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Abstract

Hydrogenlike electricity, is a&arbonfree energy carrier. These two energy carriers will become the
main energy carriers ithe future sustainable energy systerRenewable energy resourcese
unevenly distributed over the worldn an energy system based omenewable energy resources
hydrogen wil be the energy carrier that cape cost efficiently transpodd and stored to deliver
renewable energy from good remote resource areas, at the right time and place to the energy
demand.Next to this systemic role, hydrogenalsoimportant to decarbonie the energy use in hard

to abate sectors in industry, mobility, electricity balancing and heatitayvever, cost competition
between imported renewable hydrogen and locally produced renewable hydrogen and electricity will
become apparent over time. Hydrogen will become the zmaon energycarrier andcommaodity

that will be traded globally.

Hydrogeninfrastructure can be realized by fpurposingthe gas infrastructure, pipelineand salt
cavern storagewithout major adaptations. And hydrogen can be shipped around the widtlre
hydrogensystemswill therefore have similar characteristics psesentdaynatural gas systems.

Duringan intermediate period, natural gas can be converted at the source into hydrogen without any
CQ emissiongno-carbon fossil hyabgen). This makes a fast transition towards hydrogen as energy
carrierand commoditypossible. Over time more and more hydrogen from solar and wind can be fed
into the system, eventually replacing fully the-carbonfossilhydrogen.Such asystemapproach can
establish a fast, cheapeliable secureand inclusivdransition to a sustainable energy system

1. Introduction

The role of hydrogein realizing a fully renewable energy systessecognizeall around theworld.
Until the first half of 2021 over 30 countries have implemented hydrogen strategiesthe vast
majority of these strategies have been implemented in 2020. Among otlieescountries that
published such strategies ardapan, South Korea, AustealiChili, Morocco, China, Russia, Saudi
Arabia, Austria, France, Germany, the Netherlands, Norway, ParaughESpain.

In Europe on 8 July 2020 the European Commission reléhsétl JHydrogen Strategy for a Climate
Neutral Europe as part of their Europe Green Deal. The strategy defines a target of 1 milliongen
of cleanhydrogenper yearand an electrolyser capacity of 6GW by 2aféwing to10 million tomes
per yearwith at least 40GW electrolyser capacity by 2080also recognises the importance of
hydrogen import from neighbouring regions, especially North AfcaopeanCommission, 2020)

The main goals othe current hydrogen strategiesare: redudion of greenhouse gas emissions,
especially in hard to abate sectodiversification of energy supplintegration of renewablesfoster

of economic growth support national technology developmentsecurity of supply and strategic
reserves ad, last but not least develop of hydrogen for export and import

(LudwigBolkowSystemtechnik, 2020)

But why is there so much interesthydrogen by governments and companies? How can hydrogen be
produced, transported, storetl Where will hydrogen be usé&Which technology, economic and
system developments are the drivers for hydrogenan energy carrier and commoditAnd what

will be therole and characteristics of hydrogenthre future renewable energy systenThese issues

will be analysed andliscussedn this paper.
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2. Hydrogen productioand use

2.1Hydrogen Production Technologies

Hydrogen, like electricity, is a carbinee energy arrier, which means that no G@missionsare
releasednto the atmosphere when hydrogen is baem2 NJ O2 Yy @SNl SR® ¢KS 2yt @
water. Howeverjust like electricityjt does not mean that the production of hydrogen is withdlife

cyclg CQ emissions. Hydrogen needs to be produ@es a molecule that contashydrogenwith a
conversion technology thatquiresenergy input.

Hydrogen an be produced from fossil fuels (hydrogearbon molecules) from biomass resources
(hydrogenoxygencarbon moleculesdr from water (hydrogeroxygen molecule)

When fossil fuels or biomassethe source of hydrogerthe input energycomesfrom the fossil fuels

or biomassHowever, when water is used as the source of hydrogen, the input energy could come
from electricity (electrolysis process) heat (thermolysis processplar lightphotons (photolysisr
photo-electrochemicaprocess)

In the end, the energy source together with thenversionprocess, input energy and flue gas
treatment processes determine whether or not direct or indirect; @@issions to the air will take
place.An overview ofthe most relevantiydrogen production techmlogies with their present maturity

Vg

level, main output products and the related EOYA &&aA 2y (2 GKS | AME SELNS

summarizedntable 1(van Wijk, 2021)t is humorous to describe a colourless gas with a colehite
the colour of hydrogermay give arindication of the CQ emissions to the ajrit is not a precise
definition of the amount of C&emissions to the air, it only gig anidea

A commonopinion is that renewable or green hydrogen, without@missions to the ajrcan only

be produced by water electrolysis using renewable electricity, whereby renewable electricity is most
often seen as only solar and wind electricajthough hydropower and geothermal electricity will play

a role in certain areas tod:rom this table it is obvious thaly using biogenic waste also renewable or
green hydrogeran be producedWhen the C&from these processes is captured and usedtoresl,
hydrogen from biogenic waste could even have negativeed@ssions to the air.

A new technology development is the phedtectrochemicatell, whereby sunlight (photon) directly
splits a water molecule into hydrogen and oxygiimplies that ro separate electrolysis process will
be necessary. Many universities around the world do research to optimize this process, higher
efficiencies, less and cheaper material use, teggadationand a stable process. However, Repsol,

Spanish oil companyas announceéh August 202that WR A NB-@K e RNRIINY Q3 g A G K 2 dzi

electrolysis as intermediate step, will be commercially viable by 2Badowitz, 2021)

Even hydrogen production frofossilfuelscould have zero G@missions to the aiPresent hgdrogen
produdion from natural @s is with SMERSteam Methane Reforminglants. Inthe future, alsoATR,

(Auto Thermal Reforming plants will be installedThese reforming process@soduce twodifferent

CQ flows; (i) a pure C@flow from the reforming process an() a flue gas flovalso containingCQ

from burning natural gas to produce heat for the procdsss relatively easy to capture 50% (SMR) up

to 100% (ATR) of the pure £iw from the reforming process. However, separating the; @@m

the other elements in the flue gas is more difficult asmhsequentlymore costly Therefore, present

day believe is that you can only capture and store up to 90% of that@OR plantdiowever,if part

of the produced hydrogen is burned to produce the process heat, there is only steam as flue gas
without CQ, which implies that even up to 100% of tteeal CQ could be captured and stored.
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With a new technology, methane pyrolysisethane(CH) is split into hydrogen (k) and solid carbon

(C). This process does not produce &tll, it will dependn the inputted energyinto heat whether

or not indirect CO2 emissions take place. If part of the produced hydrogen and/or electricity from
renewable or nuclear resources is used, the production of hydrogen is without argntis3ionsand

with this technology C&xapture and storage is not necessary.

Source Process/Techn Maturity Main Colour ofhydrogen
ology output
Natural Steam methane Mature H+ CQ Greyor blue,
gas reforming (SMR) H+ CQ depending on the capture
Auto-thermal Mature technology and the process inpu
reforming(ATR) energy 50-100% of C@ can be
captured and stored.
With ATR using part of the
produced H as energyfor process
heat, 100%CQ emission capture
and storage ipossible
Methane First plant 2025 H:+C Turquoise indirect CQ emissions
Pyrolysis are zero if green electricity or pa
of the produced hydrogen is used
process energy
Coal Partial Mature H2+ CQ+ C | Brownor blue,
Oxidation/Gasifi depending on the CCS technolo
cation Projects exist H+ CQ 50-90% of Cecan be captured ang
Underground stored.
coal gasification
Solid Gasification Near Maturity H.+ CQ+ C | Green
Biomass, | Plasma First Plant 2023 H+ CQ Negative C&emissions possible
Biogenic gasification
waste
Wet Super  critical| First Plant 2023 H. + CH + | Green
Biomass, | water CQ Negative C@emissions possible
Biogenic | gasification Laboratory
waste Microbial H2+ CH
Electrolysis Cell
Electricity | Electrolysis All shades ofjreyto greenand pink
+water Alkaline Mature H+ QG depending on the source fqg
PEM Near Maturity H+ QG electricity production
SOEC Pilot Plants H+CG With electricity from renewable
resources, green H and from
nuclear,pink H is produced, both
with zero C@emissions
Sunlight +| Photoelectroche| Laboratory H+ Q Green
water mical

Table 1: Hydrogen production processes, their maturity status, main output molecules and their

WO 2 { (@ddpkedand modified frortvan Wijk, 2021)

Hydrogen as carbefree energy carrier and commodity



2.2. Presenthydrogenuse
Today, lydrogen is mainly produced from natural gas and coal@mdently it isprimarily used as a
feedstock to produce chemical products, ammonia (the main component of fer$jexed methanol
Hydrogen isalsoused in refineries to desulfurize oil and in the productiorkefosine,gasoline and
diesel. The primary energy input by gas and doalhydrogen productionis about 3.200 TWh,
representing roughly 2% aforld-wide primary energy consumption. Big 1 presents the energy
balance for worldwide hydrogen production and consumptitiA, 2019)

Today, émost all hydrogens produced and used at or nearby chemical and petrochdnsites.
Natural gas is transported by pipeline and coal by ship,aaiiruck to the location of the refinery,
fertilizer, or methanol plant where gas or coal is converted into hydrogen. The hydrogjesrédore
produced and used at theamelocationwhichis called captive hydrogen production and use. There

is a limited, privately owned hydrogen pipeline infrastructure at chemical sites, especially to secure
reliable baseload supply. There is no public infrastructurgauidicmarket, and no market rgulation

for hydrogen.

Hydrogenat presentis not used as an energy carrard hydrogen as such is not used in the public
domain for heating buildingand only to a very limited exterfor transport. Hydrogen is absenbr
only beginning to be considered as an energy carrieriwiginergy lanand energy regulations.

Although hydrogen in its pure formaémostabsent in the public domain energy system of today, it is
not absent in a mixed form. Town or city gas, prodifrem coabr oil, was a synthetic gas distributed
in cities for cooking and heating. This town gas composition is for more than 50% hydxageral
gas has replaced town gas since the 187880s in many places around the world. However,
especially irChina (Hong Kong and 20 other Chinese provinmesi, gasproduced fromnaphthaand
natural gas, with over 50% hydrogen and the rest mainly metten®wn gas compositigs still
used forheating and cookingTownGasChina, 2021)

Hatural
gas

Demand
. forpue
Amimionia bydrogen

Dedivated |
production
<001 Mt H;
Coal ErgTE p— ~ Trarspart
4 kit H-
o 2 Mt _____,.f' s (ither J
Electricity 2 btoe -
Jather Wethanal
4 Mt H, Demarnd for
S DRI hydrogen
T mieed with
By-product R RN EN other gases
PRy M produced witfh Orther
renewatdes .. heat

Notes: Other forms of pure hydrogen demand include the chemicals, metals, electronics and glass-making industries. Other forms of
demand for hydregen mixed with other gases (e_g. carbon monoxide) include the generation of heat from steel works arising gases
and by-product gases from steam crackers. The shares of hydrogen production based on renewables are calculated vsing the share
of remewable electricity in global electricity generation. The share of dedicated hydrogen produced with CCUS is estimated based on
existing installations with permanent geological storage, assuming an 85%6 utilisation rate. Several estimates are made as to the
shares of by-products and dedicated generation in various end uses, while input energy for by-product production is assumed equal
to energy content of hydrogen produced without further allocation. All figures shown are estimates for 2028. The thickness of the
lines in the Sankey diagram are sized according to energy contents of the flows depicted.

Source: [EA 2019. All rights reserved.

Figure 1: Energy Balance for worldwide hydrogen production and consumption Z[E&, 2019)
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2.3. Hydrogerapplication technologies
In a transitional period, hydrogen can be used by combustion in a boiler, fureagigg or turbine,
to produce heat, electricityor mechanical power. However, tine future, electrochemical conversion
via fuel cells will become more important. The fuel cell reaction is the reverse of the electrolyser
reaction. Fuel cells systems haween developed over the past years especially by car manufactures
for drive trains in alkindsof mobility. Fuel cells have a similar technology structure as electrolysers,
batteries or solar it is cells, stacked together, whereby stacks are built tiogiewith other equipment
to a fuel cell system. R&D is of course important to bring down cost, increase efficiencies, reduce
degenerationand bring down the amount of materials, especialgtinum. In particularfuel cell and
stack mass production will drive down cost drastically. Mass production of cells and ptaoks that
produces 500.000 fuel cell systems per year) will bring down fuel cell system Capex cost for cars to $
30-40/kW (Thonpson, James, & all, 2018Fuel cell capex cost will be lower and conversion
efficiencies are higher than for present day combustion technologies, such as engines or turbines.
Therefore in future,fuel cell technology will be at least cost compettibut in most cases cheaper
then presentday combustion technology.

2.4. Fuel cell systems will be applied in all sectors
Fuel cell systems are developed by car manufacturers as drive trafnelicell electric vehicles.
However, these fuel cell systems cha applied in othemean oftransport such as ships, trains,
drones and planes. Besides these applications in mobility, fuel cell systems will play a crucial role in
other applicationsas fiel cells that produce electricity and heat will be used in hoaseksbuildings.
The volume and temperature level of the heat can be brought to the desired level by using heat
pumps. Next to producing heat, the produced electricity from the fuel cells supplements the electricity
from solar panels on the roof. Panasomidapan has introduced a small scale (< 1 kWe) fuel cell home
system, that can be connected to the natural gas grid, the natural gas is reformed to hydrogen by a
small reformer on top of the fuel celFuelCellsWork, 2020Aready a couple of 100.000 of these
systems are sold in Japan.

Fuel cells systems can be used as electricity balancing plants, producing elegtraityenewable
sources cannot meet the demand. These fuel cell systems can be installed veeptddizedin
villages, neighbourhoods and at office sjtpsoducingelectricity and heat locally.

3. Hydrogen cost

3.1.Hydrogen production cost

3.1.1.Hydrogen production cost from natural gas

Many studies haveanalysed hydrogen production costamongstothers the IEA (IEA, 2019)
BloombergNEF (BloombergNEF, 2020and the Hydrogen Counci{HydrogenCouncil, 2020)n

generd, for all mature hydrogen production technologies, the energy txitie most important factor

in the hydrogen production cost. The IEA analysed the production cost of hydrogen from natural gas
in several parts of the worldEA, 2019)it islowest in regions with low gas prices, the Middle East,

the Russian Federation and North America and highest in gas importing countries such as Japan, Korea,
Ching and India. Gas prices vary betweeii B$ per million Btu (0010-0.038 $/kWh) with fuel costs

the largest cost component accounting for between 45% and 75%. The hydrogen production cost by
SMR from natural gas vary betwee® @o 1.8 $/kg b

The hydrogen production cost by SMR with carbon captut siorage (CCS) are also calculated by
the IEA. The results show that CCS adds ab&(kdlLH to the hydrogen production cost. If a carbon

Hydrogen as carbefree energy carrier and commodity 6



tax is added to the hydrogen production cost from natural gas by SMR, every 10 dollar @&2ton
price adds about 0.%/kg to the hydrogen price.

3.1.2.Hydrogen production cost by water electrolysis with renewable electricity

The hydrogen productionostby water electrolysiss also dominated by thenergy costThe IEA has
analysed the hydrogen cbas a function of full load hours for diffareelectrolyser investment cost
and electricity costFigure Zhows clearly that the electricity cost is the mostdnantfactor in the
hydrogen production cost. As a rule of thumb evengiier MWh (001 $/kWh) with an electrolyser
efficiency of 80% HHV (67% LHV) addkie cost0.5 $/kg H. Of coursethe electrolyser Capex and
Opex cost at low full load hours, which is the case for saantributes also to the hydrogen
production cost. As aexample the hydrogen production cost from solar electricity cost dd10
$/kWh, electrolyser Capex of 2%kW, 2,000 full load hoursind a 3% WACE&re about 1$/kg H. In
this case, lte electricity costand the Capex Opex contributes bottb0%to the total hydrogen
production cost.

At good renewable resources sites 20$/MWh electricity cost) low-cost green hydrogen can be
produced that can compete around 2030 with present day fossil grey hydrogen ebst¥/kg) and

in the long run with electrity cost below 18/MWh even with natural gas. Of courselectrolyser
Capexand Opexcost reductions are important, but electricity cost is the dominant cost factor. With a
conversion efficiency of 50 kWh/kg H2, every cent per kWh electricity cost (=E9&fIWh) adds
0.5%/kg cost to the total hydrogen cog¢BloombergNEF, 202(ydrogenCouncil & McKinsey, 2021)

Electricity price USD 40/MWh CAPEX USD 450/kW,
~ 10 10
T
o
=<
Q8 & e USD 100/MWh
= wJSD 650/kKW,
USD 80/MWh
6 w——USD SSO/KW, 6
e JSD 60/MWh
2 USD 450AW, p USD 40/MWh
wmn USD 350/KW, s JSD 20/MWh
2 USD 250/&kwW, > e USD O/MWh
0 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Full load hours Full load hours

Notes: MWh = megawatt hour. Based on an electrolyser efficiency of 6% (LHV) and a discount rate of 8%.

Source: IEA 2019. All rights reserved

Figure 2: Levelized cost of hydrogen production as a function of fiedld hours for different
electrolyser investment costs (left) and electricity cost (riglitEA, 2019)

3.1.3.Electrolyser technology cost come down by mass production, technology integration and
multi-GWscale projects

Alkalire electrolyser technology is a hundred year old technology, today in use for chlorine production
from dissolved salt (NaCl) in water, whizdrogen as &y-product. The worldwide installed capacity

of alkaline electrolysers is roughly 20 GW. These alk&li@etrolysers can be easily adapted for
hydrogen production, while also new electrolyser technologies, such as PEMEL and SOEC are in
development. It is an electrochemical conversion technology, with a similar technology structure as
Solar PV or batterie€lectrolysers are baiup from electrolyser cells, cells are stacked onto each
other to a stack (called a module for Solar PV), with capacities € MW). For GW electrolysers

Hydrogen as carbefree energy carrier and commodity 7



numerous stacks are installed, reducing the balance of plant cost per kisléd. Technology
improvements by R&D are important to bring down costs, but especially mass production of cells and
stacks, system integration with solar and wind and @MV renewable hydrogen production plants,

will bring down theCapexand Opexcost. These mulGW renewable hydrogen production plants are
connected to the solar and/or wind turbines and not to an electricity grach Wijk & Chatzimarkakis,
2020)

If a comparison is made between hydrogen productimm natural gas and hydrogen production

from solar PV electricity, a similar cost structure is seen. Natural gas cost of 3 million BTU (0,01 dollar
per kwWh) contributes about.B dollar/kg H which is the same for electricity cost of0Q dollar per

kWh. SMRCapexcost, estimated by IEA, are between 500 and 900 dollar per kW and with 8.000 full
load hours it contributes also about®dollar/kg H.This equals th€apexcost of 250 dollar/kW for
electrolysers with D00 full load hours, which is the cafee solarat good resource locations

3.2. Hydrogertransport cost
Hydrogen can be transportedver large distanceby pipeline or ship, which makes it possible to
transport hydrogen worldwide. The cost for both transport modes will be discussed below.

3.2.1.Hydrogen transpontostby pipeline

Hydrogen transport by pipeline is already common practice for decades. For instance, Air Liquide
operates a hydrogen pipeline infrastructure for many decades from the Netherlands, throughout
Belgium, to the Norttof France. Existing natural gas pipeline infrastructure could also-bsee for
hydrogen transport, both the large transport steel pipelines as the distribution PE or PVC pipelines
could be relatively easy and cheapused for hydrogen transport, as slin by several studies from

gas TSO'6GasforClimate, 202@5asforClimate, 2021KIWA(Kiwa, 2018) DNVGL(DNVGL, 2017)

and others.

A group of European gas infrastructure companies from 21 countries have presented in April 2021
their roadmap to realize a dedicated European Hydrogen Backbonefig@e 3. A hydrogen
backbone (based on converted 20, 36 and 48 inch gas pipelinesjacespart respectively 2 GW, 5

GW and 15 GW hydrogen (HHV) per pipeli@asforClimate, 2021)Their estimate is that the
transportation cosbf a Europearydrogenbackbone consisting of 75% converted gas pipelines and
25% new hydrogen pipelines, with 5,000 full load operating hours per year will be abdif
/kgH,/1000km. However, building new largeledicated pipelines and transporting bakad
hydrogenat 80 bar couldreduce transport costs even beloa0.1/kgH/1000km (GasforClimate,
2021)

Hydrogen as carbefree energy carrier and commodity 8



Figure 3: European Hydrogen Backbone 2040, about 40,000 km hydrogen pipelines, 70% retrofitted
gas pipelines and 30% new constructed hydrogen pipe$ (GasforClimate, 2021)

Hydrogen transport by pipeline over distances of a couple,@®d km is a costffective way to
transport energy. In comparison with electricity transport over these distances, hydtomesport is
roughly a factor of 10 cheaper. In a study for theIE, the cost for energy transport of natural gas,
hydrogen, oil, methanol, ethanand electricity have been compared. The results are showigtine

4 (James, Defditis, HuyaKouadio, Houchins, & Saur, 2018jhey estimate the hydrogen transport
cost by pipeline at 5 $/MWh/1000 miles, which is equivalert@al/kgH/1000km.

The capacity for a HVDC transport cable is considgetabler than for liquid or gaseous molecule
transport through a pipelineAdditionally, energy losses at electricity transport are considerable due

to the resistance in the cable. For molecule transport there are no molecule losses, although due to
the presure drop over the pipeline compression energy is heeded, serefig In the USDOE study,

the flow speed for hydrogen is kept the same as for natural gas, which shows a factor 8 lower cost for
hydrogen transport compared to electricity transport.

Electicity transport cost can be further reduced by increasing voltage levels and therefore reducing
losses. However, hydrogen cost could be further reduced by increasing the hydrogen flow speed and
increasing pressure levels in the pipeline, &so inthe future the transport cost for electricity will be

about a factor of 10 more expensive than hydrogen transport by pipeline.

Hydrogen as carbefree energy carrier and commodity 9



(Relatively) Low-Capacity drives Liquids have high energy densities
electrical transmission costs up. and low pumping costs

Energy Carrier HVDC Crude Oil Methanol /Ethanol NatGas Hydrogen
Flow (amps,kg/s) 6,000 1,969 1,863 1,859 368.9 69.54

Rated Capacity (Mmw) 2,656 91,941 37,435 50,116 17,391 8,360
Capital Cost ($M/mile) $3.9M $1.47M $1.92M  $1.92M $1.69M  $1.38M
Operating Power: Rated Capacity 12.9% 0.78% 2.02% 151% 2.67% 1.94%

Capital Cost ($/(mile-Mw)) $1,467 $16 $51 $38 $97 $166

Transmission Cost ($/Mwh/1000mi) $41.50 $0.77 $2.2 $1.7 $3.7 $5.0

Electrical transmission faces high
cost for sending electricity

Figure4: Transmission cost comparison between electricity transport cables, ligualsd gases
through pipelines(James, DeSantis, Hul(@uadio, Houchins, & Saur, 2018)

3.2.2.Hydrogen transportostby ship

Hydrogen transport by ship makes it possible to transport hydrogen worldwide. Hydrogen can be
transported by ship as liquid hydrogen, by converting it to ammonia (NH3) or by binding the hydrogen
to a liquid organic hydrogen carrier (LOHC). All three h#ferent characteristics and advantages.
Liquid hydrogen transport has the advantage that it can be transported by ship at sea and truck on
land torefuelling stations. Liquid hydrogen transport by truck can cariy)dimes as much hydrogen

as compressedhydrogen transport by truck andence it is cheaper. However, liquid hydrogen
transport by ship is newrhose carriers have to be developed and build. Ammonia transport by ship
is a mature technology with a mature supply chain and in use by the far@ilimkchemical industry.
Ammonia can be used in diesel engines to replace diesel. It can be transported inland by pipelines
(ammonia pipeline infrastructure existing in the US) or by ship, rail or truck and can be cracked back
to hydrogen. LOHC can be tenorted by existing oil tankers and stored in oil tanks and can therefore
re-use existing oil assets. The LOHC's can be transported inland by pipeline, shqg, traitk.
Dehydrogenation can be done in port areas or at the use sites, whereby the daaseto be
transported back. Several ports are developing hydrogen import and export facilities and strategies.
For instance, the port of Rotterdam in the Netherlands has developed a hydrogen strategy, in which
they foresee a hydrogen throughput of 20 floih tonnes (788 TWhunyv) hydrogen in 2050
(PortofRotterdam, 2020)

Although difficult, a comparison has been made between the three different shipment modes to
transport hydrogen from Saudi Arabia to the Netherlands to supgidrogen fuelling stations, see
figure 5 (HydrogenCouncil, 2020)The cost for the three different will depend on distance and
especially on the hydrogen end use, which modality will be the most cost effective. It is expected that
at present ammonia shipment supply chain cost will be ltveest becausehis is alreadya mature
andwell-establishedsupply chain. However, the future, liquid hydrogerand LOHGhipment supply

chain cost is expected to comewln, due to technology improvements and scalingaigydrogen
volumes.

Hydrogen as carbefree energy carrier and commodity 10



Costs, USD/Kkg H,

To de-
central
user
(HRS)' 3.7-4.8
32-38 3142
1.0-2.0

il necessary)

To port | 03-04

Ammonia LH, LOHC

High maturity Medium maturity

1. Assumes Iqad (for LH;) or gaseous (ke ammona, LOHC) datribution with truck for 300km. also indudes: purification to FCEV
standard using 3 PSA for LOHC and NH,, bod-off iosses lor LH,. storage costs sl port and HRS opersting costs

Figure 5: Cost of production and shipgjrfrom Saudi Arabia to the Port of Rotterdam (8,700 km)
and further inland to Hydrogen Refuelling Stations (HRISYydrogenCouncil, 2020)

3.3. Hydrogenstoragecost
Although there are many technologies to store hydrog&mergy.gov)for large scale hydrogen
storage compressed hydrogen storage in salt caverns is the most ecoanthimature technology
today.

Saltcavernscanbe usedto store hydrogenin the sameway asthat they canstore naturalgas.In the
UK,a saltcavernhasbeenin usefor hydrogenstoragealreadyfor manydecadesAlsoin the US,salt
cavernshavebeenusedto store hydrogenfor manyyears.

In atypicalsaltcaven, hydrogencanbe storedat a pressureup to 200bar. Thestoragecapacityof a
saltcavernis up to 6,000ton hydrogen(236.6 GWhHHV)(PIuijm,2018) Thetotal installationcosts,
includingpiping, compressorsand gastreatment, are about € 100 million (Michalski,et al., 2017)
whichislessthan0.5¢ k | E€dpexcostfor hydrogenstorage.

The need for cheap hydrogen storage will grow exponentially over time. Salt caverns can provide this
cheap hydrogen storage solution. Europe has still many empty salt caverns available for large scale
hydrogen storage, but dedicated salt caverns for hydrogen storage capacity can be developed in the
different salt formations in Europe. Potentially, hydrogean be stored in empty gas fields that meet
specific requirements to store hydrogen. However, this needs more research.

In a study by Julich researciéntre(Caglayan, et al., 202@he potential for hydrogen storage capacit

in salt caverndas beerinvestigated. There is a huge potential for hydrogen storage in salt caverns all
over Europe. Total onshore salt cavern storage capacity is 23,200 TWh of which 7,300 TWh could be
developed taking into account a maximum distancefte shore of 50 km. This maximum limit is set

for the brine disposal. The offshore storage capacity is even larger than the onshore capacity, 61,800
TWh. It should be noted that the salt cavern storage capacity potentials are even larger than total final
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energy consumption in Europe. Although not studied so far, a substantial potential for hydrogen
storage in salt caverns is available at many other places in the world too.

4. Space and time dimensions in a renewable energy system

4.1. Good renewable energy resaas at remote locations

Renewable energy resources, especially solar and wind, are unevenly distrévotet the world.

The good solar resources can be found in desert areas mostly around the tropi&afidra Desert
Australia, Namibia, Saudi Arapbéad Chig have the highest global irradiation, while countries such as
India, the South of the USA, Mexico, BkaChina, Iran and others also have good solar resources, see
figure6.

Good wind resources can be found in coastal areas (sea winds), but also in some desert areas, around
the tropics (trade winds) and flat terrain areas such as in Patagonia, KazakkBtiWwest USA,
Mongolia, New Zealand, etc., see figidrélowever, at sea and ocean, the wind speeds are even higher
than on land.

The good solar and wind resource areas are normally far from population locations and therefore
energy demand. Besides, Hiese good resource areas the availability of space is abundant and
population density low. Less than 10% of the Saliasert with solar panels, can produce all the
energy for the world. Or at 1.5% of the Pacific Ocean placing large floating wind tucbunésalso
LINE RdzOS | f £ ((¥ab Wik bR Roést, & BoSrhREL7)

These good renewable energy resource areas are most of the time much larger in size then the
population centres and have a low populatidansity. As an exampléhe Sahardesert, 9.2 million

km?, is two times as large as all the countries of the European Union plus the UK, almost 3 times as
large as India and over 24 times as large as Jddaneover, ithas a population density below 1
person per kri while the EU has a population density of 117 persons pér klia 382 persons per

km? and Japan 347 persons perkm

4.2. Hydrogen as commodity to transport cheap solar and wind around the world
Although manyregions in the world can produce renewable andiow/no carbon hydrogen at low
cost, it is obvious that certain regions will become net exporters and other regions will become net
importers of renewable energy by hydrogen or hydrogen derivatives like arianBven within
regions, there will be hydrogen trade, import and export.

Japan, South Korea, parts of Chiparts of USA, the European Union but also Indihbecome net
importer of lowcost hydrogen see figure8, not only because of their modest mewable energy
resources, but also due to their restricted area size and high population density.
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Long-term average of photovolaic power potential (PVOUT)
Daily totals: 20 24 2.8 3.2 3.6 4.0 4b 4.8 5.2 5.6 6.0 6.4
KWh/kWp
Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

Figure 6: Solar Resources Map, Photovoltaic Power Potential (World Bank, Esmap, SolarGIS)
(WorldBankSolar)
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Figure 7. Wind Speed Map at 100 meters (World bank, Esmap, DTU wind energy, Vortex)
(WorldBankWind)

Multi-GW production of solar and wind electricity at these good resource locations, conversion to
hydrogen and transporting to the deand areas can deliver large quantities of cheap renewable
electricity, transported in the form of hydrogen, all around the world. The imported hydrogen will
eventually compete in price with locally and regionally produced hydrogen and even with locally and
regionally produced electricity. Therefqrdiydrogen and derivatives will become the energy
commodity that can be internationally transported and tradgtydrogenCouncil & McKinsey, 2021)
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Figure8: Globalhydrogen resources and demand centr@dydrogenCouncil & McKinsey, 2021)

4.3. Space requirement for large scale renewable hydrogen production

In order to fully utilize the advantage of lower transport costs, an order of madgmitnore hydrogen
needs tobe produced then electricity. A 1 or 2 GW wind or solar farm is for electricity production a
sufficient size, because a HVDC cable has a capacity of 1 tot2a@M¥er for hydrogen production,

a wind or solar farm needs to bezsil, based on a hydrogen transport pipeline capacity, between 10
20 GW. If a transport pipeline has a capacity of 10 GW and the capacity factor of such a pipeline is
about 4000 full load hours, a volume of 40 TWh a year will be transported. This isyaglivalent

to 1 million tonnes of hydrogenProduction of 1 million tonnes hydrogen needs spafm the
electricity production by solar or wind, for the electrolysers, compressors, cabling and pipelines,
access roads, etd.able2 gives an overview dhe required area that is needed to produce about 1
million tonnes of hydrogefvan Wijk, 2021)

As can be seen from tab® for solar an area of about 500 kis needed, more or less fulbccupied

with installations and equipment. Especially solar PV or CSP electricity production requires by far most
of the space. Aralkaline electrolyser has on average a two times larger footprint then a PEM
electrolyser, however the space requiremerits an alkaline electrolyser, 10 ha/GWEA, 2019}s
modest compared tohe space requirements for solavind electricity production.

For onshore and offshore winthe physical space that a wind turlg needs is not much. In a wind
farm, however, the turbines need to be spaced well apart from each other, due to wake effects and
turbulence caused by wind turbines. A rule of thumb is a spacing of 7 times the rotor diameter
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between two wind turbineg¢Borrmann, Rehfeldt, & Wallasch, 2018hereforethe total area needed
to realize a wind farm, is much larger than the physical area needed.iSpossible to use the land
or sea for agricultural purposes or even to place large solar PV farms in between the wind turbines.

Capacity Installed Hydrogen | Specific spac{ Space
Factor capacity production* | requirement requirement
(Full load| (GW) (million ton) | (km?/ GW) (kn?)
hours)
Solar PV 1,800 30 1.10 16.5 500
Solar PV 2,100 25 1.07 16.5 420
Solar CSP | 4,000 125 1.02 30 375
Wind 4,000 125 1.02 3 (physical space) 38
onshore 170 (wind farm space| 2,125
Wind 6,000 9 1.10 2 (physical space) 18
offshore 125 (wind farm space| 1,125

*Electrolyser system efficiency 80% HHV

Table2: Space requirements for mulGW solar and wind hydrogen production plantsan Wijk,
2021)

The estimated space requiremend® not necessarily mean it has to be a contiguous area of 500
2,000 square kilometres. It could be smaller areas, not too far from each other, producing and
transporting hydrogen through a smaller pipeline feeding intorgddydrogen transport pipeline.

4.4. Multi-GWIlow-cost green hydrogen potential in Europe and North Africa
Lowcost green hydrogen can be produced in areas with good solar and/or wind resddosesver,
the potential for large scale renewable electricity amgdrogen production will be limited by the
availability of space. For Europe and North Aftisa solar and wind resource and area characteristics
are shown in table.

The table shows that the Sahara Desert is more than two times larger than all esuafrihe
European Union, that the population density differs a factor 117, while the solar and wind resource
characteristics are better.

Sahara Desert European Union Mediterranean Sea

Area Size (krf) 9,200,000 4,272,000 2,500,000

Population density Less than 1 117

(person/km?)

Solar resource Excellent Good in South Europe  Good to Very Good

Wind resource \/=10Y good to Good in coastal areas Good to excellentin

excellent at several and several other places the Eastern part
areas

Table3: Area size, population density and solar and wind resource characteristics for the Sahara
Desert, European Union and Mediterranean Sea
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A study using a GIS (Geographic Information System) modelling tool and data, has mapped for Europe
and North Africa thdevelizedcost of hydrogen production as a function of the solar and wind
resources, sefigure8 and9 (Groenavegen, 2021)The lowest hydrogen production cost for both

solar and wind on land can be found in the Satesert. Although in the South of Europe reasonable
low-cost hydrogen can be produced from solar. In the North of Europe and several othéalcoas
locations in Europe also reasonable foast hydrogen from wind can be produced. Offshore wind
hydrogen production has not been included, however at sea there is a potential for reasonable low
cost large scale hydrogen production as well.

[2030 // 2040

30 -20¢ 100 ae 102 a0 3 40° 50¢ 60° 700
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-\'Jr = e " \1& —— coastline
ol 1 —$° 2*'%«« J ‘?\ = 2 M Area7-€1.6 /] €0.9
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Figure8: Levelizedcost of hydrogen fromsolar electricity as a function of the solar resource for the
years 2030/204qGroenewegen, 2021)
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Figure9: Levelized cost of hydrogen from wind electricity as a function of the wind resource for the
years 2030//2040(Groenewegen, 2021)

Even if the resource is gooshulti-GWIlow-cost hydrogen production requires space which must be
available. To produce between 0.5 to 2 million ton hydrogen requires about 56Gdmsolar and
about 1,000 krdfor wind. For solar the land area is almost fully occupied with solar modules, while
for wind only a limited amount of space is in use by Wiad turbines. The GIS modelling tool has
looked to these area sizes for solar and wind, whereby the following land areas were excluded

{ areas with more than 100 people/Kn
1 mountainous areas and areas of natural beauty,
9 build areas, cities, industrialtes, and airport fields with a@Qkm exclusion zone

Figure10 and 11 have mapped the LCoH as a function of the solar or wind resource whereby the
abovementioned areas are excluded. These maps show clearly that the available space-dostow
hydrogen poduction in the EU, especially in Noiiiiest and Mid Europe is restricted. However, in
North Africa, the resources for both solar and wind are excellent and abundant space is available.
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Figure D: Levelizedcost of hydrogerfrom solar electricity as a function of the solar resource with
area restrictions for the years 2030//204(Groenewegen, 2021)

Figure 1L: Levelizedcost of hydrogen from wind electricity as a function of the wind resource with
area restrictions for the year2030//2040 (Groenewegen, 2021)
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