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Introduction

Given a clearer picture of the consequencesglimate change ambitions i
certainlyin the UK - areshifting towardsthe goal of limiting globalwarmingto
1.5 °C abovepre-industriallevels,ratherthan2 °C. This goal dictatesa global
transitionto netzeroenergyrelatedCO, emissiondy 2050atthe latest

Achieving this goal will be challenging Current methods for the
decarbonisationf energyi increasedenergyefficiency, switchingto electricity
from renewable energy sources rather than fossil fuels, and increased
electrificationi can,by wide agreementonly takeus sofar. In addition,these
methodgresensignificantchallengesn theirwider adoption

In this report,we introducehow hydrogeni a clean,versatileandabundantlementcurrentlyusedmostlyin the productionof chemicals
could help obviateor overcomesomeof thesechallenges Hydrogencould do this by expandinginto a role asa complementargnergy
carrieralongsidezerccarbonelectricity.

In this role, hydrogenproducedfrom renewableand carborabatedfossil fuel sourcescould help decarbonisecertain enduse sectors,
particularlythoselesssuitedto full decarbonisatiomith electricity, suchastransportheavyindustryandheatfor buildings It couldalso
helpwith the decarbonisationf theelectricitysupply,in partby enablingtheintegrationof highlevelsof renewableenergy

Much of thetechnologyneededo makethis vision a reality existstoday,but canit be scaledeconomicallyfromt o d algmbrstratiomnd
earlycommercialventureso massmarketacceptancegr aretherefundamentalssueghatwill limit its uptake? Frankly,no oneknowsif
hydrogenwill becomea 6 c e npti rl afl aur decarbonisatiorefforts, providing 18% of final energydemandglobally by 205Q with
associatedevenuepotential of $2.5 trillion a year, as suggestedy the Hydrogen Council, a prominenthydrogenadvocacygroup
Regardlesgjiventhis potential investorsneedto be awareof hydrogen This reportprovidesa high-level overviewof thetopic.
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E. 6 Hy d r foogn ®&enewablePower TechnologyOutlook
for the Energy T r a n s ildtarnatioril, Renewable
EnergyAgency(IRENA), 2018

https//www.irenaorg/-
/media/Files/IRENA/Agency/Publicatioc?®18Sep/IRENA H

Note on References ydrogen from renewable pow@018pdf
Referencesisedmorethanoncearelisted below andaredenotedn the main text F. 0T FuelCellindustyR e v | B4Weh,2018

with a superscriptletter of the alphabet Referenceaisedonce are listed as a http://www.fuelcellindustryreviewcom/
footnoteon the pageandaredenotedwith asuperscripnumber

G. 6 Hy d r o-g &racking Clean Energy Pr ogr ess 6,

Repeatedeferences InternationaEnergyAgency(IEA), accesseduly 2019
A. 6 Hy d rimaj-@wCarbonE ¢ o n oQosrditieeon ClimateChange2018 https//www.ieaorg/tcep/energyintegration/hydrogen/
https//www.thecccorg.uk/wp-content/upload201811/Hydrogenin-a-low- H. 6 F u tEnergyS ¢ e n aNatiooadGdid, 2019
carboneconomypdf http://fesnationalgridcom/medial 409fes-2019pdf

B. 6 Hy d r 8@lmqaUp: A SustainablePathway for the Global Energy
Tr an s Hydrogen€duncil,2017.

http://hydrogencouncitom/wp-content/uploadg01711/HydrogenrScaling
up HydrogerCouncil 2017.compresseddf

C. 6 B1Northof E n g | eepod,tbeH21team,2018
https//www.northerngasnetworkso.uk/h21-noe/H21-NoE-26Nov18-v1.0.pdf

D. 6 T e ¢ h nRoadmapy Hydrogen and Fuel C e | lingei@ational Energy
Agency(lEA), 2015

https//www.ieaorg/publications/freepublications/publication/TechnologyRoadmap
HydrogenandFuelCelisdf
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http://www.fuelcellindustryreview.com/
https://www.iea.org/tcep/energyintegration/hydrogen/
http://fes.nationalgrid.com/media/1409/fes-2019.pdf
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Why Hydrogen?

The Need

To limit global warming to 1.5 °C above gradustrial levels, or at least to have a good chance of achieving this, requirzesmnenergyelated CO2
emissions by 2050, globally.

This requirement dictates the complete replacement of fossil fuels witlsadron alternatives, or, where not feasible, tleeaisarbon capture to achieve-net

zero CQ emissions overall, withtheG@ i t her being stored or r e u€fabbn apirenUdsage and $tdrage).eThisr r ed t
transition must not only happen, but do so rapidly and economically, while retaining the reliability and convenien¢éusHossed energy provision.

Otherwise people, given a choice, will not switch.

Current Decarbonisation Methods

There are several complementary methods for displacing or replacing fossil
fuels, some more established, some less so, but with considerable potential
for future application. Hydrogen fits into this latter category. Recent
progress towards decarbonisation has largely been made by a combination
of:

A Switching electricity generation from fossil fuels to learbon primary
energy sourcek nuclear and renewables (solar, wind, hydro, etc.).

A Electrification of eneuses previously relying on direct fossil fuel use,
e.g. the use of electrical heat pumps instead of natural gas for heating
buildings.

A Improved energy efficiency.

VAGERIAET. DRGUE,
HRTERRELD W

ALU VAL VRS XN



Limitations and Challenges

There appears to be a broad consensus that extended
use of these methods can take us a large part of the
way towards full decarbonisation of the energy
system, though there is a wide range of opinions on
exactly how far. Implicit in this view is a scepticism
that these methods can take us all the way. Such
scepticism seems justified as the extended use of
these methods comes with serious challenges, likely
to limit their use:

A Improving energy efficiency has technical limits.
Sooner or later you run up against the
fundamental laws of physics, preventing further
progress. In some areas, the doanging fruit of
efficiency have arguably already been developed,
if not fully rolled out, e.g. LED lighting.

A Attempts to reduce energy demand through
efficiency improvements are likely to be
overwhelmed as the world population swells and
becomes ever more poweungry. Even
factoring in forecast energy efficiency
improvements, global primary energy demand is
forecast to grow 10% by 2030

11EA (2017): Energy Technology Perspectives 2017

2 https://www.businessgreen.com/bg/news/3077640/regiod-andsolarto-deliver

half-the-worlds-powerby-2050
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A Electrification has barely begun in several significant sectors, such as transport and

heat for buildings. As these electrify, global electricity demand is forecast to
increase 62 per cent by 2050In the UK, a full electrification pathway could lead

to an increase in peak electricity demand of up to four or five times by*2050
along with significant seasonal peak demand variation due to the electrification of
heating. This implies the need to increase electricity generation capacity multiple
times ovefi much of which would only be used for part of the yeand to

upgrade electricity transmission infrastructure to cope, both inefficient and hugely
expensive prospects.

As well as these electricity system considerations, electrification of certaimsend
applications may be technically difficult, disruptive and/or expensive. We unpack
this sentence throughout this report.

Wind and solar are on track to provide nearly half of grid power globally by mid
century?. Without use in combination with suitable storage (or other flexibility),

such variable renewables sometimes produce excess electricity, and at others, not
enough. The higher the penetration of
problemé, and the greater the chall enge
Note that there is a seasonal component to this problem, with renewable generation
often highest across a year when demand is lowest and vice versa (compounding

the difficulties of supplying enough electricity in the event of the widescale
electrification of heating). Separately, renewables generate where the conditions

are appropriate, and not necessarily where this electricity has most value.


https://www.businessgreen.com/bg/news/3077640/report-wind-and-solar-to-deliver-half-the-worlds-power-by-2050
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Fortunately, there are additional methods we can turn to for deep

decarbonisation of the energy system. These include the use of
biofuels- fuels derived from organic materialCCUS, and the use

of hydrogen. Hydrogen Basics

Fundamentally, hydrogen provides an alternative way of transferring Hydrogen is the lightest element and the third most abundant element on the
energy from primary energy sources to-eisérs in a convenient Earth's surface. Under ordinary conditions, it exists as the colourless and
form. This is what electricity does. Hydrogen and electricity are odourless gas H Unfortunately, it does not exist in significant quantities in
often both | abelled as 06ener gy c ¢ thisform, soenergy must be expended to extract it from abundant hydroger t
their basic use and similarity. Neither are primary energy sources, containing compounds such as water and fossil fuels. Currently, it is produced
but both are O6producedd fr om t he almostentiely from fossil fuels, and its main use is in the chemical and
energy content. Both can be produced from either fossil or petrochemical industries, rather than the energy system.

renewable energy sources, and both can be converted into the other,

seeFigure 1

Before we describe how hydrogen might help with the issues
identified in the previous section, we first review its basic properties,
including the fundamental advantage it has over electricity as an
energy carrier it can be stored at scale and over long periods.

End-use

Fossil Fuels : >

—* Hydrogen —-

Renewable y T i

Energy ™ Electricity —-

Figure 1I Hydrogen and electricity as similar and
interconvertible energy carriers
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Current Productiorf

Methods for producing hydrogen have been known for more than 200 years, Global production
though industrial largscale production did not start till after World War 1. 60 Mt ﬂ

Today, global annual hydrogen production is ~60 Mt, roughly equivalent to

1.5% of world primary energy supply, with an estimated value of $115 Hillion
96% of this hydrogen originates from fossil fuel souiicé®m the reforming of
natural gas and oil, or the gasification of coal,Sgere 2. The remainder

originates from electrolysis, which involves using an electrical current to
separate the elements in a compound. Electrolysis is explained in more detail in

the | aterCaebbhohydtogen Productiong. [Mhaturalcas

MW oi1
Most of hydrogen is today generated an Mcoal sites as 0
hydrogeno. I'n the EU, mor ethrtdisan 60 % o0 M Electrolysis e, one
supplied from byproduct sources, and less than 10% of the market is met by _ . _
merchant hydroge®. UK production is from 15 sites, with half a-pyoductA. Figure 2 Global hydrogen productidh
Global hydrogen
demand 60 Mt ﬂ CurrentUse
Hydrogends main use is in the chemioc

building block in the creation of important compounds, most commonly
ammonia and methanol, seigure 3 Ammonia is mostly used in the
production of fertilisers, whilst methanol is largely used as a precursor to
other commodity chemicals, such as formaldehyde.

M Armonia Another significant use of hydrogen is in refineries, where it is used to

M Methanol crack longer chain hydrocarbons into shorter ones, and the

W Refineries desulphurisation of road transport fuels. Hydrogen is also used in a range
M Other

of other industries such as iron and steel, glass, electronics and food

roduction. Use as a rocket fuel is a minor use.
Figure 3i Global hydrogen demarfd P



Fundamental Properties of Hydrogen for Decarbonisation

Hydrogends potenti al use for
built on the following key points:

Given the abundance of hydrogeontaining compounds, hydrogen is not
resourceconstrained in its production, unlike some other decarbonisation
optionsi biofuels, for example.

Technologies exist, and others are in the process of development, for hydrogen

to be produced in a range of loand zerecarbon ways, most importantly:

A Electricity can be converted flexibly to hydrogen using water electrolysis,
the splitting of water into hydrogen and oxygen using a direct current. If
the electricity comes entirely from zecarbon sources, then the hydrogen
produced is likewise zercarbon.

A Although not yet common, existing fossil fuel based production methods
could be decarbonised to a large extent using CCUS.

We explore
Carbon Hydrogen

hydr ogen
Producti ono.

As well as being used as a building block in the creation of cheridals
main current usehydrogen can also be employed in two other ways, neither

of which produce greenhouse gas emissions, or any other pollutants created by

the combustion of fossil fuels (or only trace amounts):

A Hydrogen can be combusted, acting as a direct replacement for fossil fuels,
most naturally natural gas, to which it is similar in many regards.
Combustion may, however, lead to trace nitrous oxide J¥@issions,
which are a harmful pollutant.

A Hydrogen can be efficiently converted to electricity in a fuel cell. The only
by-products of this process are water and heat. This is the reverse process
to the electrolysis of water.
to Fuel Cell sd, two pages ahead.

deep de

production in mo

For
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Hydrogen, like natural gas, is a readily storable and transportable fuel: e m

A Hydrogen can be stored and transported as & igmsatural state under
ordinary condition$ or a cryogenic liquid. Alternatively, it can be
stored and transported as part of a hydregmrtaining compound such
as gaseous methane (gHiquid ammonia (NH), or other more
experimental compounds including Liquid Organic Hydrogen Carriers,
solid metal hydrides and graphene.

A Hydrogen and related compounds can be flexibly transported by
vehicle, or, in gaseous form, by pipeline, including potentially through
existing natural gas pipelines.

A Unlike electricity, hydrogen can be practically stored in large volumes,
for long periods of time (seasons). Storage options include in pipelines,
tanks and manmade or natural underground spaces, such as salt caverns

A In transport applications, hydrogen plus related equipment has a hig er
energy density than todayds ba £ d
per kgB).

Hydrogen has similar, though not identical, safety characteristics to natural

gas:

A Being a smaller molecule, hydrogen may leak more easily, and can
ignite at higher concentrations and with the input of less energy than
natural gas.

A Hydrogen produces a colourless and odourless flame, and burns with
lower radiant heat than natural gas. For detection purposes, it may
require the addition of a colourant and odourant.

According to the Committee on Clim
of these or other characteristics makes hydrogen inherently less safe than o
natural gas, if appropriate safety protocols are follofved
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Economicof Hydrogenfor Decarbonisation

Despiteits promisingcharacteristicsh y d r o ys&mthie energysystemis
yet to takeoff to any meaningfulextent,largely dueto a lack of economic
competitiveness,rather than a lack of technical capability On a
fundamentalevel thereasondor thisinclude

Hydrogenis generallya less efficient way of transferringenergyto end
usersthanstraightelectrification Thisis dueto additionalconversiorsteps,
andthe inefficienciesof thosesteps This implies the needfor significantly
more energyto provide the identical enduse, impacting costs In more
detait

A As Figure1 suggeststhereare no establishedefficient waysof going directly from zerocarbonenergyto hydrogen Thereforezerocarbonhydrogen
mustbe producedndirectly via electrolysis Thisleadsto anenergylossin theregionof 35% (dependenvntheelectrolyser)

A Minor energylossesmayalsooccurin distributingthe hydrogenfrom whereit is producedo whereit is consumed If the hydrogenis convertednto
anotherform (e.g. ammonia)this energylossis likely to begreater

A Additional inefficienciesarisein theendusei beit in aboiler, turbine,fuel cell, etc Notethatin certainendusesit is possibleto useelectricity much
moreefficiently thanhydrogen For exampleaswe coverlater,electricheatpumpsaremultiple timesmoreefficientthanhydrogenboilers

Combined,t is oftenmuchmoreefficient to usezeracarbonelectricity directly, ratherthanusinghydrogenproducedrom zerccarbonelectricity, or any
otherway. We expandonthisin latersections

As well astheseefficiency considerationsg impacting operationalcostsi there are also the capital costsof the hydrogeninfrastructureand enduse
appliancego consider Althoughthe costsof someenduseappliancesnay be significantly lower thanlow-carbonalternativesvhich useelectricity, the

costsof building the hydrogenproduction,storageand distributioninfrastructurewill be considerable This is quantifiedin the later section6 Hy d r o g e n
F o r e.cTaalimited extent,electrificationcanproceedsimply usingexistinginfrastructure

Onamorenichetechnicalpoint, in transportapplicationsthe energydensityof hydrogensystemss lower thanthatof incumbenffossil fuel systems This
presentghallengesn displacingthe useof fossil fuels (thoughaswe statedabove hydrogensystemshavebetterenergydensitythancurrentbatteries)
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An Introduction to FuelCells In comparisonto batteries, fuel cells can achieve their
highest efficiencies under transient cycles, such as in

A fuel cell is a devicethat convertschemicalenergyto electricity, much transport applications,discussedin detail later. In non

like a batterydoes Unlike a battery, a fuel cell is suppliedwith an transport applications, fuel cells are used to provide

externalsupplyof fuel andcanthereforerun indefinitely if the fuel supply uninterruptible and backup power for locations such as

remains- thereis no needto 6 r e ¢ haduelgeadl.6A variety of input datacentresind telecomtowers,to supplyoff-grid powerin

fuels are used,including hydrogen,naturalgasand liquid fuels suchas isolatedregionsor islands,and for CHP (CombinedHeat

methanolor diesel A supply of oxygen,usually from the air, is also andPower)systemswhich arevery efficient

required With hydrogenasthefuel, the only exhausis watervapourand

heat Fuelcellsareusedbecauséheyarea fundamentallymoreefficient Electric current

way (up to 70% HHV (Higher HeatingValue)P) of convertinghydrogen =>

to electricitythancombustiorbasedlternatives Fuel in e ‘ Air in

Figure4 showsatypical fuel cell, which works asfollows: attheanodea = f = <=

catalystoxidizesthe fuel, turning it into a positively chargedion and a ] e ', [

negativelychargedelectron The electrolyteis a substancespecifically f e

designedsoions canpassthroughit, but the electronscannot Thefreed H*

electronstravel througha wire creatingthe direct electric current The Hi <

ions travel through the electrolyte to the cathode On reachingthe H* _:2 U g

cathode the ions are reunitedwith the electronsand the two reactwith Ercoss o> airn\t‘\:er

oxygento createwaterandheat fuel out H:O| and heat

A single cell, suchasthat shownin Figure 4, doesnot producemuch <= 'fi

power. A moreusefulfuel cell 6 u nis build from a stackof individual 7 | \C thod

cells Fuel cell units cantypically provide power from 1W to multiple Ancde Electrolyte

MW, andcanthereforebeusedin awide rangeof applications
Figure 4i A generic fuel cell?

3 https://commons.wikimedia.org/w/index.php?curid=42838482



https://commons.wikimedia.org/w/index.php?curid=42838482
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Introduction to FuelCellscont.

Fuel cells employ an assortmenbf electrolytes,catalystsand
temperaturesand are usually categorisedy their electrolyte,
seeherefor moredetail While ProtonExchangeMembrane
(PEM) fuel cellsi the most suitableoption for FCEVs- and
alkaline fuel cells operateat low temperaturespthersoperate
at higher temperaturesof up to 600C, making them more
suitablefor CHP applications The higherthe temperaturethe
bettertheefficiencyat otherwisesimilar parameters

In almostall casesfuel cell manufacturerequiresexpensive
electrolytes, precious metal catalysts and high process
temperatures Thereare ongoingeffortsto reducecostsandto

improvethe reliability andlifetime of the fuel cell stack The

costof transportatioriuel cells hasalreadyfallen by 60% since
2006 (though they remain expensiveversusbatteries),while

fuel cell durability hasincreasecby a factor of 4, to 120000

miles*.

The fuel cell industryis small but growing In 2018 there
were ~ 75,000 shipmentsof fuel cell units1 largely Japanese
micro-CHP units - with a combinedpower of 800 MW, with
mostof this powerbeingemployedin transportapplications.
Most fuel cell companiesreyetto turna profit.

4 https://www.energy.gov/eere/fuelcells/fanbnth
april-2018fuel-cell-costdecrease®0-2006

N)

| @RN23ISyQa 9ySNAe 5SSOI Nb
Having outlined the fundamentalcharacteristicof hydrogenin the
previoussection,we now sketchouth y d r o lgraadpdtentialrole

in the deep decarbonisatiorof the energy system This role is

promotedby organisationsuchasthe HydrogenCouncilaé g1 o b a l

initiative of leadingenergy,transportandindustrycompaniewith a
united vision and long-term ambition for hydrogento foster the
energyt r a n s iMudh ofrwhat is describedhereis technically
possiblenow, thoughit remainslargely a theoreticalpropositionat
this stage



http://www.fuelcelltoday.com/technologies
https://www.energy.gov/eere/fuelcells/fact-month-april-2018-fuel-cell-cost-decreased-60-2006
http://hydrogencouncil.com/
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Hydrogenfor the Decarbonisationof EndUses

The fundamentaldeais thatif hydrogenis producedvia low-carbonmethodsthen
using this hydrogeninsteadof fossil fuels in enduse applicationswill decarbonise
theseapplications As a reminder,mosthydrogencreatedtodayis not low-carbon
We explainhow low-carbonhydrogencanbe producedater.

In most enduse sectors,hydrogenwill competewith electrification as the main
decarbonisatioralternative While use of hydrogenis generallylessefficient than
electrificationi aswe highlightedin the previoussection,andexplorein moredetail
later- hydrogenpotentiallyhasarole to play in applicationswvherefull electrification
is technicallydifficult, disruptiveand/orexpensive

A Buildings hydrogencanbe blendedwith naturalgas,or replaceit completely,to provide heat(and power)to buildings,
potentiallyusing existing pipelinesfor delivery. This providesa convenienialternativeor complemento electrification
with heatpumps which althoughefficient, havedrawbacksn their installationandoperation

A Transport hydrogerpowered FCEVs (Fuel Cell Electric Vehicles) provide a convenientalternativeto BEVs (Battery Electric Vehicles)

FCEVsaremoresuitedto heavierpayloadsandlongerdistancegshanBEVs, and,unlike BEVs, benefitfrom refuellingtimessimilartot oday 6 s
non-electricvehicles

A Industry: hydrogencan provide heat(and power) to industry, particularly in high-temperatureand directfiring applications,where electrificationis difficult.
Hydrogencanalsopotentiallyreplacefossil fuel feedstocksn certainindustrialprocesses.g. ironmaking

There are someareaswhere hydrogenmay be the first-choice route for decarbonisationdue to its storability (e.g. for transport),or a continuedneedfor high
temperaturdieat(e.g. somepartsof industry) In otherareashydrogenandelectrificationarealternativesandpotentiallycomplementarye.g. in residentiaheating)
Evenwhereelectrificationis clearly the preferredsolution, hydrogencan offer a backup option shouldbarriersto electrification prove too great Although not
universallytrue, other decarbonisatioroptions- suchas biofuels and CCUS - are generallylimited in their applicability or scalability, evenif currentadoption
barrierswereto beovercome We discussdecarbonisationn a sectorby sectorbasislater.



Hydrogen as Energy System Enabler

If low-carbon hydrogen is used for decarbonisation ofieses instead

of electrification, this has significant knock effects for the electricity
system. Most obviously, it eliminates the need and associated costs
highlighted earlier to generate and transport extra electricity. To some
extent you are simply replacing electricity system costs with costs
related to your new hydrogen production and delivery system.
However, with lowcarbon hydrogen, you are also gaining new
mechanisms for decarbonisation of the electricity system:

A Converting renewable electricity to hydrogen by electrolysis can aid
in the integration of variable renewable energy, overcoming some of
the inherent challenges highlighted earlier.

A Replacing fossil fuels with hydrogen in electricity generation plants
will decarbonise them, while retaining the crucial services such
dispatchable (odemand) generation can provide.

We expand on these points in the following sections.

Power-to-power

DS DS I XN

Power-to-gas (blending) Power-to-power
Power-to-gas (methanation) Power-to-power
) 2Dy XD
Power-to-fuel Power-to-power
D, D D I

Note: The numbers denote useful energy; except for gas turbines, efficiencies are based on HHV; the conversion efficiency of gas
turbines is based on LHV.

Figure 5 Current conversion efficiencies of various hydrotased variable
renewable integration pathways

T&D 1 Transmission and Distribution, HHVHigh Heating Value, LHM Low Heating Value
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Hydrogen for Variable Renewable Energy
Integration

To overcome the associated intermittency problem, the
integration of large shares of variable renewable energy into
the electricity system requires increased operational flexibility.
By converting excess renewable electricity into hydrogen,
electrolysis provides a mechanism of supplying this flexibility.
By excess, we mean that the electricity is not wanted at that
time, place, in the form of electricity, or some combination of
these things. Today this excess may be dealt with simply by
not generating it in the first plaéeby curtailing renewable
generation. In hydrogen form, this excésghich should be
very cheap, or even negatively pricezhn instead be shifted
flexibly across time and/or place, and then funnelled te end
use applications most suited to decarbonisation with hydrogen.

FigureShi ghl i ght s sot&Xdofr ouh ese @ppo
are known, such as powtrpower, which involves

converting electricity to hydrogen using electrolysis, then back
again to electricity in a fuel cell. Powtrfuel is similar, but
specific to transport applications, while the poaeegas

routes combust the hydrogen in a turbine (we explain the
distinction between blending and methanation later).

Although all theFigure Spathways convert back to electricity,
this need not be the caséhe hydrogen could be combusted

for heat rather than converted to electricigigure 5
reemphasises the point made earlier that energy pathways
involving hydrogen tend to have low efficiencies.



Energyintegration cont.
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Onthefaceof it, convertingexcesgenewableelectricity into hydrogenseemdike a grandidea After all i baringany otheroptions- the electricity would
havebeenwasted andshouldbecheapmeaninghatthelow efficienciesof the pathwaysarelessimportant However thereareflawsin this reasoning

One problemis the amountof the availableexcess Currently,the amountof excessenewablegeneratiorrequiring curtailmentis only a few percentof
generatiorin the UK 5. Althoughit makessenseahatasthe renewablesharegoesup, thensomightthe amountof excessenewableslectricity, it is not clear
if theamountof hydrogenthatcouldbeproducedasaresultcouldremotelymatchthatrequiredin the caseof widespreadiydrogenuse Quotingthe CCC.

6 t infeequencyandrelatively smallsizeof this opportunity[of excesgenewableelectricity] is suchthat the volumesof hydrogenthat can be expectedo be
producedin the UK] usingverylow costelectricity are smallin the contextof the overall energysystem(e.g. up to 44 TWha yearin 205Q lessthan 10% of

buildinggasc onsumfp.t i on) 6

A lack of excessrenewableelectricity meansthat the hydrogen
would haveto be producedby someotherroute If stickingwith

electrolysisi rather than other possible hydrogen production
routesi we areforcedinto usingnonexcessenewablepr non

renewableelectricityasourinput So,we arebackto needingto

generateand transportextra electricity, one of things we were
trying to avoidin thefirst place

Another problemis thatthereareindeedotherthingsyou could
do with this excessratherthanconvertto hydrogen You could
storethe excessas electricity, for example(or heat) However,
hydrogenpotentially allow us to do things not possibleor less
practical than when using electricity as the storage medium,
includingthetime- andplaceshifting of renewableelectricity.

Whilst the shortterm time-shifting of renewableelectricity is
perfectly feasible and increasingly economic using electrical
storage,hydrogenis the only practical atscaletechnologyfor
long-termi weeksandseasons energystorageseeFigure6.

Shttps://eciu.net/blog/2018/windonstraintpaymentson-the-
way-down
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Figure 6/ Overview of carbofiree energy storage technologkes
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Energylntegration cont.

With hydrogen|t would potentiallybe possibleto storerenewableenergycapturedn the summerandto usethis to provideheatingin the winter, when,as
we highlightedearlier,renewablegeneratioris oftennaturallylower.

At currentrenewablepenetrationlevels, the variability of renewablegenerationon all time scalescan be matchedperfectly well, if not entirely cleanly,
without hydrogenstorage(currentcurtailmentaside) Dependingon location, this matchinghappensvariously using nuclearand fossitfuelled powered
plants,aswell asshorttermelectricalstorageandotherflexibility measures However,accordingto multiple studiesquotedby the HydrogenCouncil, long-
term storagebecomes necessityasthe shareof variablerenewablesnergyincreasesseeFigure7a. Sothe argumenigoes,without this long-term storage,
additionalrenewablecapacityabovea certainthresholdwvould not be efficient to build, andothernon-cleantechnologiesvould berequired

As well asprovidingaroutefor long-termstorageglectrolysiscan(anddoesalreadyin the UK on a smaltscale®) providearangeof balancingandancillary
servicesto help maintainthe minuteby-minute stability of the electricity system Frequencyresponses anexample Theseservicesarelikely to become
increasinglyimportant as the renewableshareincreasesand electricity systemsbecomeincreasinglydifficult to control as a result There are more
conventionameansof providingtheseservicesandcompetitionwill be high, but provisionwould improvethe economicsf electrolysiscoveredseparately
later.

Overview of study results co:;rs As well as these time-shifting examples, in
Szr:;::y hydrogenform it would also be possibleto place

28 M Spain shift renewable electricity from where it is
24 I Europe generated most cheaply, to where demand is
20 . Shapes strongest This could takeplacewithin aregion,for
o O Fraunhofer (storage example,using hydrogenag a way of manoeuvring
and sector coupling)' around local electricity grid constraints Or this

12 . /\MeKinsey could take place internationally, with countries
O{Rp‘-:g;‘zimf” abundanin renewablesxportingto thoselacking

4 A [ stemer/Stadler For distancesabove 3,500 to 4,500 km i suchas
o A (mean) from Australia or Brunei to Japan, both being

10 20 30 40 50 60 70 80 90 100 110 120 investigated as options T converting power to

hydrogen and shipping it overseas could
theoreticallybe less expensivethan transmitting it
Figure 7a Hydrogen demand increases exponentially with variable renewable energ§.share throughcablesaselectricity®B.
1 Least-cost modeling to achieve 2°C scenario in Germany in 2050 in hour-by-hour simulation of power generation and demand; assumptions: no regional

distribution issues (would increase hydrogen pathway), no change in energy imports and exports
2 Simulation of storage requirements for 100% European RES; only power-sector storage considered (lower bound for hydrogen pathway)
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Hydrogenfor DispatchableElectricity Generation?

Theotherway hydrogencouldhelpdecarbonis¢heelectricity systemis by replacingfossil fuelsin powerplants Thiswould decarbonis¢heseplants,whilst
retainingthe crucial servicessuchdispatchableeneratiorcanprovide (e.g. systembalancingjnertiaandvoltagecontrol) However,accordingto the CCC,
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carbonpriceswould needto rise significantlyin the UK to encouragsucha switch (to £70-100tonneCQO,, notexpectedill after2030).

Useof hydrogenis potentiallyfeasibleat all scalesof powergeneration With similar efficiency andlimited additionalcost,hydrogencould replacenatural
gasin t o d daygé GombinedCycle Gas Turbine (CCGT) plants There are alreadyturbinesavailablethat run on limited hydrogenblendsand full
conversionsarebeingexploredin projectsin the NetherlandsandJapan Hydrogencould alsoreplacenaturalgasor dieselin smallerpeakingplants,either

19

supplyingengineor fuel cells Despitetheir cost,fuel cellsalreadyhaveadistributedgeneratiomiche,seetheearlierbox,6 A lIntroductionto FuelCe |. | s 6
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LowCarbon Hydrogen
Production

As notedearlier,hydrogenis currently producedalmostentirely from
fossil fuels, see Figure 2. However, for hydrogento play the
decarbonisatiomole coveredin the previoussection,it will needto be
producedin greaterguantitiesandin a low- or zerocarbonfashion
Therearetwo mainwaysof doingthis:

A Usingexistingfossil fuel-basedproductionmethodgplus CCUS

A Usingmethodshatutilise renewablénputs,suchasthe electrolysis
of waterwith renewableelectricityastheinput

ExistingMethods PlusCCUS

Existing fossil fuel-basedchydrogenproductionmethods suchas
steammethanereforming of naturalgasand the gasificationof
coal, have the significant advantageof technologicalmaturity,
havingbeenusedfor decades Scalingthesemethodsshouldbe
technically feasible,and, in many countriesi especiallythose
with amplefossil fuel resourced offer the cheapestif not the
purestsourceof largescalehydrogenproduction

However, the requirementto capturethe emitted CO, presents
challenges CCUS is a novel technology Steam methane
reforming plantswith CCUS do exist, but they are at an early
stage andcurrentlyonly capture60% of the CO, producedatthe
plant This canbe improved,thoughwhen consideringthe full
lifecycle - including emissiongrom the productionof the natural
gas- it is expectedthatthe CO, emissionreductionfrom steam
methanereformingis inherentlylimited to 60-85% comparedo
unabatedgas use The equivalent CO, reduction for coal
gasificationis 7-56%. In summary,hydrogenfrom fossil fuels
will likely alwayshavea carbonfootprint, evenif usingCCUS 4

In addition,CCUS addsto costs,reducegprocessfficiency, has
its own infrastructurerequirementsand, dependingon what is
happeningio the CO, i for example,if it is being storedunder
the sea - may put geographicalrestrictions on where the
hydrogencanbe producedpr necessitat€O, transport



Renewablelnputs

Insteadof usingfossil fuels, it is possibleto userenewablenputsfor
hydrogen production The most straightforward examplesuse
existing methodsbut swap out the fossil fuel for a bio-derived
equivalent For example, gasification not with coal, but with
biomassandsteanmethaneaeformingnotwith naturalgas,but with
biomethane Thesemethodsare novel andresourcdimited, though
biomassbased hydrogen production plus CCUS could provide
negativeCO, emissiongremovingCO, from theenvironment)

Although other methodsare being actively developed electrolysis
from renewable electricity is the only other currently viable
hydrogenproductionmethodwithin thed r e n eiwm b dategody

Electrolysis

In the inverseoperationto that performedin fuel cells, electrolysis
produceshydrogen and oxygen by splitting water with a direct
current,seeFigure8. To echobackto thelastsection electrolysisis
a particularly importantway of producinghydrogenasit provides
thelink betweerrenewablelectricityandhydrogen

DC Power

O, Receiver ¢ Ly H; Receiver

Electrolyte
L0y

CE)

=

=]

=

o]

: @)
OH'§H+ii

Diaphragm —>»

Figure 8 Outline of a generic electrolyser.
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Figure 8 showsa genericelectrolyser,consistingof two electrodesemergedin an
electrolyte(notin practicepurewater,butaliquid or solid electrolyte) With a power
sourceconnectedhydrogenappearstthe cathodeandoxygenattheanode

Whilst no C O emissionsare produceddirectly from electrolysis,thereareindirect
emissionsfrom the input electricity  Currently in the UK, a grid-connected
electrolyserwould seeemissionsof around288358 gCO,/kWh. However,in a

largelydecarboniseelectricity grid in 205Q the emissionsarelikely to be very low.
A

Electrolysersaremodulartechnologieswith unit sizesfrom kW up to ~10 MW, and
are thereforewell suitedto smaltscaleon-site hydrogenproduction(larger plants
can be built by stackingsmallerelectrolysersthoughthereis limited economyof
scale) In addition, unlike fossil fuel-based hydrogen production methods,
electrolysisnaturallyproducesvery purehydrogenmakingit suitablefor usein fuel
cells Combined,thesetwo propertiesmake electrolysis suitable for transport
refuellingapplications(thoughnotthe only option)

Today,threemaintypesof electrolysetexist, distinguishedy the electrolyte charge
carrier and temperatureof the system(similar to the differencesbetweenfuel cell
types) Alkaline electrolysersarea maturetechnologyandproducethe vastmajority
of global electrolytic hydrogen Proton ExchangeMembrane(PEM) electrolysers
are currentlyin the demonstratiorphaseof their development Theseelectrolysers
are more expensive,and have shorter lifetimes, but are more suitablefor usein
combinationwith intermittentrenewablegeneration In contrastto the other two,
which operateat low temperaturessolid oxide electrolysersare an emerging
technology which utilise heat from other sourcesto increasethe efficiency of
productionsignificantly. A

The water electrolyser industry is currently even smaller than its fuel cell
counterpartdeploymenin 2018wasbelow100MW (comparedo 800 MW for fuel
cells) However,very large projectshave beenannouncedeg. a 5 x 100 MW
projectin Dunkirk), othersarein the pipeline,andthe industryis putting significant
capacityupgradesn place This suggestshattheindustrycouldrespondeasonably
fastto adramaticincreasen demand*
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Economicof ElectrolyticHydrogenP

Forthosewantingmoredetail, the levelizedcostof electrolytichydrogeni
the cost spread out over the entire lifetime of the electrolyser- is
determinecy:

A Thecapexof theelectrolyser
A Theefficiencyof theelectrolyseiat convertingelectricityto hydrogen

A Thecostof theinputelectricity. If providinggrid servicesthe revenue
generateds effectively a discounton this cost If the electrolyseris
grid-connectedanyapplicablegrid chargesaddto this cost

A The load factor of the electrolyser (actual generationdivided by
potentialgeneratioroveragiven periodof time).

A Thepriceobtainedor the by-productoxygen(if any).

Thesefactorsarenot independent For example minimising the costsof input electricityis likely to be accompaniedby a lower load factor, as
very low-cost,surplusrenewableelectricitywill only be availablefor alimited amountof time peryear. However,operationat low loadfactors
is lesseconomicalwith the capexof the electrolyseidominatinga muchhigherlevelizedcostof hydrogen Batteriesor otherenergystoragecan
helpincreaseheloadfactor,buttheir extracostmay nullify thebenefitA.

Low loadfactoralsoimpingeson the viability of building dedicatecff-grid renewablegor the sole purposeof supplyinglow-carbonelectricity
for anelectrolyserto producelow-carbonhydrogen This is likely only to be economicaliin specificlocationsandwith specifictechnologies,
e.g. Chile,usingacombinatiorof wind andsolar.

For electrolytichydrogento competewith, for example hydrogenfrom naturalgasreforming,this requiredow-costrenewableelectricity,anda
combinationof highernaturalgasandcarbonprices If producedon-site,electrolytichydrogenavoidsthe transportcostsassociateavith larger
scalecentralisegproduction butthis doesnot necessarilgive it acompetitiveadvantage
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Which ProductionMethod? 52 | moves | estmates o | comwnm) |22 | F | 5

If low-carbonhydrogenis ever usedat scale, it is likely that all these g :: Current | Future 2025 2040 E::m g gg

hydrogenproductionmethodsandothers,will play apart The choicewill é = S S S E

be influenced by a host of factors, including the required scale of

production, the type and cost of available inputs, and the cost of the Gasreforming

technologyitself. This choiceis thereforelikely to vary by region The Steam mathane | 965 | Natural 5% 74% samwn | casmwn | 2520 | ves | Exposureto

methodwith the cheapesibcalinputsmaybethe preferredsolution refeming 1S ou sonmamy | pcer

Focussingon the UK now, Figure9 summarisehe propertiesof the main Advancedgas | NiA | Natura /A B1% SYMWR [ S4AMWh 2% | Yes | Bxposureto

hydrogenproductiontechniqueghat the CCC considersas relevantin the e aeen s | pres

nearterm Reformingof naturalgasis the clearwinnercostwise, although

producinglargevolumesof hydrogenin this way could resultin significant Electrolysis

residualCO, emissions The CCC suggestdhatall the othertechnologies, oroton a1 iow e | seerm | zzomwm | e | oz | ne | woter ucer

including electrolysis,are only likely to play a nicherole. Unfortunately, exchanga oy (4550w desalination.

electrolysisis currently one of the mostexpensiveoptions,andis likely to slectrolysers - water

remainsa. The costof electricity would haveto be lessthan£10/MWh for Maine |7 Low 7% | 7aBI% | f9MWh | £77MWh 0325 | No | Wateruse/

electrolysisto be competitive In addition, the CCC worries about the slectcty (£52-84/MWh)

impactof electrolysison theelectricitysystem

Although at a small scale, low-carbon hydrogen production for energy Soid oxide WA | Low- A 2% sOMWh | £72Mwh 0288 | No | Water useand

applicationshasalreadycommencedn the UK. For exampletherearea Sectrolyser i (EsHTSM P

handful of operationalelectrolysishasedhydrogenrefuelling stationsfor i vaste heat.

fuel cell vehicles,seeFigure 19. Looking forward, there are plans for fareon

largerscale hydrogenproductionas an integral part of proposedCCUS Gasification

clusters for example,the HyNet North-West project in Liverpool. If

greenlit, projectssuchas the H21 North of Englandprojecti introduced guiatn | [ S| S| oy | e | Y [ ene e

later - would lead to a significant scaleup in UK low-carbon hydrogen B

prOdUCtIOD gl;xs';a;snm . N/A :Elsemin— MN/A A5-60% £106/MWh £E:3;Zu‘\th\"h mi:::? Yes gs;:::;nz? la
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Long-term,aninternationalmarketin hydrogen(or ammoniafor conversion srmissions feedstock.

to hydrogen) may develop The CCC statesthat this hydrogen could Source: CCC analysis based on draft outputs in Element Energy (2018) Hydrogen for heat technical evidence

. . .. . project, and SGI (2017) A Greener Gas Grid.
potentially be importedto the UK at similar costto producinghydrogen Notes: All conversion efficiencies are on a HHV basis.

directlyin the UK, evenwhenincludingthetransportatiorcosts A
Figure 9 Key characteristics of hydrogen production technologies (in theAUK)
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DecarbonisingendUses Buildings

Residentialand commercialbuildings require almost as much energyas the industrial sectorand more than the transportsector®, both covered
separatelyater. Most of this energy(~75% in the UK 6) comesnot from electricityi which will naturallydecarbonisén tandemwith the electricity
supplyi butfrom the directcombustionof fossil fuels to provide heatfor living spacesywaterandfood. The challengeof the full decarbonisatiof
buildingsis thereforechiefly relatedto heatprovision Thisis ourfocushere,andour first exampleof how hydrogencouldhelpdecarbonisenduses

On a systemlevel, decarbonisationf building heatis oneof the biggersectoralkchallengesdueto the scaleandseasonalityf the energyrequirement
Thisis illustratedin Figure10, which showsthatin the UK heatdemands manytimesthatof electricitydemandn thecoldermonths Currently,most
countrieswith cold wintersrely on naturalgasfor heating(e.g. the UK, USA, CanadaArgentina,continentalEuropeand SouthKorea) In these
countriesmosthouseholdsreconnectedo a naturalgasnetwork In theseandothercountriesthosenot relying on naturalgasfor heatinginsteadrely
onoil, coal,biomassglectricity,etc

Early progresstowardsthe decarbonisatiorof building heat

haslargely beenmadeusingefficiency improvementsaswell 0
as limited installation of biomassboilers and stoves, solar 350
thermalpanelsand heatpumps,all of which benefitfrom the 300
RenewabldHeatincentive(RHI) subsidyin the UK. 250
Heat pumps use electricity to produce heat efficiently by 200
extractingit from the air, groundor water, producingseveral Heat demand
units of heatfor eachunit of electricity input Longterm, 150
electrification with heat pumps is regarded as the main 100

alternativeto the useof hydrogen Before we comparethese

pathwayswe introducehow hydrogencould decarboniséeat NW\AN‘WN\ANWMNV\NVW\MAAMNNAMWJW\’ Electricly

Note that its use remainslargely a theoreticalpropositionat 0
thisstage Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 10 Synthesised UK halfiourly heat and electricity demand, 210

6https://ec.europa.eu/eurostat/statistics
explained/index.php/Energy consumption_in_households



https://ec.europa.eu/eurostat/statistics-explained/index.php/Energy_consumption_in_households

Hydrogenfor HeatDecarbonisation

Hydrogencan be combustednsteadof fossil fuels to provide heatfor buildings
Giventheir similarity, this happensnostnaturallywith hydrogenreplacingnatural
gas This switch is thereforemostattractivein countrieswith an existing natural
gasnetwork,asthis providesexistinginfrastructureuponwhich hydrogendelivery
can piggyback Hydrogen can be delivered in three forms for combustion
purposes blendedwith naturalgas,usedin its pureform, or convertedto natural
gas,aprocesknownasmethanation

As an alternativeto combustion,fuel cells can be supplied with hydrogento
provide combinedheatand power (CHP), or just power, thoughthis is not our
focusin this section CHP unitscanbedeployedin family homesjn residentialor
commercialbuilding blocks,or centrallyin district heatingnetworks On a global
scale,about 190000 buildings are alreadyheatedwith hydrogenrbasedfuel cell
micro-CHPs,largelyin Japar®. As coveredearlier,fuel cell usemay placestrict
demand®n the purity of the hydrogensupply,whereacombustiordoesnot

After technical check feasible B Research needed
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BlendingNatural Gaswith Hydrogen

Without major adaptations to infrastructure or
appliancesjow percentagesf hydrogeni up to 10-
20% by volume - canbe safely blendedinto existing
gasnetworks This percentages determinedby the
characteristicef the existingnetwork,the naturalgas
composition and the appliancesconnectedto the
network,seeFigure11. Going above20% by volume
requiresmore significantchangesso it may be more
economicto completely transformthe network and
endusesto work with pure hydrogen,seethe next
sectionE

Blending hydrogeninto the gas supply is not a new
concepti the US, UK and Australia have previously

usedhydrogenblends(30-60%) in theformoffit o wn o

gas In fact, hydrogenblendsarestill usedin Hawaii,
Singaporeand someother areaswith limited natural
gasresources In the UK, the HyDeploy projectis
investigatinghydrogenblending, with a live trial at
130 homesin Keele scheduledto commencethis
summer Globally, installationsthatcanblendroughly
1,700 tonnes of hydrogen per year into the gas
network arealreadyin place(this is a tiny amountof
hydrogen)-.

27
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ReplaceNatural Gaswith PureHydrogen

Unlike blendingat low levels, which can be doneinvisibly to consumersswitching completelyfrom naturalgasto pure hydrogenis a major
decision,requiringcarefulcoordinationbetweergovernmentjndustryandthe public. Sucha switchrequiresupgrade$othto the gasnetworkand
to connecte@ppliances

Connecteappliancesincludingovensandstoves boilersandhot watertanks,needto be convertecr replaced

For the network, leakagecontrol needsto be improved and pipelinesneedto be retrofitted or
replacedwith noncorrosiveand nonpermeablenaterials,suchas polyethylene In somecountries,
this replacemenis alreadyhappeningndependenbf any potentialswitchto hydrogen In the UK,
the ongoing Iron Mains ReplacemenProgrammemeansthat by the early 203G gas distribution
networks- the low-pressurenetworksthat connectto households shouldbe hydrogerready It is
expectedthat new hydrogentransmissionpipelinesi the higherpressurebackboneof the gas
network- would be addedasandwhenrequired Thereremainuncertaintie®vertheneedto change
gaspipeworkwithin buildings

The UK is arguablyleadingthe world in researchingnd planningfor a
switchto purehydrogen Mostnotably,the H21 North of Englandproject
presented detailedand credibleengineeringsolutionfor convertinggas
networksacrossthe North of Englandto pure hydrogenbetween2028
and2034 It alsopresented longerrangeplanto replaceall naturalgas
in the UK - for all applicationsnot just building heat- with hydrogenby
2050 SeereferenceC for moredetails Sucha projecthasthe potentiali

almostsinglehandedly to kick off a hydrogeneconomyin the UK. The
H216 svidestambitionis for a transitionto a global hydrogeneconomy
by 2100Q



http://www.hse.gov.uk/gas/supply/mainsreplacement/index.htm
https://www.h21.green/

Methanation

As an intermediatestep betweenhitting the upper blending concentrationand
going to 100% hydrogen(or otherwise),it is alsotechnicallypossibleto convert
hydrogeninto methane- the main ingredientin naturalgas- througha process
calledmethanation This requiresa carbonsourcei from biomassor CCUS- and
energyfor the conversion)eadingto a lower efficiency of about20% comparedo

directblending,andcreatingadditionalcosts®. Theadvantagés thattheresulting
substitutenaturalgasor SNGis puremethaneandhencefully compatiblewith the

existingnaturalgasinfrastructureaswell asall appliances SNG from electrolysis
is beingpilotedin GermanyJtaly andSwitzerlandn the ASTORE&G G project

New build

Existing buildings
off the gas grid

Low-carbon heat networks

Existing buildings
on the gas grid

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

Figure 12 Low regret measures and remaining challenges for heat decarbonfsation
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HeatDecarbonisationPathways

The CCC hasidentified five low-regretroutesto heat
decarbonisatiorthat can be pursuedimmediately A.
Thesearedesignedor the UK, thoughtheyshouldalso
applymorewidely:

A Improvethe energyefficiency of existing buildings
(e.g. by installing insulation, smart heating
controls)

A Add heat pumps to buildings not on the gas
network

A Roll-out low-carbon heat networks in population
denseareas Possibleheat sourcesinclude waste
heat from industry, largescale heat pumps,
geothermahndpotentiallyhydrogen

A Designnew buildingsto be highly energyefficient
andwith low-carbonheatingfrom the start

A Inject biomethaneinto the gas network This
providesa usefor methaneemissioncapturedrom
biodegradablewastes In the UK, bi omet haneds
potentialuseis limited to 5% of gasconsumption

Combined thesemeasuresan makea significantdent
in heatrelated emissions,see Figure 12. However,
they do not addressthe largestgroup of buildings -
thoseon thegasnetworkandnot on heatnetworks


https://www.storeandgo.info/

HydrogenversusElectrification

To reduceemissiongn the remaininggroupof buildings,therearetwo primary
routesi electrify heat provision using heat pumps and/or the use of 100%
hydrogenin thegasnetwork It is notabinarychoicebetweerthesetwo routes
Indeed,going 100% down eitherrouteis arguablythe leastpracticalthing to do
from a systemspoint of view. We have alreadydiscussedsystemproblems
associateavith a 100% electricroute,andthereareequivalentconcernswith the
100 hydrogenroute i can you create and distribute enough low-carbon
hydrogento meetthe considerablémplied demand

Although systemconsiderationsare important, the cost and convenienceof a
given heatingsystemfor enduserswill ultimately determineits viability, sowe
coverthis next

For endusers, heat pumps have their advantages Crucially, they are an
establishedechnologyreadyfor installationtoday Hydrogenis notyetevenan
optionfor most Heatpumpsarealsoa muchmoreefficient way of converting
low-carbonelectricity into heat,meaningyou needfar lesselectricity to getthe
sameheatoutput,reducingoperatingcostssignificantly.  This is demonstrated
in Figurel3. Estimateccomparativduel costsareshownin Figurel4.

INPUT ENERGY ENERGY CONVERSION TRANSMISSION CONVERSION TO HEAT TOTAL EFFICIENCY

230-410%
3 electricity grid heat pump
<%
% = _ 0
U - \ =
b
low-carbon
electricity electrolyser gas grid gas boiler 62%

*t Indicates conversion

slficiency at sach stage

Figure 13 Relative efficiency of heating using electricity in heat pumps
vs electrolytic hydrogen in boilefs
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Although it doesnot alter the argument,the efficiency of hydrogen

basedsystemscanbe improvedif micro-CHP units ratherthanburners
are used,creatingpower alongsideheatwith a total efficiency of more
than90% andanelectricalefficiencyof about40to 45% B.

Given the estimatedoperatingcostsof Figure 14, why would anyone
want to use hydrogenrather than heat pumps? Well, hydrogenis
arguably the more convenient solution, both when installing and
operatinghesystem

The installation of a hydrogen system requires the conversion or
replacemenbf gasconnectedappliances This should be a relatively
nondisruptive process  In contrast, heat pumps produce heat at
relatively low temperaturesyhich may requirethe installationof larger
radiators,addingto the costanddisruptionof installation In addition,
heatpumpsrequirespacefor installation(dependingon type),aswell as
an electrical connection This may make heat pump installation
impossibleor costly for denselypopulatedurban areasand for older
buildings

In termsof cost, KPMG estimatedhatin 2016 the householdadaption
costsof full electrificationwere £10,000 to 12,000 per propertyfor air
sourceheatpumpsandrelatedequipment This comparedo appliance
changecostsfor hydrogenconversiorat £4,500to 5,500 perproperty B

In operation,a hydrogensystemshouldperformindistinguishablyfrom
one burning natural gas, providing heatingflexibly on demand Heat
pumpsare not sizedto provide equivalentonrdemandheating Heating
patternsmust thereforebe adjustedto achievea similar outcome In
addition, on the coldestdays,when heatdemandis obviously greatest,
heat pumps experiencea drop-off in efficiency and must therefore
greatlyincreasetheir electricity consumptionto compensate This has
cost implications for the enduser, and, turning back to system
considerationsbriefly, these spikesin electricity demandadd to the
challengedgor thewider electricity system
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Hybrid Solutions

To figure out the optimal route, the CCC has modelled a range of heat
decarbonisatiopathwaysin the UK, including the useof heatpumps,hydrogen
andthe hybrid solutioni hybrid heatpumps Theseusea heatpumpto meetthe
bulk of demandwhile retainingthe gasnetworkand boilers (running on natural
gasor hydrogen)to provide heaton colderwinter days Theseoffer significant
enduserandsystemadvantagesver the individual systems Hybrid heatpumps
arenovelbuthavebeentrialled successfullyn The Freedonproject

The C C C énadellingindicatedthat all pathwayshavea similar cost (expectfor
the caseof completedecarbonisatiomith hydrogenalone),seeFigure1l4. Given
similar costs,the CCC suggestdhereis an argumentfor deployinga rangeof
solutionsfor heatdecarbonisationyith thesepotentiallyvarying by regionacross
the UK dependingon local resourcesinfrastructureand, potentially, preferences

of thelocal population

The C C C fesommendatiois for the at-scaledeployment
of hybrid heat pumps, which i although not the only
option - could leadto a long-term solution of hybrid heat
pumpswith hydrogerboilers

Having looked at the use of hydrogen for the
decarbonisatiorof building heat, we next move onto the
use of hydrogenin the industrial and transportsectors
Note that thesesectorsare not isolatedfrom one another,
as they may share hydrogen production and delivery
infrastructure Theavailability of purehydrogenin thegas
network is likely to impact hydrogenuptake acrossall
sectors

A forecastfor the timing andextentof hydrogenusein all

sectorgs givenin thelatersectiond6 Hy d rFoogreenc ast 6

£bn/year

120

Figure 141 Annualised system
costs for alternative heat
decarbonisation pathways

30Mt 10Mt OMt |30Mt 10Mt OMt (30Mt 10Mt OMt [30Mt 10Mt OMt

Hybrid heat pumps Hydrogen + hybrid

heat pumps

Electrification of
heating

Hydrogen for heating

r1Carbon costs at £227/tCO,

w Carbon storage
Gas boilers (& household
conversion) (Capex)

W Heat pumps (Capex)

M Energy storage

m Fuel burn (Opex)

B Gas networks (Capex)

m Electricity networks

(Capex)

m Hydrogen praduction
(Capex)

W Electricity capacity (Capex)


https://www.wwutilities.co.uk/media/2715/freedom-project-short-paper-2018.pdf




. 350 PPM
DecarbonisingendUses Industry Sector Research: Hydrogeh S5

Theindustrialsectoraccountdor athird of final energyconsumptioranda quarter
of CO, emissions Two-thirds of all energyis consumeddy only five industries

aluminium chemicals,petrochemicalsand refining; cement iron and stee] and Hydrogen for Industrial Feedstock

pulp and paper,all of which requirelarge quantitiesof energyto run equipment ; ;

suchasboilers, steamgeneratorsandfurnaces SeeFigurel15. The chemicaland Decarbonisation

petrochemicakectorsalso use25 EJ worth of fossil fuels asfeedstockeachyear, Most obviously, low-carbon hydrogen could replace high-carbon
and about 8 EJ of hydrogen- as highlighted earlier the main current use of hydrogenin its current usesin the chemical and petrochemical
hydrogen For comparison,1 EJ (~278 TWh) is approximatelyone day of the sectors Selectedblantsarealreadypioneeringthis; for example,in

wo r Itotaffisal energydemand® the refining industry, Shelland ITM Powerare looking to install a

10-MW electrolyserat a Shell site in the Rhineland Refinery
Complexin Germany’. Low-carbonhydrogencould also replace
fossilfuelsusedasafeedstockn certainotherindustrialprocesses

Low-carbonhydrogencould contributeto decarbonisatiof industryin two main
ways

A Replacing fossil fuels to provide heat (and power), especially in high-

temperatur@nddirectfiring applicationsyhereelectrificationis difficult. A productspecific exampleis steelmaking While 95% of global

primary steel is produced using a blast furnace method, the
A Replacindossil fuel feedstocksn certainprocesses remaindeusesdirectreductionof iron (DRI). More energyefficient
thanthe traditionalblastfurnaceroute, this processs growingmuch
fasterthanoverall steelproduction DRI currentlyrelies mainly on
naturalgasasthereducingagent,but this canpotentiallybereplaced
EJ 6 11 18 36 6 53 by hydrogen,asis currently being demonstratedn the Hydrogen
BreakthroughronmakingTechnology(HYBRIT) project

Low-grade heat Medium-grade heat . High-grade heat Electricity

A more widely applicableexampleis the use of a combinationof
low-carbonhydrogenand CCUS to replacefossil feedstockin the
productionof hydrocarborbasedchemicals,suchas methanoland
derivedproducts This is an exampleof the usagepart of CCUS
Although thermodynamicallyunfavourableand currently costly,
initiatives are being actively pursuedin this area For example,
Carbon Recyclingl nt e r n aGedrge ®lahl ptarst in Iceland

5 ‘é § g g 3 g 8 produceshydrogen from electrolysis and capturesCO, from a
£ Q.9 & 7} 3
E 3 EED E - E geothermapowerplantto produceabout4,000tonsof methanolper
= c < @ = c .
< 5% g g s = yearandrecycleabout5,500tonsof CO, in the process.

H : z 5

Figure 15 High-grade heat constitutes a large share ) .
of energy use in heavy industfy 7 http://www.itm-power.com/project/refhyne
ay y : 8 https://www.carbonrecycling.is/georgéah
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Hydrogen for Industrial Energy Decarbonisation

As with the decarbonisationf heatfor buildings,thereare severallow-regrets
measureshat canbe pursuedmmediatelyto kick-off the deepdecarbonisation
of industrialenergyuse The mostimportantof theseis to increaseefficiency
by deployingbestavailabletechnologiesand productionprocessesas well as
by recyclingmaterialsandwasteheat As oneexample by boostingefficiency
using existing tools, such as better furnace technologyand heat and energy
recovery,steelproducersn India couldreportedlyreduceemissionsy 40% B.

To decarbonis¢he remainingemissionsywe havean extendedangeof options
over what was availablefor building heat This is becausananylargescale
industrialprocessegroducesignificantpoint sourcef CO,. This meanshat
as well as switching from fossil fuels - via electrification, biomass/fuelspr
hydrogeni we mustalso considerthe option of sticking with fossil fuels but
capturingtheemittedCO..

When looking at the fuel switching options alone, the CCC estimatesthat
hydrogenwill be the mostcosteffective option for all the main industrial fuel
consumingprocessessteam production, high- and low-temperatureheating
(both directandindirect heating),and reductionprocessedt is worth pointing
out that this view is not universaland, as the CCC point out, is sensitiveto
biomasausageandpriceassumptions®

LowGrade Heat
For low and mediurrgrade heat from under 100 to 400 °Chydrogen could
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High-GradeHeat

At higher temperatures, hydrogen comes into its own as a
decarbonisationoption, as other options become less feasible or

efficient Fordirectfiring applicationshydrogenis essentiallythe only

fuel switchingoption, asbiomassandelectrificationarerarely suited”.

Direct firing refersto combustioAbasedheating processessuch as
those occurring in furnacesand kilns, where the combustiongases
comeinto directcontactwith theproductthatis beingheated

Blastfurnacedor steelmakingarea goodexampleof directfiring. The
coke usedin thesefurnacesnot only createsheatneededo melt iron,
but alsoenableghe chemicalreactionbetweerthe carbonelectrodesn
the coke andthe oxygenin theiron ore thatis necessaryo reducethe
oretoiron. While it is possibleto enhancehe heatof the blastfurnace
with other combustiblefuels (such as naturalgas or hydrogen),it is
thereforenot possibleto substitutethe blast furnacewith an electric
furnace

So, hydrogencould be usedto help decarbonisdoth the blastfurnace
and direct reduction methods of steel production A similar
intensificationof hydrogenuseis possiblein the otherenergyintensive
industriesof Figurel5, accordingo the HydrogenCouncil:

A Chemicalsand petrochemicals by-producthydrogenis produced
andcouldbeusedto retrofit equipmensuchasethylenecrackers

A Aluminium recycling- gasfired furnacescould be retrofittedto run

complement electrification, heat pumps and biomass/fuels. This is particularly onhydrogen

relevant where hydrogen is readily available because it is used as an input into
an industrial process and wherever it is produced agpadolyict. Hybrid

boilers, which switch between electricity and hydrogen, could allow factories to
exploit price or supply differences. Hydrogeased cogeneration units could
provide factories with heat and power.

A Cementproduction - hydrogen could be combinedwith waste
derivedfuels

A Pulp and paperindustry - hydrogencould provide the high-purity
flameneededo flash-dry paper



Hydrogen versus CCUS

Al though hydrogen may be the
important subset of higgrade heat applications, the potential use
of CCUS is likely to be a key competitor. Given the likely major
role for CCUS in bulk hydrogen productiomotably in the UK,
see the
options
CCUS, sed-igure 16 There is considerable overlap between these
two methods, though each is more suited to certain applications:
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Preprocess CCUS the use of hydrogenproducedin combinationwith
CCUS, removingthe carbonbeforeuse This is applicableto a wide range

Sustoii BrocessakdomtstiShBnt fection] 1t is Wl
suitedfor smallersourcesf emissionsandthosefurtherfrom CO, networks,
for which fitting CO, captureequipmentand connectingto a CO, network
arelikelx tr? %e moredifficult andexpensive

ear {Ciaegrb ome Htyido o gdhese W r oduct |
ar e-pe bt est Byradode Bpdo eft o r msPossprocessCCUS  the direct application of CCUS to industrial sites,

removingthe carbonafteruse This is well suitedto large pointsourcesof

CO,, especiallythoselocatedcloseto CO, networks An advantagef this

approachover the useof hydrogenis thatthe CCUS canbe usedto reduce
emissiondrom industrial processeshat do not usefuel, suchas calcination
in thecementsector,jin additionto fuel-usingprocesses

The optimal balance between the deploymentof hydrogen and direct
applicationof CCUS in industry is not yet clear and will dependon risk

profiles andthe way thatinvestmentdecisionsare madein industry,aswell

ascostsandCO, savings(e.g. dueto differentratesof CO, capturebetween
thetwo approaches).

Overall, hydrogenis a competitive decarbonisationrmethod for several
important processesn the industrial sector However, given the cost
sensitivity and long equipment lifetimes in this sector, the uptake of
hydrogenmay be slowerthanin othersectors Sinceretrofitting of existing
equipmentto burn hydrogenis inexpensivecomparedto new (electrical)
equipmentthe main barrierto the uptakeof hydrogenis the comparatively
high costof hydrogenproductionitself B.

c c As with all sgcpp@,gfgrpqa%;for the timing and extentof hydrogenusein

industryis givenin thelatersectiond6 Hy d r Foogreenc a st 6






Decarbonising Endlses:
Transport

Theglobaltransportatiorsectordependsalmostentirely on fossil
fuels and emits more than 20% of all CO, emissionsacrossall
sectors?.

As one option, full decarbonisatiorof transportrequiresthe
completereplacementof existing vehicles - there are over a
billion of them - with fully electric versions, either Battery
Electric Vehicles(BEVs), Fuel Cell Electric Vehicles(FCEVSs),
or somehybrid thereof In someapplications,theseemerging
electric vehicles will have to competewith existing internal
combustionenginevehicles(ICEVs) i thoughcarsof this type
are being bannedin some countries,including the UK - and
hybrid electric/nonrelectricvehicles

Alternatively, existing vehiclescan be switchedto using low-
carbonfuels, ratherthanfossil fuels Thesdow-carbonfuelscan
either be biofuels, or, in the future potentially syntheticfuels,
built from the ground up from low-carbonhydrogenand CO,.
The creationof suchsyntheticfuels may involve CCUS This
useof CCUSis similarto its usefor feedstockdecarbonisatiom
theindustrialsector

Whenlooking at the suitability of thesepotentialsolutions,it is
necessaryto break the transportsector up into segments,as
requirementgliffer greatly Whatworksfor a scooteris unlikely
to work for a jumbo jet Each segmentcan be broadly
characterisedy:

A the weight of the vehicle (including payload), which
determinesthe requisite performanceof the engine (e.g.
energydeliveryperunittime).

A the required range, which determines fuel storage
requirementsi.e. totalamountof storedenergy)

Weight / Tons
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Figure 17 plots vehicle weight versusrequiredrange(in averagekilometresper

day per trip), and suggestswvhich solutionsare most suited Fuel switchingis

currentlythe only optionfor the heaviesipayloadsandlongestjourneysi largely

in aviation and shipping - as it is not feasible to design electric vehicle

replacementsgdue to the low energydensity of the fuel systemsusedin such

vehicles Synthetic(and bio-) fuels havethe requisiteenergydensitybut suffer

from low overall energyefficiency, andproductionlimitations, meaningtheir use

elsewhereis likely to be limited. In less energyintensivetransportsegments,
therefore BEVs and FCEVsarethe main alternatives We discusseachsegment
separatelypelow, but first we makesomegeneraboints

10 000

1000

100

Light commercial vehicles
10
Small cars/urban mobility*

1 Medium to large cars®;
fleets and taxis

0l

10 100 1000+
BEV FCEV Bio- and (h,-based) synthetic fuels Average mileage per day/trp/km

Bubble size representing the relative annual
energy consumption of this vehicle type in 2013

Figure 17 Segmentation of the transport market and options for decarboniSation
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Broadly speaking BEVs are currentlyonly suitedfor lighter vehiclesand shorterrangeswhile FCEVsare more suitedto heaviervehiclesandlonger
ranges

A To repeathydrogenplus relatedequipmentasa considerablyhigherenergydensitythan currentlyavailableBEV batteries(~2.3 MJ perkg versus
~0.6 MJ perkg B). BEVs aretherefordimited in theamountof energytheycanstore,in turn reducingthe achievablenveightandrange New battery
technologywould beneededo addresshis flaw.

A BEVs aremore efficient than FCEVs at convertinginput energyinto energyproviding motion to the vehicle,impactingoperationakosts This is
true bothwell-to-wheel(taking into accounenergylostin creatingthefuel) andfuel-to-wheel SeeFigurel8, which alsoshowsthatbothBEVs and
FCEVsaremoreefficientthanlCEVs. For this, andawhole hostof otherreasonsBEVs aremore competitivethanFCEVswhereweightandrange
arelessimportant

£ CBVEDIONTO COMPRESSION CAREFFICIENCY Al L1258

INPUT ENERGY ENERGY CARRIER EFFICIENCY

n oil 30%
; : 86%
& 0

........ @ Electrolysis

Low Carbon % T d

- Electricity i ?
= Hydrogen
Production 41 -440/0

Fuel Cell
vehicles 6 Natural Gas 80% Compression
% With €Cs*

deney at each stage

Figure 18 Relative efficiency of hydrogen fuel cell, electric and petrol
cars®. This diagram shows the indicative efficiency of using a given
amount of zeracarbon electricity in powering a car.



In summary,FCEVsshouldbe considerechscomplementaryo, morethan
competitivewith, BEVs in the broadercontext of the energytransition
Whilst they may compete in some market segmentsi where cost,
convenienceavailableinfrastructureandotherfactorswill play a big role -
for eachsegmenthereis a clearcompetitiveadvantagéor oneor the other.
The decarbonisatiorpotential per vehicle is greaterin the segmentsor
which FCEVshaveanadvantagegiventhattheyaremorepolluting.

In the fight againsiCEVs, BEVs and FCEVshavetheir advantages Both
useelectricpowertrains- so the developmentf onewill help the otheri
which are quiet, high torque,and have zero tailpipe emissionsjmproving
local air quality. Both should benefit from any governmentsubsidies
availablefor low emissionvehicles(e.g. initial costreduction,exemption
from emission charging zones) On a lifecycle basis i including
manufacture CO, emissiondrom BEVs andFCEVsareconsiderablyess
than ICEVs and, assumingzeracarbon fuel, similar to one anotherB.
FCEVsare,however freefrom concernsaboutethicsandsustainabilitythat
affectthelithium-ion batteriesccommonlyusedin BEVs.

While FCEVs can achieve refuelling times similar to ICEVs, BEVs
currently take significantly longerto chargei for cars,30 minutesat best
(availablein only a few locations),up to many hoursat a home charging
point - thoughfasterchargetechnologiesrebeingdevelopedandrolled out
now. This makesFCEVs more suitablefor applicationsthat do not have
long periodsof downtimein their duty cycle which would allow for BEV
charging(seethe sectionbelow on materialhandling,for example) Trends
that increasethe utilization of transportationassetssuch as autonomous
driving andcar sharing,increasethe needfor continuousoperationwithout
long rechargingoeriods
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From a systemsperspective,use of FCEVs could help
offset the impact of largescale BEV rollout on the
electricitysystem In the UK, sucharollout couldadd100
TWh to yearly energydemandand up to 25 GW to peak
demand”. However,it shouldbe possibleto reducethe
peak demand significantly using smart charging and
vehicleto-grid technologies

We now look at the transportsegmentsin more detail

FCEVsareavailablenow, or within the nextfive years,in

mediumsized/largecars,vans,buses,HGVs, trains/trams
and forklifts. There are also other experimentaland
emerginguses

Material Handling?

Hydrogen applications for material handling have
experiencedhe largestuptakeso far. Fuel cell powered
forklifts, in particular, outperform battery powered
alternativesn a total costof ownershipcomparisorwhere
high uptime is required More than 15,000 fuel cell
forklifts (such as those by Plug Power and Toyota) are
operational in global warehousestoday, with major
projectsin Amazonand Walmart warehousesn the US.
Many othercaptivefleetsthatareotherwisechallengingto
decarbonizé suchasairport groundoperationsjogistics,
mining, and constructioni could benefitfrom employing
hydrogen
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Cars

Hydrogencarsarein the early stageof commercialisation For cars
regularly travelling long distancesexceedingthe rangeof electric
cars,hydrogencarsprovide the ability to travel further in a larger
caron a singletank of fuel andto refuel more quickly. However,
the electric car market is considerablymore advancedboth in
availability andcostof bothcarsandrefuellinginfrastructure

In the UK, thereareonly afew modelsof hydrogencaravailable(or
at leastpriced) by major car manufacturersincluding the Toyota
Mirai andthe HyundaiNexaq, seeFigure19. Globally, 10 modelsof
FCEV are(optimistically) expectedby 20208B. In contrastthereare
morethan50 modelsof electriccarcurrentlyavailablein the UK A.

9 https://www.autotrader.co.uk/content/advice/hydrefiesi-cell-carsoverview
10https://cafcp.org/content/cesfill
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As well as some of the major car companiesthere are also a few startups
involvedin hydrogencars ForexampleRiversimpleis a UK companyaimingto
commercialisdydrogencarson a subscriptiorbasis

HydrogencarscurrentlycostconsiderablymorethanequivaleniCEVs - roughly
double largelydueto the costof the fuel cells- while electriccarscostmorethan
equivalentiCEVs but considerablyjessthan hydrogencars,thoughthis depends
onrange As productionscalesthe costof all typesof light passengevehicleare
predictedto convergeto within 10% of eachotherby 203Q On a total cost of
ownershipbasis,electric carsare alreadycheaperthan equivalentiCEVs, while
hydrogencarsaremorethandoublethe cost,bothdueto fuel costs P

The costof fuel for FCEVsvariesconsiderablyby country,dependingon how it
is producedandtaxed In the UK the priceis about£12/kg °, similar to the price
in Californial®. However,in Norwaythe priceis reportedlylessthan£1/kg °. In
the US, the National RenewableEnergy Laboratory predicts that the fuelling
costsper mile for FCEVscould fall below ICEVs during the period 202025 19,
To shelter usersfrom the initially high price, it is a common practice for
manufacturerso includeseveraly e aaf faebaspartof the purchase/lease

Figure 19 Hydrogenpowered cars advertised in
the UK with prices. Above, thEoyotaMirali
(£62,500). BelowHyundaiNexo(£65,995).


https://www.riversimple.com/
https://www.toyota.co.uk/new-cars/new-mirai/meet-mirai#1
https://www.hyundai.co.uk/new-cars/nexo
https://www.autotrader.co.uk/content/advice/hydrogen-fuel-cell-cars-overview
https://cafcp.org/content/cost-refill

Carscont.

As well as cost and availability, anothermajor barrier to FCEV

uptakeis the lack of refuelling infrastructure In the UK, thereare
only 13 existing hydrogenrefuelling stations,mostly in the south

eastof England,seeFigure20. As well aschargingathomeandat
workplaces,electric cars can be chargedat over 8,500 public EV

charging locations acrossthe UK accordingto Zap-Map (this is

similar to the numberof petrol stations) Globally at the end of

2018 376 hydrogenrefuelling stationswere in operation Japan
leadsthe way with 100 stations followed by Germany(43) andthe
United Stateg38), mostlyin California®.
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Figure 200 Comparison of number of public charging stations for hydrogen
and pure electric cars in the UK. Hydrogen on left, electric on right.
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The proliferation of refuelling infrastructureis beingheld up by the lack
of FCEVs of all types, and vice versa Constructionof refuelling
infrastructurds currentlyfinancially risky dueto high costs,andthe early
underutilisation of the facilities, which canleadto a negativecumulative
cashflow over10to 15 yearsP. Governmentsubsidiesare oneway of

ensuringthat sites can survive this 6 v a lofl deeya tasitbis known

Optimal siting and reducing costs are also important The Hydrogen
Council claim that refuelling capital costsper vehicle could be roughly
similarfor BEVs andFCEVs($1500to $2,000per FCEV to 203Q falling

to $1000 by 2030 B. They quotea study comparinginfrastructurecosts
for 20 million FCEVs and 20 million BEVs in Germany,which found
that, when requiredgrid investmentsare consideredthe total cost per
FCEV mayevenbelowerthanfor BEVs.

Given the barriersdiscussedabove,hydrogencars currently sell in the
thousandser year, globally, while electric carssell in the hundredsof
thousandsand conventionalcars in the tens of millions. The global
FCEV stockreachedust 11,200 units at the end of 2018 with salesof
around4,000in thatyear(80% morethanin 2017. Most of thesalesare
ToyotaMirai carsin California, supportedoy the Zero EmissionVehicle
(ZEV) mandateandanexpandingefuellinginfrastructure ©

Given infrastructurelimitations, hydrogencar deploymentis likely to be
led by returnto-baseapplicationssuch as taxis and other commercial
fleets Early uptakeis alsolikely to be highestin the sedan]uxury, and
SUV segmentsas theserequirethe power and rangesof fuel cells, and
their ownersare somewhatessprice sensitive As costsdeclinethrough
the scaleup of manufacturingand hydrogen,hydrogencars could also
competefor shareof smallersegments®

While current deploymentis low, several countries have announced
ambitiousFCEV targetstowards203Q currentlyamountingto 2.5 million
vehicles®.
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Buses

Hydrogen buses are already getting significant traction, notably in
Europe,JapanSouthKorea,and China They offer animportantearly
marketfor FCEVs

A Depotbasedfuelling limits the hydrogen refuelling infrastructure
required

A Operationof busesoccurspredominantlyin cities, whereair quality
and noise pollution are a particularproblem Deploymentof quiet,
ultra-low-emission buses in place of polluting diesel buses is
thereforeattractive especiallywherelocal authoritieshavethe power
to makethis happen

Coachesand intercity busesthat travel long distancesare also well
suitedfor a hydrogenpowertrain Most intercity busestravel from bus
depotto busdepoti hencearefuellingstationin everydepotsuffices

More than 450 hydrogenbusesfrom different OEMs (including ADL,

Daimler, Foton Solaris, Solbus Van Hool, VDL, Yutong, and
Wrightbug areon theroadin the US, Europe,Japanand Chinatoday

In the UK, there are fleets in London and Aberdeenand plans for

Birmingham and Dundee Countrieshave ambitiousplansto deploy
thousandsnore over the next few years SouthKoreaplansto replace
26,000 compresseadhaturalgas buseswith hydrogenbusesuntil 203Q

Shanghaaloneis planningto operate3,000buseshy 202Q B

As with cars, and indeedall transportsegmentshydrogenbusesare
more expensivethan electric versions While smallerbusesand buses
with shorterrange requirementsmay run on batteries,fuel cells will

allow larger busesto go longer distancesand operate with fewer
interruptions As well ascost,local circumstancewiill dictatethechoice
(e.g. route lengths and practicalities over charging and hydrogen
refuellinginfrastructure)
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Trains

For the samebasicreasonsas for buses.trains are emergingas
anotherimportantmarketfor FCEVs Hydrogentrains are an
attractive alternativeto polluting diesel trains, in particular on
nontelectrified railways 1 where roughly 70% of the wo r |
200,000locomotivesoperatgodayi andin the marketsof Europe
andthe US (togetheroperatingabout55,000 diesellocomotives
today)B.

Whilst electrification of nonelectrified lines is a valid
decarbonisatiomlternative the businesaseis strongesonly on
the busiesthigh-speedliines. Theseare exactly the typesof line
for which hydrogenis not suited- its energydensitymeanghatit
is difficult to store sufficient hydrogento servicetheseroutes
The two options therefore complement one another nicely.
Batterypoweredtrains are not often discussedas a competing
option

Hydrogentrains are already being introducedfor light-rail and
regionalrailways In 2018 thew o r |ficstéhgdrogerpowered
passengertrain, the Coradia ILint manufacturedby Alstom,
enteredrevenue service on a 10km regional line in Lower
Saxony,GermanyF. In the UK, hydrogentrains are currently
beingtrialled, with the expectationthat they could be in useon
commuterines acrossthe countryby 202211, As well astrains,
hydrogentramsareviable Thesearecurrentlybeingdeployedin
severalChinesecities®.
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HeavyGoodsVehicles(HGVs)
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While small vansandlight commercialvehiclesare possible(andindeedalreadyavailable)both in hydrogenandelectricform, asthe vehiclegets
heavierandtravelslongerdistancesthe useof hydrogenbecomesheonly option(althoughfuel switchingof existingvehiclesremainsanoption)

Hydrogentrucksare currentlybeing usedon urbandelivery and shortdistanceroutesin demonstratiorprojectsacrossthe world, including several
projectsin California In the heavy,long-haul segmentthe first FCEV modelsarealreadycommerciallyavailablein China,whereNation Synergy
hassignedcontractdor the deliveryof morethan3,000trucks Severakdditionalmodelsareexpectedo be commerciallyavailablewithin the next
few years,e.g. from HV Systemg800-mile range,10-minuterefueltime), Toyota, Nikola Motor (500-1000mile range,15-minuterefueltime) and

VDL. 8B

Like their hydrogenrivals, light electrictrucksarealsobeingtrialled
on urbandelivery and short distanceroutes In addition, Teslahas
releasedspecificationsfor a fully electric truck with an estimated
range of up to 500 miles, indicating there is potential for electric
trucks to servicelonger routes,thoughfor the longestand heaviest
journeys newbatterytechnologywill likely berequired

Alternatively, technologiecanbe deployedthatchargeelectrictrucks
whilst they drive.  Examplesinclude overheadcatenariesdynamic
inductiverechargingembeddednto the road,and conductiveon-road
strips However,installing this infrastructureon major roadsis likely
to beexpensiveanddisruptiveto roadusers

For eitherelectricor hydrogentrucks, suitableinfrastructuremustbe
availablein all countriesthatHGVs travelfrom, to andthrough Any
one country cannot therefore consider decarbonisationof long-
distancehaulagein isolationfrom othercountries The sameapplies
to shippingandaviation,our final transporisegment
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Shippingand Aviation

As statedearlier,fuel switchingi including the useof syntheticfuels madefrom low-carbonhydrogen- is currentlythe only optionfor the
heaviesipayloadsandlongestjourneysin shippingandaviation However,for otherjourneys,FCEVs,andto a lesserextentBEVs, area
possibility (asareall sortsof hybrid).

For aviation, the CCC worries that using hydrogenin aviation would lead to increasedemissionof water vapour at altitude, where it
enhanceshe greenhouseffect, comparedo continueduseof kerosené. Therefore they do not seea role for hydrogenin decarbonising
aviation Neverthelessfuel cells are being testedin commercialairliners for poweringaircraftsduring taxiing. Although taxiing only
accountdor a smallamountof fuel use,if usedon massthis would makea significantimpact Manufacturerdiavealsoappliedfuel cellsto
powerdronesandexperimentalight aircraft,suchastheHY 4.

For water transport,hydrogenis most relevantfor passengeships
suchasriver boats,ferries,and cruiseships Passengergspecially
thoseusing boatsfor recreationand tourism, will value lower local

emissions)essnoise,andlesswater pollution. River, lake,and port
authoritieswill easilybansuchemissionsonceviable alternativesare
available Prototypesfor fuel cell passengeships are alreadyin

operation,includingthe i M$ n n oig @edmanyand the fiEnergy
Observed under the Frenchflag. In Norway, Viking Cruisesis

planning to build the w o r | ficstbcsuise ships poweredby liquid

hydrogenand fuel cells Besidespropulsion, fuel cells can also
provide auxiliary power on ships, replacing polluting diesetbased
units B

The potential developmentof an internationalmarketin hydrogen
(e.g. as ammonia),shippedfrom countrieswith low costsof low-
carbonhydrogenproduction, raisesthe possibility of this being the
primaryway of supplyinglow-carbonfuel for refuellingatports
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HydrogenForecast

GlobalHydrogenDemand2050

Currentforecastsfor global hydrogendemandvary widely, from 35-
1,100 TWh per annumin 2030 (up to 1% of global primary energy
demand),scaling up to 300-22,000 TWh per annumby 2050 (0.2 -
12% of primarydemand) SeeFigure21.

HydrogenCouncilForecast

To give someideaof the blue-sky potentialof hydrogenwe now look

in moredetailat the forecastgeneratedy the HydrogenCouncil This
is by far the mostoptimistic of thoseshownin Figure21. Overall,this
forecast- which assumesenergydemandin 2050 consistentwith a
two-degreescenario- seesthe annualdemandfor hydrogenincreasing
tenfold by 205071 from 2200 TWh in 2015to almost22,000 TWh in

205Q theequivalento 12% of globalprimaryenergydemand
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Figure 211 Selection of global hydrogen demand forecdsts.
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Figure 22 Hydrogen Council forecast of global energy demand
supplied with hydrogen, EJ (1 EJ = ZI"8/h). B

Looking at the sectorbreakdown- seeFigure 22 i new usesof
hydrogen are forecastto outpacecurrent uses,with hydrogen
playing 6 &entralrole of the energyt r a n s f o Figure 22i
suggeststhat transportis the sector with the largest potential,
which is consistentin ordering,if notin scale,with someother
forecasts,such as that by the International RenewableEnergy

Agency(IRENA) E,

onob
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HydrogenCouncilForecastcont.
A Provide 10% of heatand power requiredfor residentialand industrial

On a moregranularlevel, the forecastsuggestshat by 2050 low-
sectors

carbonhydrogenglobally could
A Power20-25% of roadtbasedransportatiorsegments A Theresidentialshareis higher- 15-20 % - for heatandpowerin
regionswith existingnaturalgasinfrastructure

A 400million cars,
A Theindustrialshareis higher- 20-25% - for processeshat use

A 15-20million trucksand high-gradeheat(>600C).
A 5 million buses A Fully decarboniseurrentusesof hydrogen
A Power20% of trains A Be usedto produce30% of methanoland derivativesfrom captured

A Replacé&% of fuel supplyto airplanesandfreight ships carboninsteadof methane

A Generatd 500TWh of electricity. A Producel 0% of steel,usingdirectreductionprocesses
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