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Abstract

Thie RePowercU pfan [1] and the European Hydrogen Strategy [2] recognise the impartant role that the transport
of hydrogen will play in enabling the penetration of renewable hydrogen in Europa. To implemsant the European
Hydrogen Strategy it is important to understand whether the transport of hydrogen is cost effective, or whether
hydrogen should De produced where it s used. IF fransporting hydrogen makes sense, a second open guestion
is. how fong the transport route should be for the cost of the hydrogen to stll be compettive with locally
produced Fydrogen JRC has performed a comprehensive study regarding the transport of hadrocgen To
investigate which renewable hydrogen delivery pathways.are favourable in terms of enengy demand. and costs,
JRC has developed a database and an analytical tool to assess each step of the pathways, and usad It 1o assess
two case studies. The study reveals that there s no single optimal hydrogen delsvery sobotion across eweny
transport scenanc. The most cost effective way to deliver renewabls bydrogen depends on distance, amount,
firal use, and whether there B infrastruciure akready available. For distances comnpatible with the European
territory, compresssd-and liquefied hydrogen solutions, and esgecially compressed hydeogen pipelines, offer
Iower costs than chemical carriers do. The repurposing of existing natural gas pipelines for hydrogen use s
expected to significantly lower the delivery cost, making the pipelins option even more competitoe i the future
By contrast, chemical carners become more compstitive the lomger the delivery distance (due to their lower
trarsport costs) and open up impart ootions From suppliers [ocated, for examgle, m Chile or Australia,



Pre=trace

Thie European Hydrogen strategy recognises tie 1 -portant robe (2] the tran=port ot ceydrogen will have m
engblimg the penetraticn of remewable hydrogen in Europe i the foture, and explicitly mendans the import of
hydrogen Froes outside EurcDe mofed.er, the AePowerEll plan [1] sefs 3 target of 1o million toones of
renewable mpdrogen imports Ly 2030, JRC is assessing the costs and energy demand of hydrogen transport
and districution for vanous volumes and distances allowing For a semi-guantitstive ranking of transport options
for hydrogen within dhe chosen set of assumptions [3] The study considers transport of compressed or iguefied
hydrogen, bt atso by means of liowd hydrogen cariers such as ammonia methanol or yuid organic hydrgen
carriers ILOHC], Each option offers different advantages, for example a good Rydrogen storage density (&g
MH:, BeDH or LOHC or better round-tnp efficiency (ea compressed o | pefied gas) 1he assessment covers
the transgort of hydrogen to the demand location thrawgh vanoiss means, the mam options being pepelines,
ships, trains of trucks.

The goad of this sty is 1o answer the question whether it i more convemient to produce renewable hydrogen
close to the demand locasen or to tramsport it from a locztian where renewable hydrzgen production is cheaper
A second point we fooked mto 15 how long the transport rowte can be for the cost of hydrogen to sbill be cost
competitive. To prowide these answers a comprehensive analyss of the enengy demand ard costs inwolved in
the delivery chain fior the supply of renewsble hydrogen has been performed

It
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1 Introduction

Thie RePowerEl plan sats an ambitious target of 10 million tonnes of renewable ydrogen imports by 205011
Already the European Hydrogen strateqgy [2] had foresesn that hydrogen may have to be transported within
Europe, af evern imported From the EL's eastem and southenm neu;ﬂ:nurs. wihich are seen as potential EHparters
of chean hwdrogen [ Europe. 1L is therefore important to understand whether it & cost effective to produce
renewable hydrogen where remewabde eleciricity is cheap and then transport it to the oustomer, or it is better
to produce the renewable hydrogen ciose to the demand location. If transporting hydrogen makes sense, a
second open question s hiow long the transport route should be for the cost of the hydrogen to still be
competitive with Iocally produced hydrogen. The development of an infrastnecture connecting areas mich in
renewsble energy wiath areas with high demand for Bydrogen will need significant investment and should
therefore e plarmed in a coordmated manner, at 2 Eurcpean level. As there are multiple options available, itis
necessany to investigate their advantages and disadvantages, in order to guide nfrastruciure desvelopment
along the most effective path

JRC has performed a comprehensive study regarding the transport of fydrogen To invesbigate which renewabls
hydrogen delivery pathways are favourabls in terms of energy demand and costs, JRC Ras developed a
database and an analyticat tool to asssss each step of the pathways, and used it to assess twio case studies
The first case study is For & simple poant A& o point B delivery route, assesseg shipping amd pipeiine transport,
whereas a second case analyses a more complex dstribution route: This report analyses several options for
hydrogen delivery in order to provide relevant insaghts and techno-economic information to stakeholders, and

to provide support to pollicymakers m the impdementation of the hydrogen strategy
1.1 Policy context

The European Commission (EC) adopted a new hydrogen strategy on B July 2020 with the communication "4
hydrogen strategy Fora cimate-neutral Europe’ [2] Renewable hydrigen is recognised as a key component for
the decarbonisation of the energy sector, whach s responsible for over 80% of Eurooean Greenhouss Gas (GHG)
emissions J4] The strateqy ‘sees the multiple roles of hydrogen m a decarbonised energy system, to provide
energy storage, to provide fuel For heawy-duty ransport, and to provide heat and feedstock to industries The
Hydrogen Strategy recognises the important role that the trarsport of hydrogen will play in enabling the
penetrabon of renewable hydrogen in Europe In the timeframe wp to 2024, the strategy proposes that
infrastructure needs for transporting bydragen will remain lmited 25 demand will b2 met by on-site production
However, planning of infrastructure should begin, After 2025, there will be a nesd o deploy an BU-wide
infrastructure to supply hydrogen. A pan-European Fydrogen orid will need 1o be planned, and & network of
higdrogen refuelling stations is to be established The transport of hydrogen from areas with large renewable
potential to demand centres across borders 15 mentioned in the strateqy. It proposes that the transport of
renewable bydrogen over longer distances can be enabled through repurposing of parts of the exsting gas grid
Moregver, according to the strategy, there could also be international rade. in particutar with the EU's
nelghbauring countries in Eastem Europe ard In the Southern and Ezstermn Mediterranaan countries

Thie RePowerEl plam sees the necessity to accelerate efforts to deploy the hydrogen imfrastrocture for
producing, importing and transporting 20 million tonnes of fydrogen by 2030 In order to facilitate the mport
of up to 10 millign tonnes of renewable drogen, theee magor fydrogen imgart corridors will be supported: via
the Mediterranean, the North Sea area and, when possible, the Ukraane

Geveral Member States hawe published national hydmgen strategiss, with some of them contemplating the
impartation of hydrogen The German hydrogen strategy considers that the country wall continus to source much
of its energy from abroad, includimg hydrogen. 1T proposes that cermany will foster and intensify mtemational
cooperation and partnerships on fydrogen [S] In March 2021, a Memorandum of Understanding on German-
Sauds hwdrogen cooperation has been signed [6] and 2 bilateral agreement was signed recently to mvestigate
the scope for Germany to import hydrogan produced froem solar powsr in Australia [7] The Dutch hydrogen
strateqy recogreses the key role of hydrogen imports ance there is & global market (8] 1Calso mentions that
part of the frydrogen demand of Germany may have o be transgorted through the Netherands. In general, the
Metherlands aims to contrwe to act as an energy hub, as it has an extensive gas gnd, posts and storage Facibities
{81 The Spanish Hydrogen Roadmap foresees that Spain will become an exporter of renewable hydrogen to the
rest of Europe [9] Italy has mot yet published its Byydrogen strategy, but it és Iikely to mention ltzly's role for the
importation of hydrogen from Morth Africa, given the existing pipetines [10]. In recent years, many countries



putside Europe published fpdrogen strategies of depdoyment roadmaps. AL intermational [evel, the strategies of
Australia, Chile and “anada focus on the exportation of hydrogen [T1IH12][13]) Countries sisch as Mew Zealand
and Saudi Arabia as well as the region of Sorth Africa, have also expressed mterest in the production and
exportstion of hydrogen [14T15116] Horway's strateqy atso clearly positions the country as one of the potential
exporters of low carbon gas. Whether this wouwld be m the form of hydrogen, or natural gas with the CO; being
transported Dack to Monwey, is still open [17] Regions are also active, for example in Flanders, the hydrogen
strategy sees importation of hydrogen as a necessity in the futuee [1B]. Pilot projects are foreseen, and the first
imparts through Flemish parts should take place by 2030 The Hydrogen Imiport Alliance has recently published
a study on the mmportation of hydrogen for this region [19]

1.2 Goal and scope

The goal of thes stdy |5 o answer the question whether it &5 more convenient to produce renewabls hydrogen
close to the demand location or to trarsport it from 2 locstion where renewable hydrogen production s cheaper
If transporting hydrcgen makes sense, the second guestion that this study tries to answer 5 how long the
transport route can be for the cost of hydrgen 1o still be competitive. To provide these answers, JRC has
performed & comprehensive analysis of twi key parameters, namely the energy demand and costs avolved
in the deliveny chain for the supply of renewsable tydrogen.

This study comsiders that the delivery chain comprises the key processes and equepment necessary for the
delivery of hydrogen from the productson site to the demandiuse locationis) [see Figure 1). The delivery chain
can be divided into three mamsm segments- i} the “packing”, where hydrogen s prepared for its transpart; i} the
transport tself; and ui) the ‘unpacking’, where fyydrogen is prepared for its final use. Acrass each skep of the
delivery chain, a storage Facility 5 assumed o enable a smooth transition. Sence the focus of this study is the
delivery stage, the produwction of hydrogen and its final use are considered to be outside of the scope
Mevertheless, a cost for hydrogen production had $o be assumed to acoount for the economic value of hydrogen
losses (see Section 41, Hydrogen is assumed to be fully renewsable, m line with the long-term ambations set out
in the Hydrogen Strategy (2] the RePowerEl plan [1] and the Clean Planet fior Al [20] communications. Although
quantification of COz emissions is not part of the scope of this study, the specific technical options selecied
have been smgled out For theair potential to offer the lowest possible GHG emissions while at the same time
having a reasonable fechnological maturity. Fossit fuel based approaches were avoided &s much as possibls
and circularity solutions (such as direct air capture) for feedstock streams such as C0; were privileged

Figure 1 depicts the delivery cham elements consadenad in gur study. Cur analysis refers anfy to the elements within the
gotted lire
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The delivery chain cptions considered for this study are strictly related to the form in which hydrogen is
transported (e, the ‘packaging’ mode), Five packaging modes are considered. compressed hydrogen (CGH)
liguefied Fydrogen (ILH;), afmmonia (MHy), methanol (Me0H), and Liquid Orgamic Hydrogen Carriers (LOHC in the
form of dibenryltolueme |7 BT Formic acd or other chemecal camers have been excluded due to their low
technical matunty. Synthetic natural gas was also not covered among the packaging options, althaoegh it has
been mentioned a5 a suitable means of transporting Mydrogen in previous sbedies (g, (211 a pathway involving
synthetic natural gas was desmed to not be in line with the decarbonisation: strategy of the EC given the
potentizl emissions of methane along the delivery chain In fact, unlike the other pathways, leakages of this
carrier would substantizlly increase the global warming potential of the H; delivery!. In this study, the blending
of hwdragen with natural gas is also not considered a means for the bulk delivery of hydrogen In the view of
the authors it could nok be ensured that the hydrogen supglied by the hwdrogen producer would reach the
hydrogen consumer over long distances in the reguired quantities and at comparable cost with other transport
optians: The costs for bydrogen separation are currently still hegh, and it should be assumed that the amount
of mydrogen contained in a blend with natural gas will vary, in particular over lenger distances. Therefore
guarantesing the delivery of a specific large amount of fydrogen to & customer would be very difficult

As mentioned above, for this study, packaging options were s=lected which do not imvalve greenhouse gas
emissions directly and intrinsically lswked with the hydrogen carmer, even if there are fossil fuel based state of
the art altematives. For example, for methandl the C02 necessary s ifs production was sounced using Direct
Air Capture [DAC) However, iU I imgortant to underdine that direct and indirect gresnhoUuse gas emissions
occurring along the delivery chaim are not further assessaed in thes study These could emissions arise, for
instanice, from fransport or from the generation of the electncity used in thie transformation plants, even though
an attempt was made to reduce emissions &s far as possible. An in-depth assessment of this aspect & currently
underaay, 1o e published end 2022

Thie rowgh tmeline considerad in this stedy s 2030-2035, assuming that there s 2 large demand for green
hydrogen both for industrial and mobiity end uses.

The various iechnologies involved i ransporting lange quantities of hydrogen over long distances are currenthy
at different stages of maturity. For the study, established existing technologies were used as far as these were
availabie, and compatible with the objectwe o enable ow C02 emissions cverall All of the packingiunpacking
technatogies consdered, even If already used i real-world mstallations, are at a much lower technaology
readinsss level than the wsual mdustrial installations currently employed for fossil fuels. Therefore all the
technotogical development nesded o mglement these tschinologies at the required scale {as weil as cost and
energy demand) s assumed ) have taken place

In some cases, existing established technologes are considered as perfectly suitable for the transpart cases
considered in our study. For mstance, LOHC has similar properties a5 crude oi, therefore ships, pipelines and
storage facilities For crude odl could easily be used. This had been considerad in the Cost assumptions: However,
both packing and wnpackeg plants for LOHT have only been realised at small, prototype scale. For LHz
liguefaction plants exists, but as explaimed in Section 5521, a sigmficant cost reduction due to upscaling of
plant capacity, and an ncrease m efficiency have been considered. For MeOH and MH., packing plants exist at
large scale, but are often based on the use of fossil fusls as feedstock and process fuel Unpacking plants soll
nesd further developmient, in partioular for NH: cracking Hydrogen compressors Could also B2 considered to be
at high TRL, altthough further improvements in efficiency and upscaling have been assumed For pipstines, the
maturity of the technofogy can be corsidered high, even if there no examgle of hydrogen pipelines covenmg the
distances and the wolumes considerad in our Sy,

The different delivery chain options are presented in detall in Section 2. The methodology and general approach
of the report are cutlined in Secton 3. Two case studies inspired by plans of the hydrogen industry are presented
consadening the amount of hydrogen transported and the distances. More details regarding the case studies are
giveri in Section 4. The assumpions are expdained in Section 5, and the key data undsrlying the assessment per
transport pathway can be found in the Annex 2. In Section B the key findings are presented, and in Section 7
the conclusions that can be drawn from these findings are discussed. Section B provides recommendations and
discusses policy implications

LT Iinepstigate fhe polendial enviegnaesial smpacs of the deferan Jdelivary Qplions. a Comparabive B Owle assessment & Deing
performed
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2 Hydrogen delivery packaging options and pathways

As explainad in the prewvious Section, the hydrogen delivery pathways considered are compressed hydrogen,
ligueefied twydrogern, ammonia, methanol and LOHC The [atter three will be labelled generally as 'chemacal
carriers”. As hwdrogen has a low density, it can be advantageous [0 process it before delivery, In this study,
‘packaging” is used when referring to the form in which fydrogen is being deliverad. ‘Packing” refers to the
compression or liquefaction of hydrogen or its conversson to 2@ chemical camier ‘Unpacking means reversing
that process in order o have parified, gaseous hydrogen at a defimed pressure and purity at the use site

2.1 Compressed hydrogen (CGH;)

AL present, compressed hydrogen is the preferred. option for storing and transporting hydrogen, This packaging
option has a ko techmolegical complexity, however, it also has & low gravimnetric and vodumetric density The
Iow density represants & challenge when deliverrg large amounts of fydrogen

2.1.1 Packing

Hydrogen is comgressed m order o mcrease its density and therefore, to reduce the valume necessary far its
storage and transport. Hydrogen can be compressed up to different final pressures. The higher the pressure,
the higher the density of the hydrogen, but also the higher Is the energy required for Its comoression up 1o the
chosen final pressure. Finsl pressure s defined by the application; while compeessars for hydrogen refustling
stations may require pressures up to 100 MPa, compressors fior pipelmes can operate at far lower pressures
[oelow 10 MPa)

The most commonly used technologies for the compression of hydrogen are based in mechanical compression
and include reciprocating, diaphragm and centrifugal compressors. Although they are well-established
technatogies, the presence of moving parts in mechanical cormpressors wsually leads to high maintenance costs
Moreover, s tedhncdogy poses the risk of confaminating the medrogen with ol (except in the case of diaghragnm
COMPrEssnrs). [onic Compressors are reciprocating compressors working with an iondc fluid, The use of onic
liguid improves the efficiency of the compression while reducing maintenance costs and contaminaton of the

hydrogen.

The chice of & particular type of mechanical compressor depends on the requirements of the application (eaq,
underground storage, pipelines). Redprocating compressors show the best performance for high pressure ratios
Centrifugal compressors are bimited in this aspect, but in applcations requinng hagh flows they may b= the
preferred choice. Diaphragm compressors supply hydrogen with a higher purnity than other mechanical
compressors, thanks to their design that reduces the contact of lnpdrogen with the compressor's od. Applications
where purity 1s a key parameter may prefer this compression [EEhI’IIIII.'EIQ'(

Alternative compression technodogies such as electrochemical [22] and metad hydride [23] compression systems
are under development, or in an eary commercial stage These technologies do not have moving parts, which
in principde should increase their retiabdity and eliminate contamination problems due to the presence of
lubricant il This also reduces their noise level, which can b a relevant factor in Certain applications
Mevertheless, it is not yet clear whether these altermative technologees can be scaled up sufficiently (e.g. flow-
rate] to play a relevant role in a fydrogen econommy, or if they will be bmited to small niche markets.

It is not possible to provide a simple representative value for the energy necessary for compressing hydrogen
Thnig energy consumption value depends nat only an the Compression tfﬂ'll'll:lll:l-l;l':.'. but alse on the pressurg ratio
and flowrate delivered by the compressor, This can be seen in Table 1, where severg| references of comprassor
energy and cost are collected
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Table 1 Comprassing enengy (Mg oyl far di. ferer t hydiogan _omgréssors

Inlet Outlet Flowrate Emergy Technotogy Reference
pressure | pressure (kg Hahd | (Mg

{MPa) iMPFa) Hz)

2 10 8333 10 Centrifugal 124]
2 o0 42 130 Diaphragm 125]
1-4 45 52 97 Diaphragem {26]
1-4 45 125 a0 Diaphragm {25]
3 45 95 68 Reciprocating 271
5 45 LSO al Reciprocating 127
L 45 G50 47 Reciprocating {27
oA 20 1R 104 konic 28]
25 50 1B A fonic 28]
a6 30 2B 119 ionic 129
03 S0 04 302 Electrachemnical 122]
03 55 5 238 Electrochernical 122]
2-3 100 432 158 DiaphraT {25]

Compressor costs also depend on techrodogy, flowrate and pressure ratio. According to [24) compressors
defivering 300 kgHah with an inlet/outtet pressure of 10/55 «Pa have a capital cost of M$* 027, while the
capital cost of a compressor with a nominal flow-rate of 8 300 kgHa'h and 210 MPa as inletioutlet pressure is
around M% 6.

2.1.2 Storage

Once compressead, hydrogen must be stored @ a suitable system shle to withstand the storage pressure and
with matenals compatible with hydrogen under those storage conditions. This storage system can be located
either aboveground or underground. Underground storage can imvolve salt caverns, depleted gas fields, aquifers,
of other underground formations, Hydrogen can be stored aboveground either in pipelines or in vessels. These
storage systems can also be psed as underground storags

Among underground storzge solutions, salt caverns are considered as the most promising means of staring
hydrogen in large quantties [30] The adwvantages consst of good leak tightness, high pressure resistance (up
to 20 MPal, and flexible operation. Moregver, the Inert nature of the cavern materal and the lack of

P Urissy mofed chsryise, costs navs besn adjusted for Frflation (May 2020 For more detaiis see Sechon 3
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micrabiological activity reduce the probability of hydrogen depletion and cortamination: Currently, there are a
few examples of hydrogen storage in salt cavems (located in the US4 and the LKL their main parameters can
be found in Table 2 [31], Cagdtal costs for salt cavemns can range Detwesn 35-38 $/kgH; stored [32], depending
on the storage pressure. Other ungerground storage solutions present higher costs, as in the case of ined rock
caverns, where they can range between S6-116 $kgH; stored [32] The potentizl for hydrogen storage in
European salt caverns {onshore and ¢ffshore} has been estimated at 2.5 billion tonnes of hydrogen, with the
largest potential m Germany (425 [33] Mevertheless, salt caverns reguire specific geological Foemations, which
may not always be available. The distnbution of salt deposits in Europe can be seen im [34]

Tabls 2 Operational pararmeters of existing hydiegen salt cavems Sowce |51

Company Cheveon  Phillips | Air Liguide Praair Sabic
Location Tenas Texas Tewas Teesside (LK
Volume {m?) S80 000 906 000 566 000 210000
Max  operating | 135 202 13 {estimated) 45

pressure (MPa)

Storage (t Hy) Z 500 S BOO (estimated] | 2 400 750

Energy reguirements for hydrogen storage in salt caverns are divided between the enengy needed to compress
the ydrogen, ard the energy necessary to dry the hydrogen before its delivery While the latter has a value of
0374 MIkg-Hz. accordirg to (35, compression energy is definsd, mainly, by the pressure difference Detween
the storage and e delivery pressure (see Table 1)

Pipelmss ar vesseals can also be wsed for aboveground hydrogen storage. These storsge systems are easier to
deploy than underground solutsons but they are more than one order of magnitude more expensive than
underground storage ootions, at between 950-2 200 S{kgH: stored [24] Therefore, abowveground stationary
storage of pdrogen it is not seen as an optimad solution when stofng large amounts of hydrogen. This type of
storage can be more suitable in applicabons with smalker storage needs (eg. Fydrogen refiuslling stabons) or
where underground storage is not awvailable.
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MOWALAYS, COMP EEen iyen gen gas G mosty transported Ly road 05,0 Systems Kiows 85 MLtiple Element
Gas Containers (MeuCs; These systems consist of oundles of gas Lyindars “1eG:0s Can be designed to match
the dirmensions and features of 150 standard containers, faclitating therr use in intermodal tramsport Basic
dimens:ons ard permissible gross weighis of intermodal containers are largely determined by two 150
standards, 150 obd-2013 [36] and 190 L456-1-20.3 (537

Gas cylinders compnsing the MECG are either metaliic or made of a combinaton of internal liner {metallic or
plasticl wrapped with & carbon fibre based composite materal Metallic oylinders have been extensi-ely used
to transport and to store compressed hydrogen, usually up to 30 MPa. Composite cylinders are lignter, but more
exensive. Nevertheless, they allow for higher trarsport pressures, which increase the payload of the MEGLC,
reducirg the transport costs (more hydrogen can be transported in one shipment] Siorage pressure of MEGTs
can ramge frorn pressures Detow 20 MPa 13 | up to 50 MPa [37] At the highest pressure 130 MPa), the payload
of & MEGL cam reach vaiues above 1 tomne [39] The cost of MEGE systerms ramges between 790 %/kg Hy for
systems at 25 MPa [24] and 1 100 $/ka H- for transport at 50 MPa [40]

Gas cyloders, in particular when their design matches 150 container dimensions, may be used to transport
compressed fydrogen by rail, sea, o inland wakervays

A recent announcesment by GEV shows a design of compressed hydrogen tanser ship stonng the whole hydrogen
carga in bwo big tanks of a oylindriczl shape This compressed hydrogen taneer ship can tramsport a total amount
of & 000 tonmes of ydrogen at 25 #Pa (41]

Compressed hydrogen can also be transported by pipelines. More than 4 500 im of ydrogen pioslines are
deployed worldwide [42] however, they are limited to industrial applications, whers the customers (eaq,
refinenes, fertdizer plants, steel plants) are supplied wia pipeline, usually from a natural gas steam reforming
plant tocated nearty, Transmission syster operators | 750s] of natural gas grids foresee & ydrogen eConony
whiere hydrogen transport via pipeling will play a relevant role (23]

Two options are considered m the case of pipelines for hydrogen delivery: either deployment of newly buslt
fmydrogen pipelimes or repurpasing of pipetines and components currently used in the natural gas tramsmission
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network [44], White the second option can be several times cheaper, i1 also requires a carefid analysis of the
current state of the pipeling o be repurposed (e possible damages) and of its suitability to transport hydrogen
[Le matenal compatibility) Other components of the network to be repurposed, such as compressors, valves,
or ficwmeters, must also underge a thorough compabbality anabys:s.

A ramge of operating pressures for transport of hydrogen has not yet been established Currently deployed
industrial pipstines can have operating pressures of ppto 10 MPa [45] On the other hand, the typical operating
pressure In natural gas transmission pipelings in Europe ranges Debwesn 67-8 MPa [43] meaning that
repurpassd pipelines may not be able to exceed that pressure when transporting hydrogen

Optrmisation of the design of a hydrogen pipeline network 15 not a straightforeard process. From an energy
point of view, the larger the diameter, the more efficient the transport of Tydrogen, a5 the pressure drop (s
Iower, Howeser, from an economic point of view, the smaller the pipeline, the cheapsr it will be bist also the
highar the pressure drop of the hwdrogen transported This higher pressure drop will requere a larger number of
compressor stations and, therefore, more comgressson work (energy costs) tham m the case of a pipeline with
o langer daameter.

A simidar trade off ooours when choosing the operaling pressure of the pipeling: the higher the pressure, the
higher the density of the transported gas; therefore, for the same pipelime diameter, mare gas is transported
However, higher pressures requires thicker pipebine walls and more compression work, both of whech wall
increase the Costs

Hydrogen pipeline materials inClude plastic, metallic and composite materals. Current standards for hydrogen
pipelines. recommend the use of metallic pipelines {carbon steel alioys) [46] Regarding compressors, gas
transport by pipelime wsually ocperates at high flows and low/medium pressure ratios. Reciprocating and
centrifugal compressors seem the most suitable comipressor technologees for this application [23]

In [#4], costs for pipelines and compressars are estimated. For nawly built gapelines, depending on size and the
scenario considered, they range from 14 to 34 Me/km IF natural gas pepelines are repurposad, the costs can
drop down to between 02 and 06 MEkm. Capital costs for compressor stations are estimated to be in the 2.2
to 6.7 MEMW rangs

F'||IIE|H"*E'S themseives can act as temporary stofage Dy INCreasing pressufe This feature provides a certain
degree of flexibility to a hydrogen delivery retwork based on oipelines, facilitating its adaptation to a changing
supply or demand Mevertheless, additiona! storage may be required, depending on the variability of supply and
dermand. Starage can be placed at the production site andior the demand site, and also In a suitable location
along the pipeline These storage solutions will be similar o the ones described in the prevous section

2.1.4 Unpackina

Once armved at the consumption site, the comprassed hydrogen: should be delivered to the local storage system
of the end-usar (except in the case of hydrogen delivered by pipeline) Usually, the hydrogen pressure during
transport is Righer than the storage pressure at the end-user. Therefore, initially, the delivery of hydrogen is
performed without additional energy input However, there 15 & paint during this delivery where the pressurs in
the storage of the transport system = not enowgh to delwer the hydrogen to the end-user storage. From this
point oriwards comoression work is necessary. This additional work 1s defined by the gpressures and volumes of
the end-user storage and of the storage of the transport system, This delivery work s performed by
compressors similar to the ones described im the packing section, hinwever, the energy needs for Compression
dunmg unpacking are, generally, musch lower than the ones in the packing step.

2.2 Liquefied hydrogen {LH:)

At atmosphenc pressure, hydrogen reaches the ligued state at 20 K (-253 “C) Under these conditions, the
hydrogen density is 7085 g/l [47] which 5 2 3 times higher than the density of compressed hydrogen at 50
MPa and nosmal conditions (arcund 30 g1k This s the main reason why this packagng option, despite the
technical and scomomic challenges mmabvang the use of cryogenic temperatures, may be preferablie to the use
of compressed hydrogen. This advantage becomes more relevant the larger the amount of hydrogen o be
stored and wransported
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2.2.1 Packing

Hydrogen is lgquefied by mears of liquefaction plants, The first such hydrogen plants were buitt in the USa o
supply the demand of the petrochsmical and aerospace industries. The working principte of large liguefaction
plants 1s usually based an the (pre-coolzd) Claude cycle (48] This cycle consists of two stages. In the first stage,
called the hydrogen refrigeration foop, the hydrogen is first compressed, and then cooled down by means of
heat exchangers and expansion in turbines. The refrigerant commonly used in the heat exchangers is liquefied
nitrggen, and the hydrogen is recirodated after expansion in the tudbines. The second stage of this oycle is
where the hydrogen bguefaction process takes place. Here, gaseous hydrogen s fed, at a pressure of around 5
MFa, inko heat exchangers, where it is coobed down using the refrigerated hydrogen coming from the
refrigeration loop a5 a cooling agent. Finally the Feed hydrogen gas is liquefied at 01 MPa and 204K by
Expansion when passing theowoh a valve Doule-Thomson effect) [45]]501

An alternative hydrogen Bguefaction cycle s the helium Brayton oycie, where the ydrogen refrigeration loop is
substituted by a helium cooling oycle. This oycle wses cheaper compressars than the Clawde oycle, reducing its

investment costs, but it has a lower energy efficiency. This cydle is used in small hydrogen liquefaction plants
where eConomics are more sensitive to capital investment than [ operating costs [50]

Additionally to the processes described abowve, an artho to para hydrogen conversion process is necessany during
the liguefactom of hydrogen. Hydrogen molecules exist in two forms, para and ortho (depending on the slectron
configurations). At room temperature the equilibrium concentration s 25% para-hydroegsn and 75% ortho-
hydrogen, bt in the case of liguefied hwdrogen the equilibrium concentration & 99795 para-hydeogen and
0.2 1% ortho-fvydrogen: Howewver reaching this equilirium is a stow process if no catalysts are used [51]

Canwersion from ortho to para hydrogen releasas heat (527 kdfhal [S1], therefore, it s requsred that liquefied
hydrogen reaches its para-ortho equilsbnum befors storage, otherwise the heat release durning the ortho to para
conversion that will take place until reaching aquilibeium, will evaporate part of the mdrogen stored. This
conversion can take place at an initial rate of 190 per hour, leading to the evaporation of 188 of the stored
hydrogen in just one day [S2] For this reason, catalysts to accelerate the ortho to para conversson are introduced
in the heat exchangers during the Liquefaction of hydrogen [51] These catalysts are commonly based on iron
oxide oF cheormium oxide doped sikica [53]

Due o the low temperatures of the llquefaction process, impurties in the feed gas need to be removed to awoid
their condensation or soledification in the heat exchamgers. Otherwiss, Blockage or damage of this eguipment
could take place Additionally, oxygen has to be removed to avod the pressnce of sofidified oxygen in the
liguefied fydrogen, which could lead to hazardous situations [52]. This purification of the feed gas takes place
before it is supplied to the liquefacton plant (&g by means of FRAL but also during the ligquefaction process,
gither by cryogenic absorphon or adsorpon Impurity levels in the liguefied hydrogen after iguefaction is below
1 ppm 521

While ideal lguefaction work s below 144 MIkg H; [54] the energy requerement of current ligeefaction plants
is in the order of 36-43 MJkg Hz [55] It is expected that with larger scale plants (=50 tonnesiday], the power
requirements could be reduced By up to S0 (1A-22 WU (kg Hz) [S5]. This will be reached not only by scaling-up
but also with technologica! and operabional improvement of the eguepment used in the liguefacton process,
such as  recycle gas comgressors, Closed refrigeration Ioops for pre-cooling, improved Burbine designs and
adjusted concepts for the main refrigeration loop [50]

Today, the capaoty of a comventional hydrcgen bquefaction pdant n Ewrope rangss bebaeen 4 4-10 tonnesiday,
while in the US higher capacitiss are found, up to 32 tonnes/day [S5] Japan has a similar total bguefaction

capacity as Europe, ard lapanese plant capacities range from 03 to 11 3 tonnes/day [48]5E]

The capital investment for a lbquefaction plant is £2.5-% million per hydrogen tonnefday [S7] Hydrogen
ligquefaction cost is mostly driven by operational costs, where the energy cost of the liguefaction represents the
main part [57] Scaling up may bring pnces down o 50% (including CAPEX and OPEXK) [55] Altemative
techmobogies (0. magnetocalonc liguefaction [Salk with expectsd [ower operational costs, are sull under
dewvebsrement..
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2.2.2 Storage

Liquefied hydrogen sioFage systems are usually double-hulled cryogenic tarks, with Doth moer and outer
metaliic walis, and the space between walls filled with a thermally insulatimg maternal (e.g. perlitel at fow-
vacuum pressure [54]. One of the main challenges when stoning and tramsportng liquefied hydrogen is the
evaporation of part of this Fywdrogen, which @ known as boil-off. Boil-off 15 a conseguence of the heat transfer
From the storage tank swrroundings, to the stored hydregen Evaporated hydrogen will progressively build up
pressure inside the storage tank up to bevels that can endanger the structural integrity of the storage tank
Pressure safety valves are placed m liquefied hoydrogen storage systems to vent the evaporated hydrogen and
reduce the pressure The maximum allowable pressure in liquefied hydrogen tanks can reach up to 12 MPa
[59] The wented hydrogen represents a loss, from both an energetic and economic point of vies

The boil-off rate s proportional to both the difference between stored hydrogen and  enwvirorenental
temperatures, and to the heat transfer coefficient. This coefficient is mainty defined by the matenals and design
of the storage systems. For instance, a storege tank with a spherical design will offer a lower evaporation rate,
due toa more Favaurable volume-surface ratio than other tank geometries (eq. odindricall,

gince mid-1960s, the two largest liquefied storage tanks (around 212 tonnes of lguefied hydrogen each) have
been operating at MASA facilities {liguefied hydrogen has been histoncally used in aerospace applications)
Thiese tarks were designed to have boil-off rates below 0075 Siday of the total volume of the tank [53] In
2019, [B&l Storage Solutions began constructon of a storage tank of 4 700 m3 (300 tonnes of louefied
hydrogen, considering 109 uliage) to be operated at NASA Kennedy Space Center [G1] 1t includes improvements
such as better insulation (glass bubbles instead of perlite} and integrated refrigeration and storage (IRAS) heat
exchanger that should reduce the boil-off to a2 maximum of 0.048%/day. Smaller tanks {20-145 topnes of
ligieefied hyydrogen) show a higher bol-off rate (5.1-0.3 %idayl [99] Costs for lguefied hydrogen storage for
big tanks can range between 150-300 €kgH; [62], [E3]

In &ddition to the boil-off described above, there s also a part of the stored hydrogen that is evaporated for
operatonal purposes. Current techniques for the transfer of Liquefied fopdrogen Detwesn storage systems are
based on a pressure difference between the delivering and receiving tanks, and this pressure difference is
achieved by bodling-off fnydrogen in the detivening tank [64] The boil-off increases the pressure in the delivering
tank, allowing its transfer to the receidng storage system. in certain conditions, bodl-off during & single transfer
can reach values above 15% of the hydrogen transferred [B4], however, this amoent can be drastically reduced
if the nght operational conditions are set (g filling method [B4]} Moreover, bail-off can also be reduced by
means of low pressure onyogenic pumps [64]. These pumps can be used to transfer the ligquefied hydrogen
between tanks, avoiding the boil-off pressure bsld-up necessary For operational purposes

Boil-off dogs not necessarily mean a loss of hydrogen. The evaporated hydrogen may either remain inside the
storage tank, or be redirected back to the liguefaction plant or to an intermediate gas storage buffer, or directly
to a final user. These measures may require additional equipment, such us compressors, or tanks with higher
pperational pressures than the current state of the art, therefore, the economic benefit has 10 be assessad on
& case by case basis, An alternabive solution to reduce boil-off losses when liguefied hydrogen is stored in a
tank is the inclusion of a system able to re-liguefy the boil-off gas within the liguefied ydrogen storage system
[65], similar to the systems wsed in LMG carriers [66] or in the new liguefied hydrogen tank being deployed at
MASA Kennedy Space Center [61]

2.2.3 Transport

Liquefied hydregen transport i currently limited; with few exceptions, to road transport by means of insulated
tanks placed on top of trailers (tankers). These tankers can hold up to 4 tonnes of hydrogen (33 tin EU) [59]
Thie cost of these tankers i1s in the order of 200 %kgH; [24]. Their boil-off rate can reach up to 1% volwme per
day [59]. Additional bod-off l0sses ooour wher transferring the lguefied hydrogen from storage o tarker and
vice versa. Cryogenic tanks are not filled up to their full capacity, toavoid a quick bulld-up of pressure due to
boil-off of the iguetied gas. The free volume left in the tank is called the ullage volume. It usually ranges from
around 5-10 % of the total volume

An altemative transport system to road tankers are containensediportable storage solutons, The system HYLICS

[Linde [S9]), which follows the HELILS system tank designed to transport helny [67] & one example, This
system can store wp to 3 tormes of hydrogen and it has the dimensions and features of an (50 40 ft container
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[55], making it suitabde For intermodal ransport Kawasaki has a similas system based on a 40 ft containey with
& capacity of 46 cubic meters {around 3 tonnes of ligwd Fpdrogen) and with & boil-off rate 1% per day [54]
Uralcryomash {WPANMHPHOMAILL has an 150 307 container model abie to store up to 1270 kg of liquified
hydrogen (20 m®) [6a]

Mo cormmercial solutions for raibway transport are currently available according to the inquinies performed by
the authors. Systemns such as the rail car HEUL0OM2 [69] by Uralcryomash (YPANHPAOMAL] have been
discontinued. This rail car had a boil-off rate of 08-1% per day and it was able to store up to 7 350 kg Hz, ma
volume of 119 m?, giving an ullage volume of 13% [According to US requlations for cryogenic liquid in tank
cars [70], the rrdmimum ullage wolume is 79%), another past example can be found in [71L where a dewar-tyos
tank on a rafbway wagon was used fo transport liquefied bydrogen

Mevertheless, cryogenic rail tank cars transporting cryogemic bgud, at temperatures as low as 77 K are
commercially availabde [72] Similar systems could be wsed to transport bguefred hydrogen, beanng in mand the
Inwer temperature of liqued Fydrogen (20 K), which may reqisre better insulation andfor alternative materials.
Containerissd storage soluticns such as thosa presentad in [S4] [59] or [68] could be viable options due bo their
design. However, the applicability of the HYLICS system to thas transport s not clear, since its design is based
ori the HELICS systermn, and thés systemn it is currently not certified For rail transpart [67), but only for road and
maritime transport.

T the knoiledge of the authors, transport. of bulk liowefied pdrogen by sea {or inland wateraays) has only
been undertaken by MASA, using barges with a capacity of around 1000 cubic meters (almost 65 tonnes of
ligsid mydrogen) [73]. Containerised solutions for the transport and storage of liguefied hydrogen (eg. HYLICS)
could be used in combination with comtainer ships for the delivery of hydrogen. Howewver, the transpart of large
amounts of hydmgean would probably meed more optimised solutions, simular to the ones of LNG camiers. in this
typs of carrier several cryogenic tanks are integrated inside the ship. Thess camiers can transport up to 266 J00
m? of liquefied gas [74] but typical sizes are in the range of 125 000-175 000 m? [75]. This capacity rangs
would translate nto B 500-12 000 forees of liguefied bydrogen Capital costs for LNG Carriers are inthe 1 000-
1200 $m?® range [21], [76] Currently, & prototype for a liguwid hydrogen carrier developed by Kawasakl Heavy
Industries, the Suiso Frontier [F71 s wnder trial, transporting iguefiad hydrogen From Australia to Japan It has
g capacity of 1 250 cubic meters {around 85 tonnes of Bguid hydrogen)

Containerised solutions could be more suitable for the transport of liguefied ydeogen along inland waterways,
since smaller ships are expected to navigate in these waterways

2.2.4 Unpacking

As mentioned above, liguefaction plants provide hydrogen with a very 0w content of impurities (below oot
This should etiminate the nesd for a punfication step as part of the unpacking. Therefore, the Last step in the
hipeefied hydrogen delivery cham s wsually the regasification of the hydrogen, which could be provided directly
to the demmand pomt (eg fuel cell electric wehicles (FCEWS! or stored in an mtermediate buffer

This regasification is performed by means of an evaporator and a cryogenic pumng, which s placed at the inlat
of the evaporator. The Cryogenic pump pushes the guefied hydrogen through the evaporator, where the liquid
hydrogen transform into gas, and provides the pressure reguired for the Final user. These pumps are able to
reach up to 100 MPa, allowing direct refuelling of FCEVs. Hydrogen cryogenic pumps have lower energy
consumption (43 MAKkg H ab 100 MPa, [59]F than hydrogen compressors. According to [24], the cost of a
cryogenic pump abbe to delwer 100 kgh at S0 MPa is around 650 000 $

23 Ammonia

Aammorea 5 2 chemical commodity traded worldwide and a fundamental building block used im Fertilisar
production. in 2015 its global production capacity was of the order of 218 Mt and growth imdemand is forecast
for the fulwre [781 European ammonia production & of the order of 20 Mtyr [75]

Traditionalty, ammonia s usually produced wia the Haber-Bosch process, reactmg bydrogen and mitrogen at
AO0-550°C and at pressures of LO-25 MPa over an ironrbased catalyst The hydrogen feedstock can be
supplied by electralysers, as has already been demonstrated [B0]. Altemative designs are possible, but have not
yet been proven at scale [81], (82]
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AMMonda Cracking is an endothermic process and can be regarded as the reverse of the synthesis reaction. In
order T achiewvs high Comeersion rates (>95%), ammonia Cracking has to operate at temperatures higher than
400°C. Conversion equilibria decrease by increasing pressure and kinetic limitations reguire high temperatures
in order to achieve a significamt hydrogen yield The catalytic decomposition is promoted by the same metals
active in ammonia synthesis, even if the different reaction conditions for symthesis and decomposition entail a
differant optimal catalyst for the two processes. Purification of the produced hydrogen has o be guaranieed
gnd purification steps have to be inplemented in the process [B31-{B7] Some new ammonia Cracking designs
exploiting Group | armide-imide properties are showing promisimg results [8A], [AS]

Both electrochemical ammonia symthesis and decomposition apions seem bo be at 2 much earlier development
stage and they still have o be considersd as being at relatively Jow technical maturity [30] Therefore they will
ot be considerad any further in this report

2.3.1 Packing

Thie arty reference process for ammonia synthesis which will be considered in this document and the analysis
it contains, is & fully electrified Haber-Bosch, without ary naturak gas consumption The Haber-Bosch process,
which is currently the most widespread method for ammonia synthesis, is wusing natural gas as feedstock and
as fuel in most of plants worldwede. The low cost of natural gas drove the widespread deployment of this
process. The energy consumed by the process considered in this report consists mainly of slectricity used 1o
compress the synthesis gases fo the required pressure, & non-negligible amaount of electricity s also required
For the air separation unit process which s providmg nitrogen feedstock Due to the exothermic nature of the
reacticn, no significant steady heat supply to the synthesis loop is expected.

Depending on the Air Separation Unet (8501 design considered, energy consumption vanes from 1 1-1.2 GHENH.
For Pressure Swing Absorption (PSAL [B1] [211493] to around 03-0.72 GHENH.® Far cryogenic distillation [S54]
(951, [=72]. [53]

Literature estimates for the compression energy consumplion required, for achieving the pressure level needed
for the ammomia synthesis, wary significantly. In 2 conventional fossil fuel fed Haber-Bosch process
compressors are steam powered turbine compressors, mainly powered by waste heat from the SMR process
The use of slectrically driven compressors would make the process much more efficient [B1] Therefore the
energy required for ammonia synthesis from green fydrogen canngt be directly derived From a comventional
naturzl gas fed process. The energy used i drving a fully electmcal ammonda synthesis is in the ranges
1.2-27 GMiHH; B81], [32] [34] [96k[58l with a significant outlier giving & value of 5 GUTHH: [95] The
discrepancies present in literature values can be explained by different starting and final pressures of feedstock
gases, by differances in the considered compressian efficiency, or by different process designs The presence
af an outlier value could be due to the assumed use of a steam turbing comprassor rather than an electrical
omie,

The expected heat production from the exothermic ammonia synthesis reaction in an all-eleciric process is
2.7 GNINHz This high grade keat (argund S00-550°C) could, in pringiple, be used for other applications [81]
[96]. According to Morgan, the pumping power needed for cooling the synthesss loop of an all-electric ammonia
plant with a capacity of 300 tons per day, s around 112 W and it circulates around 9.5 tons of water per
minute {94] The electracity consumpbion of such & system is negligible in comparison with compression and the
ASL

¥ The firad pressuns of theass valuss yan=s
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Table 3 Cost estinmates for an ammania plant taken from literatune.

Plant Capacity - tNHzd Haber-Bosch Synloop Alr Separation Unit | Total SOLrCe
10 Sag77. 4 m Sap=5.6 m Smorl3 m [97]

20 S200711.5 m SaurB T m Suer20.2 E‘E!
50 & 200720.9 M % 207158 m Songr 6.7 M [97]
10 5:-;]732.9 m 5;-:.];24.3 mm 53}015?? m [27]
2060 5@751.!5 m 51:1]733.9 m $a}u:9‘ﬂ'5 m 571
300 SamrB7.1m S200750.7 M Swmor117.8 m [97]
40 52007809 m Sa0761.1 m Saorl42 m 1371
a0 Samri05.3m 52077 3.5 m Sua7lB4.8 m 1971
200 S.007126.9 m 5:0795.9 m G1007222.8 m [37]
1 000 Sugr146.8 m S37110.8 m S1072E 7.6 m [37]
1200 Sa07165.2 m S207124.8 m Sxp290m [97]
1400 5071826 m S207137.9 m Swey3205m | 197]
16040 51-:-]:19‘9.1 I 51{0715&.4 mwh 5@1345.5 m [971
1804 5@1215 m 5-13]_715214 [14] $a1|:|:ra-??.-" m 571
2 000 Sanr230.3 m 52071739 m Soonrd4.2 m [97]
2204 51{.]]'245 m 51-:|;|:135 m 53}0143'3 m <7
2400 51-:-1;'259.3 [id] 51{07195.3 4] 53]4];!455.1 m 971
2 600 S:07273.1m Sa007206.2 m Serd79.3 m [37]
2 800 S:07286.6 m Sa07216.4 m Smer503 m [971
3000 5:07299.7 m S:07226.3 m Sxpr526 m [97]
3 200 $a0r312.6 m Sawn236m | Swr5486m | 97]
3 404 Sa07325.1 m S207245.5 m S 370.6 m [97]
24 820033 M = [&1]
240 Sa0:033 M SamlZ m S M [100]
300 810552 M $200158 M SaaFl M [94]
667 EUR;t03 5 m EURz:l 09 m EURz 1148 m | [21]
1 840 S7cidZ4 m §2c0al3 M $o0:2554 M 193]

2.3.2 Storage

Creyogenic temperatures Can enabde large-scale storage of ammonia at atmospheric pressure with Capacities
up B 50 000 forees [101] Detailed techno-economic information on the design of & cryogenic storage tank
with insulated doulle containment & given by Morgan [24]. The same source quantifies boil-off as less than
(:04% per day. This boil-off can be re-liquefied by a compression-refrigeration loop and pumped back again
into the storage vessel According to Bartels, a low-temperature and large-scale storage systam can store about
41-45 tonnes of ammania per tonne of steel [97] A detailed description of a large-scale installation of an
ammonia tank is given by Tur [102]

& summany of CAPEX estimates avallable for large-scale ammones storages is given by Mayak-Luke ot al [103F

and Elishav et al [104]°

* The FUihoes Consaoer. 3 value of 081 USIMEINHE Dasad on g 2530U0-00mne a0k, Tor their analysis,
* The ranges prosided in the meyism ane Detvesn MIE and 084 USD per kg of amimania and depends on the size of the storsge and he

locabon of the storege Faoliby.
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2.3.3 Transport
The use of ships, trains and trucks for raasporting ammonia is weli-established [97], [101]

shippimg of ammonia s currently performsd on a regudar basis and requires partal or full refrigeration
[zmmonia liquefies at -33°C} in order to keep the ammonia cargo in lgud form around atmospheric pressurs
It is passible to refrieve precise information on very large, dedicated gas carmers able to transport large amounits
of ammaonia [105] The amount of ammonia transported can be as much as 50 000 tannes (around 75 000 m),
but this amount cowdd be even higher since cryogenic, fully-refrigerated LPG transport {which requires lower
temperatures than ammaonial can already reach volumes of 100 000 m? [101] Due to the similarities with LNG
carrier designs, even hagher capacities are possible, inprincire [106] see also Section 2.2 3. & newly-tuslt, fully-
refrigerated ammoria tanker with a capacity of .around 80 000 m® should have a cast in the order of LUSD
20200 80 m [LOE], [107] Boil-off is guantified in the crder of 003%-0.04% per day [108], [109] and shoutd be
re-liquified if no losses are to be incurred

Detals on ammania transpet by rail can be found n documents providing information for the U5 and Europs
(1011 11107 [111] The rad cars are pressurised {lower than 203 MPa) in order to have liguid ammonia and
usually have capacities in the range of 50-110 m. However, the volume of the car can only partizlly be filled
due to the thermal expansion of ammonia In Egrope, & Filling dersity of 530 kgNHa/m® showuld be used for
calculating the tank capacity. Tanks wsually hawve a wall thickness of 1.7% cm and are covered with a 032 cm
jacket At least one detalied design for a European manufacturer is publicly available [112] A reference for the
cost of & rail car able to transgart ammonia is gven by Hattenbach [113]

Ammaonea is regularly transported in pressurised ligued form through pipslines over distances which can span
thousands of kilometres and wsing trucks for distances around or betow 150 km [101])

234 Unpacking

Ammoraa Cracking enengy reguirements depsnd strongly on the process design considerad IE should be noted
that the dessgn for commercial ammonia crackers is based on small outputs in the order of less than 100 lkgHzh
(1001

There appear to be few recent reports providing & design (later than 2010) for a large-scale ammonia Cracker
i32], 185] The proposed large-scale design by Fothergil! et al [89] uses a firebox in which the heat necessany
far the process s provided by a mix of B5% ammonia and 15% hydrogen, used as & fusl, The energy required
for the process can be quantified as around 52 G)H: with & conversion of S8.5%"

Thie purchiased equipment cost for a large-scale ammonsa cracker, able o produce 200 tonHy/day at 25 MPa
and with & 99.37% purity, is estimated by the authors to be zround £74 8% m.

The value reported by Fotherngill et al [B3] is in line with thoss reported by Fapadias et al [32]* but seems
lower than the ones reported by Cesaro 2t al 1100] which are based on extrapolabion of the cost of small-scale
ammuonia crackers, using the expected cost-size correlation of SMR firebox units

2.4 Methanol

Methanod s @ commaodsty chemical, with almost the whole European producton  located in Germany [114]
[115] Methanol is used as a fundamental chemical precursor in many industrial syntheses (&g Formaldefnde,
chigromethane, methyl tert-butyl ether® and acetic acd) and can be biended with petrol as a fuel additive
Methano! can also be wsed as a precursor in the methanol-to-olefins process. In Europe the majonity of methanol

production is absorbed by formaldehyde synthes:s (2004 data) [114)

& The valu=s of energy cormumption of Giddey =t al B0 Sustarebls Chemestry & Engnespng 2017, 5 18 10231-10333) seem to be
Durzad on a0 amor in e Eioslatiens and 00 nol Mo win oy values gvalable in lipseanun

" Their analysis imoolves hest partady prodeced thiougn use of natual gas

¥ An anttmocs sgent
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24.1 Packing

Conventional, fossil-based methanol production (s based on syngas (& mixture of carbon monaxide and
hydrogen) used as a synthesis precursor and obtained from fossil fuels. More detaits on this process can be
found elsewhers [116] [117] Im recent years there hias been a growth in interest m pursuing methanol synthesis
usimg C: and hydregen mixiures. Methanol symthesis from CO0; and hydrogen is kinetically limited at low
temperatures and thermadynamecally disfavoured at high temperatures, By Increasing pressure, methanod yield
increases and heat management is crudal since the C0y hydrogenation reaction to methanol is stromgly
exnthermic.

Pressures in the range 5-15 MPa and temperatures around 250°C are meeded for methanol synthesis wsing
[0 and hydrogen as precursors [114] [118)F These parametsrs are nob much different from those of a
conwentional methanol process based on Sygas Conversion

The catalyst used For C0; hydrogenation s usually the same relabvely cheap zincicopper catabyst as the ops
used in comventional methanol synthesis based on syngas. The direct hydrogenation of C0; has the drawback
of producing significant announts of water and has reaction equilibria which are not as favourable as those of
CO hydrogenation, it nevertheless has the advantage of facilitating the owerall reaction kinetics and reducing
by-product formation, sawce CO; and not C0 &5 the speoes reacting with hydrogen and producng methanol;

moreover its hydrogenation reachion is less exothermic. For industnal-scale methano! syntheses, a moderate
content of C0 is necessary, since it keeps the catalyst in & reactive reduced state [114] [116], [118]

The development of galob plants for methanol synthess through direct C0; Iypdrogenation has started i the
rineties and to date, the biggest and only commercial production plant is the one operated in Icetand by Carbon
Recycling Intemational with a capacity of 4 D00 tMeQH per year [114], [L18] Mew designs with an increased
capacity have been announced recently

Thie imdustrial process of comearting C0; and hydrogen into methano] is not yet largely deployed and proposed
designs Can be grouged around feo main solutions [119], direct C0; hydeogenation, of 3 combination of a
reverse water gas shift (RWGS) step producing syngas, foilowed by methanol synthesis (CAMERE process[114]
(18] [L20] [121]=

In the available literature_ it 15 usually reported that the two step process 1s mare energy intensive than the
direct rydrogenation of COz and should require mare CO; per unit-mass of methanol produced [115], [122]
Meverthelsss some sources Cite the CAMERE process as having higher efficiency (higher methanol yvields, lower
DPErating costsl in comparnson with the dirsct fydrogenation route [123] Available information does not seem
to show a remarkable advantage in the production efficency of the CAMERE process compared to available

data from direct hydrogenation pilot plants [1 18]

The Feadstock requirements repared for the direct synthesis of methamat from C0; and Hz mixtures donol vary
mich from a 3: 1 stoschiometric minimem ratio with 3 range of D1BS7-0.204 koHkgMeDH and 1.375-1484
kgCO:fkgMelH [124]-{128]

Thie electricity consumption of 2 plant based on & double corversion step is estimated by some authors fo be
in the order of 2.03 GlMeDH [122] This is in contrast with other published values which are &5 high as
755 GAMeDH [125] The highest reported heat requirement is 529 GHIMDH [129]. but was reported to be
almost zero fof & process combusting a fracton of the outpult gasss [122]

Thie published values for the total electricity needed in a direct C0; hydrogenation process with heat integration
are in the range of 053-5.4 QltkeDH [S8] [L37], [138( [130] [125], [132] [133] [134]

Heating and cosling neads vary significantly among published sources. Pérez-Fortes et al [125] [130) mentions
a total heating need of 1.58 GUtMe0H and a total cooling need of 3.1 GLIMeDH, while de Jong gives a total
heating nesd of 104 GIMa0H and a total cooling need of 171 GMe0H [127] Kiss et al [126] quantify a
need of 048 tons of steam per tonne of methanal, if the rebailer and the reactor are thermally coupled
Miemniren et al. quantify the cooling need as 107 GJtMeOH ard does not mention amy heatng duty [133] Mo
necessary external ieat or cooting loads are mentioned in Van-Dal ef al [132]

* Ternperature should be mantared esow 3000 N aner 1 avoad Cakakst deacisanm
1 Tree CAMERE |CArSyt MEHanot syndhesis via Revorss waler [as shiftl process developed by the doeean atiute of Scene and
Technalogy.
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A precise explanation of the origan of the discrepancies between Iteraturs values is impossible without a specific
in-depth analysis, nevertheless some differences can be justified by the dissimilar mputioutput pressures used
in the synthesis, varying degrees and different configurations of heat inkegration, different reactor designs and
target termperatures, and overall mon-homogeneous process design choices,

Cuantifying an exact capital cost is gquite difficult, but Iterabere values are summansed in Table 4.

All equipment cost are provided excluding electrolyser costs

Table 4 Methanod production plant CAPEX estimates taken from Eterature

Reference. | Capacity Total capital | Cost defimition in the reference
Costtt
it MeDH/d}
[125] 1320 Eama2 20 m Total fieed capital cost (TROCP? = working capital
[133%] 545 FargalDS m Installed equipment cost
[21] 535 E108m Total nstakled cost (SEL)
[133] iz Eoas081m Czpital cost
30 Easd 2 m Capital cost
150 €250 m Capital cost
[119] B30 Sa0a2213 M Capital cost [direct methanol synthesis)
BOR Sz 382 M Czpital cost (bwo-step methanol synthesis]
[133] 1 000 EansBS0 M CApEX
[133] 1190 S2002305 M Total capital cost
[133] 195 €1l m Capital cost
[135] 756 Exn=B3 6 M Total Fixed investments

COPEX costs for running a methano! production plant showld mclude the cost for sourong C0;

24.2 Storage

Large-scale storage of methamol is usually performed m carbon steel or 300-series austenidic stainless steel
tanks much ke flarmable oil products such as currently used fuels |136)] Special care should be given o

H Excluing Ha prodction and 00 caphuee
L TFCC = AL (inssde batfery limiks + 0501 jouisics bty limits) + engineering + contingency
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safety, since methanal is & flammable volatile liquid, whose vapours hane & higher flamenability range than
gasoling ithe flamanable ranges of methanol is 6-36 wol% while that of gasoling 1.4-7 wol%}

243 Transport

ketharad s a chemical commmadity with a large market [114] Methanol transport can be performed using ships,
trams and trucks suitable For transporting hazamdous chemicals.

several examples of bulk chemical camers abde to transport Llarge quantities of methanol can be found (g.
see [137]) Their size can already be as large as 50 000 DWT {dead weight tonnagel Since methanod s defined
85 @ Low Flashpaint Ligued (LFLE, metharod cargo has to be transported aocording 1o the safely requarerment for
such goods. IE s possible that the cargo needs to be protected with a gas blanket such as nitmogen

Thiere is also a grawing interest in wsing methanol as an alternative and mose sustainable fuel in the shipping
industry [138]

A newly-buslt, coated chemical tanker with a capacity of arcund 50 000 DWT should have a cost im the order of
§(2020} 50m [106]

Transpaet of methanod in railcars is carred out using rall-tanks compatible with towic substances and fiammable
liquids. An example of a suitable car is provided by a European marufacturer [139]

24.4 Unpacking

Methamst steam rafarming (s the reference process for obiaining fydrogen back From methanol Together with
hydrogen, £0:zis also produced. The prodeced HaiC0; stream should be purified and the emitted 00s should be
capiured again {on-site, or from the atmosphera) if methanol s to be considered a caroon neutral Fusl. While
literature is availlable on designs for small scale applications targeted especially at fuel cells [140]-]142] ot is
difficult to find designs and specifications fior the produchion of large amounts of hydrogen [143] [144]

Metharal sbeam reforming can already oocur at temgeratures as low as IS0-350°C and is an endothermic
process. Methane Formation ocours 3t lower temperatures, while higher temperatures favour inCreasing
equibibriurm amounts of OO [145] High pressures shift the reaction toward the reagents. Group ¥l metzl-basad
catalysts. palladium in parbcular, can be used as catalysts and are compatible with processes exploiting higher
ternperatures [141], [245], (1471 (148] [145) [150f [151] CwZn catalysts active for methanol synthesis can
also be usad for methanol steam reforming [141]

Purification from CO and methane, and separation of C0; and hydregen From the product misture are necessany
steps and are strongly dependant on the type of appleation hydrogen s needed for Balance of Plant of a
rethanal steam reformer has o inciude water supply &nd thermal management

Mok mudh information is availadle on large-scale methanol reformeng nstallations

The sxpected theorstical minimum thermal emergy requirement for methanol reforming 5 guantified as
28 GltH: [1527], without the energy needs for punification Another source considers an ATR process and claims
a minimwm deal consumption of 43 GWiH; of electnoity and 432 GJ/tH; of heat [155] The electricity
consumption of a methanod steam reformang plant is quantified as 18 G1H: by an industrial plant supolier
[1a3]

Thie onty available data on cost for a methanot steam refomming plant is from a presentation of Papadias et al
[154] reporting a capital cost of 662kS for a production of 50 tons-per-day hydrogen and 325 KS for a
production of 350 toms-per-cay hydrogen. Purification is included in the conssdered system [32]1

OPEX costs for running a methano! steam reforming plant should mclude water consumption

B A sharmaaymansd inimum work for extracing sl of the fradrogen Fiom a masiure with &3 constant concenlrann of 75 modH: 31 296
shouli® be around 0973 SiHa
4 The beiler used for producing hest i3 wsing ratursl gas =s fuel
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2.5 Liquid Organic Hydrogen Carriers (LOHC)

Liquid Drgamic Hydrogen Carviers ILOHC) are molecules able to release or accept hydesgen under spedific
temperature and pressure conditons. [deally the bydrogen carrier s bguid at ambient condrtions, non-taxic, easy
to hamdle, and has 2 sufficient hydrogen storage capacity [155] Thess molecutes have a hydiogen-poor and
fydrogen-rich form {eq toluense | mettwdcpclohexane (MCH)) Asomabic hydrocarbons and  heterooyclic
compaunds can be used as LOHCs, for example carbazodes, pyradines or pyrrales. Anoverdew of the properties
of several LOHC systems can be Fourd in [156] or [LS7] amang many others. Hydrogen is stored by catalytic
fydrogenation of a LOHC molecule throwgh an exothermic reaction and released in an endothermic reaction by
catalytic dehydrogenation. Grven processing with the approprate catalyst material, both hydrogenation and
detydragenation yield can be cose to 1008, on the other hand, the kinetics of the defwdrogenation step right
be low =g [1581 The ydrogen-poor ferm typically has a high Doiling point in order to facilitate the separation
of the hydrogen from the liguid carner material

LOHCs are easy to handle as they ars typically figud at room temperature and atmosphenc pressure. Their
physical properties are similar o fossil fuels, therefore exsting infrastructure can be used, such as crude oll
tankers for shippimg They can be dharged amd discharged severa imes, bist most LOHC systems will experience
soime degradation associated ‘with oycling. Dependimg on the system, the losses range from 2.5% to 0015%
per cycie [155], [160] It should be moted that the dehydmogenated carmer has to be transported back fo the
hydrogenation plant LOHC have atvantages over other options of hydrogen dellvery in terms of safety. Storage
in these types of compounds. offers intrinsic safety, as the release of hydrogen requires heat and a specific
catahyst These sysiems also enabie long-term, loss-free storage of hydrogen with & reasonable volumetnc and
gravimetric density.

The LOHC concept was first proposed by Exxon researchers back in 1975, and a patent was Filed in Canada a
ferw years later by a different research group for the benzene/cyclohexane system [161]. This systerm has soms
major drawbacks as banrenes is highly toxic, and the enthalpy for release is high at -68.7 kiimol Hz. Moreower,
the reactants are gaseous at reacton conditions, which makes it difficult te separate the hydrogen. Beginning
in the 15905 with researdhers at the PSI in Switzerland, research has been conducted into the toluene/MCH
system. This system has a samilar enthalpy of -68 3 ki/mol, and a grawmetric storage capacity of 61w H;
11571 Catalyst materials based on Pt for dehydmogenation and Ru for hydrogenation have been tested
successfully [157]L The Japarese company Chivoda is developing lange-scale hydrogen transport via ships based
on the toluene/MCH system This LOHC systenn has many advantageous properties, however the decomposition
temperature s high at 350°C, am. for each cycle toluene has to be replenished {2 52% due bo detydrogenation
losses) [154] necessitating hydrogen punfication.  Many other possible LOHC compounds have been
inwestigated, but most systems hawe drawbacks such as high cost, emergy demand or toxicoty. M-ethylcarbazols
has besn the object of & high number of investigations due 1o its Low dehydrogenation temperature of 1287C
[162] Unfortunately, the dehydrogenated form has a high melting peint of §9°C, making It rather mpractcal
in terms of handling.

In Europe, the S8E Hydrogenious was developing & hydrogen transport solutson based on dibenzyltoluene (DET)
and its perhydrogenated counterpart (HLB-LET) This system has & hydrogen storage capacity of 6.2 wile, DET
5 & commercial product used as a heat-transfer fluid (with comenercial names such as Marlotherm SH, amongst
others) As it has 2 high thermal stability, low volatility and a viscosity simidar to diessi (in the hydrogenated
farrn), it is sean &5 one of the more promising fydrogen carmier systems [LE0] Due to the high oycling stability
and defwdrogenation temperature of 250°C this system was selected for this study, rather than the
toluens/MCH system In termns of safety, Marlotherm SH is not dassifisd as being an oral or dermal tuicity
hazard, bat is a Category 1 aspération hazard and chrones haeard to the aguatic emwironement, Category 45,
according to the safety data sheet [163] It is not a dangerous good accarding to the ADRE [162] There is no
data available about the towscity of H18-DBT [164]

2 Category 4 eng e foeest level of nazad
¥ ADR siands Tor ACoord egnopeen relall! Su ansport INemutiona  Ges MarD SndEes dangse 15es par roube, which ranslates as The
Eurcpean Agreemient concerming the ntemabercl Cariage of Dangerous Goods by Road
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25.1 Packing

Hydrogenation of aromatic hydrocarbons s & standard process often wsed in the chemical industry, and s
carried out at Mt scale [162] Casts for a plant for the hydrogenation of toluene have been estimated at Us0D

16 000 per tpd MCH [L65] & plant able to process 1000030 tHxyear would therefore cost around USD 80 m
2.5.2 Storage

LOHC can be stored in large guantities at ambient conditions in double-walled contaimers, a5 used for crude oil
or diesel LOHC has been proposed for seasonal energy storage, as there are no losses during storage

2.5.3 Transport

It is expected that, dus to its simalarities with crude oil or chemical products, LOHC will be transported usimg the
same transport solutions a5 the ones wsed for those products This represents an advantage for this type of
packaging mode since thers is no need for development of new trarsport technelogies

The high viscosity, in partiodar of the hydrogenated compounds of some of the LOHC gotions, neight require
heating or suitable pumps for handlmg The HYSTOC project has been investigating the potential of a mixture
of DBT and BT, which ‘would tower the viscosity. Experiments showed that the lonetics were improved as well
(166]

Transport by sea | mnland wateraays could take place using il tankers of, IF the toxioty of the LOHC is an ssue,
in chemscal tankers. Oil tankers’ capacities usually range bebween 10 000 and 320 GO0 DWT  per ship, gaoing
up to S50 OO0 OWT for ultra-laroe carriers [167] Chemical tankers are ususlly smaller than oil tankers and
their average Cargo capacity is around 30 000 tonnes [LE8] In the case of oil tankers, prices for newly-boslt
ships range between 350-800 UsD/tonne of cargo [169] Transport by road oF rallway of LOHC can be performed
in an anzlogouws way to ol or chemical products [170], [139) Raifcars for these products have capacities abowve
70 cubic meters per unit, and their price is estimated to be-around USD 135 000 [171] In the case of transport
by road, LOHC could be stored in tanks that can be placed on top of trailers suatable for road transport A 40
tonne tankes truck could fransport between 1.5 - 2 tonnes of hydrogen

Moregver, it is also possible to use intermodal tank containers that would allow its use in road, raifbway and
waterways transport Thess intermodal tank contaimers are wsually T11 UN portable tanks [172] (T14 F the
matenal to be transported falls under the category of hazardous chemicals). Finally, LOHC can be transported
by pipelines, & is done with crude oil

One disadvantage of LOHC compared to other hydrogen packaging modes s that the dehydrogenated LOHC
must be transported back to the hydrocgenation plant This s applicable to any LOBC tramsport option and
particularly ralevant m the case of transport by pioefines. In this case, since LOHC physical properties change
with the level of mpdrogenation [L73L i & possile that dehydrogenated LOHC s more wisCous than
hydrogenated LOHC (2g in the case of DBT) and would require more pumping waork and probably Larger
diameter pipelmes than that needed for transporting hydrogenated LOHC

2.5.4 Unpacking

The dehydrogenation of LOHCs has a high energy demand as the strong C-H bond has 1o be broken. Typically,
& dehwdrogenation temperature ranging fromn 150-400°C is needed 10 reach reasonable hydrogen release rates
[174] This endothermic reaction is catalysed by a PGM catalyst and uswslly takes place at prassures below 1
MPa [175] The heat for the dehydrogenation reaction can be supplied either by elactnony, combusbon of
Fepdrogen of natural gas, or by waste heat, if available

Even if mot directly conswirmed when hydrogen s releasad LOHC will bkely exgerience & deding in storage
efficiency dus to degradation associated with cycling. The number of cycies that a LOHC molecule can endures
can be datermined by measuring the amouwnt of by-products produced during each charge/discharge oycie [B5]
Thie cycling stability of DAT = likely to be high, with 750 - 1 000 cycles repaorted in literature [176] For the
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tolens/MTH syster, Pydecgen will need a further purification step due to the decomposition of the carrier
during defndrogenation, and the rumber of oycles is limited, with assumed toluene insses of 0B4% per cycle
=21
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3 Methodology

Thie startimg paint of this analysis is refrienvang a set of information regarding eosts and energy demand from
public [terature and @ some Cases private CoMpanies (section 5). Literature data was carefully reviewed, and
for some technologies and processes, considerable discrepancies between various sources were found
Referemces were selected in which more detafled and well-founded justifications were givent For several
components and technologies of the hydrogen delivery chain, industry experts were consulted to prowde
information regardeng costs and other key parameters. Detailed mformation regarding the assumptions for each
of the transport options is given in Section 5 and Annex 2

Due to the [arge vaniation o assumplions found in literature, discussions were held with the authors of two
studies an this topic, namely the ‘Future of Hydrogen' repart by the [EA [177] and 2 paper by Ishimota et al
[178] This dialogue heiped to clanfy some of the differences in the outcomes between the studies More detail
is prowided in Section 5.6,

The Figures frimn iterature soorces are complemented by assumvptions and extrapolations regusred o model
large capacities, or a technolbogy not characterized well enowgh by the sources cotlected. Caloulations have been
performed when the informabion avadable in literature was insufficent Qne example is pipelines, where
literature sources were often in cisagreenent and provided a wide range of costs, For pepelines, this stuady
describes the operation of the pipeline by using a simple pressure-drop model The pipeline was oonsidered as
a straight lime with no changes in altitude. A botiorm-up catculstion of costs was performed, based on material
use and other cost components such as night-of-way and operation and maintenance, with data compiled from
a large set of sources (see Anmex 2]

The codlected information is summarized in a database, which is then used to assess specific case studies (see
secton 4). A summary of the key assumptions for each pathway can be found in section 55 and Annex 0 The
database altows for the modification of the transport distance and the amount of transported hydrogen. Ay
tydrogen delivery pathway s broken down into simple consbituent individual steps (Figure 1, 12 hydrogen
storage, hydrogen transport, corwversion plamts at production and deliveny points, punfication, compressaon), and
the emsrgy demand and costs assessed for each For conversion plants, costs can be caloslated for vanous
capacities {see the descnption of case A and B im section &), whereas the energy demand 15 deemed constant
irrespective of scale For transpost segments, the size and number of ships assumed was adapted to the yearty
transported hydrogen capacity; for poetines their size was adjusted aocording to the amounts of hydrogen
transported.

For cost data taken from fterature, the domestic inflation rate was used to adjust for inflabon, as given by
reference [ 179 ard [1B0] Historical exchange rates were taken from [LRL] A final coowersion From non-Euro
Currency was applied and a May 2020 rate was used (g9 1 USO=0919456 EUR) Mo geographacal localisation
Factors were considered for cur analysis. Due to the mtnnsic uncertainties present in the startimg dzta and our
scaling method, it is deemed that this decision dpes not sigreficantly impact the viablity of the obtaimed resuits

WO parameters other then distance and amount of hydrogen transported are required as inguts and
gecgraphical specificities for the production and detivery points are implicitly taken into acoount throwgh the
defimtion of an electricity pnoce (see section 531 For the considdered corwversion techinologiss, information on
costs and energy demand wers especally scarce, of based on not yet established techmologies. The relevant
evailable information was typically found for much lower capacities than those needed 10 process the amiounts
of hydrogen considered in this study (see sechon 4) & scaling factor methodalogy has therefore been applied,
to provide & rough order-of-magnitude estimate for plant cost [182] This approach is based on the use of the
known costs for a plant of smatler capaoty, which is then scaled wp using an exponential factor The capital
costs of two plants wsing the same technology, but having different scales are linked by the equation £ =
1531521 where O & the ISBLY capital cost of the plant with capacity S, and C the ISBL capital cost of the plant
with capacity 5z [182] The exponent m depends on the type of process considered and is often arowund 05 ("six-
tenth rule'l (s=e e.g [LE2]) For this study, typically am exponent of 067 was used up to a specific maximum
plant capacity, which differs for each pathway due to the varying maturity of the technofogies. This maximum
capacity assumeed is in the region between 200-350 tHaiday, for plants larger than this maximum Capacity, ng
further cost sawings from wpscaling are considered

Y nwde battery limiks
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In some cases a different exponent was used, as described nosection 55, if indicated in [Heratues, or if the
available information on a particular process is deemed to imply a different scaling Factor. The limits of this
method have been extensively highlighted n literature [1B2] but it offers a quick way for roughly assessing
the zpprogimate order of magnitude of the costs expected for building packng, unpacking and transport
infrastructure poweared by electricity and dedicated to renewable hydrogen transport As information on the
CAPEX of warious technobegies, in particular for the packing and unpacking plants was scarce, the uncertainty
For this aspect of the cost calculations is high. Also many references were not Clear whether the CAPEY stated
referred to 1SEL or the complete costs for the plant in case of doubt we decided to assume the iatter

COPEX, unless noted otherase, does not imclude energy costs.

It should also be noted that all of the packing/unpacking technologies considered, even if already used in real-
world installations, are at a mudh lower technology readiness level than the usual industrial installations
currertly using fossil fuels. Moreover, several of the technologies have never been deployed at a scale even
close to the ones considered im this study, even considering the maximum plant capacity limitation as speofied
showe This srtuation is illustrated using methanol 25 an example n Figure 3 'n this figure it is possible to
oheerve Now the [iterature data available for C0: ydrogenation to methanaol plants do not achieve the scale
required for transporting the largest hydrogen volumes. More research is needed to be able to suantify the
mzeamm economicaily reasonshle and techmically achievable conversion plants dimensions able to exploit
savings fram economies of scale (as expressed by the six-tenth rule’ described above), see also saction 2.3
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Zoune o pited by JRC from availatble Meiature data, see ecoo 24 .1

Thie size and type of the reqguered transport Aeet depends on the packaging mode. As outlined in section 4, the
means of fransport used to delwer hydrogen are at different stages of technologecal readiness depending on
the type of carrier Considered. DBET and amenonia can be transported in already available conventional ol
tankers and refrigerated chemical tankers, respectively. By contrast liguefied hydrogen will need bo b
transported in [arge carrers with a new, but similar design, 1o Uquefied natural gas (WG carriers Comgressed
hydrogen will be delivered in tanksr ships analogous to those transporting compressed natural gas (CHG) The
latter two hawve not yet been fully developed, although efforts are already underway, see for exampls Section
223 forLH;
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Ships werfe scaled according to the volumes of hydrogen considersd, up 1o a maximum capacity mit oefired
by available information on existing ships. Restrictions impased Dy shipping routes, such as the maximum ship
size for a particular passage were considered. Once the maximum ship size was reached, the number of shipping
units were increased if needed. For trucks and trains the mamimum transport capacity 1s regulated, and thess
limitatiors have been taken into account: For trains, when available, information on techracal specifications for
Eurapean markets was given preference and a rail convoy length of 750 m coupled with a locomotive was taken
as the mawmum rail single tramsport unit

It shoidd be noted once mare, that there & a significant tevel of technical sncertainty in the assessment

presented in this sfudy, Firstly, there are, to date, few working examples of some of the processes examined
and actual field data are extremely scarce. Most of the used sources are based on results coming from chemscal

process simulations. Secondly, the scale of the considered processes is often small compared with the volumes
considered. in order to impeove the accuracy of this type of assessment, more data will be needed, in partiodar
on plant costs (see Section B3)

Mevertheless, this study allows for 2 semi-quantitative ranking of costs for hydrogen transport options within
the technological bowndaries defined by the chosen set of assumptians.
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4 Case studies

To uwestigate which renewable hydrogen delwvery pathways are Favowr-ble 1 tennc or esergy demand «nd
coits JRC fas daeeloped a database and a0 anzlytl 21 pro edure to assess each step or the asthways, under
the assumptions defined me Dwo Case studes. (hese case sfudies weee insgired Dy paans of the hydro en
industry in 2020, as expressad 0 proposed peoje I8 for the hydowgen IFCED (moortant Projects of Comimon
European interest, [183] The case studies as descnined beluw are loosely based on project ideas put forwand
by the industny

Thie database devetoped (see section 31 was used o model tad hypothelicl cases

Ci ke A i Dased un the delivesy of 1 million tons uf renewabbe oo en per year 10 a single industrizl oestomer
via & direct transpoat path ady, using & oedicated proeting or shaofing roul2, The trarsport distance considerad
ig 2 500 wn for shapoing and pipelines {see Fig e 4 No further distribution is assumed the hydrogen end-
user site is piesumed 1o be close to the port. Lne million tons of deogen would be sufficient, Tor instance, o
supply & wery large stesl plant |19 Mt steel/yvear) using direct reduction of iron ore with hydrogen, of a langs
industnal cluster. The final hydrogen purity 1s considered to be compliant to S0 14647, glthowgh it should be
noted that for this type of customer, the hydrogen purity requirements are possibly less stringent For more
detail on Case 4, see section 5.7

Flgu e 4 Schematic reoresestaty  of Caze i

e JAL 20232

Lage J Aims to represant 3 mare complex delivery route with 1290 000 tons of renewable fydrogen delversd
every year to & nebwoes of 270 fpdrogen refuelling stations (HRS), eadh with a dispensing Capadity of L tHoiday
isee Figure 50 The first leg of the transport route i similar o Case & (2 500 k) and corsists in & single
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dedicated delhvery route to & port. Both shipping and pipelires were assassed for this part of the delivery route
However, a5 pigelines were much more costly than shipping for all options, due 0 the low volume being
transported, the résults are not shown in Section 6.2, Hydrogen is then further distributed within & radius of
00 km through a combinaton of raidway (400 km} and road transport (200 km). In this case, the hydrogen
delivered at the refuelling station should comgly with the hydrogen punty and pressure levels required for
mobility applications (150 14647 and 50 MAa delivery pressure). For all pathways, except for LOHC, the last
seqment of the distribubion route (s prescned B0 be in the form of hydrogen, CeH; of LHz The chemical carviers
are converted to hydrogen at the radports. For COHC, the defwdrogenation at the site of the HRE was also
ass=ssad

rof Case B, the scenang where hydrogen s distributed only by pepelines is not included i the analysis presentad
here. IE requites & more complex anabysis, which is part of ongaing work

Figure § Schematic represantation of Case B

Saunce: JRC, 202
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5 Ass.mptions
5.1 General as amptions

This study's objective s to determine the cost and energy demand related to the transport of large amowurts of
green hydrogen over long distances

For packingiunpacking often the technologies are existing and commercially available, but currently not
developed at the scales needed, or with the process efficiency assumed in this study. The values used are based
on the closest existing technological application {e.g LMG For LHz)L As explained below, in terms of technologecal
development, likely, but not overly optimistic assumptons were made, based on literature and information from
experis. & similar approach was taken regarding hydrogen storage (0aseous and lquid)

Supply of fydrogen s input for the delivery chain is considered as always availabie and provided at a pressure
of 3 MPa The supply of hydrogen is assumed to be provided from an underground storage faclity, as the
electrolysers are operabng at 50% capscity. The price of electricity 15 considered as constant, defined only by
location. & well-defined difference betwesn electricity costs in the production and the delovery points is assumed

Thie fydeogen lost along the transport chain, sither 1 provide energy (e.g. use of the carrer as fuel for ammonia
crackingl, or to compensate hydrogen losses that may happen along the transport chain'® is guantified and
accounted for The hydrogen capacities for the pathways expenencing losses are scaled up accordingly, to
ensure that the amounts specified for each case are delivered to the end-user.

The authors of this shudy believe that not only the production of hydrogen, but also the whole deliveny chain,
including Doth the conversion and reconvaesion of the hydrogen, as well as its transport. showdd have as low
CHG emissions as possibie. When techrecally possible, the approach of owr analysis considers electriciby-
powered options for the comversion and reconversion processes as the most suted to reduce carbon
emissions™ Therafore, we assume that the enengy required for the packing and unpacking processes is provided
by either green electricty, or combusted renswable hydrogen (directly its molecular formg or in the form of 3
carrier such as ammonia or methanol), or waste heat in the czse of LOHC For the latter, hydrogsn and electrioty
far the provision of energy for the dehydrogenation process are also assessed

If available; the transport means used in this shudy for transporting fydrogen on sea, or land, are considersd 10
be based on currently available technadogies that rely on biofuels for theif proputsion (See also section L2}
Thie use of electncity, synthabc fuels or hydrogen as transport fuets would imply the use of technologies that
are in their early stage of deployment (g fuel cells, or electnic trucks), or which do not exist yet (e.g big ships
propelled with hwdrogen, or ammionda), ncreasing significantly the firal cost of the hydrogen deliverad and the
technical uncertainties already present in our analysis. Howeyer, 50% of the rail lines are considersd 1o be
electrified

In general, transport logistees have been optimised as far as passible, im terms of transport tme, capacity and
storage size The time allocated to the lIIIEIIjII'II;IfIJI'IlIIIaI]II'IQ process depends on the carrier

Lniless it s indicated otherwise, the utilisation factor of eguipment is defined at 9050

More details are provided in the following section.

5.2 Case study assumptions

5.2.1 Packing/Unpacking

The scabe of installations for Cases & and B are defined based on the amount of hydrogen o be delivered to
the final uses in & year {1 MiH; and 100 kiH; ). All the packing and unpacking plants are assumed o be operaled

4 fch ax e hwyorogen need for replacing the bok-off of iouefied bydrogen, or the cushion gas that remains mocomoressed ydmooen
uredengroungd shorages
Y The carbon footprnt of the vmsd slscricby will rflieres tre sctsl S0 fockpring of the orocess
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for 333 days in 3 year. Extra packing {ard transport) capacity is added where necessary, to account for losses
across the delivery chain {eg. fuel use for unpacking), & fetime of 30 yvears is wsed for most™ industrial
installations and a discount rate of 5% is used fo caloubate the armualised capital costs [155],

Thie energy demand for compressors used in the packing and unpackimg processes is assumed o be met by
electrinty. Heat, swch that required for the ammaonia cracking process, s assumed to be met wsing 3 mix of
ammonia and hydrogen as fusl for LOHC defydrogenation can use heat supplied by slectnicity, or hydrogern, o
employ & source of waste heat (the Latter examined only in Cass &) For ammonia cracking, the high temperatne
needed is nat deamed suitable for etectncal heat (see section 5.5.34). In the case of LOHC, the avalahility of

waste heat would enable lower coste for the debwydrogenation process (see section 5554 )

It & assurmed that hydrogen is delivered at the same conditions in each pathway, ie CGH; at 7 MPa in Case &
of abt 50 MPa in Case B

Due to potential contarminaton of hydrogen dunng ibs delvery, and depending on the requsrements of the final
application, a purification step may be required. Mowadays, mast hydrogen purnfication systems are based on
Pressure Swing Adsorption (PSA) technology, Altemative punification systems o PS& Can D& based on
technologies such as cryogenic distillation or membrane techrodogy. Purificatan was assumed for all chemacal
carrier based delivery pathways

5.2.2 b5Storage

Shorage sizes are dimensionad to provide & certain degree of security of supply, in case sonne part of the gelivery
chami fails {due to maintenance or unexpected events). Storage capacty at import and export terminals of the

ports is defined as two times the capacity of the shgp connecbng both termanals. At HRS, the storage systems
hold at feast 3 tonnes of fpdrogen (e supply For % days), For pipelines, Carrier storage was considered at the
point of packing and unpacking

Storage technology depends on the carrier to be stored and therefore are different in each pathway. However,
all pathrarays include an underground {salt cavern) compressed hydrogen storage located between the hydrogen
production facility {ie. electrolyser plant) and hydrogen packing plant 1&g ammonda synthesis plant). Capacity
of this underground storage is defined to cover the hydesgen packing plant dennand for 3 days.

5.2.3 Transport

Legistics have been optimised to ménimize CAPEX and storage needs. it is assumed that, in the ports, specific
new mfrastructure meeds to be built for LH; and CGH;, bt mot for chemical camiers, (thes study considers that
infrastructure is already avallable for these dhemical carmers).

Biodiesel s the fuel dhoice for ships, diesel trains, and trucks. This choice aligns with a more decarbonised
hydrogen delivery chaim Bicdiesel price s defined at 780 EURL [18<] For ships and trains. In the case of trucks.
bindizsel price is assurmed to be doubde (L 260 EURS), to account For additional taxes and intermediary costs
(refisslling stations). Lower heatng value of biodiesel used in calculations is 37 MAkg [185] Fuel consumption
is catculated assurming that the retum trip 15 performed empty (except for LOHC pathwiays)

Each type of transport has a set of individual assumptions, which are described belows:

Shig

The type of ship is chosen accordieg to the camrier considered (2g chemical tanker im the case of ammonia)
Ship capacity is optimésed and scaled acoording o the needs of the particular pathway and case. Due 1o this,

relevant data on ships is found in the correspondent pathway assumplions section. They are assumed o
navigate at full speed, which is between 14-19 knots, (26-35 km'h), depending on the type.and stze of the ship

* For soeme as yak unpraven technologres a [fetime of 20 years is assumed {dehydrogeration of LOHE, i pefacton].
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If not avallabde in literature, the Fuel consumption of the ship considerad is Calculated considering & engins
effichency of 405

Train:

A train is formed by a locometive pulling a conwvoy of either flat platforms carmying containers or camier-specific
rail cars (eg rail car chemical tanker [139]), Locomolive size is determined based on the weight of the cargo
they are meant b casry, folliwing [186] Length and weight of the train convoy, as well as the type of wagons,
changes depending on the pathiway, therefore relevant assumptions on ocomotive and wagons 5 provided in
the respective pathway assumptions section. Mevertheless, the mawimum length of a train convoy is st at 750
metres. CAPEX for locomotsve and flat wagons (for containers) is calculated from [LAF]

Twid train technologies are considered, diesel amd electnc Final costs for this transpoet mode s obtained as an
average vaiue betwesn the two technologées. Train enerdy average consumption is defined ab 019 MIT kM In
the case of (beoldiesel trairs and 0007 MAE km in the case of electric trains, both according to [188] An average
speed of S0 kmih is assumed [189]

Mo rafdway transport fees have been included in the total costs
Trucks:

When transporting containersed salutions, trecks conssdered are comprised of 2 tractor head and a platform
(where the contamer is placed). CAPEX of 2 tractor head is around 115 000 EUR, as proveded by [1490] For the

platform CAPEX, a valise of 60 000 EUR [40] is used. IF the road transport is Dy truck tankers, then the trudk is
comprised of a tractor head and the tarker trailber. Relevant data on tanker trailers are given in the assumphions
section related to their correspondent pathnway, since they are specfic to the carrer thay transport (g
AMmonial

Truck average energy Consumplion is estimated at D8 MAT [188] Truck operational costs (nof incliuding fuel
costs) are obtained from [191] An average speed of 50 km'h s also assumed for trucks [185]

Time for unteading and ioading depends an the type and the amount of cargo, therefore, this is specified for
each pathway in their correspanding section

524 Caseh

For Case A it is assumed that the industry customer demand is for hydrogen at a pressure of 7 MPa and purity
according 1o 150 1464738 For the thees pathways invelving chemical comnversion af the end-user site, an
underground salE cavern hydrogen storage Facility with a capacity of B and 12 ki is included in the Costs, 0
account for the fact that the processing plants only operate 333 days out of the year. This storage amount is
equal to 3 days of demand of the industnal customer
Speofic assumptions for each pathway are listed below.
CiGHz

*  Shipping at 25 MPa pressurs

=  Pipelirs pressure up to 7 MPa

LH;

=  Re-liguefaction of boil-off produced denng transfer to the ship

4 plany ndustnal soplications sill not nesd this punty el of hydronen, and costs for some of the delivery routes can = reduced
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+  Boil-off during tfrarsport s considered as kst

Amimonia
*»  Punfication of hydrogen with PS4

®  Crackimg/purification process results ina final pressure of 25 MPa, and an energyioost bonus s
considered for the owerpressure of 18 Mra

Methar

& Purfication of hydrogen with PSa

LOHC

& Purification of hydrogen with PS4

525 CascB

For Case 3, the HRS customer demand is assumed o be for hydrogen delivered at a pressure of S0 8MPa and
purty according to 150 14647 | this case, containertsed solutions: For hydrpgen transport Dy ship arg als0
considered

From the ports, the hydrogen or chemecal camers are transferred to rail The unpacking 1s assumed to take
place at the railpart, as smaller scale plamts at the HRS sites did not seem feasible, except for LOHC Mo
undergeound hydrogen storage is deemed 1o be needed at the rallport. The (ast segment of the delivery route
is per truck, either CGH; at 30 MPa or LH;, For LOHC, the option to dehwdrogenate the carrier at the HRS was
also considered

Specific assumptions for each pattway are listed below.

CGH;

*  Shipping at 25/50 MPa pressure,

Pipele pressure up to 7 MPa

®»  Train and truck delivery pressurs of 50 MPa.
LHz

ke liguefaction of boil- off producsd duwring transfer to the ship

Boll-off during trarsport is considered as lost

Train and trudk delivery as LH;

L.



+  Boil-off during liguid hydrogen transpodt by train and trudk is not accounted for

*  Compression to 50 MPa at H.5

Ammonia
& AmMmonia Ccracking at rafport lncation, tieck distribution as CGH; (a1 50 MPa)

®»  Punfication of hydrogen with FSA

Methandl
»  Methanol reforming at radport location, trudk distribution &5 CGH; (at S0 MPal

»  Punfication of hydrogen with PS4

LOHL
» [a=e B-1 Dehydrogenation at railport location, truck distnbution as CGH; {at 50 MPa)
& [Case B-2 Defydrogenation at HRS
& Purfication of hydrogen with PSa,

* Compression to 50 MPa at HRS

5.3 Energy price asiumptions

In cur mgcked, energy prices play a relevant role in the final cost of fydeogen ransportation. This study Considers
differant electrioty prices depending on the location considered. Jlectncity price at the hydrogen produsction site
is assumed to be cheaper than the one at the demand point; otherwise green hydrogen production would
reasgnably take place at the demand site

As key fundamental assumption of dur model is to consider that a nearby renewable power plant proddes, oy
means of an solated electric grid, all the electncity required for hydrogen prodeection and conversion mito the
hydrogen trarspart carrser In thes way, the direct supply of electricity to the fydrogen production and packing
plants will awpid the taxes and tanffs usually related to elecncty provided via a nationad grd Therefore,
electricity price i the production site is closer 1o & LCDE (Levelised Cost of Electricity] than B an actual
electricity prics.

It 15 assummed that hydrogen produwction, packing and shipment sites will be located close to remewabie electnoty
generate, benefiting from retatively low electrcity prices which will not be much above their generation cost
By contrast, the cost of electricity used during transport (eg. pipeling compressors) and for unpacking at the
delivery site, 1s assumad to be higher, e the local retail price for Large Eurcpean industrial consumess. To assess
thie impact different electricity price hawe, two scenanos are explored (see Table ).
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(1] Low price {Le), with a production site electricity price of EUR 10/Wh and a consumpi:on site electncity price
of ELIR S0/MWh

(2] High price (Hil), with & production site electricity price of EUR SOMWhH and a consumplion site electricity price
of ELUR 130/MWh,

The low electricty prices are an estimation of future electricity prices (2030+) based on renewable electricity
cost trends [192] and the recent announcement of a record bow price for remewable electricity of ELR
11.14%4Wh [L53] The hegh electnicity price scenario is based on the current electricrty prices, as 50 EUR{MWhH
From renewables have been reported o be Feasible today [194] and the demand side prices are those typacal
For ar industrial customer in Germany today [195]

For Case & (industrial use of hydrogen), it is assumed that in the delivery site therte is the option to source waste
heat at 300°C, since in this type of industrial sstting waste heat may be available information on the cost of
waste heat is not readity available, so the price was set (o a value consideradly lower than that of heat provided
by MG, at a price of EUR 20MWhH

For the hydrogen demand site, the {local %} electricity grid provides the electricity required For the extraction of
hydrogen (in the case of carriersh andior the conditioning of the hydrogen before the final use (e.0. compression,
purification, regasification et ) The same assumption is made for the slectricity wsed during the transportation
of hydrogen (eg. electnc trains or pipeling compressors),

A= mentionad in section 5.2.3, hiodiesel 15 the fusel chowce for shaps, diesel trains, and trucks. For ships and trains,
a bindiesel price of 783 ELR s defined from [184] In the case of tmucks, biodiesel price 1s assumed to be
double (1 460 EURIt), to account For additional tawes and intermediary costs (refuslling stations)

Thie T chosen sets of electricity prices are shown in Table 5
Tabae 5. Electricity prices depending on bacatan and scenario. Saurce: literature data, ses text

SCENAND Froduction site Demaind site
High electmcity price (Hi) (EURMWH) 50 130
Low electricity price (Lo) {(ELFRWhH) 10 Lo

5.4 Hydrogen production assunptions

Thie cost per kilogram of hydrogen is used to accouwnt For the cost of any additional hydrogen lost across the
delivery chain and not delwered to the final user Additiona! hydrogen is needed due to boil-off, or if part of the
hypdrogen is used o provide heat necessary for cracking oF de-hydrogenation of Carriers.

Based on the two scenarios for electricity prce outlined in the previous section, two different fydrogen costs
have been established 35 EURkgH: for the high pnce scenario and 1 5 EURikgH: for the low price scenario Tao
calculate these walues we have considered two main electroly=er technologies: PEM and alkzline The final
fiydrogen cost is based on an average between the valiues obtained for each of the two technologies, as they
are assumed o be deployed equally. The electrolysers are assumed to be operating at 35% capacity, coupled
to a solar renewable energy production plant. To buffer the intermittency of the hydrogen cutput, 2 salt cavem
hydrogen storage facility is assumed. This salt cavern is scaled according to the demands of the pathway. The
relevant electrolyser parameters used for the hydrogen cost calculation are presented in Annex 2, Table 16

& Eszuming that this slectricby can be provided withou orwith s 8075, or grid fezs
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5.5 Patrway assumptions
Thie hydrogen delivery chain has been divided into several steps (see Flgure &) Specific assumptions for each

of the delivery options are summarized below. Hydrogen of carvier storage is necessary at the pots, also
referred to a5 import and export terminals, and at the site of the paching and unpacking plants. Unpacking

includes a compression and purification step, whete nesdead

Figure & Hydrogen dalivery steps
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55.1 Compressed hydrogrn
5511 mucking

It is assumed that compressors operate for S0% of the time. This means that mstalled compressor capacity s
double that which is strctly necessary. Compressors are designed considering a pressurs output 2 MPa higher
than the delivery pressure, i compensate for pressure [osses that might exist between the compressor and the
system receiving the CGH:. The CAPEX and ensrgy demand for the compressors depends on the capacity and
compression ratio and are caloulated based on information from mdustry experts, and the authors’ own
calculations based on fundamental Qas equations o simple physical assumptions in the Case of liquids {see
Annex Z Table 171 For the calodation of energy demand it s consadered that comgressors have an ssntropic
efficency of B5% and an engine efficiency of 95%

Compression at the production site takes place in Dwo stages, with an iniermediate undergeound storage at
10 MPa In the first stage, the compressor systemn conmects the electrolyser plant to the underground storage
Compressor capacity is defined by the flow-rate of the hydrogen production plant. The second compressor skage
5 used to supply fydrogen From the underground storage to the CHy ship tankers. The delivery pressure of
this compressor is defined by the storage solution chosen for the tramsport by ship, either butk at 25 MPa or
container solutions at S0 MPa Compressor capacty s defined by the ship sforage capaoty and the
Inadirg/undoading time, which s assumed 1o be 24 hours For each process. An additional 6 hours are included
to account for préparatory operations necessany for the tramsfer of hiydrogen (eg connectionddiscormection
betwesn compressor and tanker or mooring of the tanker)

For Case B, where the transport by sea 1s performead with CGH; ship tankers (25 MPa). a compressor system is
necessary at the port o brimg the pressure tevel up to the 50 MPa needed for further transport by rail and bruck
lin MEGLC),

5512 Scorage

Storage of compressed hydrogen s done in underground salt caverns, near the export terminals. it should be
pointed out that in real corditions, kecal geology might not allow this. Underground fydrogen storage pressure
5 assumed 1o be 10 MPa. The volume of the storage caverns s defined summing up the capacity of two
hydrogen ship tankers plus the volume of cushion gas considered (30% of total wolume). Therefore, the volums

of an individual underground storage system considered in this study is around 585 000 m® (for both Case &
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and Bl CAPEX of these salt caverns have been estimated from formulas provided in [32], obtaiing a value of
almmast 55 MELUR per Cavem

In Case B, as transport by train and truck is already done with MEGC, there is not the meed for dedicated CGH;
storage at radports and HRS, since the MEGE serves as storage If CGH; s transported in contamserised solutions
from the poant of ongin, then the same applies to the storage of hydrogen at export and import terminals. The
MEGL considered is based on the X-STORE® system geveloped by Hexagon Purus GmbH [33] 1t stores hydrogen
gt 50 MPa with a tofal capacity of 1 115 kg of mydrogen. It is considersd that this MEGET would be emplisd
down to 2 MFPa, providing a real capacity of 1 058 Kg of lydrogen. The dimensions of these systems are equal
to those of & 40 ft 150 container. Cost of these units is based on [40] obtaining & CAPEX of around 09 MELR
per unit.

5513 Trans, ort

For Case A, it is assumed that compressed hydrogen is transported by sea with hydrogen gas tankers
Altermatvely, compressed hydrogen can also be transported by pipelines. For Case B, fransport by sea s
performed either i bulk (rydeogen gas tanker] or in the containerised solutions (MEGC) described in section
5512 by container ships.

A compressed hydrogen gas tanker ship s defined as a bulk camier ship transporting CGH; storage systems
based on CNG storage system [196] The hydrogen is assumed o be transported ak .25 MPa on this bype of ship
The CGH; tanker has a capacity of 1 370 tornes of hwdrggen (150 000 DWT), however, it is considerad that
bydrogen tanks on board these tankers can only be emptied down 1o 2 MPa. Therefore, the real ship capacity is
around 1 245 forres of hydrogen, Fusl consumpdion is estimated from [197]

Container ships {{ase B) considered can transport up to 5 800 Twenby-foot egunalent units (TEL, This is
equivalent to 2 900 units of 40 ft containers, providing a hydrogen capacity of around 5 000 tonnes. Fuel
consumiption and relevant costs for this type of ship are calculated combeming data from [1598] [159] [200]
{201l

The frain Consoy compeses 48 wagons (e <8 MEGL systems), with & total hydrogen capacity of around
S0 tonnes per train It is considered that a (] MEGE convay is delivered at the railpart, whers another (emgty}
MEGE comvay s ready to be wransported back to the import terminal (portl in this way, the train does not need
to wait For the full MEGCs to be removed from the rail car platfiorms [202] and the empty MEGCs to be relocated
back. Despite the wvestrent on additicnal fail car platforms that this solution requires, the improvement on
[ngistics (less toading/unioading time) reduces the final cost of the Fydrogen delivered. The time considerad to
disconnect the lecomotive from ooe train comay (eg. full comvoy) and to connect it 1o the other (&g empty
comvoyl ts 4 howrs. CAPEY is 2.8 MEUR in the case of a diesel locomotmve, and 2.1 MEUR if the locomotive is

electric

It is assumed that a truck can carny & sogle MEGC unit between railport and HRS. CAPEX is caloulated at 175 GO0
EUR, for the ractor head and railer (excluding the MEGT) & full MEGT is left at the HRS and an empty MEGC
s Inaded on the truck This operation is assumed 1o last 1.5 hours

5514 Unpocking

Faor the unloading of CGH; ship tankers im Case A, it is considered that there is a first stage where the transfer
is done by pressure difference between ship and storage at port, so the compressor is by-passed. Jnce this
pressure difference i not endugh o maintain the required flow (2 MPa pressure différence has been
considered), the remaining amourt s transferred from the ship to the storage system with the help of the
comprassor. 'Worst case scenarnio (storage full at 65% capacity) has been considered to determine the amount
of ship load that has to be transferred with the use of compressors {around 45% of the ship capacity)

Mo purification step has been considered in this pathway
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5.5.2 Liquefied hydrogen
55.:1 Pocking

Current efficiencies for hquefaction plants are between 36-43 MUkg Hp [55] However, it is expected that
increasing plamt capacity will l=ad to higher process efficiency (216 Mykg Hz for L1540 tpd plant capacity [S5])
As the capacities of the liquefaction plants defined in this assessment are several orgers of magnitde Larger
than current liguefaction plants, the efficiency assumed for the lipeefaction process & 216 M) &g Ha

A liguefachon plant 15 assumed to be operative 50% of the tme. Liguefaction plant size 15 defined based on
annual Fydrogen demand and hydrogen lesses along the delwvery cham Two types of hydrogen losses are
conssdered; hydrogen vented due to boit-off and the hydrogen evaporated bat not wented The latter does not
bring additional hydrogen costs but it is considersd to be re-liquefied in the Giquefaction plant. The energy
dernand assumed for re-liquefaction is armund 144 MU%kg H;, calculated from data provided in [S4].

For Case &, the liquefacton plant size is 3 375 tpd, which is Dwo orcers of magnitude larger than any liquefaction
plant currently im operation (532 tpd, [48]). Liguefaction plant size in Case B s almost 350 tpd. Considenng this
and the data on Liguefaction costs given in [190] lquefaction plant CAPEX is calculated assurmang that the
liguefaction plant comprises as many liquefacton plants wits of 200 Ipd as necessary o oover total demand
lie CAFEX plant X tpd = Wi200 = CAPEX plant 200 tpd) Based on [190], the CAPEX of a 200 tpd lquefaction
plant is around 320 MEUR For smaller sices of plant (<200 todl, the equation provided in [L50] is used
Liquefaction plant capacity and CAPEX for Case A and B are collected in Table & (for more information, see
Annex 2, Table 131

Tabde &, {aparity and CAPEX of liouefaction plants for {ase A and B Scurce: Bterature dats, soe taxt

Capacity (tpd) CAPEX (MELIR)

LCase A Case 8 (bulk) | Case B{S0 | Case A Case B (bulk) | Case B (IS0
s e

3 %75 350 315 BEOD | 758 544

5522 Storage

Total storage capacty: &t the imgorting and exporting tesminal 5 caloubated bassed on the capacity of the LH;
ship tanker (2 times ship capacity) and the boil-off downstream im the delivery cham It is assumed that the
mgxirrurm Capacity of a single quefied hdrogen tank is 15 003 m* {anrpund 1 00 tonnes LH;). In the case of
bulk storage at railports (Case B, the wvolume assumed at this location s two tmes the capacity of the LH;
tram. At HRS, storage solutions as described in [59] have bean used as reference. Storage volume at this location
s 55 m*

For tanks with volumes bigger than 3 500 m®, CAPEX is calculated from the value provided in [24] For smaller
tanks, values provided by industry experts have been gsed to determine the CAPEX. LH; storage in Containerised
solutions is based on the Linde HELICS system [67] CAPEX is calrulated from wanouws sources, including imdustry
information Operational costs of LH; storage tanks are taken from [190]. Im the case of contamerised solutions,
there s an operational cost 2ssociated to the wse of higuid mitrogen: This s used to reduce the heat transfer
Fromn the envirgnment to the Liguid hydrogen: The amoant of hydrogen necessary s estimated from [67 ] while
the cost of liquid nitrogen considered is 015 EURKkg [203], [204]

‘olume and CAPEX data of storzge fanlities are summansed in Table 7
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Table 7. Louefisd b sogen storage vooume and CAPEX along detivery dhain Source: literatuire data and JRC 3ssumptaans,
sae taxt

Volume () CAPEX (MEUR)
Storage facility at | cage p Case B Case A Case B
Imparting termminal 250 000 125 4o 2501 145
Exporteng terminal 235 000 115000 275 135
Railport Mia S a0 Mfa 85
HRS Mia 55 Mfa 035
Contasner e 44 08 08

Asseserment results of this pathway will strongly depend on the assumptions made on boil-off losses The
analysis presented Rere assumes & scenano where the hipdrogen losses dies to Goil-off are maimisad The boil-

of f management assumed for this pathway wauld mot be possible without the use of Crycgemic pumps. They
are usad for the hydrogen transfer of LH; from storage sites to tramsport mods and wice versa. Dim=snsioning

of cryogenic pumps 5 defined by the loadingiunloading times. Data of ensrgy consumiption and cost for this
equipment 1s abtamed from [205]

For Case &, boil-off in storage located at importing and exporting hydrogen terminals s not considered a5 a
hiydragen oss but it is assumed to be re-liqueffed at the liguefaction plant. The same assumplion is made with
the boil-off generated during LH; transfer operations

For Case B it is assumed that boil-off at importing termadnal storage (ncCluodéng boit-off during transfer
operations) is re-liguefied, samilarly for the boil-off generated during tranmsfer between LH; tanker ship and

exporting terminat storage. The rest of the Doil-off generated at the exporting terminal location (dus to storage
and transfer fior fram transport] is conssdered a hydrogen loss. For storage at raillports and HRS, all boit-off =

treated as hydrogen loss.

In the case of contanensed solutions for the storage of liquefied ydrogen &g HELICS [67]), mo hydrogen
Insses are considersd during storage or rarsport. Therefore, abl boil-off generated during transfer from the
higuefaction plant to storage, and from storage to pump in the HRS, as well a5 the boil-off produced dunng its
storage and transport, s assumed to be re-liguefied

Boit-off rates are summarised in Table 8 Reference values for boil-off rates of LH; during storage are found
in [55] [67] and [60] Bol-off rates during transfer operations are obtamed from [64]
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Table 8. Boil-off rates of LH: storage systems. Source: Ftaratire data, sae tedt

- . EBH*ﬂ'Ff rate | Boll-off  rate Bnll._—c_u'lf rate
Storage systemat | dudng  tank | during  storage | during  tank
' filling (%] {a/dlary) empying (%)
Imparting temmanal 2 008 25
Exparting terminal . Cuos 25
Raiport 2 0Io 25
HRS 2 1 25
150 Container 25 0.2 25

5523 Transport

Liguefied hydrogen can be transported either in bulke or in contamernised solutions. Howewer, unlike m the
compressed hydrogen pathvay, Dulk trarsport of liquefied hydrogen by train and trock 1S also corsiderad. Unkike
contamerisad sodutions, bulk tramsport requénes hydrogen transfer between transport modes {through
intermediate storage), InCreasing the bod-off losses.

Buik tramsport by sea s done by means of lguid hydrogen tankers. As mentoned in the previous section, thens
are no examples of thes type of ship existing (only one prototype [7711 Therefore, some of the data for higuid
hydrogen tankers are calculated from data available on liquid natural gas carrers, For Case A, liquid hydrogen
tankers are defined to hobd a canga of arownd 125 000 cubic meters (-8 700 tonnes of hydrogen per shiph. This
size is equivalent to a madrim size LMG ship [75] In Case B, LH; tankers have a capacity of 60 000 cubic meters
(=4 200 tonmes of hydrogen per ship). The ullage wolume considered in both cases 5 1.5% of the ship capaoity
When the transport of LH; is performed using contaimerised solutions, the contaner ship considered has a
capacity of 2 200 TEU (above 3 000 tonnes of hydrogenl

CAPEX For LH: tankers is caloulated from data provided in |52 and [21] in the case of container ships, CAPEX
is calculated combining data provided in (2061 [201] [198], [199) and [207] The same references have been
used o estimate the fuel consumption of contasner ships. For LH; tankers, the Fusl consumiption has been
calculated from data available on LHG tankers [208] Capacity, CAPEY and fiusl consumption of the ships
considered in the different cases are summarised in Table 9.

Takble 9. Data an ships ransparting LH: Source litsraiure dafa and JRC essumiprians, see [exl

. |ceses
Case A -
Bulk IS0 container
Capaoity (t Hal 8 700 & 200 3300
CAPEX (M EUR} .10 255 25
Fuei consumpbon {1d) 135 a4 75

The boil-off produced durig the trip is corsidered as hydrogen losses, therefore, an additional amoent of
hydrogen has to be produced o cover the demand at the consumption site. The hydrogen bodl-off rate on board
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ships is defined at 0.2% of the total storage volume per day. This pathaway does not consider using this boil-off
to fusl the ship.

In the rase of bulk transport by train, cryogenic rail cars are assumed to be leased. A leasing cost 1s estimated
at 210 EUR per day and rail car, based on [205] Dimensions and capacity of the rail car is taken from {65]. In
order to improve Logistics, the same approach s taken a5 in the case of CGH; transport by train, where the
number of rail cars are duplicated. This approach i$ wsed for both, butk and containerised transport

Btk road transport is performed by LH; brock tankers. CAPEX fora 3.3 1 LH; tanker is 630 000 ELUR, not including
the associated tractor head [24] For transport of LH; in container solutions, truck CAPEX includes CAPEX of
tractor-head and trafer {175 000 EUR, see section 5.2.3)

T simgdify Calculations, the boll-off produced guring transport of Uquefied hydrogen in LH; rail cars and LH;
truck tankers (bulk transport) s not onsidered. It is estimated that, due to the short tip duratson (less than ons
day} hydrogen losses during thesa joumeys should be less than 1% of the hydrogen transported.

In the case of containensed solutions, an average trip duration time of 20 days has been estimated for Case B
[froem production site to final use at the HRSE A constant boid-off rate is considerad during this trip (0.2 So/day,
seg Table &) Considening the holding tme specified by the technology provider {HELICS, [E7]). it 15 assumed
that when liquefied hydragen is transported in containerised solutions no hydrogen is lost due to boil-off*, and
that all the bydrogen evaporated is re-liquefied

5524 Unpacking

It is assurmed that LH; doss not reguire any additional penfication step poor to its final delivery, Therefore, the
only process considered during the unpacking (s the regasification of the hydrogen and its compression up i
the delivery pressure, which is 7 MPa for Case A and 50 MPa for Case B This is done by means of cryopumps
[as described in section $.5.2 2) and evaporators (costs obtamed from [120]

553 Ammonia

Thie hydrogen delivery cham based on ammonia considered here, takes into account the extra capacty needed
because of the use of ammonia as & fuel for the unpacking step. This will be disoussed mare in detal 0 section
2.3 4 (unpacking] and will imply a required packing {ammonia production) capacity of about 21 B4 tHH. (7
280 694 thiHayear) for Case & and 2 186 thH./d (728 069 thH.fvear) for Case B

5531 Pocking

CAPEX for ammonia packing {Synloop and ASU) has been extractsd from Borgan {94]. This soarce has been
used as the main sowrce due to an extensive description provided by the author

Morgan gives a very detailed account of & fully electric ammania plant and provides a precse description of its
different components. It is siraightforward to extzact CAPEX information for the synloop and the Air Ssparation
Uit {ASL) and derive the relationshups used for scaling. Unfortunately, CAPEX data are only given for the
synloop capacity range of 100-500 tNH-d and ASU capacities of 60-420 th/d* The EURLz: 118.76m CAPEX
of & SO0 tHzd capacity plant was used as & basis for our cost assumptions

Bartels [37] provides a full CAFEX taible which uses a scaling factor of 0067 for covering the range of capacities
from 10tz 5 400 thiHs'd (see Table 51 This exponental factor was used to scale CAPEX up to a plant dimension
of 4 70 thHad (2101 from this stale upwards it 15 assumed that costs grow lineary

=40 days, which |5 Hnger than M Maxenum T marn the. H: 5 eapaciaid oo De stoned &1 "ecs han 30 days, Teom produacnom =58 10 fingl
uzd gk e HRS
¥ Lo sidering & constant ratio of (B3R t4; reguived per ton of ammonia thes rarsiates in abock 70-500 tlkh/d
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This implies that Case & {1 MtHZY) would have a packing plant CAPEX of about EUR,.. 23565 m. Case B
(100 ktH:w) would have a packing plant CAPEX of ELRz.g 3097 mo Annual OPEX {(including workforce) is
assumed to e 3% of total CAPEX, while electricity consumgtion s calculated based on the assumed electricity
requirements,

The energy required for the packing process 15 estimated to be around 2.3 GA'tHH. for the synloop and
0.5 GIitNHz For the ASL unit (total of 2.9 GIItNH:) These values are a reasonable, yet conservative, assumption
based on a cryogenic ASU and the literature values given in sechion 2.3.1 The ratio of nitrogen and hydrogen
used in the process is Close fooan ideal stoichiomstry and can be considered to be around 0UER kgHakghH: and
83 koMakgMHs [21] [92] These walues dewiate slightly from a perfectly stoichiometric ratio, but are
conservative and take into account passible process losses and incompiete comeersion

5532 Storage

Costs for storage have been extracted from the detailed description offered by Morgan [94] Storage is assumed
to be performed in liguid form and the mammum possible storage capacity s ficed at 50 000 thiH.. The CAPEX
of such an inskailation would be EURgz, 325 moand it is derived Dy extrapolating the values given in the
reference paper usad [34] The yvearly OPEX for such a facility s caloulated assuming a liner scale-up relationship
far the workforce costs and extrapolating the costs giwen by Morgan for the 9 000 tNH. storage faciliby™. The
power requirerment for driving compressors used to re-biguefy boil-off is considered negligible with respect to

the electric power requirements of the packng and unpacking plants
5533 Transport

Ammaonaa shipping 15 modelled according to the detaded mformation provided for Clipper Sanus, Chipper Victory
and Clipper Sun [10%] The maximum capacity of the ammaonia carmer ship is considered to be S0 000 tHH.,
even I, in princigle, bigger cargo capacities could be possible The CAPEX for a ship with a capacity of
S50 0D iHa s fed at EURzqze 7O m [10E] Yearly OPEX is around 4 7% of ship CAPEX for a ship able to carmy
S0 000 tNHz &nd sailing 20% of the vear [106] The speed of the ship is taken as constant &t 16 knots (about
296 km'h), Loading ard offioading operations are considered to last for a total of three days The fuel
conswmption 15 taken as eguivalent to sbout 36 tonnes of Heawy Fuel Oil {HFO} per day including
loading/offloading operations and cnasing [1051 All boil-off is considered as re-ligoefied and no losses due to
boil-off are accounted for

Transpart of ammania using trains is based on the specifications of a VTG Aktiengssalischaft dessgn [112] 1t
was considered that an ammenia rail tank car can carry & maximunt of 5512 tINH:™, has a tare waight of 35t
and & traller length of 17,16 m For & corvay of 750m this woudd transiate to & capacity of amund 2 370 tNHz
The CAPEX for & singbe rall tank car is estimated at around EURag 160 K [113]

An electric locomotive with a power of 2.9 MW should be sble to provide tracton fior the convoy and should
have a CAPEX guantified around EURzoz 2.7 m The yearly OPEX mcludes maintenance and workforce and can
be guantified as around 2 4% of CAPEXT

5534 Unpacking

Thie mast detziled public reference available on a large scale ammaonia cracker is by Folhergill et al [85]. Other
references are available in lterature, but, to the best of cur knowledge, none provides the same level of
technical detail and  addresses challenges associated with large scale facilties. Therefore, despite its
shortcomings cutlindng some plant companents, it was used as the only reference for unpacking

Thie mass ratio of produced hydrogen to consumed ammania (both as feedstock and fuel, 2nd induding recycling
of recovered ammonial is 0137 tHytNH. The electricity requirement is around 17.5 GAtHE, while the fuel

2 These corresponds 1o about 15,75 of the CAPEX cost

% Calcudabed using & filling cens#y of $30 kgint® for & nominal volume of 104 m®

¥ 1 i5 assumed Tal 3 Rin G L8 availadle DM of Time.

H'ALI:CITUHIQI‘JI our imtempretabon of the reference taed, this is the value reuired bo oSten bydrogen sk 25 MPa with s 99 97% punty
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requirement is 51.% GIEH ™. The reference used estimates CAPEX Far the cracking plant as EURz..: 369 m for
a plant with a capacity of 200 tH/d™ Even if this value is at least a factor of Four higher than that provided
by another souece providing some information on arge scale ammonia cracking [ 100L it was kept as it presents
g conservative estimation. Scaling of plant TAPEX was performned using & power Law with scaling factor 067
up to a capacity of about 350 tHad, and then scaled up Linearly. The obtamed CAPEX for Case A (1 MEHo/) is
then about ELIRz.n 4 606 m, whole Case B {100 kiHohy) would hieve an unpacking plant CAPEX, for a single
unpacking plant, of EUR . 1458 m Yearly OPEX is assumed to be 39 of CAPEX

5.5.4 Methanol

As for ammoniz, a hydroegen delivery chain based on methanol needs to account for the use of methanaol as
fised for processing steam reforming, which is provading hydrogen {see section 2.4¢ This translates to a packing
Irethanol production) capacity of about 21 168 tMe0H!d (7 048 579 tMegHvear! for Case & and of 2 117
(MedHd (704 B3B8 tMedHyear) for Case B

5541 Paocking

It is aifficult to find consistent CAPEX walues for methanol production plants performeng direct ©0;
hydrogenation. The work of Pérez-Fortes [125], was used a5 a reference, since it is precise In s plant description
and conssders a plant with a capacity comparable to that curmently avadabls in Europe

Thie plant design used reguares about 146 100; and 0 195 tH; per tonne of methanol produced [130], [211]

The energy required for the synthesis consists of D64 GAUtMeOH of electricity. The Reating needs of
16 GltMalH can be provided by (092 tonnes of steam per toree of methanol and 3 1 GitMe0d of cooding
nesds can be covered by circulating 92,3 tHOMMe0H. Conskdering an etectric boiler efficiency of 55% the
electricity reguired for steams generation would be around 17 GNtMeOH By using the assumptions on puntp
power used by Morgan [94] it s possible to quantify the electncity associated with the pumps providing the
niecessary cooling as 009 Gl{tMeGH The total electncity requirements will then become 2.3 GlitkeOH if wtilsties
like cooling water and stegm are factored in

According to the reference used, a plant with capacity. of 1 220 tMeDHd has an inside Battery Limits (ISBLI
investment of Elftm: 1142 m*. This can be tramsformed into an actusl CAPEX by using the methodology
outlined by Towier and Sinnott [E82] & CAPEX of EURm: 254 5 mi is then obizined. The capacity of the glant is
then scaled wsing an exponent of 067 up to & capacity of 5 400 tMeQHd [212] and then linearly after that
This implies that Case A& (1 MtH:'y) would have a packing plant CAPEX of about EURyp: 2 564 m. Case B (100
ktHzy) would have a packing plant CAPEX of EURzgp 349.2 m Annual OPEX lincluding workforce) 15 assumed
o be 3o of total CAPEX, whilte electricity consumption s calculated based on the assumed electoicity
requiremments.

Carbon dicxide 15 assurmed to be coming from a weect A Caphure {DAC)H plant with a presswre of 001 MPa and
with a sultabbe purity for the 0Oz hydrogenation process. The CAPEX for the DAL installation is not considered
in gur model due to the uncertainties associated with s deployment Nevertheless, the work of Keith et al
[213] was used as a reference for the cost of C0: sourced throwgh DAC and for the ensrgy regusrements of the
process. The price for a tonne of C0; s assumed to be EURzzq 145 for the low cost electricity assumptions and
EURzgze 242 the high cost electricity assumptions; the associated DAC process requires D28 GO, (77
KWHIECO) of electrical energy and 525 GIEECO; of thermal enengy™

% The fuel compodtian s B55% HH: and 5% H:

*ISEL was oosidensd 0 e £ 3126w and the CAPEX calidaned aocoidag 11725

X, Excluriing the requirements for C0; pusification

= g2 O Foaig 94-00 5 gigen o he refpnence work used. Thes enengy' 5 ooesidensd 1o D2 prosided by nansad gas with 3 oost of 3500
I oor Case I i proyided by Domeng Fydingen, This anslanes inf & nead of 48 7 KRogmms of hydrggen Gower heabineg value) per
1onne of C_; capked fusing a boler efficizncy of B3]
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5542 Storage

It & not strasghtforward to obtain specific information for the storage of methanol The avallable detailed
informaton for ammonda [94] have been used also for obtaining relevant storzge informaton for methanol
The available walume has been guantified wsing a methanol density of 790 kgMeOHm?. Only the cosi of a
singie wall internal Floating roof tank made of stesl was considered. Mo losses due to evaporation were
considered. A methanol tank with a capacity of approximately 11 500 tonnes is expected to have a cost of
EUUR:gz2459 m and a scaling exponent of 067 15 used The mawmum tank capacity = asswumed to be about
S8 000 tMeH with & CAPEX of about EURzps 14.6 n. The wearly OPEX (maintenance and workforce] for such
a faoility is calculated assuming a similar Linear relationship as the one used for ammonia and amounts to
about 23.6% of CAPEX.

5543 Transport

Shippirg of methanol is based on the data available for an actual deep sea tanker used for transporting
methanol the Taranak Sun’ [214] Based on the available volumetric capacity of the cargo tanks, and using a
methanol density of 790 koMeDH{m?, it was calosiated that the maximum capacity of the ship is around 41 500
tMedH The average speed of the ship was extracted from [215] and taken as 16 knots (about 256 kmih)
Leading and offloading operations are considerad b last for a total of three days. The amount of HFD used by
the ship In & cruising day (about 334 tHFO/) is calculated from the EEDIP® reported in the THETHIS-MEY
database [216] and assuming an emussion factor of 311 kgCO./kgHFO. The total average consumption
considering cruising and loading'unloading operations s assumed to be 24 tHFO equivalent per day The CAPEX
of the reference shep was estimated from Tijdgat [106] and expected to be around EUR:m- 42 m. OFEX is
estimated to be around B % of CAPEX for & ship carmirg 41 500 tMe0dH and sailing.at a maximum of 90 of
the year.

Transport of methanol using trains 1s based on the specifications of a ¥TG Akbengesellschaft design [139] It
was considered that & methanol rail tank car can carry @ maxineum of 632 tMeDH™, has a tare weight of 26¢
and a trailer lemgth of 1624 m For a comeoy of 750 m this would transiate to a capacity of about 2 500 tMeCGH
The CAPEX for a single rail tank car is estimated around EURzoae 109 k [171]  An electnc Wecomotive with a
power of 3 MW should be abde to provide traction for the convoy and should have a CAPEX quantified around
EUR1020 2 8 m. The yearly OPEX includes the cost of mamtenance and workforce and can be guantified as amund
306 of CAPEX™.

5544 Unpacking

As stated in section 244, it 15 wery difficudt to obtain relevant accurate information fos a large scale methanol
steam reformer

The thermal energy required For steam reforming is figed at its thermodynamic minimun of 28 GJ per ton of
hydrogen produced [152]. The fued used for thermal needs is & maxture of methanol®® and hydrogen™ which is
notb extracted from the purificabion step It s assumed that a bodler with 908 efficiency s used, bringeng the
owerall fuel consumpbion up to 31 1 GltH; The calculated mass ratio of produced hydrogen to consumed
methanof (both as feedstock and Fuel) is 0.142 tHotMe0H. This value is in Hine with information provided by
Mahler &GS [143] The electricty consumption is taken from the information given by Mahler AGS and s 18
GAtH; [143] The water used for steam reforming can be calculated considering the propostion of %8
kgH CvkgH:*® [143]

Despite a different set-up than the one used by Brown et al [152] data on cost were extrapolated from
Papadias et &l [165] since this is the only reference Found providing costs for & large-scale methanol steam
reforming plant. The scaling curve presented {with an exgonent of about 067 was up to a capadity of about
350 tHod, CAPEX was scaled limearly after that threshold capacity. 1t is not clear whether the cost provided in
the reference wsed s an actual CAPEE, or more similar to an ISBL [182]; it was, however, treated as a full CAPEX

5y |t smmrmed Bt cargo capacby s 709 of DT

* Calrdared using a filling densay of 730 kgint Tor & nominal wisme of B3
%t iz assumed Bat 8 train can be avallsals G005 of time

= The lower Feating value of mezhangt of 159 MANgMeOH was used

" The lpwer heating value of hydrogen of 1359 MyikgH: was used

B The shoichiometric rabio = 3 kgH (g
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This favourable assismption is taken as a best case scenario. in this way it is possibie to benchmark the methanol
option against others options and immediately check if this less developed technology has the possibility 1o be
competitive against other fpdrogen transport options. The obtained CAPEX For Case A (1 MEHz/y) s then about

ELRzzze 1 OB8 m, while Case B {100 kiHyy) would have an unpacking plant CAPEX for a single unpacking plant
of EURzzzn 145 8 m. Yearly OPEX is assumed to be 3% of CAPEX

555 LOHC

&s DET has many advaniageoss properties, this LOHT system s assumed for the study. The main source of
cost and energy data for the DBT LOHC pathway has been the FCH 2 JU funded project HYSTOL thaugh publically
avzilable deliverables ([L60], 1L7E6] [2 171 Dunng the project HYSTOC, the cost and energy demand of the
hydrogenation and dehydrogenation process has been mvestigated further, and these references are assumed
tocontain ourrent information on DT as LORC

For this pathnway, three different scenarios are considered for the provision of heat for debydrogenation The
options are electricity, waste heat and hydrogen. in the latter case, mare bydrogen needs to be produced and
transported, in order 2 end up with the reguired amount

DBT is produced From toluene and benzyl chloride and currently costs around 4 ELRMkg [218] The HYSTOC
project has performed a cost caloulation for the production of DBT, up to large production volumes of 100000
Ehyear, in this case with a total production cost estenated to be in the range of 142 — 180 EURKg [160] 1.5
EURkQ DBT were assumed in this study to determing the CAPEX for LOHC

Thie amount of LOHC necessany has been estimated based on the shipping wolumme. CAPEX far the purchase of
DBT is potentiaily & substantial cost contribution, in order to estimate the amount of DBT needed. the following
assuMptions were made:

» [ase A 2 shiploads being transported™ and 2 shipipads being processed (hydrogenated or
detydrogenated) at any gven time, storage of 2 shiploads, for a total of 8 sheploads LOAC needed;

®  Case @ raiport™ 4 shiploads being transported on Doeand & ship, 2 aboard trains and 2 shiploads being
processed at amy given time, storage of 2 shiploads, for a total of L0 shiploads LOHC needed

» (asz B HR% 4 shigloads being transported on board a ship, 2 aboard trains, 2 aboard trucks and 2
shiptoads being processed at any given e, storage of 2 shiploads, for a total of 12 shiploads LOHC
needed

» [ase A Hydrogen: 4 shiploads being transported® and 2 shiploads being processed (hydrogenated or
dehydrogenated)-at any given time, storage of 2 shiploads, for a total of 10 shiploads LOHC needed;

& Case B Hydrogen railport™: 3 shiploads being transported on Doard a ship, 2 aboard trains and 2
shipipads baing processed at any given time, storage of 2 shiploads. for 2 total of 9 shiploads LOHC
nesdad

& [Case B Hydrogen HRS: 3 shiploads being transported on board a ship, 2 aboard trains, Z aboard trucks

and 2 shiploads being processad at any given tme, storage of 2 shiploads, for a otal of 11 shiploads
LOHC needed

% Thiz figre Is based on the rumber of ships op=ratng

= Fior Case 3 1w SCENants were rreastifanad Cconeaison oF the Camier ab e rafpoet or altermatively at the HRS In the @iter Caze 270
smatl scale de-fyrrngenabon plants wowld be deoloyed

“L This figura Is Dased on e rumber of ships (oeacng

= Fry Caze 3 Twio SCENancs wWare rraestigated, Converson pF-the Camiar at ha raigoet oF altemalively 4t the HRS. In the laiter Cate 270
smal scale de-fyirogenaticn plants wowdd be deployed


https://op.europa.eu/flexpaper/common/split_document.jsp?doc=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1.en.PDF.pdf&userId=&systemId=Portal2012&documentId=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1&documentTitle=Assessment+of+hydrogen+delivery+options&documentPublishingDate=&localeDirectory=%2Fflexpaper%2Flocale%2F&localeChain=en_US&fitWidth=true&documentLanguage=en&share=
https://op.europa.eu/flexpaper/common/split_document.jsp?doc=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1.en.PDF.pdf&userId=&systemId=Portal2012&documentId=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1&documentTitle=Assessment+of+hydrogen+delivery+options&documentPublishingDate=&localeDirectory=%2Fflexpaper%2Flocale%2F&localeChain=en_US&fitWidth=true&documentLanguage=en&share=
https://op.europa.eu/flexpaper/common/split_document.jsp?doc=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1.en.PDF.pdf&userId=&systemId=Portal2012&documentId=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1&documentTitle=Assessment+of+hydrogen+delivery+options&documentPublishingDate=&localeDirectory=%2Fflexpaper%2Flocale%2F&localeChain=en_US&fitWidth=true&documentLanguage=en&share=
https://op.europa.eu/flexpaper/common/split_document.jsp?doc=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1.en.PDF.pdf&userId=&systemId=Portal2012&documentId=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1&documentTitle=Assessment+of+hydrogen+delivery+options&documentPublishingDate=&localeDirectory=%2Fflexpaper%2Flocale%2F&localeChain=en_US&fitWidth=true&documentLanguage=en&share=

The assumed capacity of the ships and the number of ships operating therefore has a direct relation to the
inwestment for purchasing LAT, the cost of which can be consaderable Whereas in terms of shipping costs it
would be preferable to have large capacity ships with fewer roundirips, this is mcreasang the purchasing casts
of the DBT Smaller ships enable an optimisation of the amount of LOHC in orculation. As an example, of onby
one ship ks raveling back and Forth, the amount of DET in Circulation would be the highest The storage sizes
have to be increased proportionally, and storage Gimes are also high due to the small nanber of trips of the
ship. The number of (de-lhydrogenation oydes would be lower, compared to using more ships, however this has
les=s smpact on the finzl cost than the purchase of the DBT. The ship capacity was thersfore set to a value that
minimises the overall costs.

As for other investments, an interest rate of 5% was assumed, and the DBT given a lifetime of 20 years
motwithstanding replemishment and upgrading, as explzined below)

In addition, the operational costs for DBT were calculated according to the formuola given in [21%] A small
fraction of DBT decomposes dunng oycling The decomposition reachon also releases methane, oluene,
benzene, MCH and cyclohexans [174] However, & recent study found that prior purification of the DBT may
circurmeent this issue [L75] Accarding to the outcomes of the HYSTOL project. it s assumed that regeneration
of OBT is needed after Y50 cycles [219] Fresh DBET zleo has to be purchased to replace the decomposed
material. According o [176L 0013% of DBET is assumed to be lost per cycle The cost can be caloudated Dy
adding the amount of LOHL nesded per kg of hedrogen 1o the assumed 1074 (0ss of DBET for every 750 Cycles
153 kg of LOHC are mesded to store 1 kg of hydrogen, whech is 2 gravimetnc storage capaoty of 6.13%
somewhat lower than the theoretical maximum of 5208, as it 5 assumed that the {de-Jhydrogenation rate wall
not reach 100, The niamber of oycles have @0 be calculated accordineg to the amount of DBT and the number
of cycles per shipload of DBT.

Thie enengy demand for the production of DBT has been estimated at 42.1 kWh electiioty and 2.7 MU steam in
[35]. The project HYSTOC, as described in detall ima public deliverable [160] arrved at a lower valie assuming
4 B4 kW for a plant wath 2 500 tiyear capacity (8 040 b operating hours consadered). This would amoust o
1041 Mi/kg DBT based on the assumed output of the plant, where 2690 of the tolal energy demand is attributed
to DAT, the rest to the production of MBT. As the repart by the HYSTOC project provides more information than
[25], the erergy demand For DET prodisction is based on the former reference. According to [L60], 12 950 tons
of toluens are needed to produce 3 500 tors of DET*, which is a ratio of about 3.7 - 1 The energy demand for
chigring and for tolusne as the Gase materials has been agded™ The ensegy demand for the production of
tolers from Diomass & assumed 1o be 045 GIton, acconding to [220] This would amount 2 167 MMkg DET
For chlarine, the production process delivers 1 ton chiorine and 1 ton caustic soda, plus hydrogen, which s
referred iz as the electrochemical wunit {ECL) The energy demand of the dhlor-alkal process = 1188 GJ per
ECLI [221], of which 33% is attributed to chlonme, based on the value of the final products** 129 t chlorine is
nesded to produce 1t DBT. In totsl, the ensrgy demand per kg DET 5 assumead at 172 MU

5.5.5.1 Paocking

Thie enthalpy of reaction of DBT s 654 kI | maol H, [145] Hydrogenation takes place wa the mtermediate
compounds HE- and HL2-08T, to the fully hydrogenated H18-DBT storing 9 mades of H:[164] Heterogeneous
metal catalbysts, swch as Awe or Wi are needed for hydrogenation, which is an exothermic process and takes place
gk 1-5 MPa [147] Hydmogenation at & pressure of 1.5 MPa has been reported in the rangs of 74-985; [148]
The degree of hydrogenation s determined by the femperature, pressure and reaction time During
decamprassian, same hydrogen degasses, ieading to process lnsses of around 0.1 witl: [218]

“ The plant also procduces 100000 MET for which & market 5 sxsumed, and by-procict 0 s sold

= Enangy demand for ofnes opmponants than tnlueene and chlanine was rat estimatad in s shady

= ptgin inpigs: 175 kg sodium chionide. 1069 M Main outputs 1 kg dhionine Q341 EURKGL 000e3 kg Hz [Z 8 BURSEL 113 ky caustic
(3121 ELRilg] {281]
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The energy demand for hydrogenation was assumed to be L33 MIkg H;, in line with Reuss eb al [222], for
compression and pumping. Incthe literature, values between 079 MUkg H; [176] and 348 Mlkg H; [223] are

stated. The reaction itself is exothermic, s0 it s assumed that there & no further energy demand for
hydrogenabon Excess heat could be recoverad in principle, however, for this study it was not seen as a wvishle
option due to the unlikelihood of 2 suitable heat sink close to the hydrogemation facility

The costs for the hydrogenation plant have been estimated based on Reuss et al [222] 1t is assumed that a
Facility with a capacity of 100000 tHvear waould cost EUR 60°m [222] Mo scaling factor was used for a plant
size with a capacity above 100 000 tHzfyear, as thess bypes for plants have not yet been mplemented at larges
scale, s0 a maore Conservative cost estimation was ussd. For both the hwidrogenation and defiydnogenation
plants, CAPEX is calculated assuming that the plant comprises as many units of 100 000 tH;/vear &s necessary
to cover total demand, For LOHC, the option To use hydrogen For the provision of heat for defdrogenation was
alsn assessed In this case, the volume of rydeogen to be transported is higher in order o be able to supply this
energy demand, which 1s assumed to be 45 MAkg H; (see section 555 4). This means that additional LOHC has
to be processed and transported Hence, the plant capacities for Case & and Case B are 163 times larger
comparsd 1o the scenafios where the energy demand i met by electrioty or waste heat

Thie plant assumptions are similar to those used for ammonia and methanol, with an ubilisation of 333 days
per year, an inferest rate of 5%, and a 20 year®® lifelime. The O&M Costs are estimated fo be 350, including
replacement of catalyst material.

5552 Storage

Skorage costs heve been estimated based on those for crisde gil and LOHE storage for various capacities, based
on [224], [176], [2£5]. The values were mterpolated assuming an exponential relation between cost and storags
capacity, with reference values per m® ranging from 122 EUR to 550 EUR In [226] a cost of USD 486 per m®
is given for underground stockoding, with the remark that this s 20% higher than aboveground storage
Therefore the assumed cost range sesms to be reasonable

Energy demand for storage was not considered.

5553 Transport

Due o the similar properties of 0BT o diesel and crude oil, it is assumed that existing infrastructure and
technatogy can be used

For shippeng for Case &, the round-trip duration, including {(off-llcading is set to 12 days & Suszman size ship
with a capacity of 158 000 DWT was chosen; for Case A there would be S ships operating. If biydrogen is used
to prowvide the heat For dehydrogenation, a higher amount of hydrogen, and consequently LOHC, needs o be
transported, mcreassg the amount of hydrogen to 163 milyear For this scenario, 7 ships with the sams
capacity would be in-operation. The cost for the Suezmax size ships is assumed to be EUR 65 m according (o
(1061 which is stated a5 an average value for this ship capacity. At 15 knots speed the fuel consumption is set
at 55t/day, which 1s am estimate based on {2271 For fuel costs, hiodiesel 15 assumed o cost ELIR TEZ per ton
For pumping operations, 30% of the fuel conswmption for cruisang is considered. Loading/off-loading operation
s considered to take 24 h [228] with the ship staying ak the harbour for 3 total of 4 days

OPEX 15 calculated indine with the function provided in Tijdgat [106], and amounts to around 53 of TAPEX for
the Suezmax size tankers, and around 104 for the smaller tankers.

For Case B Hydroger, ships with a capaoty of 35 000 D'WT were assumed, and for Case B, 2 smaller ship
capacity of 16 000 DWT resulted inan overall lower cost (see above, related to the amdunt of DET in Circulation}
For Case B, 4 ships are used to transport the LOHC, and for Case B Hydrogen, 3 of the larger ships. The ships
are cruising at a speed of 15 knots, with a fuel consumption of 28 t/day (small oif tanksr) and 22 t/day (very
small il tanker) 2271 Loading/unleading is performed in 12 hours, and the ships remain in the port for 2 days

= N v s technalogy wek unprowen at Ehis scale, a 20 year $febme has besn assurmed, rather Ean 30 years.
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The costs of the ships were taken from [106] and [229]. whilst information on fuel use was found in [227] and
[230] As for the other oplions, the ships are assumed B be consuming beodiessl &5 fuel, with a cost of 782

EURL. DPEX was calculated according to [106] The enesgy demard was calosated by assuming an energy
content of 375 Mi'kg biodiesel The number of operating howrs were caloulated for cnuising and pumping
operatiors. The energy demand for pumping was set to 309 of that for cruising

Maore information on the assumplions can be found in the Annex 2, Table 22

Transpost by train takes place throwgh the use of ol rail cars [170], with a BT capacity of 236 tonnes. CAPEX
fer an oil rail car is around EUR 1268 000 [L71] The size of train convoy, as well &s the number of trains, s
defimed by LOHC demand This changes depending on the energy source for the detwdrogenation step. Table
10 surmmanzes these values, as well as the correspondent CAPEX. The mumber of rail cars is duplcated, im order
Eo improve logistics. CAPEX represented is the average value bebyeen diesel and electnic frain.

Table 10. CAPEY, <ize and number of trains transportng 08T Source: literatune data and IRC asswmpticns., see fewt

Electnicity | Waste heat | Hydrogen

Train comvoy size izl a1
mMurmber of frains Z 3
Train CAPEX {MELIR] Bz HE

For Case B, there are two scenanios. one where the LOBLC 15 delnydrogenated at the railport, and the second
where detydrogenation takes place at the HRS For the latter, it is assumed that O8T is transported by truck
usimg poriable tanks [172] The portabie tank considered can hold 25 000 litres of DET (22,8 tonnes] [231] Tars
weight of these portable tanks s around 3500 kg [231] Two 20 F portable tanks are trarsported per fruck,
hiowever there is a limitation in cargo weight {40 tonnes) Therefore, it has besn decided o linit the amount of
cange transported by truck o 33 tonnes of DBT, Truck CAPEX is 175 000 ELUR (exciuding portable tanksh, as
explained m section 523 Portable tank CAPEX is around 20 000 EUR [251]

As for trains, the number of trecks is defned by the energy scurce for DET dehydrogenation. In the case of
electricity or waste heal, the number of trucks considered is 51, while for iygrogen as ensrgy sounce the number
of trucks goss wp fo BL

If dehydrogenation takss place at the railport, transport of hydrogen to HRS 15 performed by trucks similar to
the cnes descrined n section 5513

5554 Unpacking

Thie energy demand for delwdrogenstion s assumed 1o be 45 Ml'kg He, with 412 MUk H: for provision of
heat and 3.6 MIkg Hy electricty reguirement, in line with infermation given n vanous sources [232], [2231
(2221 [233] in case of detwdrogenation using ydrogen, the total energy requirement was set to 49.6 MJkg
H: to account for the efficiency of the combushion process {assumed to be 50%:) f waste heat 5 available,
then 3.6 Mlkg Hz electricity was assumed, and the rest of the emergy demand provided by the waske heat. The
cost for hydrogen was set as described in Section 5.4 Waste heat costs were assumed to be EUR 20 per MWh

Hydiagen recovery is assumed to be 99.9%, as reportad in [233]

For Case A, the costs of the dehwdrogenation plant was assumed to be ELIR 6569 M, based on the cost estimate
giver in Reuss et al of ELR 60 M for a plant with a capacity of 10D 000t Hxvear, A lnear scaling factor was
used, as plamts of this scale have not yet been realized For the option of using hydrogen for provision of heat,
the capacity of the plant increases to 1.64 Mt Hywear, and the costs of the plants smcrease accordingly

For Case B, the unpacking of the LOHC takes place either at the raitport or at the HRS.
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For the railport option, defwdrogenation takes place in & separate plants, one at each railpoet. The costs of each
plant is assumed 0 b2 EUR 20 m for the eledricity case, and EUR 28 m for the hydrogen case: For the HRS

case, these dehydrogenation plants need a capacity of 1.12 tHy'day based on an availabiity of 333 days per
year The cost for the plant was set to EUR 4.0 m, based on the cost estimate pravided in [176] for a plant
capacity of 1t Hx/day of EUR 3 - 4 m.

Al the HRS, Wmpdrogen needs further compression, from 0.7 MPa to 52 MPa The energy demand was assumed
to De 7.7 Mijkg He CAPEX is set around EUIR 400 000 [234], and DPEX to 4% of CAPEX [24]

Hydrogen purity follswing dehydrogenation is high for DBT, with smpurities & the pom range of toluene and
other hydrocarbons [235] A recent paper suggests that even higher punty is possizle, largely comphying with
the 150 standard for PEMFL wehicies, if the DBT is purified pnor to use [74] This is & promising development,
a5 further purfication would be unnecessany for most end-use applications

Purification was considersd necessary for both Case & and Case B, although it should be noted that many
industrial custamers would not need further purification. Owes to the high imitial purity, either membrane or PSA
purification with a recovery rate of 959% = assumed to enshle PEMFC grade hiydrogen [233] According to a
sty by Fapadias et al, the cost of a PSA & US0D 286 per kgH:/day for a capacity of 3504H; per day, and LSO
452 per kg Hyday For a capacity of 50 tHaday [236] These fiqures were used 10 caloulate the costs of
purification for Case & and Case B The cost of the purification plant is therefore sat (o EUR 229 m for Cass A,
and for Case B EUR & m (for each mdividual plant. in total & PS4 are needed) for the railport case and ELIR
S00 200 for the HRS case The energy demand for the PSA process is assumed to be 36 Mlkg Ha, according
to [237] The loss of 1% of hydrogen during punfication s taken into account by increasing the amount of
hydrogen to be transported

556 Pipelines

Pipelines &s transport options were modelied for comgressad hydrogen, ammonia, methanol and DBT for Case
A and Case B {results for Case B are not shown, see Sectson 4)

Fipelmes are assumed to be newly buitt, and to connect the hydrogen productbon site directly to the consumption
location. Pipelmes are conssdered straight and wathout chamge i altitude level (total lemgth of 2 500 km). This
assumption simglifies calculations but underestimates the final cost

55681 Compressed hydrogen

Mazimum allowable pressures im pipstines considered is 7 MPa and temperature 1s assumed to be constant at
12

In the case of compressed hydrogen, the pépeline has been dimensioned optimising final cost, which consists of
both pipeline and compressar costs, Pipeline costs are obtained in two different ways, edher following formidas
provided in [190], or using the material costs provided by 1150] and considenng that material costs represent
20% of the total pipeline cost Following a conservatiee approach, the value used as pipeline cost & the higher
of the ban,

Compressor cosks are detervaned based on industry information™. The pipeline compressor [ocated at the
production site is supplied «itm low price elecdicity (price at production site, see vable 3} while tne vest of e
conpressors that are part o, the pipeline netwons are assamed to wuse electricity a¥ demand site pnces.

Evcdution of piessure alony the pipelie is calculated usin ) Darcy's éguation, and the Darcy Fricton factor (s
calculated using the Churchill correlation « 238]

rdditionally, two compressor operational configurations were assessed- 1, pressure im the pipeline ranges
between & ¥ MPa or £} pipelkes operate in the 3-7 MPa range The first option would requare maore compressors
than iy the second configuration, buf those compressors will be cheaper and they will require 1255 power (per

*T Priyake communicabion
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unit} than compressars in confegquration 2. Although configuration 2 has led to lower Costs, the (osts presented
in this repart are related to configuration 1, as it appears more realstic n terms of allowed pressre drop

The CGH, pipeline is fied from an undergrownd storage (at 7 MPal with a capacity of 10 days, costs of this
storage are calculated from [32] Pipeline hydrogen leaks have been considered, asswming a value of 0,4% of
the hydrogen transported, according to [24)

Following the dimensioning strategy described above the Following values were obtained for pigeline diameter

and compressor station distance (see Table 11) In these cases, the values obtained were independent of the
electrioty pnoe scenarna

Table 11 Dimersoring of ppelme rabwork. Sowce JRC assumptions

linches) distance

(&m)
Case A 34 220
Case B 14 200

5562 Ammonia and methanol pipelines

Ammonda and methanol pipeline designs were based on the same assumgtions. Al information available for
long-distance amemonia pipelines was also used to model methanol pipelines since, to the best of our
knowlsdge, thers are no eguivalent methanol long-distance pipelines to the MuStar, Magellan and Togliatts-

Odessa pipelines [101]

Pressure drop is caloulated using the Darcy-Weishach equation with a Colebrook-Wwhite relation friction
coefficient obtained using an onfine calculator [239]

For Case A the mtemal dameter of the pipeling s taken to be 4391 mm since this diameter gives = flow
velocity of about 244 mis, which Bartels suggests as ‘safe” [57] and showld not cause excessive heating The
chosen diameter s larger than most of the data awvailable for ammonia pipelines, but does not seem to be
unreasonable [97] 1t is assumed that the pipeline can work 365 days ina yeasr and has a bfetime of 40 years
The chosen interest rate is 5%

The distance befween pumping stations was selected to avoid a pressure drop above 4.3 MPa.and ensure that
ammaonia wiil remasn liguid. It is assumed that ammonia and methanol always remain biguid and thesr density
does not change throughout the pipeline*® Given these assumptons, an B0 km distance between pumping
stations was chosen and found fo be compatible with the details of a Magellan gépeling (US) map [240] &
pipelins syrface reughness of 0.05 mm was considersd

The material prices used are based on those of an L8 inch seamless X465 steel® pipe and were estimated to
be about 1 320 EURR-stes] [241]

Dther details chosen for the pipeline design were based on the information retrieved from a 2016 accident
report [242] A mzsimian operating pressure of about B3 MPa was used in the equation for calculating thickness
outlined in ¥noope et al [243]. A wall thickness of sbout 83 mem was obtained This s in line with 2mmania
pipeline thicknesses reported in terature [101]

® This i5 an Sppemnmans, espadally Tor ammonia, DU ik Reps w oDaRine] ugh SOeismanons T ang aoiurare engugh for the
prEpgse of Dur analsis .
S he siesl densiby was sssumed io be 7 8BS0 kgim*"
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The cost of the pipeline is obtained using the simple approsimation that the cost of material is just a fraction
of total pipeline costs. For the diameters considered, this crude approach does not seem 10 Cause uncertanties

inappropriate for the lavel of aoouracy of our analyss [243] Material costs are considerad to De 209 of total
costs (ncloding right-of-way, labour 2nd miscellansous other costs) This rough approcmation seems to be
conservative, but reasonable, as confirmed by available pipeline literature (2431 [244], [245], [246]

It was not possible o retrieve detailed infosmnation on actual pumps able o manage the flows considered The
ofily available information was obtained from a presentation Dy Leighty [247] it 15 estimated that an electnic
ammaonia pump with 2 capacity of 150 tonmes per hour has a cost of EURziz 800 000, A scalimg factor of 06
was used. This decision seems to be m agreement with available cost mformation (2481 The lifetime of a pump
is taken as 20 years and two pumps are used per pumping station, The pump efficiency is considered to be
S0% and the obtaimed energy requirements seem to be in line with avaiable technical daka on ammonia plungsr
pumps {2449] Yearly OPEX (exvciuding fusl) is considered to be 0.04% of CAPEE for pipelmes and 4% for pumps

Based on the assumpbions outiined presously, the final CAPEX for Case A will be an ovarall §26 300 EUR 2 m-/km
for both the amenonia and methandd case. Methanol pumgs need about 50% of the elecincity necassary for
pUMPING ammaonia across the pipetine length of 2 500 km (about 315 Gwh)

5563 DBET pipelines

DBT transport by pipedine is an excepbional case. It requires the construction of two different pipelings, one o
send the hwdrogenated DBT 1 the demand focation and the other to returmn the dehwydrogenated DAT 1o the
hydrogenaton plant. It should be noted that hydrogenated DBT and dehydrogenated DBT are fluids with
differant physical praperties (e.g. density, viscosity). These different physical properties have bean corsidarad
when dimensioning their respective pipelimes. DET Is reasonably easy to handle in terms of its kinematic
viscosity of 165 mm's at 40°C, however the hydrogenated compound is more highly viscous at 82 mmd's at
40~ [for comparnison, honey has a kinematic viscosity of 736 mm?/s) [250]. At 20°C, a value of 425 mnd/s |5
reported [251]

Pipeling costs are also caloulated considering the most conservative value between the costs obtamed fallowing
formulas provided in [190] and the ones obtained using the material costs provided by [190] and conssdering
that material costs are 20%: of the total pipeline cost

Pipelimes are assumed %o operate between 1-7 MPa As in the case of compressed hydrogen, ewciuticn of
pressure along the pipeline is caloslated wsing Darcy's equation. and the Darcy friction Factor ts caloulated wsing
the Churdhdll correfation [238] Pumping energy demand is calculated considering the pressure drop betwesn
pumping stations, and 3 pump efficiency of 8000 [252] Pump CAPEX is estimated at around 1 700 ELRKW,
according o [253] Pumg annual maintenance Costs are 68 ELIRW, following §252] and [254] The cost of the
DET hetd in the pipedines is also considered when dimensioning the pipeline. Susmmnary of dimensions of pipelines
for pathway (electricity or hydrogen For defydrogenation] and enengy price scenans are collectsd in Table 12
(for Case Al and in Table 13 (For Case B
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Table 12 Dimensiors of DET pigelines for Case & Source: JRC assumptions

_ Energy  source | DET status Ppeline | Total | Distance
Electricty | for DBT de- dameter | pumping | between
{MW) stations (k)
High Hydrogen De-hydrogenated | 32 I BEE] 125
High Hydrogen Hydrogenated 34 200 as
High Electricity De-hydrogenated | 28 F0 150
Huigh Electricity Hydrogenated 2 95 110
Low Hydrogen De-hydrogenated | 30 150 55
Low Hydrogen Hydrogenated %4 200 A5
Low Electricity De-hydrogenated | 26 ] 55
Lovw EleciriciTy Hydrogenated 2R 165 75
Table 15 [hmersmrs of [ET pipelines for Case B, Soure. JRC assurmptions.
Erergy | Energy source | DBT status Pipeline Tatal Distance
Scenario | for DBT de- digmeter puMmping Detween
hydrmgenation finches} power | pumping
(MW statsons (km)
High Hydrogen De-rydrogenated | 12 25 1]
High Hydrogen Hydrogenated 14 45 a0
High Electncity De-hydrogenated | 10 20 =1
High Eltectniciby Hydrogenated 1z 4 30
Liovar Hydragen De-tydrogenated | 12 25 (=1
Lovw Hiydrogen Hydrogenated 12 65 30
Lo EleCtrciby De-rydrogenated | 10 20 S0
Low Electncity Hydrogenated 10 55 20
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& Results

The outcomes of the study are based on assumptions, some of which have a high degree of uncertainty, as
many of the technologies mmolved hawve not been deployed at sczale, and information on costs 1s scarce. Same
simplifications. have been made, for example pipelines are assumed to be in a straight e, at constant
temperature and with no slevation changes. More complex approaches were not desmesd 10 b2 reasonable,
given the overall lack of data, but in general, the error margine on all of the outcomees is likely to be high

6.1 Case A

As axplained in section 3.2 4, Case A is based on the delivery of L million tons of renewable hydrogen per year
bo-& single industrial customsr, via a direct fransport patheay, using a dedicatsd pipeling or shipping route The
transport distance considered is 2 500 kom for shippeng and pipeline.

Figure 7 and Figure 8 show the hydrogen delsvery costs im Lase &, for the two energy pnce scenancs. Whils
Figure 7 focuses on trarsport by ship of the different camrier cotions considered, Figure 8 depicis the case of
transport by piosline. These figures also show the share of costs for specific parts of the delivery pathway
Ipackang, unpacking, carrier costs, hydrogen losses and transport and storage) for each of the opbons considerad
and the by energy price SCenarios

Uine of the objectives of this study 15 to understand the economic advantage of mporting hydrogen from places
with lower renewable ensrgy costs/prices, with 8 particular focus on the internal EL bydrogen market From the
results shown in Figure 7 it can be concluded that, for distances of 2 500 km between hydrogen production
and hydrogen Gemand [ocations [compabile with a patential intesnal EU hyarogen market), imports of hydrogen
can econammicaliy be competitive if the renewable electricity gereration cost differences are above ELK 2U{MWhH,
conssdering the boundary conditions for this scenarno (Case &, low electncity price)

Comparing Figure 7 and Figure & it can be concluded that transport of compressed hydrogen by pipeline is
the cheapest delivery option in Case &, independent of the energy price scenario. Transport by ship of pure
forms of hydrogen {ie. compressed gas and liquefied hydrogen] also appear as a competitoe solution. LOHL, of
waste heat s available at the consumption site at the assumed price, could slso be a low-oost option for
hydrogen delivery

Therefore, chemical carriers, despite their very low transpart, costs, are identified as less cost effective options
for hydrogen delivery. The analysis shows how the cost related to packeng and unpacking more than megate the
advantages of the very low transport costs Macking and unpacking costs for chemical camsrs are however
strangly influenced by energy costs, meaning that lower energy prices would make therm more competitive, as
can be observed in the figures fater In this Section

in the case of compressed hydrogen delivered by ship, it can be seen that the final cost s dommated by the
transport costs. «ue to is lower density, transport of compressed hydrogen reguires a bigger and more
expensive fest than any other packaging mode. However, the packing and unpacking oosts (e ompras.ion
Costxy are 0w enough o Coiipensate 1oi the higher transpoet costs. his makes compressad hydro 2 oy ship
an-atiractive option, jor Case &, with a delivery vistance or £ $00 km ifior other distances, see Saction G.4). As
for this pathway costs are dominated Dy transport costs (e ship fleet plus fuel;, final delivery costs do not
shiovw a remarkable difference betwean energy price scenarios for this pathwav (see Figure T

Li4s can e seen a5 an intermediate step between compressed hydrogen and chemical carriers. Whereas, owing
to Its higher density, its transport costs are lower than fior compressed hydrogen, (but higher than for chemical
carrierst, its packing costs (ie liquefacton) are considerably higher than in the case of compressed hydrogen
[but loawer than that of chemical carners). The latter is explained by the lower packaging \paclerng and unpacking|
energy reyuirements for Lz compare to chemical carriers, and also because most of its packaging energy
dernand is covered in the location where the energy prices are [ower (B.porting terminal), contrany b chemacal
carriers, where most of energy demand happens close to the final use location (e highsr enengy prices)

lue to the assumpbion mads in this stedy (LH, losses anby ocour dunmg shippingl, costs retated to H; losses in

the Lr, pathway are relatively low, However, the influence of boill-off on the final costs goes beyvond the cost
related o Hz losses. For instance, & bigger liquefaction plant is reguired to cower the delivery chain demand. H:
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Iosses and bod-off also requites higher energy demand, since additional pdeogen has to be liguafied (due to
Hz losses), and some additional fpdrogen is re-liguefied (the armount bolked-off but not Lost

Simiarly, for transport cost=, a bigger fleet will be required to transport the sdditienzal amount of hydrogen
necessary to compensate the boil-off. The requiremeants to over-dimension the equipment of the supply chain
[and the extra energy consumption| due to boil-off reduces along the supply chain. For the case presented here,
boil-off increases the packing costs by 10-12% For transport, boil-off implies an increase of 3-5%, while
unpacking costs are barely affected by Doi-off

bH: hizs a high energy demand for unpacking, a5 well as high cagatal costs for the wnpackng plamts. For
transport and packing, the costs are in between those for the CGH; and LOHC opbons.

The carrier cost is & majper share of the delivery costs for MaOH [shown as “carder” in Figure 71 and Figure
22). This is due to the high energy demand for DAC For MeDH, the packing and unpacking costs are quite
balanced, which is due to the relatively higher energy demand for packing than for the other chemical carriers
This is cormgensated by a lower energy demand for unpacking (see Figure 12]

For LOHC, different scenanocs are shown in Figure 7 and Figure L based on the source of emergy for
dehydragenation The options compared are waste heat eleciricity and hydrogen LOHC unpacking costs have
the highest share of oial costs isee also Figure 281 and even for the waste heal case Transporl costs, as
mentioned above, are low, which makes this option more attractive for lomger transport destances than
considered in Case A isee section 6], The waste heat oplion 1s very competitive, bt of tourse contingent on
the availability of cheap, high grade (250°C) waste heat This may be the case for specific apoli-ations, such
a5 steel manufacturmg The use of hydragen to provide the energy for dehydrogenation is not found to be a
convincing altermatiee, even in the case of low eleciricty prices. Usimg electricty to provide heat for
dehydrogenation is the chesper option, for both electioty price scenarios.

Figure ¥ Hydrogen delivery costs for Case & (delivery by shirl Hagh and Law electncity prices for 2ach carrier

Hydrogen dalivery costs - Case A {Defivery by ship)
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Figure B Hyd coen delivey cosrs oo Case . (defloery Ciroogh plipelinel H gh ad Lo electric:ty prices for wa h cairier

Hydrogen delivery coms - Case A [Delivery through plpeling]

a0a
N
1348
11
199
I LH I
i Lo H Lo L] la

cii2 fika MEdH LOHE [winste hoat]  LOWHC | diouicingg L | pthia g

e o]

45

| A.05%
s ]
15 |
ol
18 !
K0
3%
18
L&
LE |
lsl !
063 i
) I .
0
io W Lo " 1

Hi

Deelbyery cost [ELUA kg M2

@ Aranagort + Storage W Packing ® Unpacking @ Cartle w2 boases |

Savme: JBC anulysis
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Viguoe & shows that trane.port and storage costs aie baiely affecied by e electricity price s enaro on the
other nand. packing costs are reduced by L/3 with lower enerey prices. Hydrogen losses represent between 1-
24 of total delrery cost, depending, an the electricity price scenana

Transgost and storage costs represent the higher snare of Costs Tor fransporting compressad hydrogen thrugh
pipelires (soe F.gure B For compressed hydrogen, packing costs include insestment in all comprassor stations
alang the pipelme and their operational and maintenance costs:

The costs of transporting chemical carmers through pipelines are significantly higher than those for compressed
hydrogen The lower costs in pipelne infrastructure For chemical carriers. due to their higher density {and the
fact that they are transported in liguid state) do not compensate the costs for the packmgiunpacking that
chemical carmers hawe in companson to compressed hydrogen. Morecwer, unbike compressed hydrogen
hydrogen dedivery with chemical camiers show bower (osts when ransported by ship, undess for the high
electricity price scenario. it has to D& recalled that electricity price scenarios only modify electricity prices and
not fust prices. Therefore, delvery throwugh mipelines is more nfluenced by these scenanos e g for the low
energy cost scenano, pipeline transpart for MH; and MeDH has comparable costs to delwery by shipl. &nothar
factor im favour of the transport by ship of these carriers is their higher density, in comparisan o comgressed
hydrogen; (he combination of higher density, ship size and ship speed, results in that for the same anount, or
more correctly, the same flowrate of carrier, delivery by ship requires less energy and material Costs than
pipelinss do

It can be observed in that transport and storage costs @ any of the LOHC pathways are significantly higher
than in amy other pathway, This is logical, considering that the LOBC pathway regisres a diowble pipaline, one o
send the mpdrogenated LOHC o 15 desunation and o8 tooret i the deoyorsgenates LOHC or the LOHC
mydrogen path sy, 2 greater ameunt o. LUHC has to be transpacted saround 40hss 1 iore, to provide emsrgy Tor
dehydrogenationt it has the reghest transport and storage costs among ail the LOHEC path.fays

AN analysis on cost distrioution Detween costs related o investments (e, CAPLX) and costs related o the
operation (OPEX plus energy Costs) is shown i Figu & 9 and Figure 10 All options except for LH; are
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dominated by operational costs, and are therefore more sensitive 1o energy price vanations. As can De seen
From Fgure . CATEX™ for LOHC is the [owest for all the options considered™:, making this a competitive route
especially for the low energy cost scenario. It should be noted that this assummption s based on ndustry
estimates, rather than data from existing plants, and Is therefore subject to considerable uncertainty. Both LH:
and MHz have the highest CAPEX costs, but as LH; needs less energy for packing/unpacking than MH; (see also
Figure 121 operational cosls are considerably lower

Figure O CAPEX vs OPEX + energy cost for hpdrogen dedivery by shep

CAPEX v OPEX # Enefgy costs {CASE A - Defivery by ship)
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In thie case of compressed hydrogen delvered by papeline, costs are mostly related to nfrastruchure, 12 pipslines
and compressors (se2 Flgure 101 This suggests that repurposing existing natural gas pipelines for hydrogen
trarsport would significantly decrease the associated delivery cost, making this oplion even more Competitive
Thie natural gas industry estimates that cost savings could be mare than 50% compared o a newly Duilt pipeline
[43]

A previous - study by the JREC had different putcomes of the detivery cost assessment, due to changes in soms
of the assumptions. This is discussed further i S&Ction 66

T Sme Sornon § For moee 083l on DAPEX Acsumpnes.
*! This 5 based on the assumplion that the (osts of The paceing and unpacking processes ane ioeer tan for the other options dus o the
Lorwrer technacal compbexi by
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Figadre L0 CAPEY vs OPEX ¢ enesgy oost for dydrogen delivery thraugh pigelines

CAPEN ws OFEX + Emargy costs (CASE A - Dalvery through pipeting)
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6.2 CaseB

& morz cistribated dolivory cosnario invoeang smadar gquantites o iyomogen (Lase Bl leaks o differen.
COHCSIoNS, | ransmod. and storage cosis increase sighificantly in ths scenario, in par icgar penalismg the
packaginy solJbons with ioswer Jravime.Hc density [ e compressed hvdrogen, Ligpeefied hydrogen appears as
the .eapest option for the scenario considered here ICase B, see Figure 11). also 2ecause achieving the purity
lewel required by HRS is more demanding for chemical carmers. L o delivery costs could be as low a5 EUR 251
far tihe Low electrioity cost scenario, to EUR 319 in case of high electnoiby costs. Regarding chemical carriers, it
has 1o be recalied that for the case of NH: and Me0H, It & assumed that Carrier unpacking takes place at the
ralport (see 52.5), as the last leg of the delivery route is in the formn compressad hydrogen, Shis brings an
additional cost in terms of CGH,; contamers and transport (dus to lower density of compressed hydrogen),
explasning the high costs related to transport and storage for these camiers. This also serses to explain the
similar mosts that CoH, and NH; (ranging from EUR 336 2751

Twid possible scenarios are considered for hydrogen delivered by LOHC (see 525, either the LOHC s
dehtydrogenated at the radport {and transported in gaseous form to the HR=} or LORC detwdrogenation takes
place at the HRS. Results of this analysis showed that wiwen dehydrogenatron takes place at the railport, the
delivery costs are lower than m the HRS scemano Therefore, valuess reported in Figure 11 comespond bo
dehydrogenation at the raitport. For the low electricity cost scenario, LOHC Is the second cheapest option, if
electricity s used to provide heat for dehydrogenation. it was assumed that waste heat would not be readily
awailabde at a railport or HRS, so this ophon was not considerad

A containerised delivery oplion has been assessed against the delivery i bulk a5 wall For Case B {ondy for
compressed and liguefied fradrogen). This implies that the containers are delivered from the hydrogen
production site [ e expocting terminal) to the JIRS, with no emptying/refilling steps in betwsen, contrary to bulk
delivery. slthowgh this s interesting in tenns of sseplfying logistics, costs are migher than the bulk delwery
options, particularly in the c.se of CGR. vhis Con De atfributed to the high nuinzer of contzainers meegec
L0110 WitH the wost of the contziners theseives LA, Dell-ery oy containers shows watter performance than
CaH when connpared to their respective bulk detivery ogstions. 1his s due, on the one hand to 2 higher trarsport
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density than in the case of CGH, (50 less containers are needed for the same amount of hydrogen ransportad)
and, on the other kand, to the lack of drogen losses, unlike For LHz Dulk transport

As evidenced by Figure L1, unpacking costs are domnant fos most chemical carrier options for Case B,
Figure 11 Hydrogen delivery costs far Case B (distribored defevery) High and Low electricity inices far each carmnar.
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White comparing hydragen costs between Case & and Case & (seg Fogure 7 vs Fogure 11) it should also be
noted that & smaller amount of hydrogen is distributed in the latter case. Economies of scale also iniluence the
Final cost of pdrogen, particularty the cost shares related 1o the packing snd Bnpacking proCesses.
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6.3 En-rgy demand

Thie energy demand of the warows fydrogen deliveny opteons have been assessed for both Case A (Figure 12
and Case BiFigure L3 As indicated in saction 5, themnal ensrgy demnand can be covered with waste heat (ony
Far LUHC), electric heaters or burning fusl (gither hydrogen, ammmonia or methanol). Incase of hydrogen lossas.
of tpdrogen used a5 fusl, the energy considered is the energy necessary for the fuel production (e, 180 MJ%kg
Ha, considering a 50 kWh{ kg Hz electrolyser efficiency| and rnot the heating value of the fuel (e 120 Mikg Hzl
as In this study hydrogen is produced via water elecirodysis. A similar approach s used for other Fuels. This
approach increases the total amount of enengy consumed by the pathway, But it offers 2 more rezlistic estimate
than the one givan simply conssdering the energy requirements for each step in the deliveny chain as owtlined
in section 5.5

Compressed and liguefied hydrogen are the least energy demanding distribution options i both Case A and
Case B, whils methanol is the most energy demandmg pathway due to the Deect Air Capture of £0; This has
been added under the cost category “Carmer”, as the C0; is needed to produce methanol

Anatysis of enengy demand for Case A shows that, for liguefied hydrogen, more than &0% of its energy demand
is related to the lguefaction process (e packing) For MH: and LOHC, energy demand concentrates in (e
unpacking process [zround 75% in the case of MWH: and LOHLY The packing process for 4H: & also energy
demandinig, unlike fos LOHC

0n the confrary, energy demand in the case of CGH: s cominated by transpart energy requirernents, partiouiarly
For CHe delivered by ship imose than 7086 of energy demand related to transport). For CoHa delivered through
pipelines, tramsport energy represants around 5% of the energy reguirements, howewsr, the energy demand of
the compressor at the beginning of the pipelire has been considered as paching If this compressor was also
conssdered & part of the trarsport. then eneray related o transport will represent almost the 80% of the
enargy demand for this pathway

Energy demand for chemical carriers delivered through pipelires is not regresented In Figure 12, Anabysis
showed that energy requirements are guate similar to the ones of their respective chermical carrier delivered by
ship. This can De explained as energy demand For these pathways is also doménated by the packingiunpacking
step, therefore the energy demand related to transgort (the only step in which pipeline and ship may differ) s
only a small fraction of the total.

CGH: pipeline energy demand, on the other hand, is significantly lower (S5 M1/ Ho) than CGH; by ship (24.4
M kO Hal, due to lower ocompression requirements and the higher transport efficiency of pepedine compared 10
CGHzship.

Another achvantage of pipstines {sxcept LOHL) when compared to ship transport 1s that pipelmes do not niesd to
perform & retum trp (as ships dol from the delwery location to the hydrogen production site, a5 these sites ars
permanently connected through the pipeline Other energy advaniage of transport through pipetine is that
energy s ondy usad to move the fluid (either fpdrogen or chenmical carrier), while in the case of delivery by ship
ENErgY 15 mecessary (o niove both the flud and the ship

Case o bnngs an addibional 500 km delisery distance, m addition o a more distnibuted metwork, when conipared
o wase A Despite the extra amount of energy demand from the trainctrock distribution leg, fransport energy
dernand still represents a small fraction of the energy demand of mydrogen delivery except i the case of TGH:
rof the LOHT pathway, the values showed in Migure 13 correspond o the case where unpacking takes place
ak the railport

Packing and unpacking energy requiremeants, per kg of hydrogen, should not change between Case A and Cass
B, as their =fficiency is not dependent on plant sice, 35 mentioned in secton 6.4

However, this is not the case for the LHz pathwiay. The addition of seweral steps for delivery in Case 8 implies a
sigrficant increase in hydrogen iosses and Pydrogen boil -off, due to additional fravelling cistance and transfers
betwesn ransport and storage. The hydrogen losses increase the energy dernand for this pathway as more
hydrogen has to be produced {per kg of hydrogen delwered) but also because they will imply 2 higher energy
demand fizr the packing, as more hydrogen has to be liguefied. Additionally, the higher amount of boil off wall
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also imcur more hydrogen being reliquefied, increasing also the energy demand for packing per kg of hydrogen
deliverad.

Another aspect that justifies a higher energy demand for Case B than for Case A o that the former reguires
that hydrogen is delwered at higher pressure and punty than m Case 4. This is particularly relevant for the
chemical camier pathways, where this additional step requires arcund 10-11 MU/ kg H;. In the case of NH,,
energy demand for the final compression and purification of the widrogen delivered is included in the unpacking
ENErgy, as the amenoada cracking plants conssdered already Included the purificatson. and compression system

Figure 12 Enengy demand per kg of hydrogen delivered (Case A

Energy demand (Case A)
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Figure 13 Energy damand pes kg of tydaomen selivesed (Casa 5]

Ermergy demand (Case B)
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in order to put the values of energy demand for each pathway into context, they are compared in Table 14
against the energy necessary to produce 1 kg of hydrogen (180 MAkg H;, considering a 50 KWh' kg H:
electrolyser efficiency, Whereas in Case A delivery of 1 kg of hydrogen through CGH; pipelings only reguires
306 rore energy, delivery of 1 kg of mydrogen through the MeQH pathway needs a similar anmunt of ensrgy
[H5%) a5 necessary for its production. values for Case B show that, after lydrogen produchion, at least an
additional 200 of energy will be necessary for its delivery. Moreover, for some pathways the energy demand
for delwary is more than half the energy demand for production (e.g. MHsh or almost egual (1e. MeGH]L in Table
14 it can be also be observed that moving to more distributed delrvery networks has a higher impact in C5H;
and LH; pathways energy demand (Between S0% and 100% increase compared to Case A) than for chemacal
carniers (5-15 % ncreasel, Howewer, the better perfermance of chemical camiers in terms of transpoet is still
ot sufficient to compensate for the high energy demand of packing and unpacking processes

Table 14 Delivery energy demand vs Hydmpgen proguctian energy demand Sounce. JAC analyss

Etﬁtl# ﬁlh fmhﬁaﬁ
'Wﬁm
Pathiway Casa A Case B
LGH; 014 021
LHz 016 034
Mt 053 58
elH RS 09l
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LORC [electnoityiwaste heat) | 0.32 0=

LOHC ihydrogen) 0.75 DAz

CGH, Ipipeling] 0% A

Energy reqguirements will incresse with detrvery distance, but not all the energy needs related to hydrogen
dedivery are distance dependent. While energy demand for transport will depend on delivery distance, energy
requirements related 1o packing/unpacking plants or storage will remain the same, independent of the delivery
distance. Mevertheless, m the case of the LH: pathway, liguefacton energy requirements will increase with
distance, as mare fydrogen will be lost due to bodl-off [see Sectiom 552 3] Average energy requirerments per
delivery distance (inchuding returr trigk and per kg of hydrogen delivered for tramsport by ship considered in this
sty {for Case Al can be seen in Table 15, where transport energy requirements for CoH; pipelines (e
comprassion work) are also included

in Figure 14, energy reguiraments against distance are plotted. Despite lower transport enengy reguerements,
chemical carriers perform worse, From energy point of view, than LH; and CGH: {pipeline) for any distance
considered due to their very Rilgh energy reeds for packingiunpacking. CGH: deliverad by ship & the opposite
case to chemical carreers, with very low packingiunpacking energy requirements but high transport energy
needs, due to its low density, becoming the mast emergy demanding pathway for very lomg distances, together
with LOHC pathway [unpacking with hydrogen)

Table 15 Average transport enargy demand {Case &) Sounce: IR anatyss

Path Trarsran
“derrand kkg
He-lm)

CioH; 712

LHz 141

HH, 063

#MelH 164

LOHC lelectnicitytwaste heat) | OGBS

LOGHC hydeogen) 138

CGH; tipeline) 1
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Figure 14 Energy demand against delivery distance.
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6.4 Cost vs delivery rate

Thie influence of the delvvery rate (tonnes of H; per year) on the costs of hydrogen delivery can be obssnved
when comparng both cases However, the additional complexity of Case B does not sllow for a direct
comparison ofF this aspect

Delivery rate nfluence has been analyzed in the partioular case of comgeessed hydrogen papelines. Considering
delivery distances compatible with Case & (e 2 500 kml, the delivery costs per undt of hwdrogen (kQ) in thres
different annual delivery rate scenarios has been caloulated. Resulls are shown in Figure 1% In the pathway
analyzed, a ter-fold increase on hydragen delivery rate (ie. from 0.1 Mtiyvear bo 1 Mt/year) reduces the delivery
costs of 2 undt of hwdrogen by around 275 However, it is expected that for delivery rates highes than the ones
analyzed here, the cost of delivery per unit of mpdrogen woudd only reduce marginally.

Far the detivery rate rangs considered, pipelines are the ondy delivery pathway where economées of scale are
applied for the whole delivery rate range considered, therefore, pipelines show a bigger variation n delivery
costs a5 function of the detivery rate than any other pathway. For e rest of the pathways, economies of scale
are applied up to certain size and from there 2 Liner approach is taken (sae Section 3] This implies that delivery
costs are less dependent on delivery rate, for the ramge considered

Costs were calculated bassd on the two elecincity prices scenanos (*HI® and “Lo7, Cost differences Detween
w0 energy price scenarios observed in Figure 15 do not show a dependence on delivery rate This difference
is aroumd 008 EURkg H: in each delivery rate scenario

This can be explairned considenng Two aspects: 1) pathway energy demand (e costs affected Dy electocity
pricg} is defined by the energy demand of the eguapment comprising the pathway, 2] eguipment efficency leg
kU{kg Hal comsidersd in this pathaay (e compressed hydrogen pepstines| is independent of eguipment size. ‘for
21, energy demand per hydrogen unit will remain constant in-avwy Gelivery rale scenario, the energy Costs
differance should remain constant between energy price scenards. This applies o any other pathway where
the efficiency of the equiprment does not depend on equipment size

=F.
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A5 an additional observation, due to the lack of dependence on delivery rate, the impact of energy prices on
delivery costs is proportionally higher the lower the total cost e, for large delivery rates,

Figure 15 Hydrogen dellvery costs (through com_ressed hydiogen pipelines) as  lunction of  nouzl iydrogen delivesed
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6.5 Cost vs distance

Figure 16 and .'igure 17 show the evolution of twdrogen delivery costs with distance, up to 25 000 km for
delivery rates equivabent to those of Case & fie 1 Mt Hz per year)

For low electricity prices {see Figure 18, hydrogen pipelines are the dheapest oplon up to around & 500 km,
after which LH; becomes the more economic opbon From around 10 000k LOHE Decomes the most cost

competitive. For very long distances (above 15 000 kml, chemical carers {ammonia and LOHC) perform Dether
than LHz, mainly dus to the issue of boil-off Should papelines not be available, shipping of compressed hydragsn

is cheapest up 1o 3 000 ki
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Figure 16 Hydrogen detivery costs plotted against distance for 1ML Hadvear and Lo alectricity price
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In the case of high electricity prces, CGH; pepelines also appear as the most economic opbion up to 7 500 km,
where it i outperformed by LH, IF CGHz pipelines is not a feasible option, delivery of hydrogen in CGH; ships is
the cheapest option up to 4 000 km, and from there LH;, as it can be seen in Figure 17 Chemical camiers do
not show Up &5 an inkeresting option m this scenano, this can be mainby explasmed by the fact that chemacal
carmiers are more influenced by hegh electrioty prices tham igusd hydrogen. t has to be recalled that bguefaction
of Feydrogen takes place at production site with lower electricity prices than detiveny site, where dhemical carriers
as MHz amd LOHC afe processed

Thie MelH pathway s the most expensive amongst the chemical carriers, for any electncity price scenario and
distance considersd  Its low transport costs are not emough fo compensate the high costs felated to its
packingiunpacking and the CO; DAC necessary for the MedH symthesis, 2ven in the case of very long delivery
distances.

In order bo optimize delivery costs, the LOHC shaps' capacity 1s modified with delivery distance, this expdains the
sudden changes observed in the LOHC trend (around 5 000 kmy. For other pathways this approach was not
applied since the authars of this study considered that the use of bigger shaps for those pathways would not
be realistic
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Figure 17 Hydrogen detivery costs plotted against distance for for 1 Mt Hy/vear and high electricity grics
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Preliminary results of this study have been published im a policy brief (3] Since then, the authars have refined
the model and made several changes to the assumpbons.

The following changes have been made o the assumptions, compared to [3}

® [CAPEX for the processing plants has increased, as the costs are assumed 1o scale linearly from a
specific capacity crwards. This teads to higher costs for ligeefactions plants. LOHC is mamly GPEX
driven, and therefore less affectsd by this change m assumplions

& The delivery dhiain has become more complex, including additioral steps of comprassion and storage,
to better reflect a probable scenanc

»  The costs For compressors have been reduced. lesding to lower costs for H: pipelines.
#  The costs For CGH; ships have been increased.

*  The amount of LOHC assumed to be needed for long distance shipping has been increased significantly
Thie size of the ships is increased from a Suszmay capacity to VLCC from 5 000 km conwards

Whereas the overall outcome of the study remains largely the same, there are some impartant differences, the
mgin one being that the costs of all the shipgeng options has increased considerably. This can be partially
atfributed 1o the fact that the scaling Factor for CAPEX has been set to linear from 100 000 thyear plant capacity
The authors do not beligve that in the timeframe considered (2030+], large single plants for packing/unpacking
would be buidt For a future hydrogen econamy, this assumphbion could be revisited The comparison of the
outcomes revesls the role of basic assumptons on CAPEX and OFEX on the ranking of hydrogen delivery options

a5



6.6 Comparison to other stucies

A karge number of studies heve been pubtished om the topics of ydrogen delivery. These studies have attempted
b sdentify the lowest Cost transport sodution for Vanous wse cases Comparnsons between the different options
have also been made considering energy demand and msome cases GHG emissions. & full iterature review is
outside the scope of this work, howewer, the differences bebween our resutts and those of a few selected recent
studies are brigfly summnarised in literature, the “best” aotion (in terms of economics) was identifed as either
LHz [255] WH2 121} (256] or LOHC [257] The various outcomes can partially be explained by differences in the
scenarios used, for example the amount of hydrogen transported, and the distance considered Also the
assumptions for costs and energy demand of the many technologies involved diverge widely it s therefore not
possitle to compare the results directly

In recent work by 1shimoio et al., the options of LH,, MHs and pipeline transport have been compared [255] The
energy demand, GHG emissions, and costs For transport of hydrogen from Morway to either Rotterdam or Tokyo
have been defived. The amount of hydrgen to be transparted compares to our Case B with 128 Q00— 157 000
b Hz'year The outcome of the study revealed that the LH; option for transpost to Rotterdam was more cost
effective than the WH: pathiway, which is n line with our findings. Also, considering Seliveny to Tokyo, LH: has
either similar of iower oosts than the NHy pathway, depending on Conservative of optimistic assumplions
regarding LH; processing and handling costs. The LH: transport to Rotterdam costs EUR 227, for a trarsport
distance of 2 535 km, whidh is far higher than we have fourd (see Figure 7 This difference can, at least in
part, be atimbuted to the much higher LH; infrastructure costs assumed in the Ishimoto et al study

The IEA Future of Hydrogen report also compares various hwdrogen delivery pathways 11771 and [2538] namety
CGHz LOHC ard MYz For some of the cost caloulations, the IEA studies are based on today’s costs, rather than
on potential future costs as is the case for our study, a difference which is particutarly relevant for low TRL
technologies. For pipeling costs, CGH; and MH: options were compared with figufes provided wp to 3 000 km
The cost For hpdrogen distribution by piosline was given as USD Z [/ kg Hy for-a dstance of 3 000 km, which is
Far higher than the costs assumed in our study (< EUR Lk H;, see Figure 8) NHz Costs for the same distance
are gbout LISE L 2kg H; {compared to EUR 15 - 2.5/kg Hzl. It is not passibie to fully understand thes discrepancy
based on the assumplions given in the TEA study, but as the cosis for the pipeline itself are similar, the
differences would have o be attributed to the compression step Both CAPEX ard OPEX fof compressors are
likely to be much higher in the TEA study 0 our study these have been optimised for the amount of hydrogen
or ammonia to b= trarsported. Compression needs hiave been calculated bottom up based on pipeline diametear
and the pressure drog. There are also mapar differences in the costs for shupping of LH;, whets i our study the
costs are considerably bower. 1T should be noted that in the IEA report, the costs for shepping include the oosts
for liquefaction, whereas for the LOHC and MH: pathways, the costs for gehydrogenation/cracking are not
inchuded, The costs for the transport part iself would be around LSO 04 [ kg Hz For 3 000 km, compared [0
ELIR 0.34-037 / kg Hz for 2 300 km i this sbudy, The overall difference = partially due o the boil-off rate
considered (022900 in the IEA report vs .15 in the present studyl. For hydeosgen conversion, the costs provided
in the IEA report are hugher for all three options [177] For LH;, this is bkely to be attributable to the electricity
costs, as other assumptions are similar. Otheraise the |EA study 1s based on today's costs rather than futurs
costs of the techmnodogies, as already mentioned, which leads T higher costs for conversion technologies,

In “A Nosth Africa — Europe Hydrogen Manifesto™, Ad vam Wijk et al. made the case for the lange scale import of
hydrogen to Eusope [16] In this wision, a 1 000 W papeline connection between Europe and Morth africa would
be installed by 2050, also converting existing natural gas pipelines. & report by the Hydrogen Impoet Coakition
has found that large scale green hydrogen impoarts to Belgum s technically Feasible and cost-effective [19]
Hydrogen is s=enm as playing a crucial role o enable carbon neutrality, for end-users swch as shipping and
aviation, and as a feedstock for industnal clusters. Several import [ocations were assessed, ranging From
Australia to the North Sea. The study considered several cases, with the use case for impottation fromn Morocoo
being maost similar to our study, The findings show that for the time hovizaon of 2030-2055, the lowest cost
options are MHs 2nd MelH, with an overall cost of around EUR 2 25/kg H,, with a hydrogen cost of around EUR
1.2 ! kg Hz The delivery options LH; and LOHC are more costly at sbout EUR 27 / kg Ha. Also ydrogen delfvered
by pipeline & found to De more expensive than the detivery as NHz or MeOH, a marked difference Do the outooms
of our study This could possibly be attributed to the assurmed compression costs, or for the unpacking costs for
MH= and MelH
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& study by Hank et al assessed five different hydrogen delivery pathways (LHz LOHE, methanol, methans,
ammonial as to their energy efficiency and costs, for 3 case sbudy considering the trarsport of 42 500 Halvear
From Morocco to morthem Eurgpe [21] LH; and WHz are the most economic oplions, with delivery costs around
170 EUR | kg H:. The main difference to the results of our study is the much lower cost assumed for MH., which
comes out &5 the lowest cost option for shipping, for all distances. Among the outoomes was that LOHC has the
highest averall cost amdng those studied, which can be attribisted to the high purchasing costs for OBT &
similar amount of 08T was assumed o be necessary as for our Case B, which, however, in our study is used o
transport more than double the amount of bydrogen to be delivered as in the Hank study. Oue to the high costs
for 0BT, we assume that the legistics of this pathway would be optimised as far 25 possdle, and that the
amount of 8T meeded cam be reduced

Laah et-al [I75] compared various liquid hwdrogen cafriers, LHz and two types of LOHC, for transport of
hydrogen from Australia o Japan, The total delivery costs range are in line with the gutcomes of this stedy,
apart from the fact that the costs for the LOHC pathways in the study by Raab et al hawve lower costs thamn the
LH: option. They assume that the dehydrogenation costs are far fower, as LMG 15 wsed to prowvide the heat,
whereas in our siedy either electricity or hydrogen is used. This choice was made [0 minimise the C0; footprint
of hydrogen trarsport

In 2021, IREMA published the study “Grean Hydrogen Supply” 12591 wiich comipared several byydrogen transport
ophions over distance, sl with higher costs than in the JRC study. IREMNA published 2 mare detailed assessment
of hwdrogen delivery ogtions in 2022 [256] in this report 3 cost Compatison is made for ammonda, LHa, LOHC
and hydrogen pipelines. Mhe IRENA study found that, apart from pipelines, ammonia shapoing is the most cost
effectrve option, with costs being 7-23% lower than that of the other alternatives. Ammonia cracking s said to
contribute around 30-40% of the total cost In the JRC study, the costs for ammonda cracking are much higher,
at 72-750 of the cost which helps explan the different outcomes (Figure 24 and Figure 25; Since our
assessment uses hydrogen and ammaonaa as a source of heat for cracking ammaonia this significantly increases
the final casts far ammonia as a carner. The costs for LH: ships 2re 8 major cost companant in the IREMA stody,
but not in the JRC study, where the cost for this option is domdnated by the hguesfaction plant and energy
dernand, at close 10 70% (see Figure 20 and Figure 2L, For LOAC the IREMS study found that the costs for
purchiasing the carmer matenal can be considerable, and similar ta the cost of the ships. In the JRC study, the
cost of the DBT = almost twece that of the ships, and constitutes 12%, of the total costs (see Figure 28 and
Figure 27). A similar analysis of transport cost as a function of distance s shown in the IRENA study (Fig, 6.7,
compare to Figure 17 in the JRC study). Mew pipelines are shown to be the most economic option (except for
repurpased pipelime, which are cheaper} up to a distance of 3000 km, following which ammonia shipping
becomes the most economic option. Companng the two figures, the costs are generally much lower in the IREMA
sty {the assumed volumes of fdrogen o be transported were Righer at 1.5 Mt Hafvear), in particular the
costs of Amenonia For packing and unpacking

Thie Levelised Cost of Hydrogen for hydrogen delivered to HES was caloulated as part of a study by the ASSET
(Advanced System Studies for Energy Transition] project, which is prowiding studies to support EU policy making
This work aimed at ientifying investment opportunities for the hydrogen value chain, and the report fooked

into the different cost components of wdrogen delivery. For the 0w cost case, the transmission, distriteition
and storage cost components amounted o around EUR 0.5/kg H;, For pipeline distniution over 8J0 km, which
is rowghly im Line with the results of this study

Rolard Berger [260] recently published a stwdy comparirg hydrogen transport options, Lo HT ammonia and LHz
Similar to the findings of this study, the report concludes that there s not one single, best solution for al] use
rases Four scenarios were assessed, referred to as archetypes  One of thess was a simple harbour to harbour
delivery, as in our Case A but with & distance of 12 000 km one way and & volume of fydrogen of 73000
tyear. Another archetype was a multimodal delivery as for our Case d, but also includng mland shapping, for a
vidume of 7300 thyear The studies are therefore not directly comparable, also as the Roland Berger report
does not prowvide any detzils on the assumptions. The most cost effective option For the harbour to harbour
case is LOHC, with delwery costs ranging from L& - 12 EUR/kg H; transported for the 2035 scenaro
Considering the lower volume transported, the figures could e considered roughly in line with those found in
our study, with the exception of ammonia For LH;, the main differences are likely 10 be the assumed costs for
conversion and shipping
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In summary, the mamy assumations and their inherent uncertainty) that have to be made for the calculation
of the cost of hydrogen delivery can help explain the differences in the outcomes of the vanous studies The
list above is by no means exhaustive, and only serves to ilustrate this fact ndeed even two pathways based
on the same carrier will likely obtain different results depending on the assumgphions made on wolumes
transported and distances considered and in particudar regarding the technological paramsters and energy
sources used for the transport value chain Reducing the uncertainty of the assumgtions is therefore a key
objective for further ressarch, see also Section 8.3
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7 Conclusions

This report presents the analysis of cost and energy reguirements of hydrogen delivery in EU-compatible
scanarios. It considers two delivery cases, Czse A and Case B, and two electnoity price scemanos Cass &
represents a simple point to point delivery scenario {with a delivery rate of 1 Mt H; per year), whereas Case B
is & more complex distribution patvway {with a delivery rate of 100 KL HZ per vear), This study considers several
packaging options for the hydrogen delivery, comprising delivery in its pure form (e, CoH; and LHz) or wsing
hydrogen chemical carmers such as NH., MeCH or LOHC Additionally, for {ase A, two trarsport options {is
shippeng and pipeiines™} have been analysed

From enargy point of view, delvery of compressed mydrogen by pipeline is the most interasting option by far It
combines a very low snergy demand for packing with relatively low ensrgy requiresmenits for the tramsport CGH;
delivered by ship is also identified a5 & delvery option with low energy demand, althowgh it has the highest
transport energy demiand, its energy needs Tor packing are very low, LHz also offers good energy performance,
particularly for Case &, Howewer, in more distributed networks 1e Case B), hydrogen losses become a relevant
source of ensrgy demand, worsening the performance of this option.

For chemmical carners, having low energy demand related to ther transport s mot enough to compensate for the
high energy requiremients for their respective packing andior unpacking processes. This is the case in partiouar
for MedH, due to the high energy consumption of the DAC recessary to supply the CO: for its synthesis, For
this patheay (Me0H) it hias been concludsd that energy for hydrogen delivery is similar to the enengy need for
hydrogen production. This contrasts with CGH; by pipetine, where energy for delivery is equivalent to only 3 %
of the energy mecessany for bydrogen production

Regarding delivery costs, for the cases and scenarios considered, hydrogen defliveny m its pure foem (e, CGH;
and LH) are identified as the most competitive delivery options. This is maindy due 1o the lower complexity of
the delivery chain, not invalving chenmical transformations. For Case A, CGH: deliveraed through pipeline is the
miost cost effective option, followsd by LGH; delivered by ship and LHz Howewer, under certain conditions (waste
heat as energy source and low electricty prces) LOHC become a very interesting option, only cutperformed by
CGH; delnverad theough pipeline

Case A also served to understand the economic advantage of importng hydrogen from places with |ower
renewable energy costs/prces, with a partscular foous on the mternal EL hydrogen market Fromm the results of
the anabhysis it can be concluded that, for distances of @ 500 km between hydrogen production and hydrogen
dermand locations (compatible with- & potential intermat EU hydrogen matket), imports of hwdeosgen can
economically be competitive if the renswabide electricity generation cost differences are above EUR 20/MWh,
considering the boundary conditions for this scenario (low electricity pricet.

‘When referning to Case B, LH; 5 the most competibve pathway, as a more distributed delvery metwork has
higher impact on transport cost For the CGH; than for the LH: pathway, Cost differences between the most cost
competitive ogtions (LHz and CGHzb and chemical carmers are smaller in Case B than in Case A, as more transport
is necessary (which benefits higher density carriers), however, the requiremsnts in terms of purity and pressure
defimed for Case B plays against their cast competiiveness

Electricity prices influence the finasl delvery costs, particularly in the case of chemial carner pathways, which
are fdghly influenced by electricity price variability, Unpacking dhemical casriers accounts for a significant share
of their total cost, mostly due to the processes’ high thermal energy demand and the Fact that unpacking plants
are likely to be placed in locations with a relatvaly high electricity price. The fact that for these options the
highest energy demand is during the defwydrogenation process, 12 at the customer site, s a disadvantaos
compared by the CGH; or LH; delivery options. In our assumptions, electricity in unpacking sites will hawe higher
costs &5 well as a higher GHG footprint than the electricity at the mydrogen production site. Optimization of
unpacking processes has a key role to play in increasmg the comgpetitiveness of the chemical carrier pathways
It should be noted that, in this study, thermal energy required for the unpacking process was not considered o
derive from fossil fusls and this significantly inpacts the overall unpacking costs for chemical carders.

= Bipeline transport was rof coraidened for LH:

=]


https://op.europa.eu/flexpaper/common/split_document.jsp?doc=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1.en.PDF.pdf&userId=&systemId=Portal2012&documentId=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1&documentTitle=Assessment+of+hydrogen+delivery+options&documentPublishingDate=&localeDirectory=%2Fflexpaper%2Flocale%2F&localeChain=en_US&fitWidth=true&documentLanguage=en&share=

From-the outcome of this study, chemical carrers do not seem to be an attractive option for fpdrogen deliveny,
exceph in the case of LOHC using waste heat as energy source However, it could be argued that for longer
delivery distances they could perform Detler than 0GHz and LH;, as their transport requarements in terms of
cost and energy are smaller For that reason, anafysis of the influence of distance delivery on cost and energy
requirements have been also assessed The analysis showed that chemical carriers could be the most
competitive option for distances abowe LO GO0 km, and im a low electricty price scenana For high electricity
price scenaria, however, no chemical carrier seems to be able to compete agairst LH;, no matter the distance
consdered

Influence of delivery rate on final delivery costs {ie. economies of scale) was also analysed in this study, but
only for CGH; papeline defivery. For this pathway, a ten-fold mcrease on hydrooen delivery rate (e from 0.1
Mtfyear to 1 Mtiyear] reduces the delivery costs of a unit of hydrogen by around 273 Howewer, it is expected
that for delivery rates higher than the ones analysad here, the cost of gelivery per unit of hwdrogen would only
reduce marginally, in particular for other pathways where economies of scale are applied up 1o a feasible or
realistic size and from there on, a Enear approach is wsed,

It has to be remarked that the conclussons from this study showld not be extrapolated to other scenanos In
general It seems that there is no single optimal hydrogen delivery solubion across every ransport scenario. The
most cost effective way b deliver renswable hydrogen depends on distance, amount, final use, and whether
there is infrastnecture already available. Final user requiremneants in terms of hydrogen purity and prassura can
hawve a significant cost contnbution. Therefore, a2 combination of these aspects could result on a different
oubcome 1o the one obtained in this study. Mevertheless, results from this study suggest that £GH; pipeling, if

available, will the most competitive pdrogen delivery option For any scenario Considered, particularly if
repurpasing of pipelmes is possible.

Thie authors would like to remark that the values obtamed dunrg the analysis have 2 level of uncertainty, as
the scale of deployment considered is beyond any existing infrastructure. Moreover, some of the technologies
considered in this study are stll in early stage of development. Unforfunately, this is a comenon issue Tor anmy
sty analysing the delivery of hydrogen at big scals
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8 Polic, considerations and . eco.nmendations

3.1 Poilcy considerations

with renewable hydrogen production costs of EUR 1 5-EUR 3.5 tkgH;, the contribution of hydrogen delivery costs
to the final lydrogen price is not megligible However, delivery costs may be low enowgh to facilitste the
competitiveress of [arge imports of renewabie hydrogen From cheaper peoduction locations, particudarly for a
singie paint-to-paint delivery mute. 4s outlined in Figure 11, for a network of distiiuted Fydrogen consumers,
the cost of hydrogen delivery can possily represent the highest share of the total hydrogen cost at the demand
site. For this use case, even with mited renewable energy rescurces and conssguently higher electnicity prices,
on-site hydmogen production may be more competitive than imported hydrogen. However, it has [o be recailed
that the analyss presented here did mot consider the aelivery of hydrmogen by a capillary network of pipelines
for this scemarna (Case B). Thes option could become the most swtable option in a lighly distributed scenario™
One of the main challenges for the detivery of large amounts of renewable hydrogen is the cwurrent lack of
infrastructure (e.q. liquefaction plants, ammonia cracking or LOHC dehydrogenation solutions), both in terms of
number of facilities and the lack of technically proven large-scale size designs. This challengs pecomes more
relevant when considenng the amounts of renewable hydrogen the EU will demand in the coming years, as
outlined m the European Hydrogen Strategy [2] and the RePowerEU plan[i]

Aqgressive and cost-effective implementation of the EU Hydrogen Strategy and the RePowerEL) plan warrants
improved understanding of the costs of renewable hydrogen. In addition to the dalivery aspects covered in this
report, mare studies are needed to accurately compare actual hydrogen production costs . the EU against the
costs in places with better renewable resources (eg. Chile, Australia or Westem Afnical More clanty is also
essential on the actual future demand for renewable fydrogen and renewable bwdrogen-derived dhemicals in
the EL, and how much of that demand could be covered with fydrogen produced in the EU at a competitive
price. The large scale import of green chemicals could have a sigraficant impact on the European chemical and
fFertilisers. industry

An established Large-scale hydrogen delivery chaln woudd emif much greenhouse gases i fossil Fuels are used
to Fdfil its energy reeds. Therefore the definition; certification and labetling of renewable rydeogen should not
only consider its production, but also the full delivery chain

8.2 Future work

A study on the enwironmental impact assessment of hydrogen delivery oplions is underway. This work is
performined under the Framework Contact the JRC has with the FCH 2 JU, and the repart will be pubdished by the
end of 2022

8.3 Recommendations

There are several technodogical challenges o be meeecome to engole competitive delhery of lange amounts of
hdrogen over long dstances

. Significant techmical improvements over the cumemt state of the art are necessary for the
technalzgies mvoleed in the fydrogen delvery chain Lowering as much as possible the erergy
demand For packagingunpacking technologies is a key issue, Support will be needed from the
public sector, as there (s still & fack of clear business cases for green hydrogen, and ndustey IS
probably not able to bear the fsll cost of the consaderable HeeD) and infrastructure effort

** This pCa0n was ok Corshy 180 NS Study, 55 5000 3 network  ubd noL e fuipos Dol Tor sua0n ow wolum s and mor20..8; oh Genging
1o im, ement Sddbionall |, 8 distribotes reteook woodd ks b= bsed o rEpumosing of pipsiines in our opioion
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Further research ard development should be supported on key issues such as improving the energy
demand  for liquefaction, enabling trarsport of bulk LHp, lowering the debndrogenation
temperature for LOHC and reducing cost and energy demand for ammonia cracking. Thes work
should be complemented by techno-economic studies, o reduce the uncertzinties in the
assumnptions For costs and ensrgy demand of packing/unpacking plants

Upscaling of several orders of magnitude also present a chaltenae for the mdustries involved, as
the technologies still need to be validated at the scale required by the RePower EL Flan. De-risking
this inwesiment through EIB loans, or additional co-funding on-top of schemes such as IPCElor EU
structural funds may be needed 1o reach the required scale

A5 3 first step, studies are nesoed to investigating the technical limits for scaling up, as it is not
clear yet what the maximum upper lsmit for capacities of conwersion plants, compressors oF ships
i5. This work could be carned out by consortia composed of research centres and industry partners,
and possibly supported by the Clean Hydrogen Partnership or national funding schemes. A
technical assessment of eptimisation margins for the technologies involved in hydrogen delivery
wiould be wsefud, which could be addressed in & simitar manner as the up-scaling sthudies

The possibility of flesble operation of conversion/packaging plants i order fo profit from
favourable low electricity prices should be mwestigated, in order to being cown costs. Ths can also
help to lower the esvisonmental impact, as renewable electricty is lkely W have the lowest
enviranmental impact in parzllel visble large-scale electnoity and/or hydrogen storage solustions
will have to be pursued in order to guarantes the smooth operation of comversion plants.

Since a major cost component for fpdrogen transpart theough pipelines is the construction oost of
new infrastructure, actions aimed at clearly understanding the techno-economic potential for
repurposing natural gas pipetines should be supporied  There are efforts underamy at industny
level, often fumded throwgh nationzl schemes The Clean Hydrogen Partnership has issued a call
topic in the AWP 2022 [251] which will hetp address challenges at makerialsscomponent level, if a
project i funded. o work B peeded though on grid operation and other relevant aspects in
order to guarantee a szfe conversion of existing infrastructure for the ansport of hydrogen. The
JRC is planming o conduwct experiments on the compatibility of ppeline matenals with hydrogen in
its high pressure gas testing Facility [252]

Research on the patential hazand for the sockety and the enviremement 129 Tosicity, flarmmakility]
of hydrogen packagmg solutions is needed due to their presence m new settings. This research
should lead fo the developrment of adequate technological solutions and the elaboration of safety
requlations.

Modelling of the cost and availability of renewable energy in different geographical locations
{within and outside burope) is of paramownt importance for understandang the econommic feasibility
of hydrogen transport over long distances. JRC has publshed a report on the asssssment of the
extent the currently carbon-intensive hydrgen production in Europe could be replaced by water
electrolysis using electricity from RES [263], this work should be expanded o a global level A
study on storage needs for wanous scenanos, linked to the wariability of RES, would alsa be ussful
Thits acton will hawe also clear implications interms of energy diplomacy

A well-developed toal such as the Carbon —order Adjustrment. Machanism is Necessary m arder g
assess the actual carbon foctprint of imported hydrogen carrers. The full transport value chain
should be included, If accurate conclusions are to be drawn
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Annex 1 - additional graphs
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Figure 19 Datsiled cost breakdown for compressad hydrogen dalivesy, high electnoity cost scenana
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Figure 20 Detzded cost breakdown for bauis hydrogen detivery, kow electdcity cast scenzr.
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Figure 21 Detzded cost breakoown for bou o hydrogen dedi.ery, Righ ety ciy 0ost e dng
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Figure 22 Detzded cost breakdown for cherecal caries: «oathanol delivesy low elactmoity cost scenark.
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Figure 23 Detzded cost breakdows. oor cnemcal ca rier metnanol gelivesy, Righ wecricity oost scenak
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Flgure 24 Detailed cost beaasdoran fod chemical caerer ammonia dallvery, low Slectrcity Cost stenario
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Figure 25 Detzded cost breakdown for chermical carries: ammani_ delivery, high electacity oast scerzn
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Figure 26 Detzbed cost breakdown for chemical caries: LOHC delivery, 0w elactiicity cost stenarin
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Figure 27 Jetailed cost bes tkedcan for chamical cars er: LOHw delivery, hagh gaacts =ty 05t soend o wefiyd: sgeo2tan with
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Annex 2 — Tables with assumptions

Table 16 Hydrogen production assumptions

Hydrogen Production

Technology KPI Unit Case A Case B Metho
PEM Total CAPEX EURKW | 500 500
Electrolyser
Annual OPEX G 4 4 Own
SOLINCE
(0&M cost plus
1 stack
replacement)
Efficiency kWhikg 52 52
H:
Lifetime YEars 20 20 Own 2
Alkaline Total CAPEX EUR/KW | 400 400
Electrolyser
Annual OPEX % 6.3% 6.3% Own
SOLINCE
Efficiency kWhikg 49 49
H.
Lifetime years 20 20 Own 2

1(



Hydrogen Production

Technology KPI Unit Case A Case B Metho
Underground | Lifetime years 40 40 Own 2
H. storage '
Storage t Hz 8 200 g 20-1200 | Own a
capacity : 2 000
Operating MPa 7 7 Own a
pressure
CAPEX™® MELIR 170 - 250 -17 - 25 Calcul
Annual OPEX kEUR 180 - 200 100-110 Calcul
H: Total installed | t Hah 115 - 160 12-16 Own 2
Compressor capacity
Total CAPEX MELIR 170 - 250 17 -25 Calcul
inform
Annual OPEX KEUR 1900 200 - 280 Calcul
2700 inforrr
Lifetime years 20 20 Own 2

* The higher capacity is needed for Ammonia and Methan 3l pathways, and LOHC in case hydrogen is used
** Does net include compressars

1(
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Pressure

input [ output

MPa

319

3f9

Own a
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Table 17 Compressed Hydrogen Assumptions

Compressed Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
[ Container)
H: Installed tHz/h 425 130/ 25
Compressor capacity
Total CAPEX MEUR 720 22050 Calcul
infarrm
Annual OPEX kEUR 7 500 2300/ 540 | Calcul
inform
Lifetime YEars 20 20 Own 3
CGH; ship Capacity ship t H: 1370 1370 /
3 000
Storage MPa 23 25 (50 Based
pressure
CAPEX ship MEUR 217 217 1 4B Based
Speed ship krm/h 26 26/ 30 From
Annual OFEX MEUR 2.8 28735 Calcul

1(



Compressed Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
| Container)
Energy M /km 5000 5000 /| Calcul
consumption 7200
Lifetime years 30 30/ 20 Based
CGH, Capacity t He 1.1
contamner
CAPEX MEUR 09 Based
Truck CAPEX trailer KEUR &0
CAPEX truck kEUR 115
Speed truck kmrh 50
Annual  OPEX | EUR/km 06 Calcul
truck
Fuel cost EUR/km 1 Calcul
Train CAPEX  diesel | MEUR 28 Calcul
locomotive

1(



Compressed Hydrogen

Technoloagy KPI Unit Case A Case B (Bulk | Metha
| Container)

CAPEX electric | MEUR 22 Calcul
locomotive
Speed train kmh 50
Annual OPEX | kEUR/trai 980 Calcul
diesel train n
Annual  OPEX | kEUR/trai 430 Combi
electric train n
Energy use | MJ/tkm 0.19 Calcul
(diesel train)
Energy use | Mlitkm 0.07 Calcul

(electric train)

1(



Compressed Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
| Container)
Underground | Lifetime years 40 40 Own =
H: storage
Total storage | tH: 7 100 7 100 /| Own a
capacity 8 800
Operating MPa 10 10 Based
pressure
CAPEX MELUR 130 130/ 160 Calcul
Annual OPEX KEUR 455 455 Calcul
Table 18 Hydrogen pipeline assumptions
Hydrogen Pipelines
Technology KPI Unit Scenario A Scenario B Meth
H: Pipelines | Lifetime years 50 50 Own
Pipeline inches 34 14 Own
diameter

1(



Hydrogen Pipelines

Technology KPI Unit Scenario A Scenario B Meth
Pipeline MPa 7 7 Defir
operating
pressure
Fipeline X42 X42 Own
material hydr
CAPEX MEUR/km | 2.5 1 Calcu
OPEX kEUR/year | 600 540 Calel

Hz Lifetime years 20 20 Cwn

compressor
Flow-rate Nm*h 1 250 000 125000 Base
compressor
station
Pressure MPa 57 3-7 Base
Input/Output
CAPEX MEUR 150 15 Base
compressor
station

1(



Hydrogen Pipelines

Technology KPI Unit Scenario A Scenario B Meth
OPEX kEUR/year | 150 200 Calel
Compressor O 50 50 Qwn
utilisation

Underground | Lifetime years 40 40 Own

H: storage
Storage tH: 27 000 2700 Qwn
capacity
Operating MPa 7 7 Defir
pressure
CAPEX MEUR 553 55 Calc
OPEX kEUR/year | 240 135 Calew

1(



Table 19 Liguid Hydrogen Assumptions

Liguid Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
[ Container)
Liquefaction Installed ktHa /Y 1125 130/110
capacity
Total CAPEX MEUR & 600 755/640 Calcul
Annual OPEX % CAPEX | 3 3 Own 2
Lifetime years 20 20 Own 2

Electricity use®™ | MJikgH: | 21.6 (144) 2161(144) Calcul

LH; storage | Total storage | tH: 34 000 17 300/7 80

tank capacity 0
Total storage | MEUR 565 290/2 100 Calcul
CAPEX infar
Annual OPEX kKEUR 1200 960/42 Calcul

% Energy consumgtions for liguefaction and re-ligu efesdion are presented

1]
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Liquid Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
| Container)

Lifetime YEears 20 20/20 Based
Boil-off rate Uo/day 008 0.08-1/0.2% | From
Boil-off at | % 2.25 225 (25 Calcul
transfer

LH: ship Capacity ship t Hz 8700 4 200/3 300
CAPEX ship MEUR 380 263/25 Calcul
Speed ship km/h . 31/30 From
Annual OPEX MEUR 10 4521 Calcul
Lifetime years 20 20020 Assurr
Boil-off rate Oo/day 0.2 0.2/02 Based

" Range of boil-off rates of the different storage systems used in this pathway

1]
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Liquid Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
| Container)
Flash rate G 25 25 Calcul
LH: container | CAPEX KEUR -(800 Based
container
OPEX container | kEUR -f20 Based
Truck Truck capacity t H; 3.3/3 Based
CAPEX trailer KEUR -i60 From
CAPEX truck kEUR 750/115 From
Speed truck km/h 50
Annual  OPEX | EUR/km 0.8/062 Caleul
truck
Fuel cost EUR/km 0.72/0.59 Caleul
Lifetime years = 20020 Assurr
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Liquid Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
| Container)

LH; train Capacity train |t 74/3 Calcul
wagaon
CAPEX train | kKEUR -(a0%* Calcul
wagon
CAPEX  diesel | MEUR 2523 Calcul
locomotive
CAPEX electric | MEUR 2.1/2 Calcul
locomotive
Speed train km/h 50
Annual OPEX | kEURftrai 4200/1000 Combi
diesel train n

* LH: bulk trasport assumes leasing of wagons at 210 EUR/day. These costs are included in OPEX costs
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Liquid Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
| Container)
Annual  OPEX | kEUR/trai 3700/420 Combi
electric train n
Energy use | MJ/tkm 0.19
(diesel train)
Energy use | MJ/tkm 0.07
{electric train)
Transformati | Pressure output | MPa 52
on at HRS
Energy for | MJ/kg H 22 Estim:
pumping
Flow-rate ka/h 46
Power pump kW 25
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Liquid Hydrogen

Technology KPI Unit Case A Case B (Bulk | Metho
| Container)
CAPEX pump kEUR 130 Based
Lifetime pump | years 10
CAPEX kKEUR a0 Caleul
Evaporator
OPEX % total 5
CAPEX
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Table 20 Methanol assumptions

Methanol
Case A Case B
D'E'Sll;ll"l
MeOH throughput kittMeOH/y 6 B93 689
Pipelines
Velocity mis 18 0.6 Calcul
Lifetime Vears 40 40
External
diameter inches 18 10
Thickness mim 83 46
MeOH Injection
Pipelines pressure MPa 7 7
General
parameters Material cost
iX42) EUR/t-steel | 1 350 1 350
Material cost
percentage of
CAPEX O 200 15.0
CAPEX iIMEUR/km) | O.7 03 See 5.
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OPEX O CAPEX 28 12 See 5.
Compressor
utilisation O 500 500
CAPEX M EUR 654 3492
Capacity tMeOH/d 5 400 2117
MeOH Packing
Annual OPEX | 9 CAPEX 3.0 30
Electricity use | GJ/tMeOH 23 23
Capacity tank | tMeQH 58 000 9 656
Total CAPEX 44 Calcut
tank EUR million | 1486 '
MeOH tank
kEUR/tMeQ Caleul
CAPEX H 0.2 0%
Annual OPEX | o0 of CAPEX | 236 13
Capacity ship | tMeQOH 41 500 9 656 Calcul
MeQH ship Total CAPEX Calcul
ofa alcu
ship EUR million Gl La:1
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kEUR/tMeO

CAPEX H 19 i
Speed ship kmih 296 2956
Annual OPEX | % of CAPEX | B 136 Calcul
MJ/(tonMeld
Fuel use H*km) 0.03 0.03 Calcul
Capacity tMeOH/d 2 467 353
Total CAPEX EUR million | 126.7 34 4
Annual OPEX | % of CAPEX | 3.0 30
Electricity
required MWhitH. 0501 0501
MeOH
Unpacking Fuel
Required™® MWhitH- a8 BB
Water
consumption 2 g g
for steam
refarming kgH0/kgH;
kgH:/kgMe
Ratio QOH 0.142 0142

Calcul

= Assuming a boiler efficiency of 90%.

1]


https://op.europa.eu/flexpaper/common/split_document.jsp?doc=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1.en.PDF.pdf&userId=&systemId=Portal2012&documentId=4e0bfe1d-540d-11ed-92ed-01aa75ed71a1&documentTitle=Assessment+of+hydrogen+delivery+options&documentPublishingDate=&localeDirectory=%2Fflexpaper%2Flocale%2F&localeChain=en_US&fitWidth=true&documentLanguage=en&share=

MeOH train

Lifetime

locomotive/tr

ain YEArs 200

CAPEX Calcul
locomotive MEUR 49-28

OPEX Calcul
locomotive O CAPEX 14-34

Driven hours | Calcul
yr by 2 500

Locomotive Calcul
distarce km [

\r krm'y BY 600

Diesel train

EDHSHI'I‘IIJUDH MJtkm 0.3

Electric train

consumption | MJ/tkm

Total CAPEX kEUR 109

Trailer length | m 15.1

Trailer weight | kg 21 600

Met capacity | kg MeOH &7 200

1]



Table 21 Ammoenia Assumptions

Ammonia
Case A Case B
MNH- Design
Pipelines throughput kthMHz/y 8200 820
Velocity mis 27 09 Calcul
Lifetime Years 400 400
External
diameter inches 18 10
Thickness M B3 46
Injection
MNH= pressure MPa 7 K
Pipelines
general
Material cost | EUR/t-
PATAMETES | neap) steel 1350 1350
Material cost
percentage of
CAPEX %0 200 150
CAPEX (MEUR/km) | O.7 03 Gee 5

¥
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Ammania

Case A Case B
OPEX Oo CAPEX 28 12 Cee 5
Compressor
utilisation %% 50 50
Calcul
CAPEX M ELR 23733 300
_ Installed Own 2
NHs Packing | capacity tNHs/d 24627 2 463
Annual OPEX %o CAPEX 30 30
Electricity use GJ/tNHs 29 29
Capacity tank thNHs 50 000 11 000
Total CAPEX | EUR
tank million 325 8.3
MH- tank
CAPEX KEUR/tNH: | 065 076
% of
Annual OPEX CAPEX 136 116 Calcul
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Ammania

Case A Case B
Capacity ship tNH: 50 000 11 234 Caleul
Total CAPEX | EUR Calcul
ship million L ]
CAPEX KEUR/tNH: | 14 22
MNH- ship
Speed ship krn/h 296 296
O of Calcul
Annual OPEX CAPEX 2 29
I'w-:l.l.fitunHH 005 00S Calcul
Fuel use +"km)
Installed
capacity tNHa/d 24527 24983
MH- ELR
Unpacking Total CAPEX million 30 &2
EUR/(t
CAPEX NHx/d) 447 1011

¥



Ammaonia

Case A Case B
30 3.0
O of
Annual OPEX CAPEX
Heat required MWh/tH-
49 49
Electricity
required MWh/tH:
144 14 4
Fuel Reguired MWhitH:
| kaH:/kghH 0127 0133 Calcul
Ratio 3
x Lifetime
NH; train locomative/train | vears 200

¥



Ammaonia

Case A Case B
Caicul

CAPEX
locomotive MEUR 49-28
OPEX Cal-ul
locomotive %0 CAPEX 14-34
Driven hours | yr | hiy = 2 500 Calcul
Locomotive Caleul
distance km [ yr | km/y 87 600
Diesel train Calcul
consumption M.tk - 03
Total CAPEX KEUR - 1630
Trailer length m - 17.2
Trailer welght kg - 35 000
Met capacity kg MH: - 55120

¥



Table 22 LOHC Assumptions

LOHC®
Case A Case B
CAPEX EUR/kg 15 1.5
DET
Cyclability nr 750 750
LOHC Lifetime years 50 50
Pipelines
Design ktHa/y 1 000 100
throughput
CAPEX (MEUR/km) | D.32 0.09 Cee 5
Compressor %o 50 50
utilisation
LOHC tank Capacity tank t DBT 284 000 30 000 Corres
{2 000
CAPEX tank EUR/t DBT | 264 322/368 Calcul
Annual OPEX S 1 1

® The assumptions provided here relate to the case where electridity is used to provide

¥
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LORCH

Case A Case B
Electricity use MJika Hz 0 0
LOHC ship Capacity ship it DBT 142 000 31500
14 400
Total CAPEX | MEUR 65 26
ship
23
Speed ship kmi/h 26 27
Annual OPEX %o CAPEX 5 10
Fuel use t/d 55 28
22
LOHC Installed ktHay 1 000s! 100
Packing capacity
CAPEX MEUR 280 &0 Based

= Only the base Case A and B figures are given here (not coasidering the use of hydro
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LORCH

Case A Case B
Annual OPEX %o 1.5 15
Electricity MJfkg Hz 1332 1.332
required
Depreciation years 20 20 Own 2
period
LOHC Installed kKtHy 1 000 Railport
Unpacking | capacity
27 250
HRS 1 135
CAPEX MEUR 669 Railport Based
27.7
HRS 4
Annual OPEX - 1.5 LS Based
Electricity MJkg H: 45 45 Based
required
H: purification | EUR/kg H: | 76 Railport 120 | Calcul
CAPEX
HRS 439

¥
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LORCH

Case A Case B
H. recovery rate | % 9949 999
PSA H; recovery | So Q9 99
rate
LOHC train Capacity train | t DBT 236
wagon
CAPEX train | kELR 128
wagon
CAPEX  diesel | MEUR 42 Calcul
locomaotive
CAPEX electric | MEUR 2.5 Calcul
locomotive
Speed train krm/h 50
Annual  OPEX | kEUR/train 1 000 Calcul
diesel train

¥
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LORCH

Case A Case B
Annual  OPEX | KEUR/train 475 Calcul
electric train
Energy use | MJ/tkm 0.19
idiesel train)
Energy use | MJ/tkm 0.07
(electric train)
LOHC truck | Tank capacity | 25 000
CAPEX tank kEUR 20
CAPEX trailer kEUR 60
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LORCH

Case A Case B
CAPEX truck MEUR 115
Speed truck krm/h 50
Annual OPEX | EUR/km 062 Calcul
truck
Fuel cost EURkm 135 Calcul
HRS Pressure inlet MPa 3
transformat
ion
Pressure out MPa 52
Energy for | Mlikg H: 7.7 Calcul
compression
Flow-rate ka/h 417
Power k'W 90
CAPEX kEUR 400
OPEX SaCAPEX 4 Calcul
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