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Introduction
Given a clearer picture of the consequences,climate change ambitions ï

certainlyin theUK - areshifting towardsthegoalof limiting globalwarmingto

1.5 ºC abovepre-industrial levels,ratherthan2 ºC. This goal dictatesa global

transitionto net-zeroenergy-relatedCO2 emissionsby 2050at thelatest.

Achieving this goal will be challenging. Current methods for the

decarbonisationof energyïincreasedenergyefficiency,switchingto electricity

from renewable energy sources rather than fossil fuels, and increased

electrificationïcan,by wide agreement,only takeus so far. In addition,these

methodspresentsignificantchallengesin theirwideradoption.

In this report,we introducehow hydrogenïa clean,versatileandabundantelement,currentlyusedmostlyin theproductionof chemicals-

couldhelp obviateor overcomesomeof thesechallenges. Hydrogencoulddo this by expandinginto a role asa complementaryenergy

carrieralongsidezero-carbonelectricity.

In this role, hydrogenproducedfrom renewableand carbon-abatedfossil fuel sourcescould help decarbonisecertainend-usesectors,

particularlythoselesssuitedto full decarbonisationwith electricity,suchastransport,heavyindustryandheatfor buildings. It couldalso

helpwith thedecarbonisationof theelectricitysupply,in partby enablingtheintegrationof high levelsof renewableenergy.

Much of thetechnologyneededto makethis vision a realityexiststoday,but canit bescaledeconomicallyfromtodayôsdemonstrationand

earlycommercialventuresto massmarketacceptance,or aretherefundamentalissuesthatwill limit its uptake?Frankly,no oneknowsif

hydrogenwill becomea ócentralpillarôof our decarbonisationefforts, providing 18% of final energydemandglobally by 2050, with

associatedrevenuepotential of $2.5 trillion a year, as suggestedby the HydrogenCouncil, a prominenthydrogenadvocacygroup.

Regardless,giventhispotential,investorsneedto beawareof hydrogen. This reportprovidesahigh-leveloverviewof thetopic.
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Note on References

Referencesusedmorethanoncearelisted below andaredenotedin the main text

with a superscriptletter of the alphabet. Referencesusedonce are listed as a

footnoteon thepageandaredenotedwith asuperscriptnumber.
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A. óHydrogenin aLow CarbonEconomyô,Committeeon ClimateChange,2018.

https://www.theccc.org.uk/wp-content/uploads/2018/11/Hydrogen-in-a-low-

carbon-economy.pdf

B. óHydrogenScaling Up: A SustainablePathway for the Global Energy

Transitionô,HydrogenCouncil,2017.
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Why Hydrogen?

The Need

To limit global warming to 1.5 ºC above pre-industrial levels, or at least to have a good chance of achieving this, requires net-zero energy-related CO2 

emissions by 2050, globally.  

This requirement dictates the complete replacement of fossil fuels with zero-carbon alternatives, or, where not feasible, the use of carbon capture to achieve net-

zero CO2 emissions overall, with the CO2either being stored or reused (henceforth referred to as óCCUSô - Carbon Capture, Usage and Storage).   This 

transition must not only happen, but do so rapidly and economically, while retaining the reliability and convenience of fossil fuel-based 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:

Å Switching electricity generation from fossil fuels to low-carbon primary 

energy sources ïnuclear and renewables (solar, wind, hydro, etc.).

Å Electrification of end-uses previously relying on direct fossil fuel use, 

e.g. the use of electrical heat pumps instead of natural gas for heating 

buildings.

Å Improved energy efficiency.
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1 IEA (2017):  Energy Technology Perspectives 2017
2 https://www.businessgreen.com/bg/news/3077640/report-wind-and-solar-to-deliver-

half-the-worlds-power-by-2050

Å 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 2050 2.  In the UK, a full electrification pathway could lead 

to an increase in peak electricity demand of up to four or five times by 2050 A, 

along with significant seasonal peak demand variation due to the electrification of 

heating.  This implies the need to increase electricity generation capacity multiple 

times over ïmuch of which would only be used for part of the year - and to 

upgrade electricity transmission infrastructure to cope, both inefficient and hugely 

expensive prospects.

Å As well as these electricity system considerations, electrification of certain end-use 

applications may be technically difficult, disruptive and/or expensive.  We unpack 

this sentence throughout this report.

Å Wind and solar are on track to provide nearly half of grid power globally by mid-

century 2.   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 renewables, the larger this óintermittency 

problemô, and the greater the challenges of maintaining a stable electricity system.  

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. 

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: 

Å 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 low-hanging fruit of 

efficiency have arguably already been developed, 

if not fully rolled out, e.g. LED lighting. 

Å Attempts to reduce energy demand through 

efficiency improvements are likely to be 

overwhelmed as the world population swells and 

becomes ever more power-hungry.  Even 

factoring in forecast energy efficiency 

improvements, global primary energy demand is 

forecast to grow 10% by 2050 1. 

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 material ïCCUS, and the use 

of hydrogen. 

Fundamentally, hydrogen provides an alternative way of transferring 

energy from primary energy sources to end-users in a convenient 

form.  This is what electricity does.  Hydrogen and electricity are 

often both labelled as óenergy carriersô (or óvectorsô) to highlight 

their basic use and similarity.  Neither are primary energy sources, 

but both are óproducedô from them and carry a fraction of their 

energy content.  Both can be produced from either fossil or 

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

see Figure 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. 

Figure 1 ïHydrogen and electricity as similar and 

interconvertible energy carriers

Hydrogen Basics

Hydrogen is the lightest element and the third most abundant element on the 

Earth's surface.  Under ordinary conditions, it exists as the colourless and 

odourless gas H2.  Unfortunately, it does not exist in significant quantities in 

this form, so energy must be expended to extract it from abundant hydrogen-

containing compounds such as water and fossil fuels.  Currently, it is produced 

almost entirely from fossil fuels, and its main use is in the chemical and 

petrochemical industries, rather than the energy system.  
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Current Production C

Methods for producing hydrogen have been known for more than 200 years, 

though industrial large-scale production did not start till after World War I. 

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

1.5% of world primary energy supply, with an estimated value of $115 billion E.  

96% of this hydrogen originates from fossil fuel sources ïfrom the reforming of 

natural gas and oil, or the gasification of coal, see Figure 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 later section óLow-Carbon Hydrogen Productionô.

Most of hydrogen is today generated and used on industrial sites as ócaptive 

hydrogenô.  In the EU, more than 60% of hydrogen is captive, one-third is 

supplied from by-product sources, and less than 10% of the market is met by 

merchant hydrogen D.  UK production is from 15 sites, with half a by-product A. Figure 2 ïGlobal hydrogen production C.

Figure 3 ïGlobal hydrogen demand C. 

CurrentUse

Hydrogenôs main use is in the chemicals industry, where it is used as a 

building block in the creation of important compounds, most commonly 

ammonia and methanol, see Figure 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.

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

crack longer chain hydrocarbons into shorter ones, and the 

desulphurisation of road transport fuels.  Hydrogen is also used in a range 

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

production.  Use as a rocket fuel is a minor use.
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Fundamental Properties of Hydrogen for Decarbonisation

Hydrogenôs potential use for deep decarbonisation of the energy system is 

built on the following key points:

Given the abundance of hydrogen-containing compounds, hydrogen is not 

resource-constrained in its production, unlike some other decarbonisation 

options ïbiofuels, for example.  

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

to be produced in a range of low- and zero-carbon ways, most importantly:

Å 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 zero-carbon sources, then the hydrogen 

produced is likewise zero-carbon. 

Å Although not yet common, existing fossil fuel based production methods 

could be decarbonised to a large extent using CCUS.

We explore hydrogen production in more detail in the later section óLow-

Carbon Hydrogen Productionô.

As well as being used as a building block in the creation of chemicals ïits 

main current use - hydrogen 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):

Å 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 (NOx) emissions, 

which are a harmful pollutant.

Å 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.  For more detail, see the box óAn Introduction 

to Fuel Cellsô, two pages ahead.

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

Å Hydrogen can be stored and transported as a gas ïits natural state under 

ordinary conditions ïor a cryogenic liquid.  Alternatively, it can be 

stored and transported as part of a hydrogen-containing compound such 

as gaseous methane (CH4), liquid ammonia (NH3), or other more 

experimental compounds including Liquid Organic Hydrogen Carriers, 

solid metal hydrides and graphene. 

Å Hydrogen and related compounds can be flexibly transported by 

vehicle, or, in gaseous form, by pipeline, including potentially through 

existing natural gas pipelines.  

Å 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.  

Å In transport applications, hydrogen plus related equipment has a higher 

energy density than todayôs batteries (~2.3 MJ per kg versus ~0.6 MJ 

per kg B).

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

gas: 

Å 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.

Å 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 Climate Change (henceforth óCCCô), none 

of these or other characteristics makes hydrogen inherently less safe than 

natural gas, if appropriate safety protocols are followed A.
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Economicsof Hydrogenfor Decarbonisation

Despiteits promisingcharacteristics,hydrogenôsusein theenergysystemis

yet to take-off to any meaningfulextent,largely dueto a lack of economic

competitiveness,rather than a lack of technical capability. On a

fundamentallevel thereasonsfor this include:

Hydrogenis generallya less efficient way of transferringenergyto end-

usersthanstraightelectrification. This is dueto additionalconversionsteps,

andthe inefficienciesof thosesteps. This implies theneedfor significantly

more energyto provide the identical end-use, impacting costs. In more

detail:

Å As Figure1 suggests,thereareno established,efficient waysof goingdirectly from zero-carbonenergyto hydrogen. Thereforezero-carbonhydrogen

mustbeproducedindirectlyvia electrolysis. This leadsto anenergylossin theregionof 35% (dependenton theelectrolyser).

Å Minor energylossesmayalsooccurin distributingthehydrogenfrom whereit is producedto whereit is consumed. If thehydrogenis convertedinto

anotherform (e.g. ammonia),thisenergylossis likely to begreater.

Å Additional inefficienciesarisein theend-useïbeit in a boiler, turbine,fuel cell, etc. Note that in certainend-usesit is possibleto useelectricitymuch

moreefficiently thanhydrogen. For example,aswecoverlater,electricheatpumpsaremultiple timesmoreefficient thanhydrogenboilers.

Combined,it is oftenmuchmoreefficient to usezero-carbonelectricitydirectly, ratherthanusinghydrogenproducedfrom zero-carbonelectricity,or any

otherway. Weexpandon this in latersections.

As well as theseefficiency considerationsïimpactingoperationalcostsïthereare also the capital costsof the hydrogeninfrastructureand end-use

appliancesto consider. Although thecostsof someend-useappliancesmaybesignificantly lower thanlow-carbonalternativeswhich useelectricity, the

costsof building the hydrogenproduction,storageanddistribution infrastructurewill be considerable. This is quantifiedin the later sectionóHydrogen

Forecastô. To a limited extent,electrificationcanproceedsimply usingexistinginfrastructure.

On a morenichetechnicalpoint, in transportapplications,theenergydensityof hydrogensystemsis lower thanthatof incumbentfossil fuel systems. This

presentschallengesin displacingtheuseof fossil fuels(thoughaswestatedabove,hydrogensystemshavebetterenergydensitythancurrentbatteries).
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3  https://commons.wikimedia.org/w/index.php?curid=42838482

An Introduction to FuelCells

A fuel cell is a devicethat convertschemicalenergyto electricity,much

like a battery does. Unlike a battery, a fuel cell is suppliedwith an

externalsupplyof fuel andcanthereforerun indefinitely if thefuel supply

remains- thereis no needto órechargeôa fuel cell. A variety of input

fuels areused,including hydrogen,naturalgasand liquid fuels suchas

methanolor diesel. A supply of oxygen,usually from the air, is also

required. With hydrogenasthefuel, theonly exhaustis watervapourand

heat. Fuelcellsareusedbecausetheyarea fundamentallymoreefficient

way (up to 70% HHV (HigherHeatingValue)D) of convertinghydrogen

to electricitythancombustion-basedalternatives.

Figure4 showsa typical fuel cell, which worksasfollows: at theanode,a

catalystoxidizesthe fuel, turning it into a positively chargedion and a

negativelychargedelectron. The electrolyteis a substancespecifically

designedso ionscanpassthroughit, but theelectronscannot. The freed

electronstravel througha wire creatingthe direct electric current. The

ions travel through the electrolyte to the cathode. On reaching the

cathode,the ions are reunitedwith the electronsand the two reactwith

oxygento createwaterandheat.

A single cell, suchas that shownin Figure 4, doesnot producemuch

power. A moreuseful fuel cell óunitôis built from a stackof individual

cells. Fuel cell units can typically provide power from 1W to multiple

MW, andcanthereforebeusedin awiderangeof applications.

13

Figure 4 ïA generic fuel cell. 3

In comparisonto batteries, fuel cells can achieve their

highest efficiencies under transient cycles, such as in

transportapplications,discussedin detail later. In non-

transport applications, fuel cells are used to provide

uninterruptible and backup power for locations such as

datacentresandtelecomtowers,to supplyoff-grid power in

isolatedregionsor islands,and for CHP (CombinedHeat

andPower)systems,whichareveryefficient.

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

Fuel cells employan assortmentof electrolytes,catalystsand

temperatures,and areusuallycategorisedby their electrolyte,

seeherefor more detail. While ProtonExchangeMembrane

(PEM) fuel cellsïthe most suitableoption for FCEVs - and

alkaline fuel cells operateat low temperatures,othersoperate

at higher temperaturesof up to 600ÁC, making them more

suitablefor CHPapplications. Thehigherthetemperature,the

bettertheefficiencyatotherwisesimilarparameters.

In almostall cases,fuel cell manufacturerequiresexpensive

electrolytes, precious metal catalysts and high process

temperatures. Thereareongoingefforts to reducecostsandto

improvethe reliability andlifetime of the fuel cell stack. The

costof transportationfuel cellshasalreadyfallen by 60% since

2006 (though they remain expensiveversusbatteries),while

fuel cell durability hasincreasedby a factor of 4, to 120,000

miles4.

The fuel cell industry is small but growing. In 2018, there

were~ 75,000 shipmentsof fuel cell unitsïlargely Japanese

micro-CHP units - with a combinedpowerof 800 MW, with

mostof this powerbeingemployedin transportapplicationsF.

Most fuel cell companiesareyet to turnaprofit.

14

4 https://www.energy.gov/eere/fuelcells/fact-month-

april-2018-fuel-cell-cost-decreased-60-2006

IȅŘǊƻƎŜƴΩǎ 9ƴŜǊƎȅ 5ŜŎŀǊōƻƴƛǎŀǘƛƻƴ wƻƭŜ

Having outlined the fundamentalcharacteristicsof hydrogenin the

previoussection,we now sketchouthydrogenôsbroadpotentialrole

in the deep decarbonisationof the energy system. This role is

promotedby organisationssuchas the HydrogenCouncil, a óglobal

initiative of leadingenergy,transportandindustrycompanieswith a

united vision and long-term ambition for hydrogen to foster the

energytransitionô. Much of what is describedhere is technically

possiblenow, thoughit remainslargely a theoreticalpropositionat

thisstage.

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 End-Uses

The fundamentalidea is that if hydrogenis producedvia low-carbonmethods,then

using this hydrogeninsteadof fossil fuels in end-useapplicationswill decarbonise

theseapplications. As a reminder,mosthydrogencreatedtodayis not low-carbon.

Weexplainhow low-carbonhydrogencanbeproducedlater.

In most end-use sectors,hydrogenwill competewith electrification as the main

decarbonisationalternative. While useof hydrogenis generallylessefficient than

electrificationïaswe highlightedin theprevioussection,andexplorein moredetail

later- hydrogenpotentiallyhasa role to play in applicationswherefull electrification

is technicallydifficult, disruptiveand/orexpensive:

Thereare someareaswherehydrogenmay be the first-choiceroute for decarbonisation,due to its storability (e.g. for transport),or a continuedneedfor high-

temperatureheat(e.g. somepartsof industry). In otherareas,hydrogenandelectrificationarealternativesandpotentiallycomplementary(e.g. in residentialheating).

Even whereelectrificationis clearly the preferredsolution,hydrogencan offer a back-up option shouldbarriersto electrificationprove too great. Although not

universallytrue, other decarbonisationoptions- suchas biofuels and CCUS - are generallylimited in their applicability or scalability, evenif currentadoption

barrierswereto beovercome. Wediscussdecarbonisationonasectorby sectorbasislater.

Å Buildings: hydrogencanbeblendedwith naturalgas,or replaceit completely,to provideheat(andpower)to buildings,

potentiallyusingexistingpipelinesfor delivery. This providesa convenientalternativeor complementto electrification

with heatpumps,whichalthoughefficient,havedrawbacksin their installationandoperation.

Å Transport: hydrogen-poweredFCEVs (Fuel Cell Electric Vehicles) provide a convenientalternativeto BEVs (Battery Electric Vehicles).

FCEVsaremoresuitedto heavierpayloadsandlongerdistancesthanBEVs, and,unlike BEVs, benefitfrom refuelling timessimilar to todayôs

non-electricvehicles.

Å Industry: hydrogencan provide heat(and power) to industry,particularly in high-temperatureand direct-firing applications,whereelectrificationis difficult .

Hydrogencanalsopotentiallyreplacefossil fuel feedstocksin certainindustrialprocesses,e.g. ironmaking.
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If low-carbon hydrogen is used for decarbonisation of end-uses instead 

of electrification, this has significant knock-on 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 low-carbon hydrogen, you are also gaining new 

mechanisms for decarbonisation of the electricity system:

Å Converting renewable electricity to hydrogen by electrolysis can aid 

in the integration of variable renewable energy, overcoming some of 

the inherent challenges highlighted earlier.

Å Replacing fossil fuels with hydrogen in electricity generation plants 

will decarbonise them, while retaining the crucial services such 

dispatchable (on-demand) generation can provide.

We expand on these points in the following sections.

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 place ïby curtailing renewable 

generation.  In hydrogen form, this excess ïwhich should be 

very cheap, or even negatively priced - can instead be shifted 

flexibly across time and/or place, and then funnelled to end-

use applications most suited to decarbonisation with hydrogen. 

Figure 5 highlights some of these ópower-to-Xô routes, as they 

are known, such as power-to-power, which involves 

converting electricity to hydrogen using electrolysis, then back 

again to electricity in a fuel cell.  Power-to-fuel is similar, but 

specific to transport applications, while the power-to-gas 

routes combust the hydrogen in a turbine (we explain the 

distinction between blending and methanation later).  

Although all the Figure 5 pathways convert back to electricity, 

this need not be the case ïthe hydrogen could be combusted 

for heat rather than converted to electricity.  Figure 5 
reemphasises the point made earlier that energy pathways 

involving hydrogen tend to have low efficiencies. 
Figure 5 ïCurrent conversion efficiencies of various hydrogen-based variable 

renewable integration pathways D.  

T&D ïTransmission and Distribution, HHV ïHigh Heating Value, LHV ïLow Heating Value
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EnergyIntegration cont.

On the faceof it, convertingexcessrenewableelectricity into hydrogenseemslike a grandidea. After all ïbaringanyotheroptions- theelectricitywould

havebeenwasted,andshouldbecheap,meaningthatthelow efficienciesof thepathwaysarelessimportant. However,thereareflaws in this reasoning.

Oneproblemis the amountof the availableexcess. Currently, the amountof excessrenewablegenerationrequiringcurtailmentis only a few percentof

generationin theUK 5. Althoughit makessensethatastherenewablesharegoesup, thensomight theamountof excessrenewableelectricity,it is not clear

if theamountof hydrogenthatcouldbeproducedasaresultcouldremotelymatchthatrequiredin thecaseof widespreadhydrogenuse. QuotingtheCCC:

ótheinfrequencyandrelativelysmallsizeof this opportunity[of excessrenewableelectricity] is suchthat thevolumesof hydrogenthat canbeexpectedto be

produced[in theUK] usingverylow costelectricityare small in thecontextof theoverall energysystem(e.g. up to 44 TWha yearin 2050, lessthan10% of

buildinggasconsumption)ôA.

A lack of excessrenewableelectricity meansthat the hydrogen

would haveto beproducedby someotherroute. If stickingwith

electrolysisïrather than other possiblehydrogen production

routesïwe areforcedinto usingnon-excessrenewable,or non-

renewableelectricityasour input. So,we arebackto needingto

generateand transportextra electricity, one of things we were

trying to avoidin thefirst place.

Anotherproblemis that thereare indeedother thingsyou could

do with this excess,ratherthanconvertto hydrogen. You could

storethe excessaselectricity, for example(or heat). However,

hydrogenpotentially allow us to do things not possibleor less

practical than when using electricity as the storagemedium,

includingthetime- andplace-shiftingof renewableelectricity.

Whilst the short-term time-shifting of renewableelectricity is

perfectly feasible and increasingly economic using electrical

storage,hydrogenis the only practical at-scaletechnologyfor

long-termïweeksandseasons- energystorage,seeFigure6.

Figure 6 ïOverview of carbon-free energy storage technologies D.  

5 https://eciu.net/blog/2018/wind-constraint-payments-on-the-

way-down

https://eciu.net/blog/2018/wind-constraint-payments-on-the-way-down
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EnergyIntegration cont.

With hydrogen,it would potentiallybepossibleto storerenewableenergycapturedin thesummer,andto usethis to provideheatingin thewinter, when,as

wehighlightedearlier,renewablegenerationis 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 fossil-fuelled powered

plants,aswell asshort-termelectricalstorageandotherflexibility measures. However,accordingto multiple studiesquotedby theHydrogenCouncil, long-

termstoragebecomesa necessityastheshareof variablerenewableenergyincreases,seeFigure7a. So theargumentgoes,without this long-termstorage,

additionalrenewablecapacityaboveacertainthresholdwouldnotbeefficient to build, andothernon-cleantechnologieswouldberequired.

As well asprovidinga routefor long-termstorage,electrolysiscan(anddoesalreadyin theUK on a small-scaleA) providea rangeof balancingandancillary

servicesto help maintainthe minute-by-minutestability of the electricity system. Frequencyresponseis an example. Theseservicesarelikely to become

increasinglyimportant as the renewableshareincreasesand electricity systemsbecomeincreasinglydifficult to control as a result. There are more

conventionalmeansof providingtheseservices,andcompetitionwill behigh,but provisionwould improvetheeconomicsof electrolysis,coveredseparately

later.

Figure 7a ïHydrogen demand increases exponentially with variable renewable energy share B.

As well as these time-shifting examples, in

hydrogenform it would also be possibleto place-

shift renewable electricity from where it is

generated most cheaply, to where demand is

strongest. This couldtakeplacewithin a region,for

example,usinghydrogenasa way of manoeuvring

around local electricity grid constraints. Or this

could take place internationally, with countries

abundantin renewablesexportingto thoselacking.

For distancesabove3,500 to 4,500 km ïsuch as

from Australia or Brunei to Japan, both being

investigated as options ï converting power to

hydrogen and shipping it overseas could

theoreticallybe lessexpensivethan transmittingit

throughcablesaselectricityB.
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Hydrogenfor DispatchableElectricityGenerationA

Theotherwayhydrogencouldhelpdecarbonisetheelectricitysystemis by replacingfossil fuelsin powerplants. Thiswoulddecarbonisetheseplants,whilst

retainingthecrucialservicessuchdispatchablegenerationcanprovide(e.g. systembalancing,inertiaandvoltagecontrol). However,accordingto theCCC,

carbonpriceswouldneedto risesignificantlyin theUK to encouragesuchaswitch(to £70-100/tonneCO2, notexpectedtill after2030).

Useof hydrogenis potentiallyfeasibleat all scalesof powergeneration. With similar efficiencyandlimited additionalcost,hydrogencould replacenatural

gas in todayôslarge Combined-Cycle Gas Turbine (CCGT) plants. There are alreadyturbinesavailablethat run on limited hydrogenblendsand full

conversionsarebeingexploredin projectsin theNetherlandsandJapan. Hydrogencouldalsoreplacenaturalgasor dieselin smallerpeakingplants,either

supplyingenginesor fuel cells. Despitetheircost,fuel cellsalreadyhaveadistributedgenerationniche,seetheearlierbox,óAnIntroductionto FuelCellsô.

Figure 7b ïIntegration of variable renewables using hydrogen D.  
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Low-Carbon Hydrogen Production
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Low-Carbon Hydrogen 
Production
As notedearlier,hydrogenis currentlyproducedalmostentirely from

fossil fuels, see Figure 2. However, for hydrogen to play the

decarbonisationrole coveredin theprevioussection,it will needto be

producedin greaterquantitiesand in a low- or zero-carbonfashion.

Therearetwo mainwaysof doingthis:

Å Usingexistingfossil fuel-basedproductionmethodsplusCCUS.

Å Usingmethodsthatutilise renewableinputs,suchastheelectrolysis

of waterwith renewableelectricityastheinput.

21

ExistingMethods PlusCCUS

Existing fossil fuel-basedhydrogenproductionmethods,suchas

steammethanereforming of naturalgasand the gasificationof

coal, have the significant advantageof technologicalmaturity,

havingbeenusedfor decades. Scalingthesemethodsshouldbe

technically feasible,and, in many countriesïespeciallythose

with amplefossil fuel resourcesïoffer the cheapest,if not the

purest,sourceof large-scalehydrogenproduction.

However, the requirementto capturethe emittedCO2 presents

challenges. CCUS is a novel technology. Steam methane

reforming plantswith CCUS do exist, but they are at an early

stage,andcurrentlyonly capture60% of theCO2 producedat the

plant. This canbe improved,thoughwhenconsideringthe full

lifecycle - includingemissionsfrom theproductionof thenatural

gas- it is expectedthat the CO2 emissionreductionfrom steam

methanereformingis inherentlylimited to 60-85% comparedto

unabatedgas use. The equivalent CO2 reduction for coal

gasificationis 7-56%. In summary,hydrogenfrom fossil fuels

will likely alwayshaveacarbonfootprint,evenif usingCCUS. A

In addition,CCUSaddsto costs,reducesprocessefficiency,has

its own infrastructurerequirements,and, dependingon what is

happeningto the CO2 ïfor example,if it is beingstoredunder

the sea - may put geographical restrictions on where the

hydrogencanbeproduced,or necessitateCO2 transport.



22
350 PPM

Sector Research: HydrogenRenewableInputs

Insteadof usingfossil fuels,it is possibleto userenewableinputsfor

hydrogen production. The most straightforward examples use

existing methodsbut swap out the fossil fuel for a bio-derived

equivalent. For example, gasification not with coal, but with

biomass,andsteammethanereformingnot with naturalgas,butwith

biomethane. Thesemethodsarenovel andresourcelimited, though

biomass-based hydrogen production plus CCUS could provide

negativeCO2 emissions(removingCO2 from theenvironment).

Although other methodsare being actively developed,electrolysis

from renewable electricity is the only other currently viable

hydrogenproductionmethodwithin theórenewableinputsôcategory.

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 producinghydrogenas it provides

thelink betweenrenewableelectricityandhydrogen.

Figure 8 ïOutline of a generic electrolyser.  

Figure8 showsa genericelectrolyser,consistingof two electrodesemergedin an

electrolyte(not in practicepurewater,buta liquid or solidelectrolyte). With apower

sourceconnected,hydrogenappearsat thecathode,andoxygenat theanode.

Whilst no COemissionsareproduceddirectly from electrolysis,thereare indirect

emissionsfrom the input electricity. Currently in the UK, a grid-connected

electrolyserwould seeemissionsof around288-358 gCO2/kWh. However, in a

largelydecarbonisedelectricitygrid in 2050, theemissionsarelikely to bevery low.
A

Electrolysersaremodulartechnologies,with unit sizesfrom kW up to ~10 MW, and

are thereforewell suited to small-scaleon-site hydrogenproduction(larger plants

can be built by stackingsmallerelectrolysers,thoughthereis limited economyof

scale). In addition, unlike fossil fuel-based hydrogen production methods,

electrolysisnaturallyproducesverypurehydrogen,makingit suitablefor usein fuel

cells. Combined, these two propertiesmake electrolysis suitable for transport

refuellingapplications(thoughnot theonly option).

Today,threemaintypesof electrolyserexist,distinguishedby theelectrolyte,charge

carrier and temperatureof the system(similar to the differencesbetweenfuel cell

types). Alkaline electrolysersarea maturetechnologyandproducethevastmajority

of global electrolytic hydrogen. ProtonExchangeMembrane(PEM) electrolysers

arecurrentlyin the demonstrationphaseof their development. Theseelectrolysers

are more expensive,and have shorter lifetimes, but are more suitablefor use in

combinationwith intermittentrenewablegeneration. In contrastto the other two,

which operateat low temperatures,solid oxide electrolysersare an emerging

technologywhich utilise heat from other sourcesto increasethe efficiency of

productionsignificantly. A

The water electrolyser industry is currently even smaller than its fuel cell

counterpart; deploymentin 2018wasbelow100MW (comparedto 800MW for fuel

cells). However,very large projectshave beenannounced(e.g. a 5 x 100 MW

projectin Dunkirk), othersarein thepipeline,andthe industryis puttingsignificant

capacityupgradesin place. This suggeststhattheindustrycouldrespondreasonably

fastto adramaticincreasein demand. F
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Economicsof ElectrolyticHydrogenD

For thosewantingmoredetail,thelevelizedcostof electrolytichydrogenï

the cost spread out over the entire lifetime of the electrolyser - is

determinedby:

Å Thecapexof theelectrolyser.

Å Theefficiencyof theelectrolyserat convertingelectricityto hydrogen.

Å Thecostof theinput electricity. If providinggrid services,therevenue

generatedis effectively a discounton this cost. If the electrolyseris

grid-connected,anyapplicablegrid chargesaddto thiscost.

Å The load factor of the electrolyser (actual generationdivided by

potentialgenerationoveragivenperiodof time).

Å Thepriceobtainedfor theby-productoxygen(if any).

Thesefactorsarenot independent. For example,minimising thecostsof input electricity is likely to beaccompaniedby a lower load factor,as

very low-cost,surplusrenewableelectricitywill only beavailablefor a limited amountof time peryear. However,operationat low loadfactors

is lesseconomical,with thecapexof theelectrolyserdominatingamuchhigherlevelizedcostof hydrogen. Batteriesor otherenergystoragecan

helpincreasetheloadfactor,but their extracostmaynullify thebenefitA.

Low loadfactoralsoimpingeson theviability of building dedicatedoff-grid renewablesfor thesolepurposeof supplyinglow-carbonelectricity

for an electrolyserto producelow-carbonhydrogen. This is likely only to be economicalin specific locationsandwith specific technologies,

e.g. Chile,usingacombinationof wind andsolar.

For electrolytichydrogento competewith, for example,hydrogenfrom naturalgasreforming,this requireslow-costrenewableelectricity,anda

combinationof highernaturalgasandcarbonprices. If producedon-site,electrolytichydrogenavoidsthetransportcostsassociatedwith larger-

scalecentralisedproduction,but thisdoesnotnecessarilygive it acompetitiveadvantage.
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WhichProductionMethod?

If low-carbon hydrogenis ever used at scale, it is likely that all these

hydrogenproductionmethods,andothers,will play a part. Thechoicewill

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

technologyitself. This choiceis thereforelikely to vary by region. The

methodwith thecheapestlocal inputsmaybethepreferredsolution.

Focussingon the UK now, Figure9 summarisethe propertiesof the main

hydrogenproductiontechniquesthat the CCC considersas relevantin the

near-term. Reformingof naturalgasis theclearwinnercost-wise,although

producinglargevolumesof hydrogenin this way could resultin significant

residualCO2 emissions. The CCC suggeststhatall the othertechnologies,

including electrolysis,areonly likely to play a niche role. Unfortunately,

electrolysisis currentlyoneof the mostexpensiveoptions,andis likely to

remainso. Thecostof electricitywould haveto be lessthan£10/MWh for

electrolysisto be competitive. In addition, the CCC worries about the

impactof electrolysison theelectricitysystem. A

Although at a small scale, low-carbon hydrogenproduction for energy

applicationshasalreadycommencedin the UK. For example,therearea

handful of operationalelectrolysis-basedhydrogenrefuelling stationsfor

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

larger-scale hydrogenproductionas an integral part of proposedCCUS

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

greenlit, projectssuchas the H21 North of Englandprojectïintroduced

later - would lead to a significant scale-up in UK low-carbonhydrogen

production.

Long-term,aninternationalmarketin hydrogen(or ammoniafor conversion

to hydrogen)may develop. The CCC statesthat this hydrogen could

potentially be imported to the UK at similar cost to producinghydrogen

directly in theUK, evenwhenincludingthetransportationcosts. A

Figure 9 ïKey characteristics of hydrogen production technologies (in the UK) A
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https://hynet.co.uk/
https://www.h21.green/


Decarbonising End-Uses: Buildings



26
350 PPM

Sector Research: Hydrogen

DecarbonisingEnd-Uses: Buildings
Residentialand commercialbuildings requirealmost as much energyas the industrial sectorand more than the transportsectorB, both covered

separatelylater. Most of this energy(~75% in theUK 6) comesnot from electricityïwhich will naturallydecarbonisein tandemwith theelectricity

supplyïbut from thedirectcombustionof fossil fuels to provideheatfor living spaces,waterandfood. Thechallengeof the full decarbonisationof

buildingsis thereforechiefly relatedto heatprovision. This is our focushere,andour first exampleof howhydrogencouldhelpdecarboniseend-uses.

On a systemlevel, decarbonisationof building heatis oneof thebiggersectoralchallenges,dueto thescaleandseasonalityof theenergyrequirement.

This is illustratedin Figure10, which showsthatin theUK heatdemandis manytimesthatof electricitydemandin thecoldermonths. Currently,most

countrieswith cold winters rely on naturalgasfor heating(e.g. the UK, USA, Canada,Argentina,continentalEuropeand SouthKorea). In these

countries,mosthouseholdsareconnectedto anaturalgasnetwork. In theseandothercountries,thosenot relyingonnaturalgasfor heatinginsteadrely

onoil, coal,biomass,electricity,etc.

Figure 10 ïSynthesised UK half-hourly heat and electricity demand, 2010 B.

6 https://ec.europa.eu/eurostat/statistics-

explained/index.php/Energy_consumption_in_households

Early progresstowards the decarbonisationof building heat

haslargelybeenmadeusingefficiency improvements,aswell

as limited installation of biomassboilers and stoves,solar

thermalpanelsandheatpumps,all of which benefit from the

RenewableHeatIncentive(RHI) subsidyin theUK.

Heat pumps use electricity to produce heat efficiently by

extractingit from the air, groundor water,producingseveral

units of heat for eachunit of electricity input. Long-term,

electrification with heat pumps is regarded as the main

alternativeto the useof hydrogen. Beforewe comparethese

pathways,we introducehow hydrogencoulddecarboniseheat.

Note that its use remainslargely a theoreticalpropositionat

thisstage.

https://ec.europa.eu/eurostat/statistics-explained/index.php/Energy_consumption_in_households
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Hydrogencanbe combustedinsteadof fossil fuels to provideheatfor buildings.

Giventheir similarity, this happensmostnaturallywith hydrogenreplacingnatural

gas. This switch is thereforemostattractivein countrieswith an existingnatural

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,aprocessknownasmethanation.

As an alternativeto combustion,fuel cells can be supplied with hydrogento

provide combinedheatand power (CHP), or just power, though this is not our

focusin this section. CHPunitscanbedeployedin family homes,in residentialor

commercialbuilding blocks,or centrallyin district heatingnetworks. On a global

scale,about190,000 buildings are alreadyheatedwith hydrogen-basedfuel cell

micro-CHPs,largely in JapanB. As coveredearlier,fuel cell usemayplacestrict

demandson thepurity of thehydrogensupply,whereascombustiondoesnot.

Figure 11 ïHydrogen tolerance of gas infrastructure components E.

BlendingNatural Gaswith Hydrogen

Without major adaptations to infrastructure or

appliances,low percentagesof hydrogenïup to 10-

20% by volume- canbe safelyblendedinto existing

gasnetworks. This percentageis determinedby the

characteristicsof theexistingnetwork,the naturalgas

composition and the appliancesconnected to the

network,seeFigure11. Going above20% by volume

requiresmoresignificantchanges,so it may be more

economic to completely transform the network and

end-usesto work with pure hydrogen,see the next

section. E

Blending hydrogeninto the gassupply is not a new

conceptïthe US, UK andAustralia havepreviously

usedhydrogenblends(30-60%) in theform of ñtownò

gas. In fact, hydrogenblendsarestill usedin Hawaii,

Singaporeand someother areaswith limited natural

gas resources. In the UK, the HyDeploy project is

investigatinghydrogenblending, with a live trial at

130 homes in Keele scheduledto commencethis

summer. Globally, installationsthatcanblendroughly

1,700 tonnes of hydrogen per year into the gas

networkarealreadyin place(this is a tiny amountof

hydrogen)G.

https://hydeploy.co.uk/
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ReplaceNatural Gaswith PureHydrogen

Unlike blendingat low levels, which can be done invisibly to consumers,switching completelyfrom naturalgas to pure hydrogenis a major

decision,requiringcarefulcoordinationbetweengovernment,industryandthepublic. Sucha switchrequiresupgradesboth to thegasnetworkand

to connectedappliances:

Connectedappliances,includingovensandstoves,boilersandhotwatertanks,needto beconvertedor replaced.

For the network, leakagecontrol needsto be improved and pipelinesneed to be retrofitted or

replacedwith noncorrosiveandnonpermeablematerials,suchaspolyethylene. In somecountries,

this replacementis alreadyhappeningindependentof anypotentialswitch to hydrogen. In the UK,

the ongoing Iron Mains ReplacementProgrammemeansthat by the early 2030s gasdistribution

networks- the low-pressurenetworksthatconnectto households- shouldbehydrogen-ready. It is

expectedthat new hydrogen transmissionpipelinesïthe higher-pressurebackboneof the gas

network- would beaddedasandwhenrequired. Thereremainuncertaintiesovertheneedto change

gaspipeworkwithin buildings.

The UK is arguablyleadingthe world in researchingandplanningfor a

switchto purehydrogen. Mostnotably,theH21Northof Englandproject

presenteda detailedandcredibleengineeringsolutionfor convertinggas

networksacrossthe North of Englandto pure hydrogenbetween2028

and2034. It alsopresenteda longer-rangeplan to replaceall naturalgas

in theUK - for all applications,not just building heat- with hydrogenby

2050. SeereferenceC for moredetails. Suchaprojecthasthepotentialï

almostsinglehandedlyïto kick off a hydrogeneconomyin theUK. The

H21ôswidestambition is for a transitionto a global hydrogeneconomy

by 2100.

http://www.hse.gov.uk/gas/supply/mainsreplacement/index.htm
https://www.h21.green/
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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 carbonsourceïfrom biomassor CCUS- and

energyfor theconversion,leadingto a lowerefficiencyof about20% comparedto

directblending,andcreatingadditionalcostsB. Theadvantageis thattheresulting

substitutenaturalgasor SNGis puremethaneandhencefully compatiblewith the

existingnaturalgasinfrastructureaswell asall appliances. SNGfrom electrolysis

is beingpilotedin Germany,Italy andSwitzerlandin theñSTORE&GOòproject.

Figure 12 ïLow regret measures and remaining challenges for heat decarbonisation A

HeatDecarbonisationPathways

The CCC hasidentified five low-regretroutesto heat

decarbonisationthat can be pursuedimmediately A.

Thesearedesignedfor theUK, thoughtheyshouldalso

applymorewidely:

Å Improvethe energyefficiency of existingbuildings

(e.g. by installing insulation, smart heating

controls).

Å Add heat pumps to buildings not on the gas

network.

Å Roll-out low-carbon heat networks in population-

denseareas. Possibleheat sourcesinclude waste

heat from industry, large-scale heat pumps,

geothermalandpotentiallyhydrogen.

Å Designnew buildings to be highly energyefficient

andwith low-carbonheatingfrom thestart.

Å Inject biomethaneinto the gas network. This

providesa usefor methaneemissionscapturedfrom

biodegradablewastes. In the UK, biomethaneôs

potentialuseis limited to 5% of gasconsumption.

Combined,thesemeasurescanmakea significantdent

in heat-related emissions,see Figure 12. However,

they do not addressthe largest group of buildings -

thoseon thegasnetworkandnotonheatnetworks.

https://www.storeandgo.info/
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To reduceemissionsin theremaininggroupof buildings,therearetwo primary

routesïelectrify heat provision using heat pumps and/or the use of 100%

hydrogenin thegasnetwork. It is notabinarychoicebetweenthesetwo routes.

Indeed,going100% downeitherrouteis arguablythe leastpracticalthing to do

from a systemspoint of view. We have alreadydiscussedsystemproblems

associatedwith a 100% electricroute,andthereareequivalentconcernswith the

100% hydrogen route ïcan you create and distribute enough low-carbon

hydrogento meettheconsiderableimplieddemand.

Although systemconsiderationsare important, the cost and convenienceof a

givenheatingsystemfor end-userswill ultimatelydetermineits viability, so we

coverthisnext.

For end-users, heat pumps have their advantages. Crucially, they are an

establishedtechnology,readyfor installationtoday. Hydrogenis notyetevenan

option for most. Heatpumpsarealsoa muchmoreefficient way of converting

low-carbonelectricity into heat,meaningyou needfar lesselectricity to get the

sameheatoutput,reducingoperatingcostssignificantly. This is demonstrated

in Figure13. Estimatedcomparativefuel costsareshownin Figure14.

Figure 13 ïRelative efficiency of heating using electricity in heat pumps 

vs electrolytic hydrogen in boilers A.

Although it doesnot alter the argument,the efficiency of hydrogen-

basedsystemscanbe improvedif micro-CHP units ratherthanburners

areused,creatingpoweralongsideheatwith a total efficiency of more

than90% andanelectricalefficiencyof about40 to 45% B.

Given the estimatedoperatingcostsof Figure 14, why would anyone

want to use hydrogen rather than heat pumps? Well, hydrogen is

arguably the more convenient solution, both when installing and

operatingthesystem:

The installation of a hydrogen system requires the conversion or

replacementof gas-connectedappliances. This shouldbe a relatively

non-disruptive process. In contrast, heat pumps produce heat at

relatively low temperatures,which mayrequirethe 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 estimatedthat in 2016the householdadaption

costsof full electrificationwere£10,000 to 12,000 per propertyfor air

sourceheatpumpsandrelatedequipment. This comparesto appliance

changecostsfor hydrogenconversionat£4,500to 5,500perproperty. B

In operation,a hydrogensystemshouldperformindistinguishablyfrom

one burning naturalgas,providing heatingflexibly on demand. Heat

pumpsarenot sizedto provideequivalenton-demandheating. Heating

patternsmust thereforebe adjustedto achievea similar outcome. In

addition,on the coldestdays,whenheatdemandis obviouslygreatest,

heat pumps experiencea drop-off in efficiency and must therefore

greatlyincreasetheir electricity consumptionto compensate. This has

cost implications for the end-user, and, turning back to system

considerationsbriefly, thesespikes in electricity demandadd to the

challengesfor thewiderelectricitysystem.
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Hybrid Solutions

To figure out the optimal route, the CCC has modelled a range of heat

decarbonisationpathwaysin the UK, including the useof heatpumps,hydrogen

andthehybrid solutionïhybrid heatpumps. Theseusea heatpumpto meetthe

bulk of demand,while retainingthe gasnetworkandboilers(runningon natural

gasor hydrogen)to provideheaton colderwinter days. Theseoffer significant

end-userandsystemadvantagesover the individual systems. Hybrid heatpumps

arenovelbuthavebeentrialledsuccessfullyin TheFreedomproject.

TheCCCôsmodellingindicatedthat all pathwayshavea similar cost(expectfor

thecaseof completedecarbonisationwith hydrogenalone),seeFigure14. Given

similar costs,the CCC suggeststhere is an argumentfor deployinga rangeof

solutionsfor heatdecarbonisation,with thesepotentiallyvaryingby regionacross

the UK dependingon local resources,infrastructureand,potentially,preferences

of thelocalpopulation.

TheCCCôsrecommendationis for theat-scaledeployment

of hybrid heat pumps, which ïalthough not the only

option - could lead to a long-term solutionof hybrid heat

pumpswith hydrogenboilers.

Having looked at the use of hydrogen for the

decarbonisationof building heat,we next move onto the

use of hydrogenin the industrial and transportsectors.

Note that thesesectorsarenot isolatedfrom oneanother,

as they may share hydrogen production and delivery

infrastructure. Theavailabilityof purehydrogenin thegas

network is likely to impact hydrogenuptake acrossall

sectors.

A forecastfor the timing andextentof hydrogenusein all

sectorsis givenin thelatersectionóHydrogenForecastô.

Figure 14 ïAnnualised system 

costs for alternative heat 

decarbonisation pathways A

https://www.wwutilities.co.uk/media/2715/freedom-project-short-paper-2018.pdf
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Decarbonising End-Uses: Industry
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Theindustrialsectoraccountsfor a third of final energyconsumptionanda quarter

of CO2 emissions. Two-thirds of all energyis consumedby only five industries:

aluminium; chemicals,petrochemicals,and refining; cement; iron and steel; and

pulp and paper,all of which require large quantitiesof energyto run equipment

suchasboilers,steamgenerators,andfurnaces. SeeFigure15. The chemicaland

petrochemicalsectorsalsouse25 EJ worth of fossil fuels as feedstockeachyear,

and about 8 EJ of hydrogen- as highlighted earlier the main current use of

hydrogen. For comparison,1 EJ (~278 TWh) is approximatelyone day of the

worldôstotal final energydemand. B

Low-carbonhydrogencould contributeto decarbonisationof industryin two main

ways:

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

temperatureanddirect-firing applications,whereelectrificationis difficult .

Å Replacingfossil fuel feedstocksin certainprocesses.

Figure 15 ïHigh-grade heat constitutes a large share 

of energy use in heavy industry. B

Hydrogen for Industrial Feedstock 
Decarbonisation

Most obviously, low-carbon hydrogencould replacehigh-carbon

hydrogen in its current uses in the chemical and petrochemical

sectors. Selectedplantsarealreadypioneeringthis; for example,in

the refining industry,Shell and ITM Powerare looking to install a

10-MW electrolyser at a Shell site in the Rhineland Refinery

Complex in Germany7. Low-carbonhydrogencould also replace

fossil fuelsusedasa feedstockin certainotherindustrialprocesses:

A productspecific exampleis steelmaking. While 95% of global

primary steel is produced using a blast furnace method, the

remainderusesdirectreductionof iron (DRI). Moreenergyefficient

thanthetraditionalblastfurnaceroute,this processis growingmuch

fasterthanoverall steelproduction. DRI currentlyreliesmainly on

naturalgasasthereducingagent,but this canpotentiallybereplaced

by hydrogen,as is currently being demonstratedin the Hydrogen

BreakthroughIronmakingTechnology(HYBRIT) project.

A more widely applicableexampleis the useof a combinationof

low-carbonhydrogenand CCUS to replacefossil feedstockin the

productionof hydrocarbon-basedchemicals,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 Recycling InternationalôsGeorge Olah plant in Iceland

produceshydrogen from electrolysis and capturesCO2 from a

geothermalpowerplantto produceabout4,000tonsof methanolper

yearandrecycleabout5,500tonsof CO2 in theprocess8.

7 http://www.itm-power.com/project/refhyne
8 https://www.carbonrecycling.is/george-olah

http://www.hybritdevelopment.com/
http://www.itm-power.com/project/refhyne
https://www.carbonrecycling.is/george-olah
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Hydrogen for Industrial Energy Decarbonisation

As with thedecarbonisationof heatfor buildings,thereareseverallow-regrets

measuresthatcanbepursuedimmediatelyto kick-off thedeepdecarbonisation

of industrialenergyuse. The most importantof theseis to increaseefficiency

by deployingbestavailabletechnologiesandproductionprocesses,aswell as

by recyclingmaterialsandwasteheat. As oneexample,by boostingefficiency

using existing tools, such as better furnacetechnologyand heat and energy

recovery,steelproducersin India couldreportedlyreduceemissionsby 40% B.

To decarbonisetheremainingemissions,we haveanextendedrangeof options

over what wasavailablefor building heat. This is becausemany large-scale

industrialprocessesproducesignificantpoint sourcesof CO2. This meansthat

as well as switching from fossil fuels - via electrification,biomass/fuels,or

hydrogenïwe must alsoconsiderthe option of sticking with fossil fuels but

capturingtheemittedCO2.

When looking at the fuel switching options alone, the CCC estimatesthat

hydrogenwill be the mostcost-effectiveoption for all the main industrial fuel

consumingprocesses: steamproduction, high- and low-temperatureheating

(both directandindirect heating),andreductionprocesses. It is worth pointing

out that this view is not universaland, as the CCC point out, is sensitiveto

biomassusageandpriceassumptions. A

Low-Grade Heat

For low- and medium-grade heat ïfrom under 100 to 400 ºC - hydrogen could 

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

relevant where hydrogen is readily available because it is used as an input into 

an industrial process and wherever it is produced as a by-product.  Hybrid 

boilers, which switch between electricity and hydrogen, could allow factories to 

exploit price or supply differences.  Hydrogen-based cogeneration units could 

provide factories with heat and power. 

High-GradeHeat

At higher temperatures,hydrogen comes into its own as a

decarbonisationoption, as other options become less feasible or

efficient. Fordirect-firing applications,hydrogenis essentiallytheonly

fuel switchingoption,asbiomassandelectrificationarerarelysuitedA.

Direct firing refers to combustion-basedheating processes,such as

those occurring in furnacesand kilns, where the combustiongases

comeinto directcontactwith theproductthatis beingheated.

Blast furnacesfor steelmakingarea goodexampleof directfiring. The

cokeusedin thesefurnacesnot only createsheatneededto melt iron,

but alsoenablesthechemicalreactionbetweenthecarbonelectrodesin

the cokeandthe oxygenin the iron ore that is necessaryto reducethe

oreto iron. While it is possibleto enhancetheheatof theblastfurnace

with other combustiblefuels (such as naturalgasor hydrogen),it is

thereforenot possibleto substitutethe blast furnacewith an electric

furnace.

So,hydrogencould be usedto help decarboniseboth the blastfurnace

and direct reduction methods of steel production. A similar

intensificationof hydrogenuseis possiblein theotherenergy-intensive

industriesof Figure15, accordingto theHydrogenCouncilB:

Å Chemicalsand petrochemicals- by-producthydrogenis produced

andcouldbeusedto retrofit equipmentsuchasethylenecrackers.

Å Aluminium recycling- gas-fired furnacescouldberetrofittedto run

onhydrogen.

Å Cement production - hydrogen could be combined with waste-

derivedfuels.

Å Pulp and paperindustry - hydrogencould provide the high-purity

flameneededto flash-dry paper.
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Hydrogen versus CCUS

Although hydrogen may be the óonlyô fuel switching option in an 

important subset of high-grade heat applications, the potential use 

of CCUS is likely to be a key competitor.  Given the likely major 

role for CCUS in bulk hydrogen production ïnotably in the UK, 

see the earlier section óLow-Carbon Hydrogen Productionô - these 

options are effectively ópre-processô and ópost-processô forms of 

CCUS, see Figure 16.  There is considerable overlap between these 

two methods, though each is more suited to certain applications:

Pre-processCCUSïthe use of hydrogenproducedin combinationwith

CCUS,removingthe carbonbeforeuse. This is applicableto a wide range

of fuel-using industrial processes(combustionand reduction). It is well

suitedfor smallersourcesof emissionsandthosefurtherfrom CO2 networks,

for which fitting CO2 captureequipmentandconnectingto a CO2 network

arelikely to bemoredifficult andexpensive.

Post-processCCUSïthe direct application of CCUS to industrial sites,

removingthe carbonafter use. This is well suitedto largepoint-sourcesof

CO2, especiallythoselocatedcloseto CO2 networks. An advantageof this

approachover the useof hydrogenis that the CCUScanbe usedto reduce

emissionsfrom industrialprocessesthat do not usefuel, suchascalcination

in thecementsector,in additionto fuel-usingprocesses.

The optimal balance between the deployment of hydrogen and direct

applicationof CCUS in industry is not yet clear and will dependon risk

profilesandtheway that investmentdecisionsaremadein industry,aswell

ascostsandCO2 savings(e.g. dueto differentratesof CO2 capturebetween

thetwo approaches)A.

Overall, hydrogen is a competitive decarbonisationmethod for several

important processesin the industrial sector. However, given the cost

sensitivity and long equipment lifetimes in this sector, the uptake of

hydrogenmaybeslowerthanin othersectors. Sinceretrofitting of existing

equipmentto burn hydrogenis inexpensivecomparedto new (electrical)

equipment,the main barrier to the uptakeof hydrogenis the comparatively

highcostof hydrogenproductionitself B.

As with all sectors,a forecastfor the timing andextentof hydrogenusein

industryis givenin thelatersectionóHydrogenForecastô.
Figure 16 ïóPre-processô and ópost-processô forms of CCS for industry A
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Theglobaltransportationsectordependsalmostentirelyon fossil

fuels andemitsmore than20% of all CO2 emissions,acrossall

sectorsB.

As one option, full decarbonisationof transport requires the

completereplacementof existing vehicles - there are over a

billion of them - with fully electric versions,either Battery

Electric Vehicles(BEVs), Fuel Cell Electric Vehicles(FCEVs),

or somehybrid thereof. In someapplications,theseemerging

electric vehicles will have to competewith existing internal

combustionenginevehicles(ICEVs) ïthoughcarsof this type

are being bannedin some countries,including the UK - and

hybrid electric/non-electricvehicles.

Alternatively, existing vehiclescan be switchedto using low-

carbonfuels,ratherthanfossil fuels. Theselow-carbonfuelscan

either be biofuels, or, in the future potentially synthetic fuels,

built from the groundup from low-carbonhydrogenand CO2.

The creationof suchsyntheticfuels may involve CCUS. This

useof CCUSis similar to its usefor feedstockdecarbonisationin

theindustrialsector.

Whenlooking at the suitability of thesepotentialsolutions,it is

necessaryto break the transport sector up into segments,as

requirementsdiffer greatly. Whatworksfor a scooteris unlikely

to work for a jumbo jet. Each segment can be broadly

characterisedby:

Å the weight of the vehicle (including payload), which

determinesthe requisite performanceof the engine (e.g.

energydeliveryperunit time).

Å the required range, which determines fuel storage

requirements(i.e. totalamountof storedenergy).

Figure 17 ïSegmentation of the transport market and options for decarbonisation E

Figure17 plots vehicleweight versusrequiredrange(in averagekilometresper

day per trip), and suggestswhich solutionsare most suited. Fuel switching is

currentlytheonly option for theheaviestpayloadsandlongestjourneysïlargely

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

replacements,due to the low energydensity of the fuel systemsusedin such

vehicles. Synthetic(andbio-) fuels havethe requisiteenergydensitybut suffer

from low overallenergyefficiency,andproductionlimitations,meaningtheir use

elsewhereis likely to be limited. In less energy-intensivetransportsegments,

therefore,BEVs andFCEVsarethemainalternatives. We discusseachsegment

separatelybelow,but first wemakesomegeneralpoints.
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Broadlyspeaking,BEVs arecurrentlyonly suitedfor lighter vehiclesandshorterranges,while FCEVsaremoresuitedto heaviervehiclesandlonger

ranges:

Å To repeat,hydrogenplus relatedequipmenthasa considerablyhigherenergydensitythancurrentlyavailableBEV batteries(~2.3 MJ perkg versus

~0.6 MJ perkg B). BEVs arethereforelimited in theamountof energytheycanstore,in turn reducingtheachievableweightandrange. Newbattery

technologywouldbeneededto addressthis flaw.

Å BEVs aremoreefficient thanFCEVsat convertinginput energyinto energyproviding motion to the vehicle,impactingoperationalcosts. This is

truebothwell-to-wheel(takinginto accountenergylost in creatingthefuel) andfuel-to-wheel. SeeFigure18, which alsoshowsthatbothBEVs and

FCEVsaremoreefficient thanICEVs. For this,anda wholehostof otherreasons,BEVs aremorecompetitivethanFCEVswhereweightandrange

arelessimportant.

Figure 18 ïRelative efficiency of hydrogen fuel cell, electric and petrol 

cars A.  This diagram shows the indicative efficiency of using a given 

amount of zero-carbon electricity in powering a car.
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In summary,FCEVsshouldbeconsideredascomplementaryto, morethan

competitivewith, BEVs in the broadercontext of the energytransition.

Whilst they may compete in some market segmentsïwhere cost,

convenience,availableinfrastructureandotherfactorswill play a big role -

for eachsegmentthereis a clearcompetitiveadvantagefor oneor theother.

The decarbonisationpotential per vehicle is greaterin the segmentsfor

whichFCEVshaveanadvantage,giventhattheyaremorepolluting.

In the fight againstICEVs, BEVs andFCEVshavetheir advantages. Both

useelectricpowertrains- so the developmentof onewill help the otherï

which arequiet, high torque,and havezero tailpipe emissions,improving

local air quality. Both should benefit from any governmentsubsidies

availablefor low emissionvehicles(e.g. initial cost reduction,exemption

from emission charging zones). On a lifecycle basis ï including

manufacture- CO2 emissionsfrom BEVs andFCEVsareconsiderablyless

than ICEVs and, assumingzero-carbon fuel, similar to one another B.

FCEVsare,however,freefrom concernsaboutethicsandsustainabilitythat

affectthelithium-ion batteriescommonlyusedin BEVs.

While FCEVs can achieve refuelling times similar to ICEVs, BEVs

currently takesignificantly longer to chargeïfor cars,30 minutesat best

(availablein only a few locations),up to manyhoursat a homecharging

point - thoughfasterchargetechnologiesarebeingdevelopedandrolledout

now. This makesFCEVs more suitablefor applicationsthat do not have

long periodsof downtimein their duty cycle which would allow for BEV

charging(seethesectionbelowon materialhandling,for example). Trends

that increasethe utilization of transportationassets,such as autonomous

driving andcarsharing,increasetheneedfor continuousoperationwithout

longrechargingperiods.

From a systemsperspective,use of FCEVs could help

offset the impact of large-scale BEV rollout on the

electricitysystem. In theUK, sucha rollout couldadd100

TWh to yearly energydemandandup to 25 GW to peak

demandH. However,it shouldbe possibleto reducethe

peak demand significantly using smart charging and

vehicle-to-grid technologies.

We now look at the transportsegmentsin more detail.

FCEVsareavailablenow, or within thenext five years,in

medium-sized/largecars,vans,buses,HGVs, trains/trams

and forklifts. There are also other experimentaland

emerginguses.

Material HandlingB

Hydrogen applications for material handling have

experiencedthe largestuptakeso far. Fuel cell powered

forklifts, in particular, outperform battery powered

alternativesin a total costof ownershipcomparisonwhere

high uptime is required. More than 15,000 fuel cell

forklifts (such as thoseby Plug Power and Toyota) are

operational in global warehousestoday, with major

projectsin Amazonand Walmart warehousesin the US.

Many othercaptivefleetsthatareotherwisechallengingto

decarbonizeïsuchasairport groundoperations,logistics,

mining, and constructionïcould benefit from employing

hydrogen.
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Hydrogencarsarein theearlystagesof commercialisation. Forcars

regularly travelling long distancesexceedingthe rangeof electric

cars,hydrogencarsprovide the ability to travel further in a larger

car on a single tank of fuel and to refuel morequickly. However,

the electric car market is considerablymore advancedboth in

availabilityandcostof bothcarsandrefuellinginfrastructure.

In theUK, thereareonly a few modelsof hydrogencaravailable(or

at leastpriced) by major car manufacturers,including the Toyota

Mirai andtheHyundaiNexo, seeFigure19. Globally, 10 modelsof

FCEV are(optimistically)expectedby 2020B. In contrast,thereare

morethan50modelsof electriccarcurrentlyavailablein theUK A.

As well as some of the major car companies,there are also a few start-ups

involvedin hydrogencars. Forexample,Riversimpleis aUK companyaimingto

commercialisehydrogencarsonasubscriptionbasis.

HydrogencarscurrentlycostconsiderablymorethanequivalentICEVs - roughly

double,largelydueto thecostof thefuel cells- while electriccarscostmorethan

equivalentICEVs but considerablylessthanhydrogencars,thoughthis depends

on range. As productionscales,thecostof all typesof light passengervehicleare

predictedto convergeto within 10% of eachotherby 2030. On a total costof

ownershipbasis,electriccarsarealreadycheaperthanequivalentICEVs, while

hydrogencarsaremorethandoublethecost,bothdueto fuel costs. D

Thecostof fuel for FCEVsvariesconsiderablyby country,dependingon how it

is producedandtaxed. In theUK theprice is about£12/kg 9, similar to theprice

in California10. However,in Norwaythepriceis reportedlylessthan£1/kg 9. In

the US, the National RenewableEnergy Laboratorypredicts that the fuelling

costsper mile for FCEVscould fall below ICEVs during the period2020-25 10.

To shelter users from the initially high price, it is a common practice for

manufacturersto includeseveralyearsôof fuel aspartof thepurchase/lease.

Figure 19 ïHydrogen-powered cars advertised in 

the UK with prices.  Above, the Toyota Mirai

(£62,500).  Below, Hyundai Nexo(£65,995).

9 https://www.autotrader.co.uk/content/advice/hydrogen-fuel-cell-cars-overview
10 https://cafcp.org/content/cost-refill

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
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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 aschargingat homeandat

workplaces,electric carscan be chargedat over 8,500 public EV

charging locationsacrossthe UK accordingto Zap-Map (this is

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

2018, 376 hydrogenrefuelling stationswere in operation. Japan

leadstheway with 100stations,followed by Germany(43) andthe

UnitedStates(38), mostly in CaliforniaG.

The proliferationof refuelling infrastructureis beingheld up by the lack

of FCEVs of all types, and vice versa. Constructionof refuelling

infrastructureis currentlyfinancially risky dueto high costs,andtheearly

under-utilisationof the facilities, which canleadto a negativecumulative

cashflow over 10 to 15 yearsD. Governmentssubsidiesareoneway of

ensuringthat sites can survive this óvalleyof deathô,as it is known.

Optimal siting and reducing costs are also important. The Hydrogen

Council claim that refuelling capital costsper vehicle could be roughly

similar for BEVs andFCEVs($1500to $2,000perFCEV to 2030, falling

to $1000by 2030) B. They quotea studycomparinginfrastructurecosts

for 20 million FCEVs and 20 million BEVs in Germany,which found

that, when requiredgrid investmentsare considered,the total cost per

FCEV mayevenbelower thanfor BEVs.

Given the barriersdiscussedabove,hydrogencarscurrently sell in the

thousandsper year,globally, while electric carssell in the hundredsof

thousands,and conventionalcars in the tens of millions. The global

FCEV stock reachedjust 11,200 units at the endof 2018, with salesof

around4,000in thatyear(80% morethanin 2017). Most of thesalesare

ToyotaMirai carsin California,supportedby the ZeroEmissionVehicle

(ZEV) mandateandanexpandingrefuellinginfrastructure. G

Given infrastructurelimitations, hydrogencar deploymentis likely to be

led by return-to-baseapplicationssuch as taxis and other commercial

fleets. Early uptakeis alsolikely to be highestin the sedan,luxury, and

SUV segments,as theserequirethe powerand rangesof fuel cells, and

their ownersaresomewhatlesspricesensitive. As costsdeclinethrough

the scale-up of manufacturingand hydrogen,hydrogencars could also

competefor sharesof smallersegments. B

While current deployment is low, several countries have announced

ambitiousFCEV targetstowards2030, currentlyamountingto 2.5 million

vehiclesG.
Figure 20 ïComparison of number of public charging stations for hydrogen 

and pure electric cars in the UK.  Hydrogen on left, electric on right.

https://www.zap-map.com/
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Hydrogen buses are already getting significant traction, notably in

Europe,Japan,SouthKorea,andChina. They offer an importantearly

marketfor FCEVs:

Å Depot-basedfuelling limits the hydrogen refuelling infrastructure

required.

Å Operationof busesoccurspredominantlyin cities, whereair quality

and noisepollution area particularproblem. Deploymentof quiet,

ultra-low-emission buses in place of polluting diesel buses is

thereforeattractive,especiallywherelocal authoritieshavethepower

to makethishappen.

Coachesand intercity busesthat travel long distancesare also well

suitedfor a hydrogenpowertrain. Most intercity busestravel from bus

depotto busdepotïhencea refuellingstationin everydepotsuffices.

More than 450 hydrogenbusesfrom different OEMs (including ADL,

Daimler, Foton, Solaris, Solbus, Van Hool, VDL, Yutong, and

Wrightbus) areon the roadin the US, Europe,Japan,andChinatoday.

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

Birmingham and Dundee. Countrieshave ambitiousplans to deploy

thousandsmoreover the next few years. SouthKoreaplansto replace

26,000 compressednaturalgasbuseswith hydrogenbusesuntil 2030.

Shanghaialoneis planningto operate3,000busesby 2020. B

As with cars, and indeedall transportsegments,hydrogenbusesare

more expensivethanelectric versions. While smallerbusesand buses

with shorter-range requirementsmay run on batteries,fuel cells will

allow larger buses to go longer distancesand operate with fewer

interruptions. As well ascost,local circumstanceswill dictatethechoice

(e.g. route lengths and practicalities over charging and hydrogen

refuellinginfrastructure).

Trains

For the samebasicreasonsas for buses,trains are emergingas

anotherimportantmarket for FCEVs. Hydrogentrains are an

attractive alternativeto polluting diesel trains, in particular on

non-electrified railways ïwhere roughly 70% of the worldôs

200,000locomotivesoperatetodayïandin themarketsof Europe

and the US (togetheroperatingabout55,000 diesel locomotives

today)B.

Whilst electrification of non-electrified lines is a valid

decarbonisationalternative,thebusinesscaseis strongestonly on

the busiesthigh-speedlines. Theseareexactly the typesof line

for which hydrogenis not suited- its energydensitymeansthat it

is difficult to store sufficient hydrogento service theseroutes.

The two options therefore complement one another nicely.

Battery-poweredtrains are not often discussedas a competing

option.

Hydrogentrains are alreadybeing introducedfor light-rail and

regional railways. In 2018, theworldôsfirst hydrogen-powered

passengertrain, the Coradia ILint manufacturedby Alstom,

entered revenue service on a 100km regional line in Lower

Saxony,GermanyF. In the UK, hydrogentrains are currently

being trialled, with the expectationthat they could be in useon

commuterlines acrossthecountryby 202211. As well astrains,

hydrogentramsareviable. Thesearecurrentlybeingdeployedin

severalChinesecitiesB.

11 https://www.independent.co.uk/environment/hydrogen-trains-replace-diesel-electric-alstrom-eversholtair-pollution-a8715861.html

https://www.independent.co.uk/environment/hydrogen-trains-replace-diesel-electric-alstrom-eversholtair-pollution-a8715861.html
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HeavyGoodsVehicles(HGVs)

While small vansandlight commercialvehiclesarepossible(andindeedalreadyavailable)both in hydrogenandelectricform, asthe vehiclegets

heavierandtravelslongerdistances,theuseof hydrogenbecomestheonly option(althoughfuel switchingof existingvehiclesremainsanoption).

Hydrogentrucksarecurrentlybeingusedon urbandeliveryandshortdistanceroutesin demonstrationprojectsacrosstheworld, including several

projectsin California. In theheavy,long-haulsegment,thefirst FCEV modelsarealreadycommerciallyavailablein China,whereNationSynergy

hassignedcontractsfor thedeliveryof morethan3,000trucks. Severaladditionalmodelsareexpectedto becommerciallyavailablewithin thenext

few years,e.g. from HV Systems(800-mile range,10-minuterefuel time), Toyota,Nikola Motor (500-1000-mile range,15-minuterefuel time) and

VDL. B

Like their hydrogenrivals, light electrictrucksarealsobeingtrialled

on urbandelivery and short distanceroutes. In addition,Teslahas

releasedspecificationsfor a fully electric truck with an estimated

rangeof up to 500 miles, indicating there is potential for electric

trucks to servicelonger routes,thoughfor the longestand heaviest

journeys,newbatterytechnologywill likely berequired.

Alternatively,technologiescanbedeployedthatchargeelectrictrucks

whilst they drive. Examplesinclude overheadcatenaries,dynamic

inductiverechargingembeddedinto theroad,andconductiveon-road

strips. However,installingthis infrastructureon major roadsis likely

to beexpensiveanddisruptiveto roadusers.

For eitherelectricor hydrogentrucks,suitableinfrastructuremustbe

availablein all countriesthatHGVs travel from, to andthrough. Any

one country cannot therefore consider decarbonisationof long-

distancehaulagein isolationfrom othercountries. Thesameapplies

to shippingandaviation,our final transportsegment.

https://www.tesla.com/en_GB/semi?redirect=no
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ShippingandAviation

As statedearlier,fuel switchingïincludingtheuseof syntheticfuelsmadefrom low-carbonhydrogen- is currentlytheonly optionfor the

heaviestpayloadsandlongestjourneysin 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 vapourat altitude, where it

enhancesthegreenhouseeffect,comparedto continueduseof keroseneA. Therefore,theydo not seea role for hydrogenin decarbonising

aviation. Nevertheless,fuel cells arebeing testedin commercialairliners for poweringaircraftsduring taxiing. Although taxiing only

accountsfor asmallamountof fuel use,if usedon massthis would makea significantimpact. Manufacturershavealsoappliedfuel cellsto

powerdronesandexperimentallight aircraft,suchastheHY4.

For water transport,hydrogenis most relevantfor passengerships

suchas river boats,ferries,andcruiseships. Passengers,especially

thoseusing boatsfor recreationand tourism,will value lower local

emissions,lessnoise,andlesswaterpollution. River, lake,andport

authoritieswill easilybansuchemissionsonceviablealternativesare

available. Prototypesfor fuel cell passengerships are already in

operation,including theñMSInnogyòin Germanyand theñEnergy

Observeròunder the French flag. In Norway, Viking Cruises is

planning to build the worldôsfirst cruise ships poweredby liquid

hydrogenand fuel cells. Besidespropulsion, fuel cells can also

provide auxiliary power on ships, replacing polluting diesel-based

units. B

The potential developmentof an internationalmarket in hydrogen

(e.g. as ammonia),shippedfrom countrieswith low costsof low-

carbonhydrogenproduction,raisesthe possibility of this being the

primarywayof supplyinglow-carbonfuel for refuellingatports.

http://hy4.org/
http://www.energy-observer.org/en/
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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.

HydrogenCouncilForecastB

To give someideaof theblue-sky potentialof hydrogen,we now look

in moredetailat theforecastgeneratedby theHydrogenCouncil. This

is by far themostoptimisticof thoseshownin Figure21. Overall,this

forecast- which assumesenergydemandin 2050 consistentwith a

two-degreescenario- seesthe annualdemandfor hydrogenincreasing

tenfold by 2050ïfrom 2200TWh in 2015 to almost22,000 TWh in

2050, theequivalentto 12% of globalprimaryenergydemand.

Looking at the sectorbreakdown- seeFigure22ïnew usesof

hydrogen are forecast to outpacecurrent uses,with hydrogen

playing óacentral role of the energytransformationô. Figure 22
suggeststhat transport is the sector with the largest potential,

which is consistentin ordering,if not in scale,with someother

forecasts,such as that by the InternationalRenewableEnergy

Agency(IRENA) E.

Figure 21 ïSelection of global hydrogen demand forecasts. A

Figure 22 ïHydrogen Council forecast of global energy demand 

supplied with hydrogen, EJ (1 EJ = 278 TWh). B
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HydrogenCouncilForecastcont.

On a moregranularlevel, the forecastsuggeststhat by 2050low-

carbonhydrogengloballycould:

Å Power20-25% of road-basedtransportationsegments:

Å 400million cars,

Å 15-20million trucksand

Å 5 million buses.

Å Power20% of trains.

Å Replace5% of fuel supplyto airplanesandfreightships.

Å Generate1500TWh of electricity.

Å Provide 10% of heatand power requiredfor residentialand industrial

sectors:

Å Theresidentialshareis higher- 15-20 % - for heatandpowerin

regionswith existingnaturalgasinfrastructure.

Å The industrialshareis higher- 20-25% - for processesthat use

high-gradeheat(>600C).

Å Fully decarbonisecurrentusesof hydrogen.

Å Be used to produce30% of methanoland derivativesfrom captured

carboninsteadof methane.

Å Produce10% of steel,usingdirectreductionprocesses.

Figure 22 ïHydrogen Councilôs view on hydrogenôs 2050 market share potential B.


