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Since hydrogen usually exists on Earth as part of a compound, it has to be synthesized in
specific processes in order to be used as a product or energy source. This can be achieved by
different technical methods, and various primary energy sources, — both fossil and renewable fuels,
in solid, liquid or gaseous form, — can be used in these technical production processes. Hydrogen
has only a very low volumetric energy density, which means that it has to be compressed for
storage and transportation purposes. The most important commercial storage method, — especially
for end users, — is the storage of hydrogen as a compressed gas. A higher storage density can
be achieved by hydrogen liquefaction. Novel materials-based storage media (metal hydrides,
liquids or sorbents) are still at the research and development stage.

The storage of hydrogen (for example, to compression or liquefaction) requires energy; work
is, in present, on more efficient storage methods.

Unlike electricity, hydrogen can be successfully stored in large amounts for extended periods
of time. For example, in long-term underground storage facilities hydrogen can play an important
role as a buffer store for electricity from surplus provided by renewable energies.

At present, pure hydrogen is generally transported by lorry in pressurize gas containers,
and in some cases also in cryogenic liquid tanks. Moreover, local/regional hydrogen pipeline
networks are available in some locations. Another solution for storage and transportation are
Liquid Organic Hydrogen Carriers (LOHC) that can use long pipe networks and ships. In the near
future, the natural gas supply infrastructure or oil (transportation pipelines and underground storage
facilities) could also be used, in specific conditions, for the storage and transportation of pure or
blended hydrogen with methane. This could be essential for transition because most important
primary energy source for hydrogen production currently is natural gas, at 71%, followed by oil,
coal and electricity (as a secondary energy resource). Steam reforming (from natural gas) is the
most commonly used method for hydrogen production.

In this new light, the article explores the trend and prospects for hydrogen, presented in
the literature, as a source of energy competing with gas and oil resources in the global energy
system of the future.

KEY WORDS: hydrogen, natural gas, water, green, future.
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NockonbKy 8000p00d 06bI4HO Cyujecmeayem Ha 3emiie 8 cocmasge CoOedUHEHUs, e20 HeobX0OUMO
cuHme3uposams 8 orpedernieHHbIX npoyeccax, Ymobbi UCroNb308amb 8 Kadecmse rpodykma unu
UCMOYHUKa 3Hepauu. 3mo Moxem 6bimb docmuzHymo pa3nuyHbIMU MEXHUYECKUMU Memoodamu, U 8
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3MUX MEXHUYECKUX MPOU3800CMEEHHbIX MPOUEccax Moaym UCHOb308aMbCS Pa3uYHbIEe NEPEUYHbIE
UCMOYHUKU 3HEpauU — KaK UCKonaemMoe, mak U 80306H08rsieMoe moriueo 8 meepdod, Xuokol unu
2a3006pasHol popme. Bodopod umeem mornbKo O4eHb HU3KYH O6bEMHYIO MIIOMHOCMb SHEP2UU,
4mo o3Hayaem, 4mo oH AomkeH bbimb Cxkam Orisi uenel xpaHeHUs U mpaHcriopmuposku. Haubornee
8aXKHBIM KOMMEPYECKUM MemodOM XpaHeHUSs, 0CO6eHHO 071 KOHEYHbIX rosib308ameriel, siersiemcsi
XpaHeHue 8odopolda 8 sude cxxamoeo 2a3a. bonee ebicokasi NOMHOCMb XpaHeHUs1 Moxem 6bimb
docmueHyma 3a cuem CxuxeHus: 600opoda. Hosble Hocumernu Orisi XpaHeHUs Ha OCHO8E Mamepuanos
(eudpudbl memarnnos, xudkocmu unu copbeHmbi) 8ce ewe Haxo0simcsi Ha cmaduu uccriedosaHuli
u pazpabomox.

[ns xpaHeHus1 eo0opoda (Harpumep, O CXamus Unu CXKUXeHUs]) mpebyemcsi aHepausi; 8
Hacmosiujee spemsi sedemcsi paboma Had bonee a¢hgheKmusHbIMU MemodamMu XPaHeHUSs.

B omnuyue om anekmpudecmea, 8000p00 MOXem yCrewHo XpaHumbcsi 8 60MbWUX KOU-
yecmeax 8 meyeHue 051umenibHo20 nepuoda epemeHu. Hanpumep, 8 005120CPOYHbLIX MOO3EMHbIX
XpaHunuwax 8000po0d MoXem uspamb 8aXHYH POsib 8 kKayecmeae bychepHO20 xpaHunuuja onsi
ar1ekmposHepauU U3 usbbimka, obecrieyusaemMoeo 80306HO8/AeMbIMU UCMOYHUKaMU SHEpPauU.

B Hacmosiwee 8pemsi Yucmeili 6000p00d, KaK Mpasusio, mpaHCcropmupyemcsi 2py3068bIM mpaHc-
rnopmom 8 barioHax ¢ 2a3om o0 0asrieHUEM, a 8 HEKOMOPbIX Cly4Yasix makKxe e pesepsyapax onsi
Kpuo2eHHoU xudkocmu. Kpome moeao, 8 HEKOmMOopPbIX Mecmax UMermcsi MECMHbIe/pe2UOHarbHbIE
cemu 8000p00OHbLIX Mpy60rpoeodos. Lpyaum peweHuem 05151 XpaHEHUsT U mpaHCIopmupoeKU si8-
JIIomcsi Hocumersu XXUuOKo20 opeaHu4Yeckoeo eodopoda (LOHC), komopble Mo2ym ucrosib308amb
OnuHHbIe mpy6ornpoeodsl u cyda. B briuxatwem bydyuiem uHgpacmpykmypa cHabxeHusi MpUpPOOHbIM
2a30M unu Heghmoio (mpaHcropmHsie mpy6onposods! U MOO3EMHbIe XpaHUnuuwa) makxe Moxem
6bImb UCoNb308aHa 8 OrpedenieHHbIX yCro8usix OMsl XPaHEeHUs U MPaHCopmuposKU YUCmo2o
unu cmewaHHo20 8odopoda ¢ MemaHoOM. 3Mo MoXem UMemb 8aXHoe 3HadyeHue 071 nepexo0HO020
repuoda, MocKosbKY 8 HacmosiLee 8pemMsi Haubosee 8aXHbIM epP8UYHbLIM UCMOYHUKOM 3Hepauu Onsi
npousgodcmea eodopoda siersiemcsi npupPoOHbIli 2a3 (71%), 3a KomopbiM criedyrom Heghmb, yeoslb
U 311eKmpo3Hepaus (8 Kadecmee 8mopu4YHO20 IHep2emu4eckozo pecypca). laposoli pughopmuHe
(u3 npupodHo20 2a3a) siensiemcs Hauboree Yacmo UCoNb3yeMbIM MemodOM Mosy4YeHuss 600opoda.

B cmambe uccnedyromesi meHOeHUUU U repcriekmushbi Ucnosib308aHusi 600opoda, npedcmas-
TIeHHble 8 TUumepamype, Kak UCIMOYHUKa SHEp2uU, KOHKYPUPYUWe20 C pecypcamu 2asa U Heghmu 8
enobarnbHol sHepz2emu4yeckol cucmeme 6ydyuiezo.

KJTIOYEBbLIE CJIOBA: 6000p00, rpupo0dHbiIl 2a3, 800a, 3K0/102u4HOCMb, bydyujee.
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Cymeei 8demme KocbInbiCMbIH KypaMbiHOa xep 6emiHde 6osiFraHObIKmMaH, OHbl 6HiM HeMe-
ce aHepaus ke3i pemiHOe natdanaHy ywiH 6eneini 6ip npouecmepde cuHme3dey Kepek. byraH
apmypsii mexHuUKasblK 90icmepMeH KOsl xemkisyee 6onadbl XoHe 0Cbl MEXHUKasbIK 6HOIpicmik
npouyecmepde sHepausiHbIH epmypsi 6bacmankbl Ke30epiH — Kammebl, CyUbIK Hemece 2a3 mypiHoe
Ka3ba xeHe XaHapmblnambsiH ombIHObI natdanaHyra 6onadsl. Cymeai mek eme memeH Kenemoik
3Hepeaus mbifbi30bIFbIHa Ue, IFHU OHbI CaKmay xoaHe macbkiManoay yYwiH Kbicy kepek. CakmayoblH
€eH MaHbI30bl KOMMepPUUsinbIK 90ici, acipece CoHfbl natidanaHywsblinap yWwiH, CymeKkmi CbifblFbiH
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2a3 pemiHOe cakmay 6onbin mabbinadsl. XKofFapbl cakmay mbifbi30bifbiHa Cymekmi cylblnmy
apKblinbl Ko xXemkidyze 6onadbl. Mamepuandapra Hezaiz0eneeH xaHa cakmay Kypandapbl (Memarn
2udpudmepi, cylibikmbikmap Hemece copbeHmmep) ani e 3epmmey XoHe 83ipriey cambiCbIHOA.

Cymekmi cakmay ywiH (Mbicarbl, KbICy HeMece CyUbliimy) SHepaus Kaxem, Kasipai yakbimma
cakmayObiH muimOi 8dicmepiMeH XyMbIC Xypeai3inyde.

Anekmp KyambiHaH alblipMallblfibifbl, Cymeai y3ak yakbim 6olbl ken menwepde commi
cakmainybl MyMKiH. Mbicanbi, y3ak mep3imOi xep acmbi KoliManapbiHOa cymeai XaHapmblinambiH
aHepausi ke30epiMeH Kammamachi3 emineeH apmbiK 371eKmMpP 3HepausiCbiHbIH 6ygheprik Kolmach!
pemiHde MaHbI30bI pesl amkapa anaobl.

Kasipai yakbimma ma3sa cymeai XyK KesiciMeH KbiCbiM 2a3 bannoHOapbiHOa, an kelbip
XarOatinapda KpuoeeHOIK cylibiIkmbIK pesepgyaprapbiHOa macbiMandaHadbl. COHbIMEH Kamap,
Kelbip xepnepde cymeai KybbiprapbIHbIH xepeainikmi/almakmabiK xeninepi 6ap. Cakmay MeH
macbkimandaydbiH marbl 6ip wewim — y3biH Kybbiprap meH kemenepdi KorndaHa anambiH CyUbIK
opeaHuKanbiK cymeai macbimandaywsbinapsl (LOHC). KakbiH 6onawakma maburu ea3beH He-
mece MyHaliveH xab0biKkmay UHGpaKypbIbIMbl (KK Kybbiprapbl MeH Xep acmbi KolUmMarnapbl)
MemaHMeH masa HeMmece apasac Cymekmi cakmay xoHe macbivanday ywiH beneini 6ip xardad-
nap0da natidanaHblnybl MyMKiH. Byn emneni keseH ywiH eme mMaHbI30bl 6011ybl MyMKIH, 6UMKeHi
Kasipai yakbimma cymeei eHoipici ywiH eH MaHbi30bl bacmarikbl 3Hepaus ke3i maburu a3 (71%),
o00aH KeliH MyHaU, KOMip XaHe 311eKmp 3Hepausichbl (eKiHWi aHepausi pecypcbl pemiHoe) 6ornbirn
mabbinadbl. by pugpopmuHei (maburu 2azdaH) — cymeei anyObiH eH Ker KondaHblnambiH 80ici.

Ochbl xaHa ke3kapacma makanada bonawakma xahaHObIK 3HepeemukariblK Xyluede 2a3
JXOHe MyHal pecypcmapbiMeH bacekenecemiH 3Hepausi Ke3i pemiHde adebuemme yCbIHbIIFaH
cymekmi natiGanaHy meHOeHyUsapbl MeH repcrnekmusanapbi 3epmmeredi.

TYUIH CO3/[EP: cymeeai, maburu 2a3, cy, akonoausnblnblK, bonawaxk.

1. INTRODUCTION

he name "hydro-géne" (water producer) was first coined in 1787 by the french
T chemist Antoine-Laurent Lavoisier?, from the greek words "hydor” (water) and
"genes" (producing).

Hydrogen is the simplest chemical element. It's the most abundant chemical element,
estimated to contribute 75% of the mass of the universe. Evident, despite its simplicity
and abundance, hydrogen doesn’t occur naturally as a gas on the Earth — it’s always
combined with other elements (for example: Water is a chemical compound of Hydrogen
and Oxygen, with the crude chemical formula H,0).

Moreover, hydrogen occurs in almost all organic compounds. It is not only living
creatures that are composed of organic compounds. Fossil energy sources also consist
primarily of carbon-hydrogen compounds. The hydrocarbon methane, the main constituent
of natural gas, is made up of one carbon atom and four hydrogen atoms (CH,). In the same
time, in higher alkanes such as petrol and diesel fuel the carbon-hydrogen ratio decrease.
So, the higher the hydrogen content of a hydrocarbon, the lower the carbon dioxide content
and hence the lower the greenhouse gas emissions on combustion (oxidation).

Due to economic importance at a certain historical moment, each part of the energy
system enjoyed a form of political support. This was and still is true for fossil fuels and
now for renewable energy sources, in all sectors: energy, heating and cooling and transport.

2Antoine-Laurent Lavoisier, (born, 26 August, 1743 — died, 8 May 1794, Paris, France), prominent french
chemist and leading figure in the 18th-century chemical revolution who developed an experimentally
based theory of the chemical reactivity of oxygen and coauthored the modern system for naming chemical
substances.

128 HE®Tb U A3 &5 2021 4 (124)



BYOYUWEE HEGTEFTASOBOIO KOMIIEKCA

The hydrogen sector is no exception to the rule, also receiving some attention from
policy makers through dedicated policies. But until maturity, more dedicated political
support is needed, at every stage of technological training, in order to penetrate the energy
market and grow the hydrogen market as a product [1,2].

2. PAST, PRESENT, AND FUTURE OF HYDROGEN

2.1. The Past of Hydrogen [3.,4,6]

Almost since its discovery, hydrogen has played an important part in contemporary
visions of the future, especially in relation to the energy industry and locomotion.

As early as 1874, the French science fiction writer Jules Verne (b.1828 — d.1905) in
his novel "L’Ile mystérieuse"” (The Mysterious Island) saw hydrogen and oxygen as the
energy sources of the future. In his vision, hydrogen would be obtained by the breaking
down of water (via electrolysis). Water, respectively hydrogen, would replace coal, which
at the time was the dominant energy source in the energy supply industry. So, "Water will
be the coal of the future".

The 1960s, provided further impetus to the fantasies surrounding hydrogen, the
successful use of hydrogen as a rocket propellant and of fuel cells to operate auxiliary
power units in space (in terms of space technology, that of the Russia or former USSR
was substantially more advanced than that of the United States).

Also in the 1960s, first passenger cars were fitted with fuel cells as basic prototypes
resp. technology demonstrators.

NASA has used liquid hydrogen since the 1970s, — especially in the context of the
US Apollo space travel program — to propel the space shuttle and other rockets into orbit.
Hydrogen fuel cells power the shuttle’s electrical systems, producing a clean byproduct
— pure water, which the crew drinks.

Also in the 1970s, under the impression of dwindling and ever more expensive fossil
fuels, the concept of a (solar) hydrogen economy was developed, with H, as the central
energy carrier.

Since the 1990s, hydrogen and fuel cells have made huge technical progress in the
mobility sector.

After the turn of the century, not least against the background of renewed global raw
material shortages and increasingly urgent questions of sustainability, the prospects for
a hydrogen economy were considered once again (Rifkin, 2002).

More recently, the focus has increasingly been on hydrogen’s role in a national and
global energy transition. Within this context, the value added of hydrogen (from renewable
energies via electrolysis) in an increasingly electrified energy world has also been subject
to discussion. Nevertheless, an important role is envisaged for hydrogen, — especially as
a clean, storable and transportable energy store, — in an electricity-based energy future
(Nitsch, 2003, Ball/Wietschel, 2009).

Demand for hydrogen, which has grown more than threefold since 1975, continues
to rise — almost entirely supplied from fossil fuels, with 6% of global natural gas and 2%
of global coal going to hydrogen production (see Figure ).

Grey hydrogen is currently used as a feedstock to produce methanol and ammonia.
Green hydrogen could replace much of it, without significant changes in equipment or
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Figure 1 - Global demand for pure hydrogen, 1975-2018 [3]

technology, but with major environmental effects, eliminating emissions associated with
gray hydrogen production.

Therefore, it can be concluded that, hydrogen production is mostly based on natural
gas and coal, which together account for 95% of production. In which, more than two-
thirds of the 70 million tons of hydrogen produced a year comes from natural gas. And
that process is responsible for about 830 million tons of carbon pollution a year, more
than the combined emissions of Britain and Indonesia.

Consequently, hydrogen and energy have a long shared history — powering the first
internal combustion engines over 200 years ago to becoming an integral part of the
modern refining industry. Evident, it is light, storable, energy-dense, and produces no
direct emissions of pollutants or greenhouse gases. But, for hydrogen to make a significant
contribution to clean energy transitions, it needs to be adopted in sectors where it is
almost completely absent, such as transport, buildings and power generation. Even today,
coal remains a significant source of energy for the production of heat and electricity.
The phasing out of coal energy production is a substantial opportunity for hydrogen to
remove a large amount of CO, from the energy system; this, together with an ambitious
development of renewable energy sources, are the best way to leave the past behind.

2.2. The Present of Hydrogen [3,4,6]

The Present, useable hydrogen can be separated from water, biomass, coal seams or
natural gas. Today, hydrogen is insufficiently available. Approximately 70 million tonnes is
produced globally, including approximately 9 million tonnes in the US which used in refining
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and treating metals, in food processing and also by NASA in the space program. According to
Agora Energiewende, Germany's electricity system will require 102TWh of gas in 2025 and
133TWh in 2035 to ensure the dispatchable capacity of the electricity system. Thus, to replace
the 133 TWh of gas with renewable hydrogen, Germany should install 7SGW of offshore wind.
A complete replacement of renewable gas by 2030 appears to be a difficult and sensitive target.
Hydrogen, evident, the most abundant element in the universe, has often been argued as a way
to power vehicles and power plants, but it is too expensive. Therefore, it is essential to rapidly
increase clean hydrogen production and reduce costs by pursuing a liquidity market for this
product by 2030, accessible to all economic sectors in transition.

On the one hand, most of the hydrogen used today is produced by reforming natural
gas, which also releases a lot of carbon dioxide — CO,. On the other hand, green hydrogen is
extracted from water by electrolysis, — electrolysis produces around 5% of global hydrogen,
as a by-product from chlorine production, —but it is still a very energy consuming process.

Advances in technology, commercialization driving down cost and strengthened
political will to address climate change have brought, in present, renewed focus to the
potential of hydrogen to contribute to de-carbonizing the energy system, particularly in
complex sectors like heat and transport.

However, the huge advantage of clean hydrogen production is that energy can be
stored more easily than other forms of renewables and for longer periods of time, which
is why it is an essential part of the energy transition strategy at local, regional and global
level, how the "world economy" aims to become carbon neutral by 2050. The production
of clean hydrogen should play a key role in increasing the energy market in cogeneration
— Combined Heat and Power (CHP), being able to provide heat as a by-product; in CHP
hydrogen consumption is reduced by 30% compared to simple electricity production.
The high efficiency of fuel use in CHP plants, of over 90%, has a great value, because
the relatively large losses from the transformation of gas into energy (gas to power) are
the main cost factor of the solution.

In addition to high efficiency, CHP using hydrogen is a highly flexible technology.
Small-size CHP plants can be built fast and could be located near the point of use. In this
sense will provide power where demand grows (heat pumps, e-charging stations) and
heat to public heating networks

But currently, there is a lack in hydrogen production from renewable sources which do
not provide electricity at all times. So, green hydrogen has been limited to demonstration
projects. Considering this lack, policy makers need to ensure that” investments in security
of supply today will not lock-in carbon by 2050.” Otherwise, the European Union will
face the risk that new investments in gas-fired power generation will take place over the
next decade. To avoid this, Commission and the industry (e.g., EU Turbines association)
are working on a proposal on how to determine hydrogen-readiness based on thresholds
for additional investments needed to reach different H,-readiness levels. Therefore, it can
be said with certainty that interest in hydrogen as a fuel is growing from year to year and
this may be the cause of the next industrial revolution.

2.3. The Future of Hydrogen [2—-6]

The Future of Hydrogen provides an extensive and independent survey of hydrogen
that lays out where things stand now; the ways in which hydrogen can help to achieve a
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clean, secure and affordable energy future; and how we can go about realizing its potential.

In terms of sufficient competition to keep prices low, future hydrogen leaders, such as
Japan, Germany and South Korea, will register emerging markets in bilateral production
agreements that exceed the number of countries in the Organization of the Petroleum
Exporting Countries (OPEC). This will make hydrogen increasingly popular and move
away the dependence on the oil economy and its charter agreements; it also meet the goals
set out in the Paris Climate Change Agreement.

Regarding the development of a Plan on the future of green energy, it must, first of
all, consider ways to increase the supply of hydrogen and, last but not least, determine
which industries will become major consumers. Figure 2 shows the numerous uses of
hydrogen.
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Figure 2 — The numerous uses of hydrogen

Hydrogen and fuel cells can be used in a broad range of applications. These range
from powering buildings, cars, trucks, to portable electronic devices and backup power
systems. Because fuel cells can be grid-independent, they’re also an attractive option
for critical load functions such as data centers, telecommunications towers, hospitals,
emergency response systems, and even military applications for national defense.

Therefore, in the future, hydrogen could also join electricity as an important energy
carrier. An energy carrier moves and delivers energy in a usable form to consumers.
Renewable energy sources, like the sun and wind, can’t produce energy all the time.
But they could, for example, produce electric energy and hydrogen, which can be stored
until it’s needed. Hydrogen can also be transported (like electricity) to locations where
it is needed.
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3. Cost for green hydrogen [2—7]

Green hydrogen, in present, competes both with fossil fuels and with other shades
of hydrogen. It is important, therefore, to understand the factors that determine the cost
of green hydrogen.

The production cost of green hydrogen depends on the investment cost of the
electrolysis, their capacity factor®, which is a measure of how much the electrolysis is
actually used, and the cost of electricity produced from renewable energy.

By year 2020, the investment cost for an alkaline electrolysis is about 800 dollars per
kilowatt (USD/kW). If the capacity factor of the green hydrogen facility is low, such as
below 10% (fewer than 876 full load hours per year), those investment costs are distributed
among few units of hydrogen, translating into hydrogen costs is about of 6 USD/kg or
higher, even when the electrolysis is operating with zero-priced electricity.

In comparison, the cost of grey hydrogen is about 1.9 USD/kg of hydrogen,
considering a price range of natural gas of around 5.7 dollars per gigajoule (USD/GJ). If
load factors are higher, however, investment costs make a smaller contribution to the per
kg green hydrogen production cost (see Figure 3).
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Figure 3 — Green hydrogen production cost [6]
(Electrolysis load factor: 4,200 hours (48%), conversion efficiency 75%).

Green hydrogen is today more expensive than the conventional production from
fossil fuels.

3The capacity factor can span between 0 - 100% and represents the average full load hours of use of the
electrolyser as a percentage of the total number of 8.760 hours in a year of (for example, a capacity factor
of 50% indicates an average use of 4.380 hours).
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Preparing for repowering with clean hydrogen also requires operators to gain
operational experience with the new technology to reduce risks and to ensure they will
be able to deliver on security of supply. Today, gaining this operational experience means
operating at a loss, because clean hydrogen is still 5 to 10 times more expensive than
natural gas. Today’s funding schemes are inadequate for such real-life testing because
the funding gap is insufficiently covered. Funding calls need to include hydrogen testing
and repowering in real-life operations. These calls need to be centered around the main
OPEX components (fuel) and cover 100% of the fuel price gap between natural gas and
clean hydrogen. However, the cost of green hydrogen is falling rapidly to the point where
it can compete with blue hydrogen.

Power generated with fossil gas (including the CO, price) is by far less expensive
than with green hydrogen. The levelized cost of electricity (LCOE) with green hydrogen
at 4 Euro/kg translates into approx. 214 Euro/MWh for a combined cycle power plant’.
The levelized cost of electricity with natural gas with a CO, price of 50 Euro is 55 Euro/
MWh’. Bridging this gap and creating price parity will require a CO, price of 525 Euro/
tCO,. If the costs fall to 2 Euro/kg of green hydrogen, 235 Euro t/CO, are sufficient to
create price parity (assuming the same price for gas). Utilities will face difficulties to pass
on these costs to the consumer as they are in competition with various retailers®.

In the same time, as the facility load factor increases, the electrolysis investment cost
contribution to the final hydrogen production cost per kg drops and the electricity price
becomes a more relevant cost component. So, at a given price of electricity, the electricity
component in hydrogen’s final cost depends on the efficiency of the process [for example,
with an electrolysis efficiency of 65% and electricity price of 20 dollars per megawatt
hour (USD/MWh), the electricity component of the total cost would go up to 30 USD/
MWh of hydrogen, equivalent to 1 USD/kg’].

Therefore, given today’s relatively high electrolysis costs, low-cost electricity is
needed (in the order of 20 USD/MWh) to produce green hydrogen at prices comparable
with grey hydrogen.

The cost of renewable power (used to make the green hydrogen) and the cost and
efficiency of electrolysis determine the green hydrogen production cost. Efficiency is a
key aspect for the economics.

Lower Heating Value based electrolysis systems operate at 65-67% efficiency for
hydrogen production. The theoretical, maximum electrical efficiency is about 75%.

The fact that hydrogen is a highly volatile gas that needs to be compressed for liquefied
transportation and storage adds substantially to the lifecycle efficiency losses.

The objective of green hydrogen producers is now to reduce these costs, using
different strategies. Once electrolysis costs have fallen, it will be possible to use higher-
cost renewable electricity to produce cost-competitive green hydrogen.

‘Considering: power plant utilization of 4,500 full load hours with a 61% efficiency (LHV), 25 years lifetime,
a capex of 650€/kW, WACC of 7%, variable O&M costs of 0.20c€/kWh and fix annual costs of 20€/ kW. The
cost of hydrogen includes transport, storage and distribution

’Considering a fuel price of 1.25c¢€/kWh and a CO, fuel intensity of 0.20gCO /kWh. Other assumption on
CAPEX, OPEX and operation parameter are those indicated in the previous footnote

SEuropean Clean Hydrogen Alliance, Hydrogen in the energy system, 2021

71 kg of hydrogen contains around 33.33 kilowatt hours (kWh)

134 HE®Tb U A3 &5 2021 4 (124)



BYOYUWEE HEGTEFTASOBOIO KOMIIEKCA

Transport costs are a function of the volume transported, the distance and the energy
carrier, So:

- At low volumes, the cost of transporting compressed hydrogen 1,000 km in a truck
is around 3-4 USD/kg.

- For large volumes, shipping green ammonia is the lowest-cost option and adds only
0.15 USD/kg of hydrogen (without considering conversion costs, so cracking).

- Low costs can be achieved using large pipelines (around 2,000 tonnes per day) over
short distances (Hydrogen transport by pipeline can be one-tenth of the cost of transporting
the same energy as electricity) [4,6,7].

3.1. Hydrogen Storage [6,8]

Hydrogen storage is a key enabling technology for the advancement of hydrogen
and fuel cell technologies in applications including stationary power, portable power,
and transportation.

Today electrolysis (power-to-gas) is considered as energy storage in European legislation®.
Storage systems are still largely double-charged with electricity grid tariffs, when extracting
and re-injecting electricity in the grid. Even though this situation is improving, electrolysis
requires more regulatory certainty at national level on the conditions under which it can be
considered a storage technology. As for physical storage, hydrogen can be stored in steel tanks
or in underground geological formations. While not all countries have suitable underground
formations, the overall available capacity is vast. For example, the potential hydrogen storage
capacity in Europe is about 2,500 Mt, or 82.8 petawatt hours (PWh). Moreover, when hydrogen
is converted to LOHCs’, green methanol or synthetic hydrocarbons, the fuels can be stored
and transported using existing tanks, pipelines and other infrastructure [6].

Hydrogen has the highest energy per mass of any fuel; however, its low ambient
temperature density results in a low energy per unit volume, therefore requiring the
development of advanced storage methods that have potential for higher energy density.

In consequently, Hydrogen can be stored physically as either a gas or a liquid, thus:

1) Storage of hydrogen as a gas typically requires high-pressure tanks [350-700 bar
(5,000-10,000 psi) tank pressure];

2) Storage of hydrogen as a liquid requires cryogenic temperatures because the boiling
point of hydrogen at one atmosphere pressure is — 252.8°C.

In Figure 4 shows the hydrogen storage scheme.

Also, Hydrogen can also be stored on the surfaces of solids (by adsorption) or within
solids (by absorption).

It concludes that now is the time to scale up technologies and bring down costs to
allow hydrogen to become widely used.

At this stage, as presented in this article, hydrogen is the fuel of the future.

8Electricity directive, Article 2 (59) - ‘energy storage’ means, in the electricity system, deferring the final
use of electricity to a moment later than when it was generated, or the conversion of electrical energy into
a form of energy which can be stored, the storing of such energy, and the subsequent reconversion of such
energy into electrical energy or use as another energy carrier;

’LOHC (Liquid organic hydrogen carriers), are organic compounds that can absorb and release hydrogen
through chemical reactions. LOHCs can therefore be used as storage media for hydrogen.
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Figure 4 — Scheme of the Hydrogen storage [8]

CONCLUSIONS

Hydrogen is an alternative fuel that has very high energy content by weight. It’s locked
up in enormous quantities in water, hydrocarbons, and other organic matter. Hydrogen can
be produced from diverse, domestic resources including fossil fuels, biomass, and water
electrolysis with wind, solar, or grid electricity. The environmental impact and energy
efficiency of hydrogen depends on how it is produced.

The attraction of hydrogen is that it can be used both as a feedstock and an energy
carrier. Developments are coming thick and fast: from advances in hydrogen production
to new catalytic materials that could replace platinum in polymer electrolyte membrane
fuel cells that will cut their cost.

Across the world, researchers are trying to improve the efficiency and costs of
producing, storing, transporting and using hydrogen in applications as diverse as heat
and transport.

In the next 30 years, somehow or other, we need to cut energy-related carbon dioxide
(CO,) emissions by 60% to limit global warming to 2°C.

Demonstrator projects are underway that may provide the numbers and the technology
to show where and how hydrogen can replace fossil fuels. But at some point governments
or politicians will have to make a decision to encourage the infrastructure to be built.

Alternatively, hydrogen can be produced from water using electrolysis employing
renewable energy sources such as electricity from wind and solar. Hydrogen produced
through this method is referred to as "green hydrogen". This method generates zero carbon
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emissions and accordingly, avoids the embedded emissions of black hydrogen. Less than
0.1% of global dedicated hydrogen production comes from water electrolysis.

Production costs for hydrogen from water electrolysis are influenced by technical
factors like conversion efficiency, annual operating hours and the cost of electricity. Costs
of around 3 USD/kg for green hydrogen seem feasible in the coming decade in the best
locations. The cost could halve again by 2040-2050. Even at that price hydrogen will
be more expensive than natural gas. To carbon price of 25 EUR/t CO, makes only a 5%
difference and cannot close the gap. A higher carbon price would be needed to make it
competitive.

The World Energy Council (WEC) envisages hydrogen conversion could take place
on retired oil and natural gas platforms in the Sea, and the existing pipeline infrastructure
used to bring the gas ashore. Its analysis for using wind-power suggests offshore and
onshore electrolysis could provide a capacity of 10GW by 2030, and over S0GW by 2050,
for an investment of anywhere between 27 — 37 EUR billion — most of which would go
on electrolysis.

Hydrogen has significant potential as a low-carbon source of energy, but is clearly in
the early stages of development. A prosperous carbon neutral Europe will see additional
demand for energy transport and energy storage. A system dominated by renewable sources
will not be always able to generate carbon-neutral energy in the same moment and at
the same site where it will be used. Additional options to transport and store energy will
broaden Europe’s options for a successful, cost-efficient transition to carbon neutrality.
Therefore, an important part of the solution will be a well thought-through infrastructure
for clean hydrogen; that is planned in coordination with other energy infrastructures
considering the evolution of different generation and demand options. The conversion
of existing natural gas network to hydrogen one is an interest option, that will need to
be carefully evaluated in each case, and should be timely clarified. Repurposing existing
underground gas storage sites, such as depleted gas fields or salt caverns offer opportunities
for tomorrow hydrogen storage system. This will allow to store energy for longer time
period and offer the power system a great amount of flexibility. In addition, in the early
stages of the hydrogen ramp-up, mixing hydrogen into the existing gas grid will be relevant
for distribution networks.

It concludes that now is the time to scale up technologies and bring down costs to
allow hydrogen to become widely used. At this stage, hydrogen try hard to became the
fuel of the future! €@
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