minimised.lt is estimated that the cost of uem heat networks is less than 25%

of the cost of heat networks in nearban areas while heat demand in urban areas is
estimated around 40% of the total heat demand.

2. Micro-CHP, installed in households, could contribute to reducing the capacity of
centralised electricity generation and network reinforcement.
Smaliscale eneuse combined heat and power (mie@HP) can substitute for the
capacity of electric heating appliances, reduce distribution network costs and displace
the capacity of gafired plants intuding hydrogen power generation, while the impact
on RES and the nuclear capacity requirement is marginal. This finding demonstrates that
micro-CHP could providérm capacity (assuming it is able to be managed to provide
capacity during peak demand) wignificantly enhancing generation efficiency, as the
heat produced from thermal electricity generation is not wasted but is used to meet
local heat demand. However, given the assumptions related to the cost of «QldRS
and the need for an auxiliary gd hydrogen boiler, the total cost of the system with
micro-CHP is still marginally higher than the cost of the core Hybrid pathway (but slightly
lower than the Electric scenario). Furthermore, the physical size o$ahgemicro-CHP
technologiesmay need to be reduced furtherin order for theseto be deployed at
scale’.

Alternative heat decarbonisation strategies: regional scenarios

Deploying hydrogen in the regions where gas terminals are available or in regions with
high energy demand density such agban areas as alternatives decarbonisation

25 The total length of than networks is less than 25% of the overall length of distribution networks.

26 Cost of micreCHP used in the studies is £2500/kW.

27 Micro-CHP based on stee¢ll technology is already appropriate for most domestic premises.
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pathways, have also been investigated and analysed for the 30Mt and OMt carbon
emission cases. Three regional scenarios are considerddlyl{ijd¢ H2 Northassumes

that the main heating system in the North of Gcotland, North of England, North
Wales) is fuelled by hydrogen while the other regions use hybrid heat pumgdyifiild

¢ H2 Urbanassumes that hydrogen heating systems are deployed in all urban areas
while other regions use hybrid heat pumps for hiegt (iii) Hybrid ¢ Urban DH HP
assumes the use of electiimsed district heating with highlgfficient groundsource

HP8. The results are presented filgure E7, and the annual system costs of the regional
scerarios are compare@gainstthe costs of nofregional Hybrid systems (the first two
bars in the graph).
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Figure E7 Costs of alternative Hybrid pathways

Use of hydrogen in Hybrid regional scenarios can reduce demand focakion
generation and reduce the cost of electricity generation at the expense of increased
hydrogen infrastructure operating costs. The results demonstrate that for the 30Mt
case, deployment of hydrogen in the Northern region could be an attractive atteena

to the nonregional scenario; the cost is marginally lower by £0.8bn/year. This implies
that for some regions, hydrogen conversion can be a-effsctive heat decarbonisation
option. This favours regions in close proximity to existing gas termiaats,carbon
storage areas. Towards a zerarbon energy system, the cost of Hybrit2 North [0] is
£6.6bn/year higher than the cost of Hybrid [0] due to the need to use electrolysers and
low-carbon generation technologies to produce hydrogen. The costsgidnal Hybridk

H2 Urban cases, both for 30Mt and OMt cases, are higher compared to the cost of the

28 Annual average COP is 4
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non-regional Hybrid system by 3@13.4 £bn/year. The cost of producing hydrogen in
local district areas is assumed to be 50% higher than the cost diipieg hydrogen by
largescale plants located near gas terminals; this increases the capex of hydrogen
infrastructure in the Hybrid H2 Urbarscenarios

One of the main barriers to district heating is the high cost of deploying heat networks.
Therefore,the implementation of district heating may be constrained to the Higlat-
density areas, e.g. urban areas. The results of Hyptidban DH HP demonstrate that
the efficiency of industrial HP can reduce the infrastructure cost of electricity generation
compared to the corresponding costs in Hybrid, but the cost of deploying district heating
infrastructure offsets the benefits. Overall, the total costs of Hylgrldrban DH HP are
2.8¢ 4.2 £bnlyear higher than the costs of the Hybrid pathways.

These resultslemonstrate the importance of considering regional diversity in national
level heat decarbonisation decisions, though the cost optimality of this diversity depends
on the desired level of decarbonisation. Converting heat to hydrogen in some regions
couldbe a costeffective decision as part of a hybrid national level heat decarbonisation
strategy.

The importance of cross -energy system flexibility and firm low -
carbon generation

As discussed previously, improving energy system flexibility is necessarpafoling
costeffective integration of lowcarbon electricity generation particularly renewables.
Improving flexibility could save around 10 and 16 £bn/year in the 30Mt and OMt case
respectively. The flexibility should be provided not only in the elegirgystem but also

in the gas, heating, and transport systems as there is a strong coupling across these
energy vectors as demonstrated in the studies.

The availability of firm lovearbon resources such as nuclear generation is critical for
fully de-carbmising the energy systeth As the study demonstrates, firm legarbon
generation is significantly less critical in systems withsademanding carbon targét

Given this finding, the analysis was carried out to investigate the possibility of delivering
a zerocarbon energy system without nuclear power. An alternative approach
considering a higher RES capacity is studied with the aim to quantify the RES capacity
needed to meet zero carbon without nuclear. The study demonstrates that it would
feasible to abieve zereemissions energy system without nuclear generation, subject to
the presence of hydrogen storage and corresponding hydrogéased power
generation.

2% |In a OMt scenario CCS technologies for producing hydrogen or power generation cannot be used
due to residual carbon emissions unless a capture rate of 100% is assumed.
30 This section hence mostly focuses on OMt case.
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Figure E8 presents the comparison between the optimgéneration portfolio for the
Electric OMt pathway with and without nuclear generation. The capacity of PV and wind
needed in a zer@arbon Electric system without nuclear plants are 175 GW and 185 GW
respectively, which is above the estimates of UK pogntdor these technologi€s
Unless the potential level of PV and wind can be increased to such level, the system will
require nuclear to meet the zeremission target. An alternative solution is to use
hydrogen imports, the system can achieve zeaobon emissions within the buiit
constraint in PV and wind capacity, but it requires a higher capacity of hychwapsd
power generation.
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Figure E8 Comparison othe generationportfolio for Electric pathway with and without
nuclear technology

To achieve zergarbon emissions without firm lowarbongeneration there is a need

for significantlong-term energy storage that could be provided by hydrogen. This is in
addition to significant shorterm energy system flexibility provideby demand shifting

via preheating and thermal storage in homes (50% of potential demand flexibility is
assumed available). As shownhkigure E9(a), during periods of high RES output, the
excess energy is cCOBWNJII SR Ay (2 Ke@RNRISyto-DEaAaSH SOGKRARGEREN
the need for investment in electrolyséfto enhance the utilisation of RES. Energy in the
form of hydrogen can then be stored across long time horizons as losses in hydrogen
storage are asumed to be minor and not time dependent. Electrolysers can also provide
balancing services during high RES output, and therefore, reduce the need for these
services from other sources (generation, demande response, storage, etc.), though

31150 GW for PV and 120 GW for din
32 15 GW of electrolysers is proposed by IWES in the Elec [0] No nuclear, high RES case.
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this role absrbs just 5% of total electricity over the yéarDuring low RES output, the
stored energy can be used to produce electricity via hydrelggsed power generation.
Hence the capacity of hydrogdrased CCGT increases significanftpm 23 GW in the
systemwith nuclear to 51 GW in the system without nuclear. It can be concluded that
Gt 2 4dDNJ & ¢ | Yy R-bakad gand@afidh yean substitute nuclear generation. It is
AYLRNIOFYyG G2 y23S GKFG St -HOINMRE 338SANES Ydlza
higher osts, are not selected by the model in the core Electric pathways when nuclear
generation is available, as other technologies, such as ders@edresponse andnergy
storagetechnologiesare able to provide system flexibility services at lower ctisis
important to highlight that hydrogefased CCGTs and OCGTs can also provide system
balancing which facilitates the cesffective integration of other lowcarbon generation

such as renewables and nuclear.
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(a) Elec [0] no nuclear, high RES case

33 Electrolysers also provide gimhlancing services particularly when the system is less flexible (e.qg.
in H2 OMt case). In this case, electrolysers are usedue the excess of renewable energy in the
form of hydrogen. Since there are losses associated with this process, it is carried out only when it
is necessary.

Page28of 159



Imperial College
London

B Nuclear HWind PY MH2CCGT mH2O0CGT mCCGT mOCGT Storage M Import Other

(GwW)
g &

ey
w
o

100

50

Power generation

250

200

150

100

50

Electricity load(GW)

LI e I N R
- -

A e e A B A A B e e A B e =
R R B A A B I - ===

113
117
121
125
129
133
137
141
145
149
153
157
161
165

HIWL HEY ESA EHP RH mP2G Storage M Export

(b) Elec [0] cee scenario
IWL: baseload including Industrial and Commercial load, EV: Electric Vehicle, SA: Smart Appliances,
HP: Heat Pump, RH: Resistive Heating, P2G: Electrolysers

Figure E9 The role of electrolysers, hydrogen storagedgeneration in balancing the
system with large penetration of renewables and the use of biogas for peaking plants

Figure E9(b) shows the hourly generation output and load profiles for the same period
in the Eletric OMt core scenario. The availability of nuclear reduces the need for
hydrogenbased CCGT and other lmarbon generation such as wind and PV as shown
in Figure ES8.

Given the cost assumptions used in thedstuthe scenario without nuclear will cost
around £10bn/year more than the scenario with nuclear. The comparison between the

system costs of the core Electric OMt case with and without nuclear is showgure E.
10.
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Figure E10 System cost®f the Electric pathway with and without nuclear technology

The results of the study demonstrate that in the absence of firmdavbon generation
such as nuclear, the system would requivag-term storage that could be supplied by
hydrogen through investment in the hydrogen electrolysers and stor@ige.capacities
of hydrogen production plant, hydrogen netwarland storage are optimise@nd
tailoredto system needs in order to minimise the oa#systemcost.

To achieve zergarbon emissions without nuclear generation, there is a need for 3.6
TWh hydrogen energy storagEigure E11), that can provide both support in the shert
term energy balancing anidngterm storage. The volume of hydrogen storage needed

is around 1100 mcm, which, for context,asound 30% of the volume of the recently
closed Rough gas storage facility. The annuitized investment cost of the hydrogen
storageacross GB in this scemars around £3.2 bn/year.
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Figure E11 Comparison othe hydrogenstorage requirement in Electric OMt cases

The need for investment in hydrogen infrastructure (production plant, network, and
storage) ould be reduced by imprting hydrogen rather than producing it in GB.
Importing hydrogen reduces demand fongterm storage and Poweto-Gas schemes.

The interaction between thermal and electricity storage

Other forms of energy storage investigated in this study includentia¢energy storage
(TES) and electricity storage. The IWES model optimised the portfolio and size of the
energy storage system considering the technical and cost and characteristics of each
storage technology. Studies have also been carried out investigdtie correlation
between the thermal storage and electricity storage; the results are presentédyime

E.12
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