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PSFXPSE

Gas plays a fundamental role withemthBheknajeni¢ygyf dysitdings are heated by
and it is used widely within industag oragwomnasasrtedatiarnd also a major sourc
electricity and even provides fuevébhialessndumemtigmatfural gas meets almost
UK gas demand, but itreleases greehépusermgtas emissions w

In order to decarbonise our econohteycdirachgreeedrgetscWwmavill need to make a
dramatic shift away from using unababvedi matwaatsgasdirdelcades. Low carbon g
like hydrogen and forms of biogas mrayhr di¢iableota bledpnes energy system.

In the UK heatfordomestic, commercaad neen @ crwohulme sbfuoifciimogsnd 20% of UK
greenhouse gas emissions. Replacemglyhespdttoaheppasbeuddrings with low carbo
forms of gas could be part of a lopgrteaamosaftstionafacamd a quarter of UK
greenhouse gas emissions. Low ckhdrladeof@remstoisgalsinotthis sector to reduce ¢
emissions and air pollution, such abitol &8 glH@¥Ys Yy agalo trsa Mes .

Thé&uture Gas SermeanHaertdlthe gas grid, discussingaheoatéowiclatbamansit
gas grid. This report examines thelatedtrtoamheyeeshesreslrow carbon gases co
come from-their sources and producitsomgnbkeehedsdesicrmnb@ase and setting out
policymakers should approach this area.

Forms of biogas offer an excitingtagpgoutncreisysticc headdireood and black bin wast
landfill to provide energy and contribugectamgeeetiargeus. dihmaJK still exports
material, which has energy value, andthempoitesodnteydyo§emilim the UK s future
energy system is still an open debfaltehothsapoaefutebldpdsaes a way of storing

We are delighted to have co-chaioadeRBud reo fG@grd @micsess which has
brought experts together with polibpiMakges tandoosnmeup with solutions. We
like to extend a thank you to evermenanwdhexpgawrtasthe¢or tthis inquiry and would
especially like tothank the steeringegconprifoutidesr Waduarte also grateful to I(
and National Grid for sponsoring threepoquirglpwWdohageathde thinking in this a
and providesideas for next steps wnctdrddnaaesotiomyo a lo

+BNFT )FBQ' 3U )PO"MJTUBJ "MBO 8IJUFIF
Inquiry Co-C Inquiry Co-Ch Inquiry Co-ClI
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Carbon Corfdatres GaspbBejeets examines the opportunities ad dvithaluleimges assc
low carbon gas-hydrogen and biogasiase -ttoe héKp ¢ o drecraybhlemautrel Gdsthe

Seriwas entitled Next Stepsfor the Gasissnids anbatedatidethehgas distribution
(the pipe system transporting gas potendialseosnegprud ptdise it to use low carbon

This is the second Fapwre GashBdréexploresthe wupstream questions related t
production of low carbon gas. It comsddetionhhechiffedogriep, the potential scale
deployment of each method, and tbeksaultcassandli feesises issues nelated to b
and storage of gas.

The report is divided as follows. TlerifescanioeeSuiremafytipe report and a sur
policy recommendations and next stepsn ©hbo mme lardess -cisttursg issues which |
relevance across the report.

Parts 1 and 2 of the report are dégidedskastderivedofgam biological sources) e
respectively. Part 1 has two chaptenmsetbaref@nusamgermbic digestion, and one
on BioSNG (bio-synthetic natural bapljePamhldclihaarehdéeided into the different
producing hydrogen: converting nmatetettgasysioshyddogldernative methods of p

In Parts 1 and 2 each chapter hdéigsa sintilarngtrhetmedhod and potential scale
production, the evidence around cosaneé npiraxitdoalriedpldtiamtions, and then exa
challenges of developing these metthmods pdlicnodak éirssn coamudd approach them.

Part 3 of the report considers threalcaosasuwrhiichaarmktielated to both Parts 1
focus particularly on hydrogen. Tlhepport: sftooswvgeaabhdntrgas, carben capture
(CCS), and developing markets forlow carbon gas.

This report examines low carbon gate spwididiaadlgtanl eoddesrsessment of the p
issues related to them andnot becauce cthletidasaabe rticrasidered to have no v:
likely thatdecarbonisation will be actrielvrid) bgsa Politdp ldewdlopment designe
support the decarbonisation of theoecomeoanficasextwho®leke heat and transport
need to take account of a broadeastange of technolog
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&YFDVUJWF 4

Alongside otherdecarbonisation solwtiofhgas$oewuobd boak éoamignificantcontribu
the UK s effortsto reduce greenlyoatséegas &0Pbséfimoms bhe 1990 baseline) by 2
order torealise this opportunity, howkthesthgapesdwiktioeed to be developed
This report summarises the evidentesbasece arofullodvdecfdfelren gas and identifies
challenges and trade-offs associatsingthlepr.olducriogi desd au guide to how polic
canapproach this area.

-PX DBSCPO HBT o "GGPSEBCMF 4VTUBJOBCM
)PX BGGPSEBCMFBSF MPX DBSCPO HBTFT UP QSPEVDF

It is important to make adistinctivochsttwé gmradeccugramas and the potential
future. Some methods of producing lodw ¢arbee iasharb Klaed are thought to ha
relatively limited potential for cost redaxcaimomlen bhenietheer,efoirough anaerobic
digestion. Other methods of producingelotwy ciarhce gadleeltkKibut are thought t
significant long term potential forasolsy deagecrti bmro,usguctelectrolysis.

There are alsomethods of producing kowotaybdbuwmsgdsiwhiceh K so it is difficult
certain about the future costs, fourexamdpbdceahpe cecmpined with the conversi
natural gas to hydrogen. The level refa nmeedrd atintyeiadidiesaed, and is one of tt
for modelling work by Department forlBdussitréak SErradeqy dB&IS), the National
Infrastructure Commission and the Coamgéttee on Climate C

Whethera particular method of produccroghaitewedaatfondgdbsdsan dependon th
amount which is being produced and howthissimgeidry-de&xdampde in a high hy
scenario for heat-whereby consumweisoiarrucuerenslyicbmsnected to the gas gr
converted from natural gas to 100%ikyldkedy fa-tplreoadaicinotially) to be predomin
based on methods which convert nadlealrglysiatihecdbhae electrolysisis at pre
affordable at such scales. However uining enhodrgpgre hethr pugdh electrolysis could
affordable at thisvolume, andelectrolyséostecanumiake iomme dimbadler scalein som
specific applications.

)PX TVTUBJOBCMF BSF MPX DBSCPO HBTFT

The carbon intensity (the amount ofdcpebonniti ®fidaeerggrsesociated withtheg
discussed in this reportvaries signifiicrsntigealdpeddingksnahnadc production meth
example, biomethane produced from &e cad mvacsh el aveare eanhliy sions profile than
biomethane produced from energy cbopsinikékeutiys e,f theenearting natural gas tc
depends on thesupply chainemissidanascftrom aved uheel gaptexe rate of carbon ce
technology.

This is an important issue for polfcfiumthkerrgotioccon irdee b.riought forward to en
production of low carbon gases, a dmaidéabovitlhoewebdow ctaebon these gases al
required to be. There may be reasompmslifoy puppiditngoihorims of gas produced i
has minimal carbon benefit, such as dtefoaglcpimgiantgpelky ofaglhs. However, the
danger of providing support for dqwnmppogeadywhjicchemakec minimal orno contribt
the UK s climate change objectives.

There are also broader sustainabilitipyrcdaosliawraarbmrigareda. While biomethal
bioSNG (synthetic natural gas) do retprpeectt aen @pergntufmotm waste thatwould

otherwise goto landfill, it is importadttmandahhe dorosad®t circular economy al
policy objectives. Energy projects mmud tnostempa kwaigie@i msaso@going efforts to re
amount of waste produced. Thereisirdso a@abdee,aconmrdvihe sustainability of
resourcesused as a feedstock for soameelvampdebh ahigasreguiFy heard criticism o
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allocating land for food productionfos pnevipde Oametls¢oatdser hand, low carbon
could support other environmental rojiemgtidiesquadhtyas imp

8IBU TFDVSJUZ PG TVQQMZ JTTVFT BSF SBJTFE CZ MPX DBS(

An important test of the usefulnésstlod by sceameaigygabjectives is tbew securel
supplied. If hydrogen is to be usedtonprowiide fpaaafb b bsiisdings, it will be vit:
suppliers toensuredelivery of suffiomeng, amoludtaagmrcdhsu coldest dayin mid-
the short term if attempts are mhade ftor hyiddogpnatmaxugh use in transport fle
industrial processes, businesses awdllotbed te dmrsvincolvtedgency measures in
shortages in supply.

Planning around low carbon gases adsmthtlsetbev@keofindonarcibution different fo
could actually make to the UK s enptgyliheimead d.vaklarb Elxtaymof feedstocks sucl
waste means thatbiomethane is expectedntcthesmaletocorakibution to the UK
heat and transport needs than hydghgeatpraldgasdcthimeersion potentially coul

If hydrogen is produced in the UKotheorsgtinn sstaawuadiggsthe natural gas as a fe
raise similarsecurity of supply issalegaassctthrea einsgéy odoreast There is likely to be
extensive international imports but thosi gl obd bieh weididiateerdsehsources of suppl
adomestic storage capacity. Theretise alsrog ehret pratefrotiad large scale internati
hydrogen market not dissimilar takHercligneaft sdamegwoal gas but this is still
uncertain.

The costs, carbon intensity and potentod!| geaoas ptioduceld from various produ
methods are summarised in Table 1and Chart 1.
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Table 1: Summary of the Cost ofolrbrdtieatsotry ah d iCfaerte nt
Methods of Low Carbon Gas Production

Production Method Cost of production* (p Carbonintensity (gCO

Biomethane ***Average: 5.5 -50 t0°450
with potential for 5% « Depending on feedstoc
reductions per year uyf eligible for the RHI, it
_ 125

Hydrogen: electrolys Average: 7 25 to 180

carbon generation Does not include the [ Depending on how ele
negative wholesale eli generated
prices

Hydrogen/+ M&R CCS Average: 3.3 250 t0°300

Hydrogen: SMR + CC
capture rate

98% capture rate _ _ _
Hydrogen: biogasific
at 90% capture rate | _ _

Hydrogen: biogasific
CCSs

Alternative methods
solar to fuel and mic| _
Current figures for N 1.5 t9 2 180 to“230
Average over Jan-Jun
medium user

Current figures forN 5.5 t0 6 Range of monthly aver
electricity 2017 averaged price 225 to’324
We expectelectricity t
by 2030

*These figures are the currentcoshefrer@aducdsdn eh@ gas. The hieghelr castiwoolddes the costgoddimdrasdtwotrkre up
operating costs and taxes/profis mamgirfsomhasacgsstudies, onlyetlheecaaboagesTbédbdecosts areimpiitncasds of energy
and will change as the price dfbgeasasedectaitgey. an

** Forcarbon intensity figures if@MRi/MGT Rathealogweesr limitof theocearmonsionefroimy cormbustion ontyit imfciled else upper i
lifecycle emissions including prddurctiexcapt floguéfe figure feh BUMR shidtv SCEESm bwlsition emissioing.olfthe carbon intens
electrolysis includes supply chaifaetmissgonen éoraimlee generationht@cén bliogiesif Biothen and BioSNGnhave a range of carbc
intensities depending onfeedstothawighewgpterépwerd and use otdange ahdnigel ifreoch lenergy cropsppee Inmiuddd in the
the figure for biomethane.

*** These figuresdo not include gate fee payments.

1Sustainable Gas Institwhet(20& 7tHh e\ ayrte e n sa sWhriite: Paper
2Decarbonising the Gas N @&tosdnloteH dloyesnbePanlidamen

3lbid 1

4Go Green Gas (2015), Bi@as\N Gf Pdmmotn Dteaitgan Plant Summ

5lbid 1

6A greener gas grid: whaltiayre 1thé @0t18ns?91Ea87gy P

’Steam Methane Reformation

8lbid 1

Data heard from evidence for this inquiry

19bid 1

1Data heard from evidence for this inquiry

12Autothermal Reformation

1Dataheard from evidence for this inquiry

1Desk-based calculationa adadeploban¥iat cafftarencytesatof 95-98%
19bid 1

19bid 6

Mbid 1

19bid 1

190ptions for producing |dwycalrBorikyyrdgean arty szZ@lsé

20fgem (2018), InfographivaiBatipesatiicew . afgeprofots. nkfbpulpbatibnldsapdicesdanasprofits
2IDecarbonising the Gas Ne®tmsdnloteH dlwyesnbeP anlidmen

2BEIS, (2018), Average ehettoocitty dod Wil ete gidsusy fogaivabhkégat.éd ammealt/d bart estliica e-natgy sgtisc e -
2MyGridBtBpda/vaww . mygridgb.co.uk/dashboard/
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A fairly certain figure - for example idperatpngcessacammadyid

Afigure with some uncertainties fors ékampplatihghat par cdeeenson s
with more than one plant

An uncertain figure based mainly onfde ®k-dmpéda, re peacelss on
development phase

Chart 1: Potential Production ofoifCardonh TGassmQ50,
Compared to Different Gas Demand Scenarios for 2050*

Hydrogen: biogasification + CCS
Hydrogen: SMR/ATR +CCS

Hydrogen: Electrolyss from dedicaed renewables - o
B Minimum

Hydrogen: Electrolysss from curtailed electricity Maximum

BOSNG
Biomethane
FE Scenario 3: High hydrogen

Gas Demand
Scenarios FE Scenario 1: Centra

for 2050
FE Scenario 2: Low Gas

Today's gas use**

T T T T T T T T T T 1

0 100 200 300 400 500 600 700 800 9S00 1000
Potential Production in 2050 (TWh)

*The scenarios shownby red barepiresbetcthaeteadidierent gas delbOndascmoarids ddry2Frontier Economics for th
Committee on Climate CfﬁmglgheimeZSQ:lemarios demonstrate peaterd yt od eerdaurcee ilsyeX050 due toichnenegsed energy eff
and other decarbonisationroutes mdyfarlspase duooceedkample, in the olwowaB@se ,screamamordhand heating are mainly
electrified.

** Today s gas use is the figureskor 20%6foambeemmréneration, 348 fandddh¥stos imedatstry.

24crontier Economics fornge Coim)ittEatone Regatattomafor the UK Gas Grid
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1SPEVDJOHR MFE
HBT OFYU TU

4VQQPSUJOH CIJPNFUIBOF

The Renewable Heat Incentive (RKMLU)cbasslhhelennredppiovrtling biomethane produc
provide heat. The potentialend tothily soapdisrupt 2(62deigldkment. It is though
Renewable Transport Fuels ObligationfURTEOppMbishtmlslogatesa minimum she
transportfuel from renewable sourcsefulcowpgp grtdvirdbiamuethane in the future.
to date biomethane plants have onlyglheeme skidp.oBiecheéhlmane from waste should
consideration in future policy develppgmeatbdassgqrieanto hel

The most beneficial scenario for theaheployid b of dxtibneeRTFO proves succe
supporting biomethane production fothasehéengtoaasmpronetndanalffersa new support
replacingthe current RHI frameworkyondo®0@4drbDimehfaudtube of heat policy pos
still uncertain, however, and there aatiomantyowhderbeymsidlpust low carbon gas
Additionally, if post-2021 heat policyhesislommsamptpprdcf@s dmcarbonising off-
properties this may exclude biometharfer ltheogbd drexmensibd continue tolook
synergies between BEIS and the Depa(DmEntpbddicTesanspgbis area.

In generalany future supportfor biomdooskniegsttoodirlid/ eatostbreductions in techn
continue to incentivisethe use of wasetgyfeedpsocks over

+PJOJOH VQ UIF8BTUF BOE 3FTRMSADFBAUFSBZUFHZ XJUI UIF $ N

The Department for Environment, FoodR&ADdRaxpé Atfddire PubFish a waste strate
autumn 2018. Alongside waste-specyfsbdabdieselkhtic suppteerg the ambitions set
BEIS Clean Growth Strategy to redocd aaadbtenianpissticusar is a potentially ve
feedstock for biomethane production whdehyirc &hgdaad semaorately and therefc
goes straight to landfill or is burnt for energy.

It is important that plans for eneosgpntpolioyadbempttsuto ceduce the amount of
being produced. However, there isategyewfloicla simsiiéasteously supportsgovern
in waste policy -such as the UK achiewimg Irach dbidld bwa208 - and also aligns wi
attempts to decarbonise the UK economy in the short te

The waste strategy could set oubaedleoawadre stéeparaterfood waste collection |
Mandating that all local authorities irstengépmadadoleict fnbidewyn to be feasible,
the additional costinvolved. One morédyahgetedyoirtyiomaketdirad creation of a sm
centrally-held (by DEFRA) pot of fundingstcwhlidadpbtywtoasutpportthe initial co
changing to separate food waste dbodhedtienmdthes<coliIRIEIG Heat Networks Inv
Project (HNIP)and Heat Networks D ehiverye pmnotvi(dehiDad victeicinformation and f
support to local authorities installing district heating.

FWFMPQJOH #JP4/(BOE HBTJGJDBUJPO

BioSNG can be produced through atpoocesd cadle dnga ssifircilar way to biomethe
this technology isat an earlier stapeoafeteaeéoprmedunttiban There is onecomm
scaledemonstration plant inconstruchisndnethssfu Ks.ugppent wmidw, it would be a |
of years before further BioSNG plgngaswbarldi e iprollediiK. However, the flex
feedstocks which canbeusedin gasifitfetriomt pLapustsantdc amepdoduce, including
and hydrogen, mean itoffers significheemmtdeppolronnseieis fof the UK economy.
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Access to feedstocks is much leskevélapinmgpBddBeGtthan biomethane and the
challenge for its deployment is finarfcihg tbehdeVedypimealtf; an area where gc
policy could usefully play a role. meialsedgtn obdtgatsohe (like the RTFO) or
grant would be most appropriate to diownedbptBheStN@eoddugiport availableis i
be bound up with wider consideratiobs mrielatiiolg ¢d hreeatl eaoedk transport. It wou
sensible for government to consideomate i mit@lyt gtreo picrancial support for Bic
future policy development focused on decarbonisation.

6OEFSTUBOEJOH IZESPHFO B5B DMFBO UFDIPQQPSUVOJUZ C

There is an ongoing debate abouertthtdh @ gtestgaildtébremnwatural gas to 100% hy
some parts of thecountry as a wagn thoe@rto diutties liewaclaonmbg term conceptand the
contribution hydrogen will make to dedcheb0KissngtilHel hearttain. What is morec
however, is that cleanly-produced bptirolgenefas apgrycabibns in the UK s ene
as decarbonisationcontinues.

Technologies which can produce hypddadpéyn witteowly @omdpabfmising energy secu
shouldtherefore continue to be consideresdgarcimfondingn @ahis should include
developing new methods of hydrogenttpose uchioh aanwedlpashe optimisation an
deployment of more established methods.

YFWFMPQJOHB NBSLFU GPS IZESPHFO

The key to developing and deployinig figst®gaeg promdwukeibohor hydrogen which
incentivises businesses to invest innigseaxcontragas mearlatsand also builds up
demand by recognising those who use it.

This isnot an easytask, not least dtehydropemigbmpaoed to carbon intensive
important challenge is the need to duiddupgtdre dowplgvans demand simultane
final chapter of this report examiilnelsotnhdgeimtme Mo Wrepaactical routes identifie
up hydrogen deployment are: blendipgyiitnig ttheodasgegriddssgprial gas users, us
transport such aslarge vehicle feee¢svorktediowiagchwdfogen to be usedin the
sector. Two considerations related foctthas pmacittiqedrsiltadtaterm action and sc:

‘'JOEJOH JNNFEJBUF QSBDUJPBWDBSBNOFT UP EFWFMPQ IZESP

There is atrade-off between projeets pdodalotpomgomydrbegrge scale, which will r
larger investments and take longemdicmamertsclrleitpoajects which requireles:
investment and less time to develop.

This inquiry found thatsmall-scale Ihyareo gikrelyrogedesiwemipractical outcomes
short and medium term, could help depleoe qprotdwusits @as tWedugs create a marke:
for hydrogen. One potential route to alkhdeyé tbcalwawikdobeties converting tran
fleets, such as buses,to run on hipdtro gembwhizir pahlltdon and reduce carbon
This has started to happen in somHedtoaus mwtre owildie bye. r

1SPWJEJOH TVGGJDJFOU TDBMKIBG $8BFRNCERXE $BRI) VSESPE E @ L

If a high hydrogen route for decarbhoniditngih eatrsheaygtislikelyto require a
method which uses natural gas conversiondwictt € Cis. tHiysd moaggyetherefore may als
provide aviable route to deploying C&€&Splaytimg HiKdridgwme weroduction with CCS
unavoidable need for scale. Small inpgremenuah asesn ofulsydeets, are not likely
sufficient demand to support itsdeployment.

The additional cost of hydrogen comipvaerddetle ioapbiers ianségnificantrole for go
supportinvestmenton this scale. For e xaopplrd joml eorf himdyra gerailhpa the gas grid
provide only alimited contribution to dewardpeomesarng tthheeasdale cof demand need
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develop hydrogen production with CC8uyrplae mtiajéxtle adich ggtooute to using 10
hydrogenin the gas grid. Thiswould beodirkelfypiodireygsuugpe®omeofproduce the hy

-FBSOJOH MFTTPOT GSPN UIF QPXFS TFDUPS EFQMPZNFOU

The UK has made significant reduasioncsiane theiémpsswemsgeneration in recent
Thoughthere are differentchallengessipuertarbbaasingddacamsport, thereis sti
which could be applied in these areabev@neeihherfepattisudaftyrthrough the dep!
low carbon technologies, at sufficienitiveabaupgplpltdhwmiocodepelopment, standar
and further innovation, that theirdcosdbr preeteetimt ed aully realiseld (as has be
both offshore wind and solar photovotheairc (RpyYtanteretimmes to provide low cat
and transport in the future not oconsildewed dry itthtbherdpK is to expldit the pote
by low carbon gasesin time to contrbluwtie atotima @10t sletcavill need to further
demonstrate and deploy production teehmologiesin thenear
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1BSU
#*0("4&4

A number of different gases sourcerdaficofraldiohagicahentdrm biogases , but ir
we look at two of particivlmetimaediotSN®/ hile very similar in their compositior
end-uses, their methods of production are different:

Biomethane is made from anpecobscdigB®dpomwhich converts the energy i
wet feedstocks (e.g. sewage, foed waste) into metha

In contrast, BioSNG is made fgamificgtodesh canlesle the energy inboth
and dry sources of biomass (e.dfleelllstolckbag waste) as
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#JPNFUIBOF
BOBFSPCJD E.

FINDINGS

1. Biomethane can be produced fromswfaot®d wasteesnducdiwage and
low carbon alternative to natural gas.

2. The government s upcoming wasegyrfidespoansibelstgtod DEFRA) s
the UK s published Clean Growth SftreiEe§Yy. (Oerxep anesabiidiitwhoch thi
in the removal of barriers to accdeeihgtdol d ow atsitemashane.

3. The production of biomethane isrowrgkntig Remeiwadbdd theat Ince
to close to new projects in 2021giifenbs rberw ughp pformwreerd, this ma
commissioning of biomethane produwation plants after this

OWFSWIJFX CJPNFUIBOF BOE BOBFSPCJD E
8IBU JT CIJPNFUIBOF BOE IPX JT JU NBEF

Biomethane is a gas produced from hiad oa iciar i baoru coespwisition and properties
natural gas. Biomethane is derivedsfsamhoagamlizantema@séocal and organic waste
sewage sludge. It is produced by anherbdrimedigetsdimmf(AbPjdanic material or w
oxygen-restricted environment to fasnmbigaseduct known

Figure 1: Anaerobic Digestion and Biomethane Productio

Source: NNFCC -the Official InfaemaltionDPpasailoon An
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The products of AD have many posempeieas GIGBsmBibgas, 9% carbon dioxid
other constituent gases such as hqrml,rmg/ejrlosgwlm)rﬁidés,mmztrymembe burnt to
produce poweror in acombined heat) aod pooduere pdanht poWPEr and heat.

Raw biogas canalsobe upgraded erbsxmebbadeto prpdacess thatremoves im
and carbon dioxide and increases themgimatelgna®wnmmteothppe by volume. Th
it suitable to inject into the gassgddiowherd ih danldengs, or as a transport f
compressed natural gas (CNG).

Accurately calculating the exact greemhiogstrgmsiredvsduaissources of bioene
complicated, but in principle atleastsidbrbdogaoewsecamribocaitern@tive to nat
The extent to which biomethane iscolmsidear@bdy basred arrynumerous factors inc
nature of the feedstock used (wacdebsoluntensave tdsan energy crHogs), proces:
accounting method used. In order Hb, hé ceriegitbdaefaonjelcdeRrl to the gas grid mu
125 gCiRilowatt hour (kWh) which is aroundtpailrhto@fthnatﬁaakboga$o

AD isa well-established process. A ofeDe cemMdbeDd pOdrvtstherthe UK, producin
Terawatt hours (TWH¥AsfoliiBghsuary 2018, 85 biomethdite dlantsr weee accre
Renewable Heat Incentive, with a fuptlaetsé haommyisassiphied but not yet been fu
approved; 4.8 TWh of energy had cumultayibdacbynbereemégrpl(hmded

This inquiry heard that a typical bidhegthwatt poams (MWHh)) costs around £6-1
construct, includingthe biomethanenepgimadeThen & gsidicable Gas Institute su
that the capital costs for AD plantangemfaee IEibBOOhameE 4,500 per kilowatt (I
combined with operating costs, this cesulgshenca gtrodflypataducing gas including
operating costs but excluding profikWharginh ah 2a-ﬂé)rmg3earo3f)T51.i5pilp(qeluikyNh.
heard that, accounting for profitkmaogtsstaedl deeliseoadc cost (theecost of gene
the lifetime of a project, each uetihacfeefrengyyDoisbtcamrently around 7.5p per
do vary depending on the site andtfeedstock arrangeme

Finding 1

Biomethane can be produced fromswiaote wasteesndusdwage and can
carbon alternative to natural gas.

,FZ2 UFDIOJDBM BOE QPMJDZ DIBMMFOHFT

Biomethane, sourced from waste featifiedklsy hthe ICeoemmidéee on Climate Chan
low regrets option which can hehrhd)hneeug(amee'dlillrsf’flgnetaargets.

2Y4GEM (2012), Biofuelsuedngpyesssirodltldéngahbiobsn&id®ioliquids, biogas and

20N elfleet,@017), Generating low-eanbcde heaédsore ntiom vialt d&Ergytapén 8 A ction
2POST (2017),Decarbonising the gas network

28ADBA (2017), AD Market Report: November 2017

2BEIS (2018), RHI deplorh:etrpts d/d wew wedpo2 04 I8/ poneant a mted t/tsat-eftei b t ucesr/yrh2 0d8p loy
3Speirs et al. (2017), Ahgrephiemg?as grid: what are

3Committee on Climate ChAsssees (@2@h8)of Ame lbde p e@lteamt Growth Strategy
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There is some evidence that the coshad beadmetldaniacelahey started to be sup
the RANhe Anaerobic Digestion & BioresouCoarsp Atisovwaaeion Tsa€lofotrce suggest
cost reductions could be facilitateanbynadestiamnchl amwdesimovation, greater acc
waste feedstocks, recognition of iheresssdfadbyentass of AD Hhidtpelicy cert
industry grows there are also likely itro dowe nhismad cedustifor example if one he
runs numerous plants it will be moratefficient to administr

'"PPE XBTUF

There are two sources of food whytéoomdsaetborllicietedrom households and so
businesses, and commercial and inenetrdblly wastecsédeanascgmitfercial contrac
Separately collecting food waste (mucé wp whi@amndb@iddigoally pmodvide a reliable fi
for biomethane productionwhich cowudd nreidgcenvestmeltsumr AD projects.

This inquiry heard that UK householdsndufrmetotiy @sodfuteodrowaste per yearin t
Around 60 per cent of this waste ig® aveirddbleem oweratndoglith be reduced - this wc
the most sustainable approach. Busih8ssesnpescdofcddoalremaste per year, arou
cent of which isavoidable. With typicahAD4pl-&6r0t,Di00q tommgsaper annum this m
there is significantpotential feedstackftbe Wiesieeadandespeead reductions in

waste are achieved.

Food waste is collected separately iMycim Booe¢lagdteWwaltésaand Northern Irelal
England, whereless than 50 per ceac¢cefsbaosktdod dealséeecollection - and even
they do, these are often mixed with gaoder wasetk ashedhici@ntly in AD.

There are financial benefits to skegcarahe- poordawidgtavootding landfill tax (whic
£88.95 per’tandeédstead paying a much lower gdbe {ee bBore¢hagALDEDP grar
tonn&However, this cost differential isoffsealtpe nsigtficosntotfocollecting food
the first place. Where local authorigeksycaotbandiyopsooidesidual waste they c
repurpose these collections to prowvédf@ddrivaghelyodkegcaians without incurring
cost or even achieve38afctdnsety3(h0/irm<gt already provide weelplyseodleotsbns, it wil
upon them.

A key barrier to separate food wasatre aw ltlreeitédorenisotime cost of carlection. E
to this inquiry suggests that thethaergoest ¢® mporpeowieafand vehicles needed t
collections, which can, for large lbléahs wtthpoitnas, doyabhmilt would not be se
central government to mandate locahisuaheaitweéthoatapgtoiniding sufficient resc
enable them to do so.

Finding 2
The government s forthcoming wasdgyr{despoansibeldtstraft DEFRA) sh

UK s climate change objectives anth Subdiehygd( Eleaon&itoinvity of BEI
this could be done isthrough the rexessangofoma warsst éoasca feedstoc

3SNAO (2018),Low-carbon e andgtiod Rélhes and business
Shittp://adbioresources.ompetwskanddss-iaskiforcest-co

34Cadent (2017), Review of Bionenergy Potential

35This inquiry heard abo6®,@0h@stoangbng efr cam 2, M0 Us-oav sViggrh t by co ntepiteall cpncept.

SHMRC (2016), Landfill €adtttimc:réw svav igona e/ dovacitamiemd fipals ke ciat-icante/dbbaafdfll1-tax-increase-in
SWRAP (2017),Comparingphtiencsosts of waste treatment

SREA (2016), Reportshovepahatelgod anaseel uce | tostadigiteputs/iv e svs e se aan.ch éthheassbreport-shows-t|
collected-separately-canameddl@e-costs-for-businesse
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Table 2: Accessing Food Waste for Biomethane

Potential Solution

Problem

Lack of incentive for local authc Central governmenttargets fo

household food waste separately

waste collections among jbca

Lack of resources among local a
introduce separate food waste ¢

Additional resources from cer
to support separate collectior

Lack of incentive for households
waste and the ick factor-wher:

Remove the central governme
authorities in England implem

throw schemes-originally pl¢
trialled through the Climate C
Local authorities that collect
generally have separate smal
(kitchen caddies) to reduce tt
for individuals to separate th

collected separately individuals
separate out their waste.

Commercial waste is charged fol
not incentivised to separate foo

Separate collections for comn
If commercial waste was char
rather per bag, this could enc
to separate food waste for se
as it is generally heavier thai
waste.

Incentives such as the landfil
separate food waste collectio
further action on commercial
collection.

Ensure future waste contracti
unduly undermine opportunitit
food waste towards AD.

Much of commercial waste manacg
in long term contracts.

AMVSSJFT BOE TFXBHF

AD can also utilise slurries and sewfafge dsstaokdiflibapnd Boentsm sewage treatme
with biomethane productionin the b&seltsoutbes glhotutdagrovide feedstocks for
biomethane plants. Generally, farm urceess whliichearsohateslusficient to suppo
big enough for gas grid injection apdsaodéfalbe Ipasatgddnla these cases the re
generally more appropriately used faraod-pitwecourbiise dVineae these sources ¢
availablein suitable locations and quauwltdtipro,vihdevesefultiegdstocks for AD f
biomethane production.

&OFSHZ DSPQT

Many of the existing AD plants used el roedand &y bo o nce bipssnaes feedstock. Ther
running and contentious debate ovelloWwowaslhchadnidlere mtndources of bioenerg)
is beyond the scope of this reporttheeeddressorntewesearound the inse of enercg
particular the displacement of agriculthueawilssend evhseld woulfdod production an
lifecycle emissions of energy from crops.

3%As mentioned above, thastweoddtinatlb e uperogitdd ed evritdibse local authorities
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4VCTIJEJTIJOH "% BOE CIJPNFUIBOF

AD plants producing biogas for powsublBadisegenkralulyhbtheen Feed-in-Tariff (Fi
due to close for new registrationsin 2019.

In theory biomethane plants could bree RilppO hted tch doautgehall plants have been
through th'*@TRHslinquiry heardthat the RTFO mageissib ke ftot bie nppeodvana
production projects.

As of August 2017, the Government dmsthmeret £rloductdomiunder the Non-Dome
and has helped develop a bioﬁbhhaMatiodabtAydit Office has suggfosted that R
biomethane has delivered much mmoep abatesmfbedtwleeonahigher concentrations
waste and sewage are used as feendt4@k6OHo wé \LeD,pdamts may be using mostl
based feedstock.

51F 3)*

The RHI is currently open to new agreliicaatsisintiHazORd .ng&w biomethane plant
commissioned after thisdate due td hheclaclkl adfawamreotite UK s effort to decarl
economy. There are anumber of broadersupsguweds darhbow fadrbon heatis design
biomethane should be one consideraitoontwidhfiarimgsa Imniddrtscheme to the F
2021, moving to a levy frameworkuwoas reas serde bop timmt rfilor funding future low
Some contributors also raised theTiH@ammofdedlboywprigctihg Bbligations on suppl
fuels to provide low carbon sourcashaimbedf.terehies @atfiocus on supporting h
solutions in off-grid properties afteak20Ptl htdradre thitios imteeygrate biomethane int
support framework.

Finding 3

The production of biomethane is curhenitéey R ulb svldicledshdoado close
2021. If no new support regime hss bmaygrtefieermtattile commissioning
production plants after this point.

The landfill tax increases the costnaffideniticg rmeantlyiasltamda at £88.95 per tor
escalated oVéCanmauing thisescalationcould helpcto @sefient wasdergesnguto

landfill by incentivising other uses, fdricemath@reeusbeing &tz feres, paid by loca
authorities to operators as an alteandtiMetaa,plglimgoihheake AD plants econon

As discusseluiturthesas SerivasxtP8teds for thethcea® @reda number of potential
which could be taken to help biometlgasegpldnasdatitessbyhsupport its deployr
significantchallengein some areas arads atucremtari nitgimtess, isubb capacity of the
for biomethane, which is being produced.

Gas networks are organised throwghralsysuenpfOfgiesm avhich puta ceiling on
amount companies can earn from eheeesrks.uUREIG PReélvenue = Incentives + Ini
Outputs) is Ofgem s performance-baksedpfiaen e'dohko hgexstesuite of price contro
RI1O-2, will take effect in 2021. ltocauédsben@ asfsthbe ctmsttis of producing biom
the gas networks under the nextlstlagt tofspisice joadgiement for Ofgem. There a
guestions overwhether energy generiatiogr &oesd simstmoaltrdmework for distribut

4DfT (2012), Renewable Thbentsitpist: /Fweiwd blbig.atkdouldasl-ece rigradivable-transport-fue

4INAO (2018),Low-carbon e atidgtlod Rélhes and business

49bid

‘HMRC (2016), Landfill Hlahdtims:/é wsvenv ig oR al & 5g cancdtdrréemde fipals kb ciat-imante/dbbacfdfil|-tax-increase-in
4Ofgem (2018), Network reidabheéetas: -/t vev R bIf@ e m ogdoevi.Akéhetwork-regulation-riio-mo
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In the long term (the 2030s, 2040ts prdduecyiogdjidbdephame for injection into t
may no longer be useful in achievingafe RbK sex@ordpde ,othecdnergy resource m
be diverted to support decarbonis@hiiesndhoatlldencstelcéaoas.impediment to encoul
biomethane production because it cappprdvtideahentd&dsaeéfeut to meet its forth
carbon budgets. This inquiry heard fairffigrinig) biew® osibHewo repurpose existi
biomethane plants for alternative nesaseimphimrdatucedoTd@® but they are difficul
the small scales AD plantsgenerallyoperate at in the UK.

The other issue with regards to fhAeDH grgnttesris favtarlaility of feedstock. Best
action on food waste is to reduceothedaafoinmntidldyngndligpis should be the pric
waste policy. It is also vital that UKeexedyglepdlticyndoretsapeing or increasing |
waste to feed AD plants. Howevaert, tthhessimegeuridgvhedao @l chltural change neede
UK to achieve close to zero foodewaksdbky me dnes gahteresawe sources of genuine f
for the coming decades. Nonethelessk ahailad ibidayfadtbeedsitnto local and nati
planning of future AD plants.
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#JP4/( BOE |

FINDINGS

4. Bio-synthetic or bio-substitute nextarateglad y(BheSiNaS)ifisc@tion of
tailored to have a similar compositiouranglasropectiesetgasificati
as well as wet feedstocks, it caneprodures greatesugbaumable UK f
anaerobic digestion.

5. Gasification technology can be tMN@ooerdydrpgeduaecBrasng to de
economic or environmental benefit.

6. Gasification to produce BioSNGf ite@tnodogackedstagepment and
larger scale than AD. These difWelésauesedena arcie $assg the sam
mechanisms as AD (primarily the Rdnewable Heat Incentive

7. There is one commercial-scale dlemobnetthéidhKBioUWSNa&htdy under
has adopted the Renewable Transposuppets @éddigatiom.athas su|
on the BioSNG produced being usled caslar tramspwatifivestment in
alternative to natural gas for hearttimge cdhlaeiamts vieosidg poeed to b«

OWFSWJFX #JP4/( BOE HBTJGJDBUJPO

SNG (synthetic or substitute nahugalmashaiseaghosr,mmaifch like natural gas, ant
derived from the gasification of ebdsl And noitllaerpfroxceis fean be used with wasH
biological materialrather than fossibathageRli beseNIGtowhslstrwaste material may
contain items of fossil-fuel origi® (mnocdu asdpfasmi ss)chSNeedstocks is still inc
the definition of BioSNG as it is ofahawiercloedd® n andedesdtgmissions compare
from coal-or oil-gasification. BioSN@rasegsnefagasifisarigon followed by methe
rather than anaerobicdigestion (ADQrid}cWdsleauigh Ghapdeoscess first creates
then carbonates it, adding carbenhhbaek ihhtie exdaaestep allows the producti
almost indistinguishable from naturdahgead,usbdioh allloveswoaktinfrastructure a
appliances, avoiding the costs andthdeelagrsvassion dioedlWwiwhuse of 100% hydro
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Figure 2: BioSNG Process

The gasification process is able tobgetmewattd Byi 0 $é\e@ sfrawerks (such as sustain:
energy crops, waste wood, paper crt tdrbilssoblosvevey nawed to be dried first t
process performance). GasificatioBio®&MN Ehérefroree cueatewider range (and thus
volume) of feedstocks than AD. Oégtreattdhst geameeatiomterf BIioSNG from residt
bag waste -shredded and dried wasitee wloi dlo Wweorud tlild.t hfdrie has the dual bene
producing a low carbon gas, while rxloovacmimfg]lIaasahte/\ralaliévman?fgement solutio

Finding 4
Bio-synthetic or bio-substitute nahenraltgd D yBtilneS §&yificatdon of bio
tailored to have a similar compositiburalnglagropechiesetgasification

well as wet feedstocks, it can produgass gfreatesugbddumadde UK feedst
digestion.

The carbon intensity of BioSNG fromngthzifigpeéi of Hegpestdsk used. BIioSNG fr
black bag waste is likely tobe less c@rbromi nfecendst dlcks Buca8Nas imported woo
This isbecause of the avoided methbthd aevei g henrsvitheatowourred if the black be
had been sent to landfill, as well as avioadiyg pnocemsssgoasdncmporting wood ¢
However, the level of mitigation aahiealedacsompardkapemd on the extent to whi
black bag waste is composed of odgmaste adtdre(eahpnfomstes such as fossil-
plastics (e.g. packaging). There isnassocpldyegtoannts wstaich@able energy crops
miscanthus, willow or short rotation coppice.

4Speirs et al. (2017), Ahgreptniemgas grid: what are
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Analysis based on the Advanced PlastratPoweta(PiR)Sdeimdon has suggested
commercial BioSNG plant will producgagakowtiphimat ggr@%nlloowesrethan that of na
this is similar to the pe?“?‘ﬁ/rim”naﬁ:@eSotth@.could rise to 190% C?.e. negative emi

Gasification of biomass to BioSNG lisvetillmathdetd&nstratAdP BioSNG commer
demonstration plantis currently undidr gasifyrddt,i@®OQ ammnes of waste a year,
produce about 22 GWh of BioSNG peofad@iBherdmindenebdsed plant intends t
deliver gas to the grid, and will inttadboa deaxode traagtaneo Costing £30m, the
received £11m from DfT s Advanced B ®dmelstiDiomoimsGaptember 2015 and a
£6m from the Network Innovation CoomypetdtgivimtourObgemn The remainder is fu
consortium of partners.

Additionally, the Energy TechnoloigieesstiadtEthmei QEd IQomamercial demonstratio
gasification plant in the West Midlanfade mwatb Snabacshe-dunadmm@any. Once constru
complete, the project willconvertagrofindca0lyommedsuaed waste into a clean s
will be used to power a high-efficibray gaseeagadehyWastengine will be used
local swimmi”hgﬁlpewlhere in Europe, Engie has buiItrat-h@lﬁ)anBhd@NG_)dcermons
There are a number of other gasitioationtpeéabts ahrepedya however for econom
they are designed to generate elwcteichoyn rqaaker than lo

There is relatively little informatishsomf Bie SoN Gdirotiognasofication, but estima
thelnternational Energy Agency (IEHAbsugpogepetihiateitvtthuthe range of costs o
biomethane from AD, at bet%i‘ecemca)-rﬁpbk‘i/\stm.n, natural gas had aagéde of 1.5p/
over Jan-JUh 2017.

According to the developers of théend®miodotratiloen pdpittal cost of a first-of-a-
production plant would be around £6itd8g doouaadldB86 AOveéonnes of waste per
(at an annual operating cost of £1i@BN O.td IBelyp exWadéyrtiBat later, larger plan
(processing almost 300,000 tonned @fr ovdasd en g neaBa IGW heyr of BioSNG) would
around £150m, and about £16.Bmopecage¢arbeosednon BioSNG production of 37
2030 price the fuel at 2.5p/kWh, sipiilae forthcesa'ritifmieplaeqdjivifents at that ti

The economics of BIioSNG productiamarevwoesewnrtde srelfidfoninding. BioSNG plar
waste as a feedstock receive augatertfereechracigsmscyuxsh as the RHI or the RT
provide revenues on the gas produerd ,udep&rdiygsbagetsBioSNG projects sup
RTFO may be economically viable blutisuppolraw.ndbe thesy Ro bringing gasifica
technology forward as a mature tedhhnmpogyiwgllitseeffliroiegncy and reducing its
Biogasification to produce hydrogen s discussed in Chapter

,FZ UFDIOJDBM BOE QPMJDZ DIBMMFOHFT

According to research by Anthes9s1®6®d TBMhéxth psBmeSB G could be available
which around 39-46 TWh would comlesfaomd thees re maeénddeacfrom non-waste fee:
such as energy crops, short rotmdibmréste;stw%ﬁﬁsadﬁdeaﬁ/mame international bioma

“The Renewable Energyr®eéndative gats saMmimgtppig8atogfor AD.

4Go Green Gas (2015), BneSNGfDRlmonhteatgpon Plant Sum

“9bid

‘Energy Technologies Inahidudcke &2@t 7Js elsafge tifiagdimwand biomass using gasi
5(Gaya (2017), One missitrnalomre jieiotmfetrh a nree were atetrighy/gve w e @ trioj e t glaweai | @ b Grepy-ac-0fNent/uploads
new_08 2017-4.pdf

5Speirs et al. (2017), ®Rusahi®ald bg® also hiotnt uileg reepien g?as grid: what are

50fgem (2018), InfographivaiBatiies gfbdee mngop rukipsuralpbacidnld sa p di-cesd aneds-/p nd big s
53bid 47

54Cadent (2015), CommerctjaA dB/iarsde@ Peasorestfanien (RIGI8)

55€Cadent (2017), Reviewiod|BRepowetgy Potential: Techn
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supply chains could significantly augmthns timito qgwarneixty, TOpTWh of natural ¢
used by the domestic, public adminilssreadtions atd2@d®mercia

While these estimates are indicatiea stfo theavatidh wivieyalthfey do not reflect th
economics underlying the accessibisitySoméhesastikeideesctoc&s can receive ga
paid to a processor by a local autcholmigyheo laavadid It hteaxmunaking them economi
attractive; by contrast, non-wastenfergysttacolhs saochraa cost. Thiscleighlights tl
of differentiating between the physiaaldreéels® wrfde raadiillatyilotycommercial viabi
estimates are also based on assempttocks emat wpa etretifely in renewable gas p
ignoring the competing demands forsuch resources.

However, gasification technology ofdersheoameailekiéihastien hiomass is used e
BioSNG in the gas system for heabinte &ty drofgean -ceitllserof BioCNG (bio-Comp
Natural Gas, used as a transporgsfuetiHersHGWiss) ,aamiars a trade-off between e
demands; the gasification step is camadn bydirm peonhwhidStNtGe final step and en
could be tailored according to thenarma et gnemtiesamec mavironmental benefit.

Finding5

Gasification technology can be tailore thydrpgeduaecBidB5NGto demar
environmental benefit.

BioSNG is not yet a fully bankablepteionhnwhegg.iTosreammarcially viable, ther
for more early stage demonstratiam ghejsdze thfag sxidleation plants. Achievini
ensuring the availability of waste fia¢dstpcayidihlgbienesstons the confidence t
BioSNG production.

Evidence given to this inquiry hadnsugdeksamdrnbtatabopipescaling up in size ea
demonstrating the use of differeravee thlstpackesntiad utlad dhevelop waste/biomass
to BioSNG as a mature commercial tescha®doogy nvgithd intallDley émcentives and pol
frameworks are in place to suppomncthis .frRimeewsaerlly cwohudtd dook like remains de
and the options to achieve this are a¢lyiétwiesdim@lonantbtded policy is designe
balance the need to support indivitbuat ewellly ast ®gdapiogbca pipeline of subse
projects that would constitute theGforarkeiton of a BioSN

1PMJIJDZ PQUJPOT GPS #JP4/( QSPEVDUJPO

Gate fees are helpful for gasifaceteostpbdpesbairtleeyf income which has been
support. For AD plants, current d\6e meeyre peste ufeesrif3Ddpwevenngate fees
alone are insufficient to support gasnfakatiBim $Mv@&. Wwasthermore, using gate f
support may disincentivise the drfiiei¢mdypetbasmgrleamtaste that i® used, the |
income from gate fees. BioSNG ismligibdee the RHive sioppeoothane to grid tari
however BioSNG projects are not wshmggwassebgaaufseainechuin the same catego
biomethane production fails to reflectdbm ndeéffeird nma tiuritlyeithe latter being fa
technically mature. This is problemadncrbldeducet asoA®widslyeunder the RHI,
rate has reduced to a level that as dooslidwread sawp p@amyBioSNG projects.

The RHI s biomethane tariff is al86 Mwre d:f threefogrystdélivered to the grid rece
higher rate, which falls for the se dertdedsddadghWhhbeynand that. These tiers j
issue for BioSNG, as an individual BiexSdNuG mtlidnegspod djlacsesolmpared to smalle
plants, and therefore most of tredveasoitlproveutewerstcrate tariffedhese factol

SBEIS (2017),Digest of ktuEmegayp Statistics (DUKES):
SWRAP (2017), Gate feesstespofrtwa®1d :tiCarhm a nitn g ptth e ns
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mean that the RHI is unsuitable fooduupioartangp BiosaMNGlpris unlikely that Gov
will adjust the RHI (which is due jJotalopecialRly0 2t comymagate BioSNG given t
option of a bespoke tariff was expilityths rfildad .out as rece

Gasificationto produce BioSNG iseahraalopiclaérdsvaedepafetnt and op¢
scale than AD. These differences ri@ndecessliens twelkasmigestupport 1
(primarily the Renewable Heat Incentive).

Policy instruments boasléglaairaumedr than incentives could be mwaedsuited to dri
gasification projects. The RenewabtioA r(aishOjtrEgalr®dligansport fuel suppli
certain size to source a percentreqewalheigoiurele §roimplemented through a m
certification scheme. The percentageat @lidm:%ibor isheupeend from April to Det
2018, rising to a 2020 target of %.j.%!Wa),ream\deLZV\Ai‘t/milmth@ RTFO is a develop
sub-target of 0.5% by 2021, rispegifoc2lI8%abnye2l082 |esss commercially-matur
technologies including gasificationededmake BRiToFSNGas been the support mecl
adopted by the waste gasification demtomstraitdbin rplandwimdon (rather than th
it is more aligned to supporting this technology.

The RTFO puts pressure on fuel suppiyirw cwaypatmiespouocadrenewable fuels fi
transport. Some have suggested thablagsiimdhasighdmeignedow-carbon heat col
pivotal in compelling gas supply combpoam igss e souncee loowthargas grid for he
consumption, creating demand for Bro$ NdGnpgr bldas d biogn-aemdmprevenue streams
financiers need for them to invesh iplttontsaskerglasifmoaéi,othe use of grants an
direct state funding to support theewdblelgppsneat ldf reth help meet our domes
budgets whilst increasing indigenous gas production.

There is one commercial-scale demtohrstited i K BcaSMNe@tpyannder con
adopted the Renewable Transport F ucerlts nOebdh@antiisom.aThdasssppport is
BioSNG produced being used as ar ttramspwatifvebtiremtrde BioSNG a
to natural gas for heating, alternatsve ol dproeednea thendeveloped.

The potentgavéonment goasdpport the commercialisation ofottneBi®SNG marke
exploration. Internationally, governménfisndregprowdsnigcaapith plants for Bios
as the Gaya project in France (withtkh@ 8 7em of Enrvdingnbent and Energy Mana
Agen%lymd the GoBiGas project in Swedendemomsllratsorh@ IBnSINGSwindon (wi
£11m provided by the DfT). Grant fundidg-pilskian@ paingetadlevestments in indi
early-stage projects, and it is amendpshaotel d hmrtogbdvee mapital to support such
given that often no one individuafid¢hertstoernedigsundsgagffication projects.

Recent research for Cadent seibleusup pert eseoliggpasss for BIioSNG, such as!
payments (either variable or fixedpoicetdprodasetmaskereating austigble total
of BioSNG, and also fixed long-teemstreemmaBdvfilorerbyegeminimum level of reve
guaranteé'ékiese could be funded through geRélrlal aaxhtoarghlikre dhkigation on f
gas suppliers, like the RTFO. In tihlenaeétkitoc heegtivenghm Wwow to protect hous
fuel poverty from higher costs.

An alternative approach might be toga&liewatoonn carbenbheaght into the regulat
base of gas distribution companiesequliie appr@o acnimfocdadtrchanges to the ga
regulatory framework but may offeunmemseritonsds tHoscarssed in some detail for
electricity generation in the Diet(éosl-ledan?r%e/rigyv. of the

SPHDECC (2014), RHI BiomBtevderw |G peetimom et GRré d poard &
SPDfT (2018), Renewabledanxres Part Puwel Priolcegasi dGu 3wince
59bid

6iGaya (2017), Project report

6Cadent (2018), Options BooSN@ulating investment i
6Pjeter Helm (2017), Cost of Energy Review
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Regardless of which policy approadlegtoer Bne@dN Ghintkkssismperative that alth
and BioSNG should be given compauatitye fhisneéssesimmtppotail parity in suppc
and AD may well be complimentary tetohd dfifeg eenst, doothtigu etretds of the waste st
However, BioSNG from waste gasniimmaticdialig matt yreet te clonology; AD for biom«
Policy ought to reflect this.
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The majority of global hydrogen produtdsosnl- Swehe 95 % Fles distmékant

method for producing hydrogen is viaatogaversnoa promesa known as steam me
reformation (SMR). Other technologdei®rfoim dlyudre gdeut op Tchder mal Reforming (AT
to SMR where natural gas is usefdcastianfgeldstockimaladegradation of solid fu
coal, biomass and wastes, to produssellysepgeatglaysindidis reporthand electr
uses electricity to split water into DyHeocqevaredoyygeage technologies inclu
fuels and microwave separation framaimy dretheordo msillThhee explored here and ar
summarised in Table 3.

SOECD/IEA 2017 RenewahlehEnRogwlf&iod¢naltys (2w 18t e@mt iloyndr dge praotdacarig |o
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Table 3: Summary of Hydrogen Production

Converting natural gas Steam Methane Reformation: combusti
(methang), With steam to produce hydrg
carbon dioxide as a by-product, thaerew
carbon technology without CCS. A conm
technology already producing hydroge
(nationally around 26.9 TWh/year)

Autothermal Reforming: avariation on
methane and steam in the presence of
hydrogen. Already in operation but les
market demand as a result of genecati
than SMR unlesscarbon dioxide captur
requirement.

Gasification Gasification of fossil fuels is a imatate
carbon without CCS. Town gas utalk o
was produced via gasification of coaé
of 50% hydrogen, 35% methane and 10

Gasification of biomass is in early(sea
Chapter 2), and could potentially be c

Electrolysis of water An electricity driven process to spaidw
oxygen. Commercial electrolysers are
carbon intensity of the process depédhi
electricity; low to zero carbon hydrogg
achievable using low carbon electricity

Novel technologies Includes (amongst others):

Pyrolysis of hydrocarbons
Downhole conversion of fossil fu
a feedstock

Microwave separation from hydro
Solar to fuel, using water as a fe
Fermentation

Nuclear power driven solid oxide

Source: The Royal Society (2018)p Opwi-cras bfom pyadagen at scale
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FINDINGS

8. If hydrogen isto beused extensiKeby2t@5hetlprgedtst the thost like
production will beviasteam methane redoreratad nr MR atoo naATR
CCS -using a natural gas feedstock.

9. SMR is the most commercially developed dptioonfourredibyy, and
solution for production of hydrogem aérsciahowe vee imhedinnnot be |
carbon without either incorporatiameolia®@Sasraufseed$tiviok. ATR o
effective route once the costs ascsaoctiane da vei tfta ctorrteanin and at |

application.

10. The use 0f100% hydrogeninthe gasngrtidrwostdateqicreland. Scal
demonstration projects to larger fusllyaoptarkeetiansibsyfstcamt amour
is to move to low carbon hydrogenteo getly stepst isbauddObe taken
encourage demonstration projects intoits production.

OWFSWIJFX o DPOWFSUJOH OBUVSBM HBT UF

The most commonly used method foge@moatupregemulkshiyhdera&aonversion of natur
(predominantly megthanteydCdlgen through SMR, whichthressesmnaturigghgas w
temperatures and in the presenceratfeahgdtabyst withemrbon dioxXPde as a by-p

SMR of natural gas is responsilbbeaflohyddwgeh quror@émetion worldwide (the rem
coming from a combination of the pattgalsobicdhdtomnamfdoellecoraolysis) with ove
operating unit$®g¥obially mature technology having brecen thee iinosEnge stry s
chemical process, SMR operates 15mmi3§wwutdesscmdeimés larger,in the regic
500MW, when used for methanol prodmerbar p., @lethalhy,| tdhred oil refining indu
consume some 90% of the hydrogsnsogasyggasgrgdkbdynahmixture of hydrogen, c
monoxide and carbon dioxide)78urrently produced.

ATRis fundamentally very similar toeSdMR, ntedtlrgdrgaesweth steam. The key di
that ATR also adds oxygen via a emdaayeiccardbosmssjoxndegby-product at tempe
and pressures that facilitate carbon dioxide capture.

SEnergy Research PartnfeHsfidipo g20lit) thetdndiEin ®aly System

59bid

SE4tech (2016), Scenarios foorntdrd pudymge hd afele yidr® gampen budgets and the 2
68Aqua Consultants (2017 p,ehitartp:oBheMayn dbeBueis tindd/Nonrt Perenl Eaw erro Mo e aealA
59bid

Collodi, G. et al. (20Dbh),of ®©cpioykrce A ci rEtSeVvhiRaviitaisie @ Be redads tdl@kPaod ukcu el
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Figure 3: SMR/ATR Process

Adapted from: Aqua Consultants (RB84ferlHyedrpgeh Maibc- Energy to FeueHohseNcAtbheudyPfow Peel
Environmental

Because carbon dioxide is emitted lagdaolye+ppoddatcdonn@®& CS is essential if t
is to offer carbon savings. Thisdetdibdatesre dninhhgs erateart.

Findings8 & 9

8. If hydrogen isto beused extensiKeby2t®50etlprgectst the bhost like
production will beviasteam methane uvuedoreratad m MR atoona(ATR
CCS -using a natural gas feedstock.

9. SMRis the most commercially devedaprrb dptioonfourhredtbyy, and
solution for production of hydrogem aé¢rscahoowme ke ihedinnot be 1
carbon without either incorporationtbb@6€ Sisraufsscece d$tbicdkmeA TR of-
effective route once the costs ascsoxtiane davei tfla ctaorlealnin and at |
application.
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SMR is currently one of the cheapmrsttehcyfdrrogmgwiqmrddutcetrm7leosftimqolidaal cost.

suggest the capital cost of steamwntétICah® ldelher mraotuomd £800 per KW of hydrc
production capacity -which could fall bd hyduodefi7vp0odaectkh c75$)aanliey by 204
also plays a factor in its cost- ashptenarecaignifccemats @atential codt reductiol

Currently, without CCS, SMR offerprodace¢icosdfefyecoiyen than ATR. Howeve
carbon dioxide emissions fromATR armeressteénedrdbtoproapssre on an ATRis m
effectivethan on an SMR, making ANR npictelnyiadmpredieivec should CCS becom
requirement. The HyNet North Wesh g rPoT&ct apthepotdeassn USMR to generate hydro
to its increased gas processing eféiduerdy coompbesesdowitiosts resulting from t
hydrogen being producé“d at pressure.

SMR of natural gas has a carbon ©od@t50i8004¢k®e, regtemtially reducing to 30-
gCLQR{kWh when combine7(fB\yit:r0r@y§:aSr.ison, natural gas hasl8@a2®@n footprint o
gCRQIkWh:"’

The extent to which the productiorganf hdiymtrragane bty $MRreduction of greenho
emissions is determined by the rate eamiwbiohs:afrbmnSd\iI(Rxﬁmrcrathyed.

CCS technology is capturing some,)90¢tke tambldnodib/yideOemissions of the p
stream from two SMR plants in Pdi{enyuhvarleexasardGmo télahi% of
emissions) where it is piped and esedéfgr enhanced oil r

Carbon dioxide capture from SMR plaaitsl ispelegaadry andommexf the main sourc
global industrial and food grade carbdate ioxligyahteeweMdr ,ptants have demon:
carbon dioxide capture with trah'€pgoStiard fsitodamental barrier to deployment -
develop CCS facilities and pipelineshreizcrd seamdseaoddidimicab teden<$?to the use
adding around 30% to the capital @dsdp arsatieliTamsrteddieiono CCS projects in
UK at the moment, although a nuneldeprapd detdigm pstaapges CCS is discussed in
later in this report (see Chapter 7).

The low concentration of carbon dioxislAAIMRSMB Moeegatdrmatiee option once t
to capture carbon is factored inofTAERefacélidiesmoperational within the chem
(e.g. used in syngas generation fobumethianmdtpcadneatibmnused solely for comi
hydrogen production. This is becauseotheméciberodfiytetoaagpturing and storing
dioxide, rendering SMR the more coistkefyaecbigenapdotaveiron technology at th
moment. HyNet North West-a hydrpgenpecen @rgop aeds WGEhg ATR technology a
anticipates being operational by 2026.

Speirs et al. (2017), Ahgrephiemgas grid: what are

"E4tech (2016), Scenarias foorntrd pudymge ha afele yidr® ganpen bhbidgets and the 2
3bid 72

7Cadent (2018), HyNet North West Project Report

9bid 72

TBEIS (2017),Greenhousdogas20elp/orting: conversion fa

MTbid 72

"Energy Research PartnfeHsidipo 20l thetdki&n &g 8ystem, p.36

"9EA GHG (2015),Understhndiongeth e mpookeatian bPinrktChAaGid G ay & 4B ToB BB s(fRddl,6 M Rroctle 2t04. 15 1 o
hydrogen in the UK energy system

8Global CCS Institute

SJEAGHG (2017), Technos&ad chtamda Ibwnel  Mtéoohaht9MR Bragen Plant with CCS
84pid 73

83bid 72
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Table 4: Comparison of SMR and ATR*Théfmal Technologie

Steam Methane Reforming Auto Thermal Reforming

Well proygeaniration technology bu Carbon dioxideis captured at p
classified as low carbon, carbon d concentrations socarbon dioxid
captured from the flue gas. The fl proven and comparatively cheag
atmospheric pressure and tempera
carbon dioxide at low concentratio
columns and thus high CAPEX (cap Bestsuited to large installation

74% efficient >75% efficient

Cost of production (p/kWh): Around 10% less than®SMR with
SMR no CCS = 1.4-5 (average of 3
SMR + CCS (@90%) = 1.6-5.2 (ave

Carbon capture potential of 71-92 Carbon capture potential of 95-

(a higher cost is associated with

Carbon footprijk WG O Potential carbon footprint (with
9
SMR no CCS = 250-300 of 5-15,gewh

SMR + CcCS®% 30-40
(depending on the capture process uti

[For comparison, natural gas has ¢
180-230,g/&W A

SFDIOJDBM DIBMMFOHEFT

SMR today is generally optimised toomigxitmibatite bydasglew carbon as possil
process will need to beoptimised foraccambolh. AdRidc@anapehireve high capture r
above 95%, potentially in combinatinmim@thé@ﬁmmmyecdffr&erf(a means to improv
hydrogen production efficiencies andraaebpmhutiewideacwatptheeneed for CCS -is
the more expensive of the two technologies.

Currently natural gas -a fossil fuelocissasesd Ho WweWVRIATRepe is some potential
biomethane from biogas productionoas$dal dved stthedkmdBIEI® e relative to
SMR/ATR from natural gas, and wouhdwifhu€&€ds jnhavenlbhreatisopacity to produce

8gJohnson Mathey (2017)ofOYdatomnalfGmdecarbonisation
8P OST (2017), POSTnoteNprbowdrk5 Decarbonising the Gas
86Speirs et al. (2017), Ahgrepniemg?as grid: what are
8Data heard from evidence to this inquiry

89bid

SBEIS (2016), GreenhousetG®rass2Rdporting Conversion fa
9Calculations based on 7ia% cafftcirencytdataf Orbd Pe n
°Ybid 85
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emissions. It is likely there will be djfifan tilties @fr bdagarsgrelmaiired; the challe
around biogas production and feeddtagker &re explored inC

Given that SMR and ATR use natuthlegaaresiaceheiedbteckupply chain emission
contribute to the total GHG emisspopngimfatbéy praldestcakpon dioxide emission
associated with hydrogen from SMR thighsCgpSycolmadnartibeough upstream emis
in hydrogen transpori’and ositghagetside the scope of thésddpoehsthrerehas a

supply chain emissions - particularly pmethiznieoheakd tramsplogtation of natural
minimised in order to reduce the tatatiemied seon & yasro@geimteConversely, replac
gas with hydrogen in the gas netwonk weakdgedocekomeshieeam distribution.

Consideration should also be givedriog¢mel pokageialClardmtly any excess hydi
produced from industrial processegekeastthkedirercrityoffiteo the atmosphere as t
incentive to capture it. UK acadeneid hgdeageh hasaidecbifiidary greenhouse gz
means that, whilst hydrogen in itsetf Pasenbiad |p®@@WIPW aitmdnives reactions to
the atmospheric burdenof methanehictd aremetbothyodehbesee gastes .
authors are clear that the climatebiaspeacenérgyhpggsdgmnwould still be much |
fossil-fuelled equivalent; howeveomedhkaye ¢hartestlealdybs avoided, not least
economic and safety perspective.

The existing gas network alreadygesas aatenalsgtaos nsamage fluctuations in int
inter-seasonal demand. There are chatHengamst ares anid tetb naige of hydrogen. T
Leeds CityGate project examined ¢gle@ sodeagialahar dopdalauded that undergrour
in salt caverns offered the mosttilvexiddeicandasosp edsegatsoiatpriesgrised
containers, or as a liquid in refrigeepbet comdblidess)halththe costs of storage
underground salt caverns, in additfanitidyachd26MBW3SBNR CAPEX, would be ir
of £77m CAPEX for intraday storagre700MyVin8Oms € aPdnaifs heregare

already some examples of hydrogers shothgeUk. sSaldrageepotential is explored
6.

1PMIJDZDIBMMFOHFT

Perhaps the primary barrier to |owdcctibanfroynd roagytauradrgas is the need to dey
infrastructure. This is explored in fu,rthetr wWiidtadk ioarGbisedtefrthermal technolog
SMR and ATR for hydrogen generati® riof rioan pfiorsaiié¢ duels

A key challenge would be the neednt® M&RJIVITERIOIS eptajents. Investors will nee
confidence there will be a reliable aledniaanttheotomygdtegrenrevenue streams of b
hydrogen and CCS. Across the valduéochalinathere (pradueers, transporters, s
handlers) to have confidence thastehiewnbléellimeomieThisuis discussed further

A number of models for support mechHawuéesmigateant fixamples include capital
schemes, a low carbon gas obligatinen, amndefetéefd ciativaristheContracts for Diffe
developed as part of the Electricutlyl Mbsk estfsfeRedommdeloto support investmen
carbon technologies for heat geneyani @no U cwilvirc falcy bitoes with CCS could be

Government plays a key role throughobooh ploéidynpobeorhse hdadrive and support |
heat, and via regulation. Realisticatlyrbosirsg hiydroggemgriadd ds a medium-to lo
option, but could be implemented Vimoagdtagsdaappromohthe safety and accep

9%Speirs et al. (2017), AhgrepEthemsdas grid: what are
Perwent, R. et al. (200869ts Glfo bla¢ @y dirrogeme @ gamormpo ddotiodh. And lempl Htpdion 1(1): 57-67.
95 adler et al. (2016), H21 Leeds City Gate report
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hydrogen for heat, development ofedenaonsaiabiahroalgdmincreasing hydrogen
the existing natural gas network. Hyssrodyén dptenteng ésadisobotureréaseport
Series: Part 1 Next Step9 foowdee G dlseGaids a role for Govephayeimt and Ofgem
amending the regulations in the sheetdteomcemtadoiwnisnofehydrogen in the grif
Currently, only 0.1% is permitted, bletteekseenitoheist atelisy tme volume of hydro¢
could be safely blended - possibly up dleR0% by M6lomerfequyy - with no chang
existing infrastructure. This will, howegeflateqmuiardtbangemen pricing to pay |
density rather than gas flow, as currently.

Finding 10

The use 0f100% hydrogeninthe gas grtiermostdateqicreoladorsgaling |
demonstration projects to larger fisllyanptatlegiansabsifstamt amount ¢
move to low carbon hydrogen to help, mtegisissh@0KED htartgaken in the |
encourage demonstration projects intoits production.

From a policy perspective, theresatre avogliyoatigniyn cdermtiewrise the production of |
heat; hydrogen is not incentivisedewradbde theatXisdémgiRenUnder recent ament
the RTFO hydrogen is now eligible fofFf Reln€wathtec Jtran {RAMCs), providing tha
hydrogen soddni-sbioo‘logicﬁﬁT(bniisgbm.uld incentivise production rofl yhgidro.gen from
splitting hydrogen from water usirgyasoemea.ablfed edgetriderived from natural |
SMR/ATR, even with CCS, falls outfodsithfea R TdeOided teeidstock. Policy mech
develop hydrogen production throughd AGRIh®WM RnaCechapseu Bs.e

Although there is some potential stocke bydgageas pa deéedtion through SMR/AT
primarily dependent on the availabfitiegsadalat Cradrgaslyasnach of the UK natur
supply comes either from domesticoptbdardidradtomistheSdlas (43%) or imports
pipelines from Europe and Norway (44%neT hie tree inhed niKg als3Rbquefied Natural
(LNG) from oVeysleaslic fracturing - fracking -isaahiotheomestis shabetrgas bu
is not without controversy.

Estimates suggest that using natunadrogemscaubkbinceease demand of natural
between 15% and 66% per unit ofté\neertgpyddlee?bﬁeu:mddirregatothe Northern Gas
Network s (NGN)H21 project, 47% ncareenatuonbgmptiba would be needed if h
was to solely meet condiAmedisewssrd. later in this reporthegas liye hoemnisg is n
of hydrogen production, with electrollygissaalds otllileelyetdh contribute over the
but the use of natural gas for hydrhaer gentenaitadbrindmwlications for energy sec
particularly if there is a global mawe. tboa aydnmogen ¢henmcreasing shift towal
carbon transport, such as hydrogeyn duiedecalfurtehéclesgmease in demand for hy
production.

9%Sadler et al. (2016), H21 Leeds City Gate report

9British Gas (Dec 2017),galsheodoauifcem?Where does UK

9Speirs et al. (2017), Ahgrepniemg?as grid: what are

9821 Leeds City Gate, Narphbiislteats dbhe wou g P16 41 e hriesg f ogwu pd 13 % nlored hiec e e dieto o gas u rbd
75%; personal communicragiandfrom NGN H21 North of E
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&EMFDUSPMZI

FINDINGS

11. For the foreseeable future, it isleiatliilcety greatesatpbubdy renewab
produce enough hydrogen to suppordnwiaf epeetrdldsprsynCurrentl
potential for further deployment odgdlatdodpsedsreneéwrables.

12. Municipal vehicles fuelled by Bydcrowglenfasuldhates thieselevelopme
hydrogen infrastructure and the dletrabhomosttidmerfelaca funding
place to support this.

13. The biggest barrier to deployisigsfenothtew Rilelttpoéyeearts the comg
hydrogen. For example, forelectrolybkrdshpowese @ foglelcerigity is

OWFSWJFX FMFDUSPMZTJT

Electrolysisgenerates hydrogen thralugallalmyedp tittoct evater into hydrogen anc
using elecfricéuyrently accounts for 4% of gliocldiThydeomrenthredutypes of
electroly%ers:

Alkalimlectrolysers are the most fgztﬂndlii‘ziajlm)almartusecan have an output c
of up to 2.5MW and plants with mulppts ohitsenadae dédrdée Midtccount

for almost all the worldwide watet’tlectrolysis capacity.

Proton Exchange M@Ebrareéectrolysers are developingtinapidrlyaassddhave
1MW of output capacity. They can alsoothel&iomsdnunetre aviith outputs of 10I
and plans for 50MW. They are idealihbrlejsrmrge\wiableigbil\f/ér/asrources.
Solid Oxide Elect3O®lFsecrsuld be very efficient. Teh @yl atr e tawgre est Igeatdth
significant development. Their need douldighakemuernaurenergy suitable
poweringtlﬂeem.

)PX DBO FMFDUSPMZTJT PROEFQMPZFE GP S

Power-to-gas (P2G) is the procescsityfintovieydirog enegas with eledteolysers wil
used for transport, heating, '{fichesteryisoc wrtroeretdy a focus on P2Getaking advan
availability of surplus orlow costirecawallkee ¢Wwec foicity:. Th

ConstraWtere payments are made to generatudpsittdecduse theinetwork
lacks sufficientcapacity to transngi¢nbdeadeactthoitygtbhehrege may be suffic
demand. Electrolysers near the gewambdgesodothlid tevkee asl.

‘Royal Society (2018), optiloyndsrdgepraotdeacadg low-carb

10Energy Research Partnemshdpd@eédan thetdkiEin®maje System

10H2FC SUPERGEN (2017 )eTliseimoflet ofehgdeogy rs yante mse |

108 peirs et al. (2017) Agrepnengas grid: what are th

10SANTOS, Diogo M. F.; SEREDI®RA)S&s ar AHyd ricegedl @Fhi@u g sicn Qyialk al@véciued inzg 1 2001531 ¢h,l.
pp.1176-1193htApalilwivive. dcoeln.br/scpeb-$0h06e4iPA2801L 3rA0BABOL7&Ing=en&nrm=iso

10F4tech, (2015), Scenamois foondeiplotyme o ofekysSO gtarpen budgets and the

108 peirs et al. (2017), Ahgrephiemg?as grid: what are

10ppid 103

0FTM, (2017), Power to Gaéstf:nwanyw St or-gpgen e ved he/tslEritagse/power-to-gas-energ
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Curtailm®mtere plants are paidnotto genenateemowuahs detmanda .is
Electrolysers could take advantajge badwtihciess wrfplede canictitty .

There is uncertainty aboutthe avaihadhletyyehesatpdos Iteiseunlikely that surpl
electricity would generate en0ughtdaytdhreogaarrgea:apbtmpeol&ttstiinmamelsed.

suggest there may cumulatively be dertvaélerd ]eBJeolﬁmTth!yldK which would
produce 10-32 TWh of hyﬂijrodfgésn iseunyelaaly to make a significagt contribution
demand (which is projected to bet\ﬂééﬁ])]MQ)&eb'Nk'rl',\Ntﬂnibysurplus is spatially ar
temporally disaggregated, meaning snwoy ldl dectropgsetiasakeinfrequently (perh
than 15% of the year).

Furthermore, investment in tran®missbmmeapidaisyto the grids of’other EU cou
could reducethe number of low priceadspebimdemahdresitheaytechnologies (e.g. e
vehicle ch]al?\ghrighwould compete for any surplus electricity.

Thewholesale price of electricity muldftwvahsbebaleomprickesredntinue to fall, it co
future renewable préljseotStais nmkhe market s interest toesodrioep remdwable pr
therefore the scope for P2G usingy shuepluusherldcnriteeidy m

Competitive pricing of hydrogen céfedinoge grug poaltancbrygoservices which could
£50,000-£100,000 per MW per year. phtial, conibgsed ovitt readuc€®costs by 5-25
Encouraging greater co-ordination breéwé® rame tgear&kraniverstinfrastructure woulc
congestion and inefficient n e tWeorr & devied opmcentrage investment. This could b
conjunctionwith areviewintohow electcanntensippocoedpaniksnetwork costs.

Hydrogen generated from P2G coulgalegrmnjlecdedu pptortttibe decarbonisation of
gas. This type of blend is being iﬂ%/yelsei;gla)tyed)lr?mm«ghn'al"yealso be niche uses
such as powering forklift trdttks heawiaretobiicdsas TfL s Palestra Building. Ho
for electrolysers to be economically Isowstainabierwaetiveemeethods of powering

For the foreseeable future, it isleofikeilty theartesatptubyerenewables
enough hydrogen to support widespeearb ldesglrey nCeurtreoritey, the grea
further deployment of electrolysersesethablgd. dedicated

108 peirs et al. (2017), Ahgrephiengas grid: what are

10pbid

11IEnergy Research Partneértyhinph(i29tl 8 e,c Mréroang sri g lgT Idnd? ldidvBe e,| e\ca ti ¢ nty| eBasidde kS h Klilw &S Sei, a3 ¢ dPto av €3
Gas: A UK Feasibilityl8tudy. ITM Power Plc, Sheffie

1i1National Grid (2017), Fbiehdtpréf@y. Sctéonailgsid ¢dirdpded ead i 2587 AiataV efged 2@ 4-amended.pdf
li€oates, Alan, (2014), Grounds for constraint

1iPpoyry (2018), Fully decatémnbyird EuirtdhyyvA s adwhepragyyr ys..com/n émvs/autiocde s fBunléy gyespsbomi2050
11Energy Research Partrodrsilyipr¢gem6in thetdhki&inBRodg System

l1€ornwall Insights (201&)atV@hoééfseade puite e canaAnvazkatoifes athw webtes nantalisinsegbtacoodr/newsroom
industry-info

11ppid 115

l1Aldersgate Group (2018),r Rreamvoanh hegs tkeery i €0 sl ot eirdaatg). ridnidic gt tiileel veeWea kdecrisgategroup.org.uk/lates
barriers-to-mature-renetwadll-esekdyidotyioprecersg-indus

li1HyDeploy (2018), Ab oluttt pHsy: D/enylcbeyp | Ay acbabkeé at:

11Ryan, J and Martin, C €6al)y F&umazanUaedf &V aHtiso tyeww R ol e o.mlvelr ga b bem Arrow s Aard i wizels h2®rit 7 -
finally-give-hydrogen-power-a-reason-to-be

12Mydrogen London, (2016ye h GND Ode | ac e bl pt éa thofend dyyidws . Idwnaidabde vastuki sibeg/defantdhiles/exec_
a_capital_for_hfc_technologies.pdf
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Table 5: How Much does P2G Cost?

Cost estimates by E4tech (20169§fbr water electr 2014 2030 2050

CAPEX E/KWH{lut, HHV) 1,215 576 558
Fixed OPEX (Operational expen £/kW(el in)/year 33 22 22
Efficiency % (el bHYW out) 73% 81% 84%
Lifetime Years 25 30 30
Hydrogen levelféed cost p/kWh 10 9 8

Electrolysers are currently 50-78%p e étiecdetot ibuprohvis' 18 86 eov-©5%he total
system efficiency must account forcdea eadsgyfaqudpp®sbing equipment and prc
Therefore total efficiency may be eatt 0h 8 0l% Wrahguesd eddhrolysis could double t
cost of hydrogen should cheap elecOneitytumey deggeatbablevholesale price of ¢
to achieve a supportive busiifess case for P2G.

For electrolysis to be economicadetthe ttottad ebfowee @OPon Further research is b
conducted on how to achieve thisletttricl ysermated|/thated to operate for 1000
at times when electricity’tosgsodece hytirogen competitively tEamren anethis sce
risks due to uncertainties about dbsaadsfactoataddvihte gooct<sing hydrogen.

8IBU FNJTTJPOT SFEVDUJPOT DBO CF BDIJFWFE

The emissions associated with P2Gndiegendiwyp oh the elerdtoicity used to powe
electrolysers. There is a largerangdk iy remessabhes gewerat electrolysis, depe
the generation technology used. Emwssaooanfddml-@bkydCt®(ealrdon dioxide

equivalent emissions per kilowatt hestrimatkeranes lsigllalry PAAriable (around 50-
gCQIkWH§This is because PV energy conveisianimare taimoegioffs. Some esti
alsoincorporate the emissions generafethdroemmmabfacgeneration technology

There is growing interest around coueldngad badctenlergabsesitdisdpart of a diversi
hydrogen production network. Rendical belgle tftshoitg, woaad, has seen dramatic
reductions in recent years with winMW/IHing £50/m5H 1HEr pewW / h .

There are a range of developed tescahdyo boogmesetrtcaalayeemlployed and could sup
hydrogen production alongside SMRUAER alikali®€ = I€htsoigskers which would
projected costs for investors. Comg@amady inhaimatve time;}39ﬂ1tisarhmrrg(etscale(up
to 50 MMA.

This set up could meet the demaadsfoarhydyolyzsirfgratrenewable-poweredele
a refuelling station. Fuel cell technologyuiisgeseVle de palogp &g drotgen. The hydrc
generated from electrolysers meets thils kree pyidecgemt faom SMR/ATR, does no

12E4tech (2015), Scenarios foorntrd pudympe ha afele yodr® gam@pen budgets and the 2

12Assumptions: Plant size tpuNM W ;2l40ad3 6&Ccx08 0208 % ] @@ Ork Wi hy =p 7i,d00 &, EMO @ 8V k \ah

12hodds, P, (2012), A reecdwodb giyedrdgre e meroyyu 6 gste mr onduwed | ® R meitevo o . Mydrilable at:
http://www.wholesem.acthkiasiknie¢teyesyyiease/dancdrbigen/WP6_Dodds_Production

128peirs et al. (2017), Agopanens@as grid: what are th

12pbid

12PEA (2017), Renewable Energy for Industry

12fpid

12ppid

12Ambrose, J, (2017), Ofishesémeimtdbt@o mowe rcidk:7d dhienw. ¢elefgraphbde. akedsne p o 2e0rt 7 /7GH/i-1/of
investment-boom-costs-halve/

13Asahi Kasei(2017), The coomeéengf G Peene 5@ o i &ty sB o theea Hivtkid A @vivesnetce dwitg oi.jp/content/10087 30
13Nel (2017), Theworld sletdsod|gbfe c.hetpadiab Iieyaabieee.com/desertsliypdoabisd2lid OpdNel _E
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be scrubb®dher transport, such as long haul &\as,drémpireveeyetommmics but
a promising area where batteries abkelilketnusebef lessirswidaght. Thereis also
intomarine and railtransportwhich rerté omo shagt awdembisuniversities and con
conducting research and e>%3p3’f'exe$'engrimtfemelse.r opportunities foocebemdcal ind
which could lower their carbon intedusdtiyohhod ugiditdhgeimtfrom electrolysers.

Dedicated renewables are unlikely ¢otéeale d omeedtiad | dthm amalts for hydrogen. Sor
scenarios estimate that if all home mesatwwegeaihuke Madebyshytcterogen, up to 445 T
electricity (about one and a half¢itmiestyodaddwcatiomt) elould be needed to gen
enough hydrogen to meet the foret’dsovdewneantn bay RI@HOhydrogen scenario, it
there will be a need for hydrogensérawhegle ¢troaynsbse amade efficiedyly and cos
using renewable power, it should be considered.

)PX NVDI DPVME UIJT DPTU

Many studies point to electrolysis béipgoducexgehgdregeaypecause it requires
amounts of electricity -which is relatidetly rxtugasigascdmpsais especially app
the UK which has relatively high eIsem:itsi;o'btry/qbirsjtre'biﬁshtdmﬂee'si.mated that
electricity from wind could cost éfJG(W\Mh try @0olg7fe hecmsting around £4/kg) but ¢
reduced to4p/kWh by 2030 (making hy)j,ra):gsamnainngjradlb&.cB@lﬁl@gMIRbAT%%.
with CCS would still be cheaper at wpthkWhtinr @8 @ath coysdingedh at £2/kg).
However, theuse of hydrogen for trabdpogtcwstddomdtiossMR/ATR with CCS. Tt
hydrogen from electrolysis may beummia toampetotivehdarhydrogen from SMR/A

8IBU FNJTTJPOT SFEVDUJPOT DBO CF BDIJFWFE

Emissions generated from electrolybsliesspawged)céttwweemnza&\kablﬂwﬁg'rgw@so

depends on the manufacturing prdeetexctiopltheyreaneéwabfar less than SMR/ATR
CCS.Currently,these estimates areobyslgr$candlkheéipéfielientcy and life span of
electrolysers could impact emissiornbgahadndecsetve hesermeasl experts believe
potential to store renewable electrboinysasodhgasearmed dgcaactors outweighs any
or toxicity impact associated with elgttrolyser manufacturi

,FZ UFDIOJDBM BOE QPMJDZ DIBMMFOHFT

Developmentof electrolysers isneedet dor hoyodmongeerre i ed Btbavi € afeoi b 1
diversified network of hydrogen gemisrdeivel.opanenppblré challenge of reducin(
and operating costs needs to be tackled.

13pnterview for reportwith Paul Dodd

13E4tech (2017), Future Fuels for Flight and Freight

13Energy Research Partnetshdpdgenen theteki&h &g System

13FCH (JU), (2014), Studyrohysliesverd othraelltt of water elec

13Baringa (2017), An analpd$ia bdrtherpcitentialCdDtaamtEon in GB

13E4tech (2016), Hydroges faordGFawltiCells: Opportunitie

13ppid

13 peirs et al. (2017), Ahgrephiemg?as grid: what are t

140. Schmidt, A. GambiNie|slonStaffedw A(2H4W ke & wiiutreer @d e t ta o Hy piesr;f dhnreer mae rd neal i cJi bautrimal sotfu dHyy d
Energy, Volume 42, Issuabddiapa/desv\B 0dcr @ nTE4HI Pe 36\0INY/FL7880d/B5ticle/pii/SO
14E4tech (2015), Scenarids fooorndd pudymge ha ofele yidr® gampen budgets and the 2
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4DBMF JODSFBTJOH UIF TJ[F PG FMFDUSPMZTFST

Production scale up is anticipatedcttoomavesa geéateioiidptthan & bhe

modular nature of many electrolystdysmmkiargs lehrgerceleecnrolyser plants does r
significantly reduce costs, therlaragrer ¢ ffbimidtalned&etrolysers. Moving from 1
100MW can reduce the unit cost (Ehmd¥ MWh) by roughly

Manufacturing automation and increaseld peodhblgicoapitaeésavings for all types
electrolyser. Savings could also resiwin dfomathefsdcaunrdagdisahniques for PEM
eIectroI)}%“epQ,rating SOEs at Iowel?Sethmearvatejlreecstrode coating methods on alk
electrolysers.

However, for electrolysers powererdcfor oo ¢hecgriditythe the UK still poses an
result, the Sustainable Gas Inshiauttth € 656G h)r e otmihyahesde st saving$owith increc
electroi¥smnsl hydrogen from SMR/ATR with CE&S would still be cheape

For electrolysers powered by deditded ech p étrad wealslte sh ait poses thergreatest is:
is the need to invest in the elecarplley ®areagyd sbercenew

%FQMPZNFOU JODSFBTJOH UIMBENCFS PGFMFDUSPMZTFST CFJO

Producing more electrolysers couilldvesduoeath®rge ddatosmission network. It is
thatfuture gas generation will be moteoldjisersbcbaid chrbk dbgployed to support Ic
demands and take advantage of céeiderspneadedepioigmgnt could also reduce t
perceived risk around electrolygeosvisnng magtsedWbether an electrolyser is ap]
the area will be based on factors ialclreia,gdidres gy ogfr eaphiicing, what the hydr
used forand how easily it can be sebmedsBrehomh dnevydawe imcreasing the deplo
electrolysers. Other practical routes tofirteetroillyg degp lonemaeirstcussed in Chapte

5SBOTQPSU

A distributed model could support tihoegeleviellopmaesp @rft.hyddydrogen fuelled mun
large vehicles are a promising areabwnndcadudteberakfaedsedlhis could support
networks and other municipal vehiclod/beetsetevksoismalmeady underway in

AberdééPundé®@and Birmingamelopment across the country couldaserve local r
clear indication of future energy pixlécy & dipsoreiam griodd balancing services

National Grid, thereby creating andther source of income

48chmidt el al. (2017), Fuwiatercelstcamd ysésfoAmeaenxped elicitation study

4G athered during interview for report

14fTM (2016), 100MW ELECARNCHEDRAR LA A NGOB/AA & WASI simCapisl I elrt :c 0 ne/m @ Wesn { £ d md ldrDsm to—-dle-d aronhy
at-hannover

148 peirs et al. (2017), Ahgrephiemg?as grid: what are t

14pbid
14Aberdeen City Council (Buils7p,rdjlec tAtrerdidebiiagddeegengy.co. 5885 06dbOBAGOBEO00304317?v
4A§r Quality News (2018) uPandAelatbpd el lmtywh pdrpwaintpne wepdony/-20/108 b0RI 2 D dsaslee-to

14Birmingham City Councié¢$2t0l b, Civean greeydiogletn Busilable at:
https://www.birmingham.mewn .nkdnewshatticled 178 /bekeaiven_green_light

15Gridchangeagest (2018)ahTM P dwdroigesnabli s greayfru é Mearbatptse: Yadww in. driirdhe inegnhg e aggg@mitdeom/itm-pov
balancing-hydrogen-bughremfidelling-station-in-birmin
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Case Study: Aberdeen Hydrogen Project

Aberdeen City Council has run a Blestsofck020ydrogen Ibugest fleet
This was done in an effort to imprawed sairpqulaltityn eedluegplore the p
developing a hydrogen sector in Aberdeen.

Buses refill at two hydrogen refueéenlithe starttio nesndiswatthdof the city.
produced on site by electrolysersgraseimgaeiff¢ctaicdtgoompaessed amsdt:
in tanks.

A collaboration of Aberdeen City GqumeilS Sdoitshsic ondustrent, the
operators provided £20m of funding.pTéhmee@oatrion aed ttuemmimg of the
could be tailored to local needs.

Challenges included the absence ofh®&rebwas aupgdly chpiarts and sk
maintenance of the hydrogen busthse shéeperafe hyidmogén by the pub
hydrogen; and hydrogen buses still noo bt iswgbsodyp eTiteveowithil hope
market for hydrogen bus fleets wslimmak &€ d mpsdipiveject

This demonstration project has shomknomydcadgen Thues ésawning and ex
this projectis being appliedto LocalUKythodittiiees @pauwrcdl titeelf is lo
longer term project with up to 30 iydrogen fuelled buse

However, at current electricity pirdaédp ipricdnot éhggadmomen from elec
Council is therefore looking into imipe rEithg vhlyamre ganifffromean it is
shipping hydrogen in from Scottish bdfehmoefau edinmgfhamisitiels might i
generation on site to avoid transeitissMWnthanhkessamamoertcof governnod
hydrogen and hydrogen technologytisthg wlgp d etarreidsees, ¢oeatransport ¢

Municipal vehicles fuelled by hydooa¢edfacilcthtestbasksyvedopment of
infrastructure and the decarbonistatidghmexfe lacafunansganechanisms
this.

J)FBWZ *OEVTUSZ

Electrolysers could also support heasvyyigdostatedeavignmdcant portion of glo
emissions (the steel industry alone 'gslorkezslpeméé&ﬂm‘sp.?r%n@fwably generated

hydrogen could lead tosignificantemimgignafremdduestoinessinhatvase high temper
including the cement, refractory, @labemredinindg strdepeTrhere are plans to tri

ISHYBRIT (2018), 20- T ow aaltlt tfms:d i w v w es s aebe E.oArv/acidaspee-roy/ es wisstti @ imsa/ iyl btnifsustain
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hydrogenin ore-based steel 'Afaikimdeiticswed emnewable resource and an elect
Though currently 20-30% more expepsivesdue ito eedeictaiteidythat with costs fal
electricity and rising for carbon emnsissieimrca,pdat thoetB& Emissions trading sch
tightening, fossil-fuel free steel widture.competitive inthef

In the UK, publicand private fundinb,isdeveeddpthdat amsleaommercial deployme
industrieswould require specially desigimendffaanba ceay,italtaxidstg. Previous sce
not envisage these applications beinfgreep0d0eduinhtheoytedsing, the need for
further developmentand cost uncestdontyhareskegfbraydr@gen in heavy industr

3FEVDJOH PQFSBUJOH DPTUT

For electrolysers powered by themgrkd,uplaberilcitgesdsde st comp65n4ent of elec:
The falling cost of renewables will enstdsl-red nceasapesatinggeted at reducing
of renewables are essential for thelpn$ferdabslicgudll dleadtone in conjunction w
grid balancing services mentioned above.

Measures could include reviewing howaeiestcannhensupp arded with network c
could take the form of funding fopmeseasaulp mard flervedoge scale demonstratio
electrolysers to support commerciadssdoirohydrrdgengoariactreeasing the costs a
producing emissions so hydrogen fromekdeivtrlyl yc s fhbeetéd bime s

Finding 13

The biggest barrier to deployingsfopthtew ileltctpoéyeans the competit
hydrogen. For example, for electrolysd,rshpoowesrtedf baletdtaigity is the

Below are areas this inquiry has idfeonrtifdedawdlerendup@wetopment would be me
beneficial to support electrolysis and hydrogen:

Reducing the costs of renewablessfier dedicated electroly

Development of Solid Oxide Electrolysers to extend their lifetim
Gathering evidence to examine whatnsdapgecamebeptalenonhal costs of
electrolysis sothatthe hydrogen produced iscompetitive

Support for research into hydrogea poeveoadeH B abdhethe efficiency o
celPand the costs around vehicles antd mpdtaéTeﬁlmdhat need

15€oyne, N.(2018), Vatterofraildeb helay yh ynld agerry ,t @ yeest alibhepbst Lid/hlaere mevggsshdipmAvattenfall-backs-h
decarbonise-heavy-indudtip/-eyes-supply-chain-owners

15E4tech (2016), HydrogenfarnGribwah CMilsi Gppdnmapsties

15E4tech and Element EneGghl 620 b6 p,rtHindriese hoardrdwtel Mini Roadmaps

15Shone, E, (2016), Hydnyge@ emnd rfau éb ri sS uas tchiisachdtier R breedghten gline c Ayaclaits)-20 8 69 4 4 ¥ dy-csreoygse © eand +
for-sustainable-road-freight/#SIRTVVCjWFkjH7AM.99

ISPCCT (2017), Transitioningrteid ket o-d&mit o AMbeeabiiFeB adct. o ryi/sn e Eedof-eumitsfdlenfpruebiigbb-trucks.
paper_26092017_vF.pdf
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"MUFSOBUJW
| ZESPHFO QSF

FINDINGS

14. Gasification of biomass and wassties coatlldodeobmydtegren produc
deployed to support meeting the 2050 carbon budget.

15. There are a number of technotlloyguedikledy aoecceiatenlarge volume
could offer routes to efficient, Ipne dwation, breydrmody®50. If they
they will need to be supported.

Given the uncertainties around CCS and bﬁeebe/catirlia:bﬁyitfyolrymdiercyrdeydsiiess
recommend developing a diverse bs&Fhfe)Iti@cbhmécsg)ilersceise.taiIed below could off
additional options for producing hydrogen in the future.

(BTJGJDBUJPO

The process of gasification is outldineg hydcrogete silwpPyodeans leaving out thi
methanation step after gasificatioen I8%dafctgborbabmedrbrgpm ‘¢dal gasificatior
However, this is unlikely to continiwers (e ptorotsirhag bl gR/IOWVMNO0 @€On with
cc'SVariable capital investment costs and low energy efficiency

Capital costs for coal gasificatiend withu€tCSndee £2t508&t per kW of hydrogen
operating costs at just over £12.0Ncesigwifo¢amtdcbgege in cost'is expected b

For low carbon hydrogen from gaswasa¢io mulsiobeasisechds feedstocks instead
biohydrogen . The process again tavielheéa @ak)fbaatiwinh(@et methanation. To
optimum yields, feedstocks need te pestifeadeid rh e@froree $is which®?adds complexit

Concerns for gasification of biosmaderaBa oS MG aantb fidoaus on whether it is po:
deliver biohydrogen at scale at aféopadabilballaarstssuleeagoisnd the formation of
this process that can cause blocéEAfgeiermayd ak éguépment. There are solutions

1SETI (2016), DECC Small Mo dslsesRmaattorPriogebnh@-Econom

1spolicy Exchange (2016)cdrdhmiHist tbomasdie hédtwngo de

15Energy Research Partnetshdpo@eil 61, thetekiEn &g System

16POST (2016), POSTnote hdGem23aCieorbon Footprint of Hea

16E4tech (2015), Scenarias foorndd pudymge ha ofele yodr® ganpein budgets and the 2
16Royal Society (2018), Hedromgen Production Policy Bri
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add complexity ®damnd ahetre is a lack of research xtpeaurtisrd nigisbtomethser gasificat
and C&s.

$SPTUT

The capital costs for biomass gasift caartden Wbt C0CBearleW, but are expected t
£3,279 by 2050, with operating costfs oo ncdhBipentkWi/yldargto £230. SMR with
estimated to have a capital expendt2ree50fwEi6IB o perakMig costs around £27 p
kW/ye'dfhis means SMR with CCS is significantly cheaper.

&NJITTIPOT

Using waste alongside CCS technobgeyn qgowldu ceison twithhneégative emissions.
yet to be demonstrated but estimatiels € &xShwohuydrggerarate carbon savings of
gCQikwh?

%FNPOTUSBUJPO

A bioSNG plant was adapted in’ Slwialdkome hys Coddeimtmass gasification were ca
apart from full CCS (some carbon diokildieevdaslsawhuerreed .afide results indicate
model was suitable for a larger scalew pdaatictio. blut bd ea'#4it® MW velra nd u e

to issues with the availability of te¢idstpick $sannlitlealprt@mdmake a major contri
reaching the 2050 targets.

The efficacy of CCS needs to beldewmaomdstmagadigse eémetssions scenarios
better understood. This is importamil end undegbawrcroméimence.

There is a need to understand thechs ddlatxiliey oh cbadgseér 2). Under opti
scenarios, biomass could §8meiattecaaBdTsWgnificantly meéi®demand by 2
Work to understand the ability of inldssttierls amdsupmphyefreéa stocks could
mitigate the risks around competition for feedstocks.

Gasification of biomass and wastewe cmettolde odnhgbteorgpeat productiol
deployed to support meeting the 2050 carbon budget.

"MUFSOBUJWF UIFSNPDIFNJDBM QSPDFTTF

The report Hydrogen Production - Rolialy Borc¢edigg(2bgt8heutlines a range of m
use thermochemical processes to prmmdyceohyrdbagento TThiéyre hydrogen produc
require further research and are umncdikretl)cdatmbleéi@anstignhe UK meeting its 21

Pyrolysis iswherea fuel is thermaligedefraidklaxymaheltbsecurrently used com
to produce bio-charcoal and low vobedefoohyhgdoggemrofduction, the carbon c
collected. How to produce large voluemely caft heayd eoagréy i€ Laiarch stage.

1S peirs et al. (2017), Agopanengas grid: what are th

16F4tech & Ecofys (2018),fomnB®iwat acsrs Neeead s AAad baslsira eatt
https://assets.publishingmslerdsksgote mkipde ads hBdha c hmevta tdiana NEled89 F6681 _report_Janl8.pdf
16policy Exchange (2016)cdrdbmnige tdbohasdie hdkotwngo de

16pbid

16Cadent (2017),BiohydrogagrasPficdtiotiomf ofalsydrogen by

16Bbid 164

16National Grid (2017), FrbidreEn/desynstieomeli@rs dAvGa/pdead ead 1idSSr diataVv efgpsd2@4-amended.pdf
17Royal Society (2018), Hedromgen Production Policy Bri
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Fossil fuels can be combusted undeegobuweden. thleiphesse been used previousl
generate a mixture of hydrogen aamvsyorngaesnbalt cdouecéons and thelow-calorifi
the gas mixture compared to natuunakdast woisldhoelpmigerCCS but could be us
the hydrogen stored in shale gaseBedtlirtorebeapchcessnandthe economic and
environmental consequences.

Microwave cracking with cheap andadbufrdaniroatalg&es)(man release large ar
pure hydrogen (greater than 98%uftrrormashgdesebalnansax. Unwanted by-produc
(methane and carbon dioxide) can bsszlindsawimgralmespeneclusively solid ca
can be easily separated and sequestdrede Thésepxiotiogsinfrastruature for trart
storing petrochemicals. Currentlybomisoceqaerets eeldowicatly to produce the mi
and the overall process still needs tonssdesabielddegedommenition for hydroca
the large quantities of solid carbonsthquewsobaieddneed to be

Some fuel cell technologies -includinge i (M@Fagshooanedpetade in reverse t
produce hydrogen from various soWMrCe€ u<iag wdeceteaxityachemical hydrogen
to produce hydrogen with low emissitong aadtsvithheoWwiglpeeanperatures requir
MCFCs mean they can be difficultcoomgpapliey, ihctledivregafuelcellenergy, are ex
options for theirdeployment.

4PMBS UP GVFEM

There area range of production maetdrgdssimlivchiwhteplimrte hydrogen and oxyg«
process similar to electrolysis whéephiioatohgea arbi¢ecsslifart naturally occurs il
photosynthesis. The difference betwleenrebjarstic fthalt somdar to fuel technologi
the fuel in an integrated singleedidugca sEth@&ratbaremete renewable source of

There are several types of solarn tic fuelate¢iotenmiegies.rédsearch globally, buts
developmentis still required, and cohmmetithensfoalaspefcehimayechnology. At thi
is difficult to make reliable cost puejecihossnfeamsliarisolikely tome decades |
be deployed commercially and soitwilhgotusdepparbasisateart B050 targets.

#JPMPHJDBM NFUIPET

ADcan be modified to produce hydrogainst@eps bdrthtee bpodagction of methane
biomass (discussedin Chapter 1) involwéschrosiubemngcloyndreorged to methane. B\
inhibiting the microorganismthat conkantes, hlygdoggeanicemn rhetproduced.

The advantages of this process atenipe rlaotwee sqptdreasimgple technology and the
modifications mean both wet and dsyelcféedstocks can be

Currently, this technology needs furdtbsrisevesapeeento \bee resolved, including
the yield of hydrogen, increasing theframagdes anak s vaan ta midiking it easier to pre
feedstocks. Solutions are being reofedKchi@idvatsatnessmber

17Royal Society (2018), Hedromgen Production Policy Bri
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'FSNFOUBUJPO

There have been developments in pwoldyu-@imogd hyidsr od efrefm@e ntation. Organic ac
convertedto hydrogen using photo-ferimeleiatibl§Tsd s miaxd mises the energy use
from biomass andcan also produce otlés, Mhehwaliety ofigpmocesses means it
and can be used with different yieldwsaterd feicdeboglhs(€mg or waste). It also
minimal energy and does not produce airborne pollutants.

This process opensthe possibility ofciermenteitloogéndlapcicgsses and making
but valuable contribution to the hydrogen economy.

JZESPHFO GSPN PJM DPBM

Biological processes could be applitetydrogleorwdoidé fporeewendiong carbon emiss
keeping the carbon underground. éfpphaag Inee tthoessd bfleo o aril/coal with hydroger
combining engineering and syntheticori@dsgiys. Howeared ibeapacompanied by sig
environmental risks that need toberesolved.

The principle drawbacks with biologicallpmno @dititiilenaieshodigha capital costs o
bioreactors and large land area readeoremanesmn.g€Ebegpeaitic to each method (e
separating nitrogen from biomateriatagioor aodphoxioc fehemicals that could be
from oil/t'dal).

To succeed commercially, the eneogygayiisiis ahdhproxdesses need to be impro
this reason, genetic engineering roofdmotrier er asiitironbragedhisms is an active areas
In the medium term, it needs to hbedeneakhraltegiethatan produce hydrogen on
industrial scale in a way that isalsoenvironmentally friendly.

IVDMFEBS QP XFS

Nuclear power, including Small ModuihutRetoctbespcodudttéiomtof carbon-free h
through electfdhyesisigh temperatures generated ibensuieablelbontsSwlodI®xide

Electrolysers (SOEs). Though currently thety cooffremeaciaplyoviabity to generate
very efficiently aVsIEp/etn Oolkower efficiency electrolysdrgevaeterisocbaldmploy

support the production of hydrogessiwithout carbon emi

Thermochemical cycles are chemicalntyelasunesi ¢h sypdethwghetreinto hydrogen e
oxygen. Waste heat fromnuclear wdachohascaparezesedgmissions. It is current
researched so the efficiency andidlsalmiMobtlwed thethheateaction can be improve
technology that could be ud®d in the future.

1PMJDZ $IBMMFOHFT

The primary challenge for policy wveatkeealsnicsldbietstheeadbosuch an early stage -
soon to prioritise funding for certarthteculhoriogiaselir ikewelopment because c
possible efficiency gains and the prdbrsgbthiity eoxfptdrei &K dhp® could come from
Innovation Loans proposed in thd Industrial Strategy.

17pbid

17bid

17Policy Exchange (2018)e $tmhaild Mhadglanr Rreargprs-the n
17Speirs et al. (2017), Ahgrephiemg?as grid: what are t

179.S. Department of EnengyT(lROrn89 ¢ HeydiroagleW étead8 ptibting
1"BEIS (2017), IndustrialitStoatelge flutiulrceing a Britain f
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'VOEJOH

Most of the funding availalHrefrglysinndeatiba Rwvorgha BB maims to

accelerate the commercialisation ofyineolvativgiecleamdempepcesses. All these 1
the potential to support the developduenitoofihydifdgeenp forms with some fund
already allocated for investment iff low carbon heating.

Table 6: Breakdown of funding fromomnhRrageamynénnovat

Smart| Transfori Industr| Nuclear Renewal Energy| Hydrogen
Syste| Construc| Decarb( Innovat| Innovati( Entrepr Supply
Challeng| sation eurs an Competit
Fund Green
Finance
BEIS | 70 170 100 180 15 50°° 20
fundin
(Em)
Fundir 102'% 62 280 162
fromU
Resea
and
Innovag
on (£m

17BEIS (2017), Energyhlttpev/dtiwnv..4oweslsidleédadcer/en-e ngp-vian owna pirorgd aeis-e

17BEIS (2017), Innovatiorcessibliepdifilwvew vgoon melmguida@ceiianmeattions-in-the-buil

18There might be scope farsnberen fuomdimigt Sd tfa ri s2V2srDIvhg hi Iy reereere i haolt e o himgb €50 mhleaB nkeegy com
Entrepreneurs fundwith a further £10m available

18There may be £92.5m of(additedeaérfoadling)according
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Table 7: Additional Funding Sourcearamelssinovation Prog

Name of fur Amoun Description ‘

Innovation £50m

(Innovate U

A pilot scheme for late stage R&D yebjreecashthd t
of commercialisation. Up to £10m willn bceo m\paeitlia
This is only open to SMEs.

Community
Renewable
Energy Sch
(CARES) -
Scottish
Governm¥n:

Financial support that is availablejdotsSdo titsslr
down as follows:

CARES Enablemedp Gogam25k to fund energy sysi
energy projects, investigation of shuarigde s wirews
maximise the impact from communityhbeeredinadd
energy projects.

CARES Developmépttoofaln50K (10% interest rate
for projects with a reasonable chance of succejy

CARES InnovatitypGoafil50K to either fund inno
improve the viability of projects by grfantefpmdje

Ultra-low £48m
Emission B

Scheme 1(8I5f

Open to local authorities and bus opeabdsrsoihe
the purchase of ultra-low emissionibiusassrantus
including hydrogen.

Hydrogen fc £14m
Transport (

Seeks to increase the number of pygbhiclgfwuaelders
stations in the UK and the numbeelefcfuiel \cehl el
roads.

Cities tUfT

Transformir £1.7bn

Aims to improve productivity and sgheiad exsrtaserE
public and sustainable transport imgbicmmecidy treq

There are a number oftechnologi@dikkbyt boecrraarentlyye volumes of
offer routes to efficient, low cachioom hgyoade20OpOadid they are toille
need to be supported.

18gcottish Government (20UmitySAnttiR b n& onacdriemEme r@tatnsm hewe . § G A.RE 8t)/. TroqpliEs 8Blmiginess-Indust

sources/19185/Communities/CRES

8pepartment for Transports(ZCh&m &:ltap pllo wa ki ies alintdpgu 1 dva w ave g0/1 8 k Agcocveesssiidode- it § ushd hearteon s/ |
ispepartment for Transpdotrifi2 6 8C A e p | f tiftgs. tA/@cw wa otshe. Wk /g o v eriime nttr/gprusifid cra  hogn €/ dipeps|-yf ufrod
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This part examines the various crossxustingrcthel Imrglesdih atutlined in parts 1
detail. These are:

The transport and storage of low carbon gas.
Carbon Capture and Storage.
Markets andregulation for low-carbon gas.
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5SBOTQPSU
PG MPX DBSCH

FINDINGS

16. The UK currently has many forats osfs ethergyesgoyragestems, most
in the form ofunabated fossil fuels.dTrree |dKewidin hse ¢ar tith €éisle as i
decarbonised future, and considesttdrea de stnbag@mee aftoon capacit
electricity systems. On a large scabey cardbrsedsehsabbasispected
most practical and cost-effective storage option.

17. Fundamentally, biogases and hgddogam seartleel shotkd same way
underground reservoirs, tanks andr pigeidnésrim gaseous o

18. Transporting hydrogen as a gasalpeagestsodifberemdrting natural
carriers such as ammonia, or tramaslpqutich g duwldroegseolvessome of
methods require additional energyrsnpmutlo 9secauhe redove they m
for longer distances, such as thosaneégwipedt$orramypsorthan for dc
transportation.

4UPSJOH FOFSHZ

A low carbon energy system must be ixlalret tdbamlge twdekbygantl seasonal variatio
demand in the UK. The peak gas dwemteerdchar he dt2ihirnlees the summer maximu
6 times bigger than the pé%skhfe)rebdet:rtirduiy(ydemand is on average 889 higher
than in the stmeet K energy system must be suffitdiiesn vlgriiletxlid ldbe toa ma e t
especially in an energy system domanateab ey gaebhermaitbeintOne way of achievil
by having various methods of storing energy.

5ZQFT PG FOFSHZ TUPSBHF

Any decarbonised future willutilisema thod$odieop eh ditogaare duration, purpose :
guantity of energy which needs to pessstomadis€Ebeditfldoenin storage types:

Chemical stofagks offer a good way to stormeeein@rghyheyedraaelanigigh energy
storage capability and do not lose anerglgoochr dipnkar Tlhhege stores of ener
gas to balance supply and demangterh tikebeaweread 48601 0,000 times chea
using electrical storage methods tc ybsaldfiiicrei & hsau id ke theiicat urrent role balal
the gas market on a daily basis.

Electrochemical Bledtagiees are compact, deliver amnekby erfficiemthaadbe g
range of loads. However, they hattg thigheacheositcsakt stoeage, which makes t
suitable for shorter timeframes anaditynallhds stoitagtheiapcurrent role balan

8fmperial College Londom (ROAd&nh ovh asaatgomg Elereof Bmjargs thie nisn pra dtsaandfcastsucture
1BDECC (2014), SeasonalnYariations in Electricity Dem
8fmperial College London D2@h6hoMisreatgong dbaapff aBnesgerhi@nmpachteadnichfcastsuature
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electricity market ona second by settenicd dasus.hCambhenlbthium ion battery
need periodic recharging to makeofpOfarOp8eh’Sitdayosses

Mechanical sBouualyeas pumped hydro and compres $iasd aiperRuedp ed thyed UK
electricity system for decades. Bothimgelnagds pleirwilrédeagures and are there
difficult to use on a nationwliaogaeltmmajlghimhtdma\UK,exceIIent for long term, la
storage and have good roundtrip efficiencies.

Until recently, the UK could storealaboms us®ptdb rthef gmasuin und®rground stora
However, since the Rough Storagks flaasliftylleamstolds®eh, thhhich is around 15TV
alsohas 25 GWh of storage for electmpeidyhydoduy cananairirpation of that in grid
batteries. There is also some stormasgefpihte gtas! tirmribmigigion itself, known as
which provides someintra-and inter-day storage.

Other than storage, a resilient energy shupplyhcandibverse supply chain. Curre
suppliers include domestic North SextoreductBehgiumeaocdnthe Netherlands; ir
Liquid Natural Gas; and Norwegian supgpdiasdialecpeilintgsenBogly markets play
important role in deciding the most eapaocimycoarmsdipffyctenmeet demand, inclu
optimal amount of energy storagest&€mewutureeantogye syptimised across suppl
storage and production.

Finding 16

The UK currently has many diffetenagforacsosfs emergynergy systermher
form ofunabated fossil fuels. The Ukmeéllteefod tbhefSpdasepimoves to
decarbonised future, and considesttdrea de stnda@mee aftoon capacity ¢
electricity systems. On a large sckow, ciateoseftiselsadrizaskpected to
practical and cost-effective storage option.

OQUJIJPOT GPS TUPSJOH MPX DBSCPO HBT

Since biomethane and BioSNG are Mhdrgriviedilaatua dbo gsid,fureey can be stored
way as natural gas. Aspects of thisuaeeGarmv Srexdeisn Plaet 1 Next .Steps for the

Salt caverns have been manufacturiedthe &t reimyd’tihpe 1ORO0Bas a number of
naturally occurring salt fields onsh@essipeinCipaslyire! Boadbbrsetan be up

to 2000m deep and are a range ofeshmebdn-the lhKgarst 69,000 cubic metres. E»>
onshore UK salt caverns alone couilldi@mooiidéec ametmneds (.8 gms storage, enough
around 3TWh hydrogen. Proposed hleev psmtldndaavletosirhcae@ase this capacity by
magnitf]gofe.

Storing hydrogen in salt caverns ge ommdwmpeioh ffwueltrreeguared in interseasonal
Thetechnology is well understood, atydpeompaomdfos stithfarel energy storage, i
relatively cheap method of large srgylstondgl®end deass eragious different caver
and sizes, onshore hydrogen gasgawarmisalavestanofa®2+5/kWh, compared to £

18Energy Technologies IBreitgyeSwotlagieaaimd) D (20 iBYtion

18Renewable Energy Assoc(20ilos) wkthe Egue Ity ratpa aigetiue K UK: An Overview

196 adler et al (2016), H21: Leeds City Gate

19HyUnder (2013), Overviearadealtke &howlm girdefrgr diymd ogte n

19British Geological Socieltyd20s1td) ad e diertitit @ ul v wratdidabde .ak/res8aochdentetrgy/undergroundGas
19pesk-based calculationsaushnB adanea risioim: (E 0 & 6igny PRe s Ki dH nRoty &fy siyedmogen
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a lithium ion'tdoteeyer, hydrogen s low volumetric dsnthi¢ypreeds rteh reerevid hum e
to store the equivalent enélypy mbérmedhamens, or higher pressued t@averns, are
have the same energy capacity mdgegas $het dKvieas saoov. Overall storage cos:
therefore be higher than currentlyns@aillihg ehtberghamyddrogen production capa
peak demand without storage is aleolgosainsindgotlekWmpdé hydrogen storage w
require 80 GW of SMR capacity to betingoballld d,e siarhe iof suhitm drahaocehs .

between capacity of hydrogen productagre anthhlyydregtoverall cost should be

OQUJPOT GPS USBOTQPSUJOH MPX DBSCPC

Since biomethane and BioSNG arersvmdlaatorbdsgak fubkeydaean be transported
same way as natural gas. Issues reflatiomettthdahe andcBioSNG and constructin
transport network are coveredHuatCrtea bt®egy SeafethiePart 1 Next.Steps for the

Hydrogen requires very high presswrress tandeldvguefmeerand still has relatively
density compared to other fuels. Thostmaleort ovalleanfdng tdistance. Therefo
hydrogen carrier could be usedc tol warexmaompllepgdobgbis are provided below:

"NNPOJB

Ammonia has a high hydrogen dengihy (/\ﬂﬂﬁ%%}:’pbetsttmrvemli as a liquid at low «
ambient pressure and temperaturdoands bomaldiynsl "@mcteoonnes of ammonia are
per year, mostlythroughthe energyhiprec¥i¥m weber, Bmstonia can also be
produced byrenewable powered electriodgsliys.mWhelexhéesn ssveuthan the Haber p
is anticipated that this route willhmoed aofct psb ckdtengivheythrestgen as a fuel for vehi
2031(?6?I1)-|%ydrogen is recovered from ammonisaitdiypncawalicthci s eposmpmie on board a
vehi .

Ammonia is already well understoodralnsgrertisndfnasxteotsive for it in the form
shipping, tanks and pipes, and fuidhRropatentdak foetigrk s to*Be adapted for
However, ammonia is toxjtnathe fbeoosmigO@sition process if ihiis meoqubnernt clea
NQ@scrubbers of the sort used in dilkeseflitteditdesxtoadist papes. There are also
losses for transporting hydrogen idegpmemdimig,owhiolv theyhydrogen and ammo
produced. This means that ammonia iissbanhyg s utitamd e ofatioomg dt is therefore o
for how hydrogen will be importedaaor heowp dintd do gatrhewiltthbe domestically trans

.FUBM #PSPIZESJEFT

Metal borohydrides are a type of soallhedyhhdanog dnghttyadgegen densities (betwe
weight for lithium, and 10% for sodstor)e édnod caa bce s afedycle. However, more
needed to develop this option to o@ytiteilse pétacdiabhsesopteratures compatible
vehicles, and are cost &ffective overall.

'VFM UBOLT GPS MJRVFGJFE IZESPHFO

The cost of pressurising hydrogen ennhdoligeddtanklsnmakihghr a 3.5 tonne conta
liguid hydrogen might é’%%bwpvte)rﬁllhﬁs inquiry heard that pyidhe® mag-come d«

1%The Hydrogen and Fuel rGkdloR esyedarracte Mahd(20&B el hsy i nn dtdléeveKing energy
9pmperial College Londom (Red4d&nh ovt asaatgomg Elerof dnyasrge thie nisn pra ditsaa nif rcaosstrsicture
19pbid 194

199 S department of Energnodf6iidn: A mturev e m A menod nblatiem il as chy Pthoecseis® or el
199 S Geological Survey (20M8nerMitCagnemddiktedS WAmmeom e s

19Pan Wilkinson at the Hybragendelmtegra(t2@lEne@ne&n Ammonia ,

20gournal of the Americamo@lkeanpicad uRoicetird0ammbiyica using sodium amide
20ACOLA (2017), Role offetue eg g netroyya el ;mp u sttinalia s

20Energies (2015), Recent Advahgésidesttas assodifdsothitenhydrogen store

20Evidence heard from this inquiry
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2030s. This is especially being lookeahéemtabire &neag ywriel ohuigche, such as dese
wherethe low costs of hydrogen prbadcltiipunemyeikg tvherdoshile.

Findings17 & 18

17. Fundamentally, biogases and hgddogam sgaartlee sriottreed same way
undergroundreservoirs, tanks and digeldnésrim. gaseous or

18. Transporting hydrogen as a gasalpjeagestsodifberemdrting natural
carriers such as ammonia, or tramnaslpqutic ¢ dwldroegseolvessome of
methods require additional energy shoppuisssresauduberedoverthey me
for longer distances, such as thosaneguwipedt$orramyporthan what
domestic transportation.

4VvJUuBCJIJMJUZ PG UIF DVSSFOU /BUJPOBM 5SBOTNJTTJPO 4ZTUFN (

The National Transmission System (Btle®) ypseeshightpaesgsore natural gasover |
distances. There are questions ovetheNTBd0 m eydrpaseimgvill Pé cost-effective
because hydrogen can cause steelrpipesméatuncakjong ermbtures more likely. Tt
number of research projects undesafayptoresnbaddiesbfthedrogen that can be ble
natural gas in steel pipeline systetinat futthe ailsooexapieccteprojects will look at
repurpose steel pipes, potentially tlkevonghrircro@atatgesn to aléow higher levels c
hydrogen to be transported.

The cost of building a new high pressukrfetraydmigsnomasedwtimated by the Hyl
project-which proposes a hydrogeh difuBniglahed -Nt@rt:rovsesﬁl.65m?p°§r km of pip
This project proposeda 109km pipeline at acost of £178m

4VJUBCJMJUZ PG UIF DVSSFOU (BT %JTUSJCVUJPO /FUXPSL GPS I

The Gas Distribution Network (GDN) ttalmswexrpsersaiurrees goasmathe NTSto end-use
twoorders of magnitude longer thamthdeNGBN Soanex pacted to be suitable for
hydrogen. This is because the Ironrdwpaiam nRei qgk MVReRIB ctiommBRrly IMRP) is reple
of the iron pipes in the GDN which aog dreloownp dbteiblwipolhnyedhylene.

The cost of modifying the whole ofottheatGDNs balbable barhgydrogen isrelativel)
For example, the cost of retrofittiegdédaoe bistcognDiNbia with 100% hydrogen
total capital cost of £10,000°%emhikm icf teipe¢iimes cheaper than the estimated
building a new distribution neiWhohisforeaydrioygerm.gen could be injected into tt
the near future with little extra camidglbtdheam spreaitt toans taler IMRRP to maintain
infrastructure.

However, higher pressure parts of th8GDAIr--beertevaeh &xpacted to be compatik
hydrogen. New pipes wouldneed to hgdrmrodefroiniing etdtiioparft of the distribution

20Energy Technologies Incltetofeh2dd§enT her pdotrmesidt heating
20HyNet Northwest (2018), Cadent

206adler etal (2016),H21: Leeds City Gate

208peirs et al. (2017), Ahgrephiemngas grid: what are
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*NQPSUT PG IZESPHFO

It is possible the UK could impordrhpdiromaelinnfackeanAimrecent report for BEIS ¢
scenariowhere 40% of hydrogen dematidnwhs mpetrtsy ustiergr a similar shipping
infrastructure currently in placel fpdStomoeverofthatsirae and certainty of an
international market for hydrogeneidist,lanve rhhilsardquary heard that widespre
international trade of hydrogen is Wslikely before the 203

Any hydrogen transmission network theuédilseaopasmisEféctove balance betweer
production capacity, length of hydrmgé&natrdrhyd regiem stotnege capacity. Below
consideration is given to how a hydwoglerdotrdinf§erisstionydreogen production me
could function. For clarity they areapresemtredilatyt@oydiaggnsmission network -
combination of the two.

Figure 4: Hydrogen Transmission u®iamg HRyedoagengirom S

JZESPHFO QSPEVDUJPO DBQBDJDUWFZEBWE NEEBS PAHRFBEL THIFNSBBH-E BDOBED MC
DBQBDJUZ

The natural gas NTS could continuettoadarasegdhdsotdrandpmgen production facil
hydrogen production plant would teebeadateas thdTi&teafanatural gas and alow
hydrogen distribution network.

Naturalgas supply to hydrogen proda wtbpire datoilinees dowmlddtic demand. This,
with storage inpipes known as linepamrk qfcontlrchdiamid theea-day hydrogen stor
which needs to be installed.

On the other hand, hydrogen stonagelpntpamtecdveeeak wanter demand. This lin
need to build excess hydrogen produbibopemskpdeimpaha ,meheith would sit idle fe
parts of the year. However, exterstwe ydeagethastaragw hydrogen transmissi
would be required (covered below).

"OFX IZESPHFO USBOTNJTTJP DB HWPXNARFSQ X QWMQEIF P>CIBVOM £ FC b FoFH
QBSUT PG UIF (BT %JTUSJCVUJPO /FUXPSL

SMRs and ATRs will needto be situla¢edonssltatbvealyoovocse bont emissions from t
reforming process to be easily pipedTbEflshoustfolsstibeawithin range of hydrog
facilities. The resulting geographicaleaowsltr aiend dn e alnes thpdsported over a re
long distance under a high pressumer,otaatioove fidchlativessenstorage facilities anc
This means thata short hydrogen tatrasmriessamenabwoek30 bar - will probably |

20Frontier Economics for tBEYSf(atk8)o Market anldwegarlmon gas system
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Siting of hydrogen production facilihieshywdllogemeod ccarbwometdioxide is easier
cheaper to transport.

Furthermore, some new higher prewsutd hgddogembebudbkt on the GDN to move
from the hydrogen production faceliwweah a7 ppgred sliGebaf bo the hydrogen-compa
pressure distribution system below 7 bar.

Figure 5: Hydrogen Transmission Bétecgrdllydisgen from

&MFDUSPMZTIJTVTIJOHPO BOEMRGGEGETIPEEXHPE QRBOG NSPWIFEF [EMPT
IPUTQPUT

Wind turbinescanpower electrolysens twige paraiteuhyrdpogential in the UK fron
offshore wind farms. Electricity froomeofbehorrenwimdtedmeshore to electrolyse
distance cables; or it can be usaedftongerdecatel ZWyanopdfshore, pumping the h
back to shore via a hydrogen trans®0ikmi,ont meadwdrkcoweemore cost effective
hydrogen to shore - particularly if msetauh:yurlatuaa{ﬁol?geaméaﬁr.

Since wind generation is intermittiemeés asomaudblydrodghnestorage is needed for
peak demand if only hydrogen from cbfraparedwindhisd uosgen from méthane refo
Production of hydrogen from wind ppdw@caidrehdtyrowysesas expensive as that
reforming hydrogen. This is thereifloerre expa@mpdiog to tlhemduture, when costs ha
or in areas with high wind capacitppstecth lmsh@setiapdhysupgen production fro
gas.

As covered in Chapter 4, electrolyiseors pmayidisg be-ssteftlhydrogen for transpc
industry. In this scenario, electrolpseartsrancsulds sitnfegdterm but would instead
delivered straight to end-users.

209/ orld Energy Council Ne¢hhseerdaemneasr §3045H) pBeir fficgemoky
216 tatoil presentation tofBEEH®dR2017), Clean Hydrogen
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$BSCPO DBQ
TUPSBHF

FINDINGS

19. Carbon Capture and Storage (CC®)darkeynih ydrrodwea nfgolm methar
important in meeting our national andnitrstéirm attiroq all @larl nt etrm@e r a
projects for CCS with hydrogen/biagas nvolwi cdo alre simgeaitti viihe Cle
Strategy ambition of deploying CC®0at scale during the 20

20. The UK has enormous carbon dimifshe reodagaocapacityly occurr
features. There are good opportugqetodsthostakee agingntearket and
leadership position in offshore storage.

21. CCS projects are likely to requmteasdginifitwagetgeaelnnmemonstral
ground.

22. Carbon Capture and Utilisation tcaogid de poowird ec an ceeanrtliwes to deve
infrastructure but it has limited clinna¢atchlangdangt gactade arbo
potential.
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CCSis the process of capturing idesitvias sgfoctimgont, dand permanently seque
order to avoid these emissions coatrgbuting to climate ch

Figure 6: CCS Storage

Without CCS, natural gas must bethar@é(lyemengyvsgtsfﬁé}tmmg/t h@Ema .
decarbonisation routes rely on naetur@lSgimssamdetbartrefoy but CCS is particula
producing low carbon hydrogen foilohedtrole cheseredustsion of hydrogen from r
without CCS entails net greenincusgsgat rem uscstiom s .

CCS also has a wider importanceibatiomd heatCdecartter on Climate Change (
argued the UK government shouldnmaoitopkandec arbenihetion 2050°target witho
as a strategy including CCS on inctesttinllpiscemerdgrandfpfossil generation of
most cost-effective way to reduceipadisoadueneissliyoonseldf the fewyviable way
intensive industries-such as steel asd.cement-todecarbon

In order for hydrogen to deliver a mecawandsullowo n arilbbaiidbeat in the 2030s, th
heard that 1 or 2 strategic CCS trabspgaptadha csftest@geng several megatons of
dioxide per year must be in place lkelarnn@rohwet2 G20atediyrddn L CUS at scale
during the 2030s, subject to coststlgohiowedewntbafticsé of CCS is expected |
down with deployment, and early propeche rwolfl ydaosntwedearelop. Early projec:
are incentivised now can support thaeepumnbititdhiseaftcambamd storage (CCUS) at
the 2030s.

21McGlade et al. (2018) sTimetheturk role of natural ga
21€CC (2018), An indepehaamtGasswhsBtenteqfythfe oK aanBition to action
2IBEIS (2018), Clean Ghotptdh /$wivawe g g v Awla/id a b ke natthe-stf@u @ dixcations/clean-gr
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Finding 19

Carbon Capture and Storage (CC) é¢arboynih ygrrodgwean fgolm methane
important in meeting our national andnitstéirm attirog all clwal netmeeratu!
projects for CCS with hydrogen/bi®sgas nvolwi cdo alrce sSnpeotivihe Clean
ambition of deploying CCS at scale during the 2030s.

Carbon dioxide captureis already placsicadeatdntuatssalkcisacad with this are
certain. The full chain commercial traardbmpaortd boxd deoramgehosf other hand, is les
established, so costs are more enek@dorelthésenoostdedrnil below. It is import:
thatit is generally agreed that witideboosdsopedetenoeedfmay be high in early |
prices will come down as the technoloiggs ddvetapes and beogwaranteed. The cc
inacétjéon on CCS for the UK is esdrnmyatid inothe 202Dsn pising to £4-5bn per ye
20405

$BSCPO DBQUVSF UFDIOPMPHZ DPTU

Carbon capture from the productrmasgoifsnaditbade wetlely deployed, with the c
carbon utilised to supply a global mparklrednfocaltsemnn inid yecovery . Generally,
addition of CCS to an SMR plant increstse$ ahgldatadly begita®dm £8p -8 am

base SMR plant cost of £150m, ddpeapdtinrg dactthreotgge employed and the per
carbon captured. Most of this extraddafgotmdlisadbentaitdvede capture and comj
plant. Averaged across various stud3®% @€ ShmagosaddfabbliR, taking it from ai
£315/kW to £415/kW, which would be adlevéedis €od sitydfr dpdw epdn 2-5p/kWh.

$BSCPO EJPYJEF USBOTQPSU BOE TUPSBHF DPTU

Initial investment includes Frontsbgmd (EkdgiDetugeBe sites appraisal ant
development of initial transmissiemarhetstagke fiig dridge rc dsutbof initial
investment rises in line with the digpeafdshenpmojetheranide carbon storag
facility has already been appraisedebrsuggdspsesiidllisig. ntdeNed for

the carbon dioxide transport and stotteege pmbmacsdedchiydeogen distributio
system in the Northwest of Englandmdtee Cheammett erce amwdlile, suggested
cost of developing and building initialtraframisscomranorsaomraarly hydro
hub might cost £600m, including FEEt%%%mcbitefseonepot&rstdggssts £200-
300mis needed justfor site appraispbtemdi&E EBb%s iteie.s on

Costs of buildingthewhole infrase¢owsd¢tafebunld udge the transmission and
network, operating costs over omniifegior ngrabigdies assessments found
that the lifecycle cost for offshos¢otrages pdraasignificdnt carbon dioxide
volume (60-300Mt) would rang®’froim iB166ex&8ised cost of storage - exc
capture, compression and onshoredtim«idpoof£d1f2-<:1882ﬁ]m1ht®mg1re;this
inquiry heard that current estimatlesEhgrlahd €OuS3dimd&Nas low as £10 per

The UK has a large carbon dioxidewndragebdaipactoynoésarabout 30% of EU st
capacity for’ZAbmman.7 billion tonnes of this is cwlbienahydtecbnomaidyliga
reasonable. The large storage capaaitgyoond thesUtKoputtss he an early adopter of
technology, and also-given the UkerscexpeoffshoaeddeXpiemrg - offers the opport
take advantage of an emerging market in storing carbon

21A strategic approach toletelroto dapCud eS ande sany @dyferba et eC h2ahlge) Committee
21IPBEAGHG Technical Repouatiddldf SR racs-eet s amd avetha €S chant hydrogen pla
218§ peirs et al. (2017), Ahgrephiemg?as grid: what are t

2l1Cadent (2018), HyNet Nioyth-West: From Vision to Real

21€ommittee on Climate Ch(@E20yles L et Sttt &gnbeApRudaaylero Carbon Capture and
21parliamentary Advisoryogrtodpcamnb@@iS iobh6HbiCahe sWk: the critical role o
22Pgle Blue Dot (2016), ProprdskingSthat®giceCopmentDdbxide Storage Resource
22lpid 219

22ppid 219
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Figure 7: Map of Possible UKCCS Sites

Finding 20

The UK has enormous carbon dioxideoisdodagetac a@daragylgfbccurring
There are good opportunities to take rgdngnteagk edf ahdsto assume a
in offshore storage.

FZ QPMJDZ DIBMMFOHEFT

The Clean Growth Strategy sets b€ p08@ms ioCi@ UsSstteapnologies - although thi
tenth of the £1bn CCS competitioratttea® Ovla5s. clarec & bevéd rimment has also establ
CCUS Cost Challenge Taskforce totppsvi@de deeddvitmered ude the cost of deployin
The Taskforce will report in summeth@0A@8yeamdneritl SNG€WS Deployment Path\
by the end of the year.
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CCS has struggled to develop inethtenblognlisongtutbde It is difficalisto fund C
currently noprovenbusiness model éoUKulHechmiiv&Lt€ Snimestment in CCS to co
forward, appropriate financial mechlarcies misah ead tonhbléena return on investme
transport and storage, andincentivise tcRrbvmardédyxidesagpttars. Some policy

considerations which may help to defveh@epn@G8niamltanérpattucture are explored

CCS works most efficiently on a nons-varpabteeseggyecahning a pure stream of
dioxide at high pressure. Natural gatshesfocmnrdgticaams pfloveédefore, putting CC*¢
hydrogen production facility and themydrogeg thed repatitinable power stations
way to provide low carbon Flzé%(ijﬂleeetrea:rtelcUtsyi.ng hydrogen to decarbonise he:
efficient use of carbon transmisdroctanda is*rtdeamesttmrfferﬂ@@@'lhherefore,
hydrogen with CCS could provide a sonudicsp afchabldoedeccarbmity generation anc
carbon heat. This means that it makgy foerndecforrb bmésstrg heat and power and
strategy for CCStobedeveloped inone coherent plan.

Decisions on how riskin early CCSweepeptsviatalbnadapauxblie entities must be

soon as possible. The Oxburgh regomesonggastedothlat sséteup a state-owned,
Delivery Company. This would comprisd aftaapswert comipatoyrage company, wh
would underwrite the risks of buildonggte anémaistsucrtuaedtake the long termca
dioxide storage liability and provide fuBRdtimgr tormipatialpowvliédester be privatis
Another report recently set outdorClsusiapsmicases d&nd storage infrastructu
included both public and pzrzi%FhEse)vmmedsrsipNill feed into the government s CC
Deployment Pathway.

Evidence for thisreport-and on-goimmp svauc o d$fytlyygents that committing to
a hydrogen heat scenariowould prdvidenterpcalweidegpiread CCS deployment,
the construction of transport arudest&reaogeo mifesa safwsactale, when combined with
treatment oflong-term storage liabibiny, thimiefisres thiee lewst of government su
required. Long term policy certainwhaoh iscbkdegefechomghdto make CCS assets
are therefore necessary in a successful CCS roll-out.

Early projects will provide evidenae fioari ptyl ifooyrmiakleisstrgndso they should be s
order to drive the cost reductionSnatededl¢oimapkbo 03O s.

CCS projects are likely to require sdgimifittagetgeaerywmdemtoastration
ground.

CCUrefers to the capture of carbdaldioxécdesfeasmaimddutstrsubsequent use in el
recovery or in the creation of maWeriileel SC&nd cadudchicalg.to develop a market f
which may help to stimulate early aamball aapbuket itoisntbgate any significan
carbon. Furthermore, much of the ¢c¢hebatmetiplhendsaupm ilmter date. It should |
considered as a long term climate mitigation strategy.

22Equinor (2018 YpaveMatbnieeguinor.coméenhme wrsdlegalu-dtydgegenvietmsi

226 adler et al (2016), H21 Leeds City Gate Report

22Pale Blue Dot for BEISn(29ib8) aCdrdoordpi@xBdeifeassModels: summary report
22€adent (2018), HyNet Noyth-West: From Vision to Real
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8IBU VTFT BSF BWBIJMBCMF

Carbon dioxide feedstocks have anwideivagrastyp chusesating agent in drinks;
chemicals such as methanol, dimethylmhdoa¢cne; tMg@neaatdtefmineral carbonate
magnesium carbonate; and in Enhanwéder@idyReid owleirgh (EBSORifficult to extract i
by mixing with liquid carbon dioxide, afternwdiichide manofhtthre be permanently
sequestered. Despite this wide rasggekeondtucre neearefolbceomgiven to the energe
economic requirements of using catrbol, diom pda eacs ta focerdsentional feedstock
Opti02r12§EOR presents the most economical3)Cpromasing bpeiorused commerciall
40 years in onshore oil reserves iy cloeanth@r©aét SMRheiom CCS plants, in Tex
captured carboA%im Eh@RUK, oil exploitation is mainlyORfebhste wwihibh means E
substantially higher thanin the US. Rusrihesmdue,| EQR ontatas; robust regula
would be needed to ensure ,itlsdonriess rmem@sE® fuse of additional oil to make if
from a climate mitigation perspective.

J)PX NVDI DBO XF SFVTF

The quantity of carbon which needsheoslysteem oy edutriomigher than any carbor
market can dfEswide.nce for this report put globalrhmarkid b diem antd 1fo0-280 Mt pe
year, two orders of magnitude®pssdiheed time 206LGtglobally. It is therefore hig
that CCU will provide more than 1% effftdrasglobaletweigmat4e8% if global scalec
includd€CS, on the other hand, was estipmtde40% «fo hheibwitégation effort. CC
therefore, will only provide a niche olpaiogeimiftigatéoalimate

)PX HSFFO JT JU

The environmental impact of CCU dimmgendsdohowhRorittksamele, utilising carbo
for production of DMC can reduce theigll qlcaV m)abmia g3 ptotneerst compared to the
conventional process; while EOR hashanGrwWlR 2sih ¢i masblomw eiotxide to the
atmospH&®en average, CCS reduces the globabwasseingnpocethtaal @CP. This is
partially because the carbon in p€Cddwees ccfteatéldeiramtCrned to the system af
anyway -and partially because usingasapgtulredovarhblnediciency of processes.
while CCU could be considered to ingeofiCiG8 ihéraesatrlycbwiédint should not be
considered as a long term climatetebprnge mitigation stra

Finding 22

Carbon Capture and Utilisation couddepoowirdec an ceartliwettoogdevelop
infrastructure but it has limited clinna¢atchlangdamgte gactadem parbon s
potential.

223ournal of CO2 Utilisattiona@2046y, udalibani ocabypgicsha,nbo goensp aricm hinddlltdmipalifte cycle environme
22MIT (2016), Port Arthuraptwrte Sahreck tS t 6 rear i b P jdeks H. gAu@esit mebtlio re.tmritth e d.h/ttronbls/projects/port_a
22Parliamentary Advisory @sb u coar bO@ 8s 42i0In6 JhICAhe sW kc: the critical role o

23Carbon Brief Anditysid/vawvwilcarikeoabriefs sir@r a hsad y-stic—rg beb & b poerdyeeamri-iml-2t@hu-following-thre
23Nature Climate Changetigadilvg,cTimeateleham @€ U in mi

233ournal of CO2 UtilisatooagE @hi) uCidrdati onbypicshea,n Ho g bsp ear icoihi adllithmgralife cycle environmen
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BSLFUT GPS
HB T

FINDINGS

23. The UK is well-placed to be a @lvgalsksgdeirthnekatwnsave experti
this area to date.

24. Low carbon gases will need someadly peco mimseup polrmbaurity. Ther:
potential mechanisms that could beegaedlesspodwithécbthinsedhanisr
launching demonstration projects ang fdavwed wpirkgthat ematihliimcen:
carbon gas use and rewards its pramtuchignowildgba nmapd&ett for lov

25. If the government seeks to furomegake aslapdlooardaornisation rout
made on whether to only support lopr cchubbbio nmfeomo dbeofoutset, o
pragmatic reasons, the governmenthimgpgét craithaldMypsagpotion roul
projects.

.BSLFU GPS MPX DBSCPO CJPHBTFT

Methane is already a traded commosdeéty SucthadJKiosvebh@amae and BioSNG alre
potential domestic market, most obwidastllyetlgmsughidnjleecnviocarbon methane is
more expensive than natural gas,samcéuhsidyorebliggptioem or incentive to allov
compete. Some of these policy leverstairleletptooadinnthmereedtion and in Chap
2. In areas where low carbon biomevbamidhiccose rctoorpedtiuels, there has alre
growth: for example, sites dispensiad hawucalbgas contpEé/ssshave seen deman
from 2017 to 2018, and has resultiesksiiona &4€% pdarogpd iho etin e equivaf?ént diesel

.BSLFUT GPS MPX DBSCPO IZESPHFO

The future demand for hydrogen depiededsaobomosatiidhepathways are develope
as assumptions around efficiency glaresl wmatdooveHailed/emaint is clear from esti
the literature (see Table 8) thatnasedutWhofsbydralgéon may be needed if hyc
adopted as the energy vector of cdwrodctransipoth. heating

23Element Energy for Cadmretn{2dfl7He | bdep Eins eortpsagipdigsmgtgasidoalrorach smeission system
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Table 8: Future Hydrogen Demand, fr&nmu8edsected UK-wide

Description of 2050 Scenario TWh

30% of total gas demand met by hy 154TW Frontier Economics/C
Regional, Future Reg
the gas grid , 2016

38% of industrial demand, 94% of 176TW Aqua Consultants, Li
commercial heating and 60% of cal Manchester Hub , 201
hydrogen by 2050

75% of total gas demand met by hy 587TW Frontier Economics/C
253 cities converted to hydrogen National, Future reg
the gas grid , 2016

62% of homes, 32% of industry, 56 700TW Clean Growth Strateg
public sector heated by hydrogandt Hydrogen, 2017
vans fuelled by hydrogen

On an international scale, at the hhyidhoged o6 wEdtimaateeshe potential to meet 1
world senergy demdhwhigh2@bbresponds to over 55,000 TWh per year.

Hydrogen is already a large marketySvialine @ 0alt7 £drid foid kioamst to grow to £154
by ZOfoHydrogen is mainly used in the chesnacgftsvsien@t carp pd uctaitidn in the dome
sector: Japan in particular is stiBdn@Oid hloimesrdae,anecidhby a fuel cell in 2017,

for 40,000 hydrogen fuel ceff®ethicN@sway2886.Australia are looking to expor
produced by electrolysisto Asia, expdoéting ndreewabte ealéyfidxtesources.

The UK may import hydrogen as itAdoecefor repioutafogaBEIS set dotia hydroge
which the UK imports 40% of its hryatiogan fridiioest 8 vierte an international marke
for hydrogen is still difficult to preaidtfhartdwildiess prgadynternational trade of
is unlikely before the 2030s. Neverltikelisssyrgéewndhy thaglobal leader in hydroge
production, with many firms experienreegke hnaifmovaniemgynvieygdor, there is sign
potential for the UK to export skilds]okgy wi ethg@echmanteydrogen m¥rket in the

The UK is well-placed to be a glolmalskesadwerthinebownsaveoaxpertise i
area to date.

23Hydrogen Council (201Thwhaydoaga gl @abaludtraimsabilenpa

23k EA Hydrogen (2017), Ghylhabgeends and Outlooks for

23Mydrogen and Fuel Cell &feslgdroly ehusbn §20ule?)c&he inléuture energy systems
23Energy Research Partnersyhdpo@gz®hlbn) ,thet&iktiahdrgle sofstem

23Frontier Economics (2@In8gw drkisk édram done goeldBBh$gfas system: a report for
23ppid 236
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1PMJDZ PQUJPOT JO EFWHMPQJOH B NBSLI

Without an effectivecarbon price onagapouse iowhecairiaon gases will generally
compete with fossil fuel cost-wise.olpitecesafer shownthergofvernment can inter
wishesto support the production afmioaricard om Tabbks9 below.

Table 9: Policy Mechanisms to FatolLt@awe CaaMram sGtasas

Policy ley Explanation

Obligatio The Government has successfully impsdsyg dnotthlégaaistntso |
positive environmental outcomes. @hiby hastheeheunsadly
Obligation, where electricity suppli@rs aveeetabligedpax
electricity from renewable sources raamd potrt eF Reln ©w bilyls
suppliersareobliged to provide a e®drtaom peneEoriivle ¢b

Taxes an The Government can use taxation tagenbebvageuss,dana
Contracts enter into direct contracts with kesinedsestdo naed.i elei s
used recently in Contract for Differenwcmra gee ¢ha nds msstrtw
carbon electricity generation; andpponh® CarboismRyiwdi
effectively taxes fossil fuel use for electricity generati;

Incentive The Government can make availableppaptitico Bunsimess na
individuals to incentivise the adoptecrhrodlogie,s s psocias
behaviours. This has been used regcewéyen hFoeseed wiint HT a ¢
energy generationtechnologies are reevdh;rendl plee [Rrein een
Incentive, where those who install emseavzbie wheeraltd d gf &
heat they generate.

Grants ar Government can also award a partieuwlaadus age od nrd ocheewe

Funds low carbon processes and technologmelsD dvéhopmBestear
commercialisation. This has been exneab e demdigyinnmev
and the Hydrogen Supply Competition.

Regulatio Regulation and legislation can be usad te adritoe vehgngfd
and changes in environmental performancEleBxamiplAdstinge!|l
legislatio banned the use of coal for heatinig ithea raihnearP liss begl

which has made it compulsory to hanse highly efficient |

All low carbon gases willrequire sometdorenobmgdvecompete with fossil fuels,
is a particular issue with incentivisisignte dtomgemn ptradirceirotly be used directl
grid or in industryin the same way thdMGhciam el sorel eantdo Blie®loy hydrogen pro
in the UK it will be necessary to dweseldpis maquertesobutkding up levels of bo
demand of hydrogen. There are vanbdushptlae tgoale orpmiemtscould take to do thi
are summarised below. Whichever theagoerabhegtncdrkesefsamework that bott
incentivises the use of low carbmoglaictaod walwabre simtsortant.



Future Gas Series Part 3aBhé&Prod

Figure 8: Practical Routes to Deveedep MaDketestic Hydr

4VQQMZ IZESPHFO JOUP HBT TVQQMJFE UP JOEVTUSZ

Supplying energy intensive industriesl-aodhghssshmealkicred - with sustainable hy
lowers their carbon emissions. Modaldirod 60gh@8% hidtoagdheto industriesin -
Manchester and Liverpool region woalldobbasy e fr elart nwealyi osmaf furnaces or boil
£7.8mper indudtfial site.

6TF IZESPHFO UP HFOFSBUF EJTQBUDIBCMF DMFBO QPXFS

Electricity from a hydrogen turbineltiecukdedeficetry disypialtece for this report h
hydrogen electricity could be deliverbdvat ahersdeilbelpmce9for Hinckley Point
plant, although this is not yet confutimadfrdiydnegleangroefiorming could also m
efficient use of CCS infrastructinrge Clhambiened rCcgspen@las Turbine.

#MFOE IZESPHFO JOUP HBAPBVIFGMJIFE UP EPNFTUJD IPNFT

Research is currently trailing wheféewo iblisntebgdblegamdnst® the current distri
system by up to 20% by volume (By%dbmemtécgamdocsmprper%?ﬁhcputxpdehiises.
work prove conclusive, this could prooptaomsedudehaebop sa hydrogen market. T
currentlyno incentive for the use of hydrogen in heat.

6TF IZESPHFO GVFMMFE WFIJDMFT JO GMFFUT

Hydrogen fuel buses are already epeEatiopge, vaind 8l eatsron London and Aberde
out other public sector fleets of hddrggeniselsiches| bnwedes and police cars -c
practical way to build up a baselineTdhésnaond|fofuhyldeo denexpanded to the fle
private companies, which may inclh@& dleets of vans and

24Cadent (2018), HyNet Ngrthwest: from vision to real
24HyDeploy (2018), Ab oluttt sy Diehyldeyp lowa cl@.hulle/ alto u t/
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Finding 24

Low carbon gases will need someadlpeo mimeup polrmectureity. There is
mechanisms that could be used to podwdtechhinse chagasthidsschosen,
demonstration projects and developbryg amaéeraolihngcfeatmevses low ¢
rewards its production will be importdnt 0wy roavbog agasarke

Low carbon gases can only be suskaimalll e@rid dhetiferedsedbhods are sustainable
to certify the origins of low carbdhigasgairesmpattambust methodelogies to r
carbon intensity of these gases amen@dtabrhichiskt et ardyosns all sectors. Biogas«
have a certification sch'@whélénaheEUKwide pr02j4§h:as Cectifidly, launched the firs
green hydrogen guarantee of origimnsss selhreape .for use ac

This raises a wider point. If furthea poticieagaréhenprcdaddction of low carbon
decision will need to be made on hee lkorew caghomedhteosdedsom the outset. Th
be reasons for providing initial polgay pupdaocte doiffioamsagfthat has minimal c:
benefit, such asin expectation ofocagkobecagptaddeandtsa later date. However
runs the risk of providing suppom foarcbhuppogiedywhdcbdemake minimal or no cc
to the UK s climate change objectives.

Finding 25

If the government seeks to furthegake aslapdlooa rdeorbicmtion route, a
made on whether to only support lopwccuboo nmfeoho dseofoutset, or w
pragmatic reasons, the governmenthmghgét craitbhaldypsagpotiton routes

246reen Gas Certification Gemtéfmea {2l &) bifgre e/ Wvavenn| &boze ragas.org. uk/
24€ertifhy (2018), The 1st GrigensHarder oge hh & utaatgind vesveod nc e\ efil g bd @ / aesvhy drvwgretrs/d 62rahee dsofgr
origins-are-on-the-market.html
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FUIPEPMPHZ |
SPVOQ

Carbon Connect carried out this ingrRidy7beertvdenadNd¥EednbEvidence was gather
series of evidence gathering sessiops held aedwApanlRO@d8mimterviews, written
submissions, desk-based researclkernngi Grotu pr @i exyrestts. The views inthis r
those of the authors. Whilst they Ssteeainmgfa@ noaib beyn dhlested contributors, the
necessarily reflect the opinions of thnésetimdividuals and orga

"VUIPST

Mitya Pearson Carbon Connect
Thomas Evans Carbon Connect
Antonia Sheedy Carbon Connect
Joseph James Carbon Connect
Joanna Furtado Carbon Connect

With many thak&ightMacliwédanacted as special advisor to this inquiry.

$IBIST

James Heappey MP

Dr Alan Whitehead MP

Alistair Carmichael MP

A4UFFSJOH (SPVQ

lan McCluskey Institute of Gas Engineers and Managers

Keith Owen Northern Gas Network

Stuart Easterbrook Cadent
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Nicola Pitts National Grid

Jenni McDonnell Knowledge Transfer Network

Mike Foster Energy and Utilities Alliance
Matthew Knight Siemens

Neil Schofield Worcester Bosch

Tony Dicicco Energy Systems Catapult

Keith Maclean Providence Policy

Henrik Andersen Equinor

David Joffe Committee on Climate Change

Nilay Shah Imperial College London

Jamie Speirs Sustainable Gas Institute

Jo Howes E4Tech

Emma Watt Aberdeen City Council

Thom Koller Anaerobic Digestion and Bioresources Associ
Ollie More Anaerobic Digestion and Bioresources Assoc
Stuart Graham Air Products

Vince White Air Products

Andrew Cornell Advanced Plasma Power

Jeff Woollatt BOC Group

Philip Sargent Cambridge Energy Forum

Nikki Brain Carbon Capture and Storage Association
Luke Warren Carbon Capture and Storage Association
John Baldwin CNG Services

Andrew McKenzie Commercial

Jo Howes E4Tech
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Element Energy

Hannah Evans

Energy Technologies Institute

Geraint Evans

Energy Technologies Institute

Libby Peake

Green Alliance

Oliver Schmidt

Imperial College London

Nilay Shah

Imperial College London

Jamie Speirs

Imperial College London

Hywel Lloyd

Institute for Public Policy Research

Marcus Newborough

ITM Power

Sam French

Johnson Matthey

Peter Clark

Knowledge Transfer Network

Robyn Jenkins National Grid
Emily Leadbetter National Grid
Nicola Pitts National Grid
Dipali Raniga National Grid

Dan Sadler

Northern Gas Network

Sam Gomersall

Pale Blue Dot Energy

Gareth Davies

Poyry Management Consulting

Phil Hare

Poyry Management Consulting

Lauma Kazusa

Poyry Management Consulting

Chris Manson-Whittor

Progressive Energy

Various Contributors

Scottish Carbon Capture and Storage

Nigel Holmes

Scottish Hydrogen and Fuel Cell Association

Nigel Brandon Sustainable Gas Institute
Matthew Knight Siemens
lan Wilkinson Siemens
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Henrik Andersen Equinor

Paul Dodds University College London

Corin Taylor United Kingdom Onshore Oil and Gas
Stuart Gilfillan University of Edinburgh

Richard Lowes University of Exeter

Margaret Bates University of Northampton

"CPVU $BSCPO

Carbon Connect is the independenmhatroesskp aotynffmruumand guide a low carbo
transformation underpinned by sustainable energy

In 2009 the Rt Hon Ed Miliband MRtetlien Ereecrretaagdo€ISmate Change, delive!
keynote address at the Westminsternlaatn cirodeCtarebrorC &rbon Connect has bee
forefront of policy debate, parliamd nesreaeanlyeglamecdhteasustainable energy.

Over a number of years, Carbon Connieatllledsplouifolip ah parliamentary round
conferences, detailed policy briefilhgspordshighiy hespeeetan achieved by draw
expertise of Carbon Connect membevsdantdamgoerkdhgavithmaentarians, civil ser)
business leaders and experts who gisve thesu pimoetaoudr exgrekr.

Carbon Connect s main activities cwsspo s é eftaceld hatnrdg dtirsyc academia and po
on low carbon energy and producidgbriefomgs rieselairclarea. We do this by:

Holding regular events and seminars in Parliament

Producing concise briefing paperschmamregepgianpd climate

Publishing research reports with ewvidanioash dcrepalecopmakers
Disseminating updates to parliamentawnidhssamdnaviresmn@mhlbetsyant storie
industry news, and other political developments

"CPVU 1PMJDZ $POOFDU

Policy Connect is a cross-party thiekstldmksirhpriovMilmug@meag policy. We collab«
Government and Parliament, througésotthre AFUBDGi€, pmidvator and third sectors t¢
our policy ideas. We work in health;tedutechom|&gski&lsnnadasion, and sustail

policy.

"DLOPXMFEHFNFOUT

Carbon Connect would like to thankard tihaseidugasniwhoidrasre contributed to
inquiry.
With special thanks to: Louise Younwnidhdr&rsirMjpanadeCommlicy Connect), Oo

Muirhead CBE (Business Adviser, Pokicogh (élreraalc b)f, £ atairealdality and Chief O
Officer, Policy Connect) and Jonatha,nP®Hiecy @omieécExecuti
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