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COMPARATIVE ANALYSIS OF HYDROGEN PRODUCTION,
ACCUMULATION, DISTRIBUTION, AND STORAGE SYSTEMS

Abstract. The global energy demand in the world continues to grow and environmental pollution caused by
fossil fuels becomes increasingly serious, the development and utilization of new energy sources has become
a hot topic of global concern. The development and utilization of new energy sources is one such possible
solution, which can provide clean, renewable energy and thus reduce the impact on the environment.
Hydrogen, as a clean, productive, carbon-free secondary energy source, has the potential to be used as a fuel
and essential substance for different fields such as heating, transportation, industry, and power generation.
As the international community strives to achieve a shift toward a more eco-conscious and sustainable future,
hydrogen has received extensive research and attention due to its abundant resources and environmentally
friendly properties. The main objective of this study was to describe and comparatively analyze the efficient
production, accumulation, distribution and storage of hydrogen. Today the production of hydrogen is
centered on the creation or extraction of hydrogen from primary energy sources. The accumulation of
hydrogen involves the preservation of surplus hydrogen for subsequent utilization. The distribution of
hydrogen encompasses the conveyance and delivery of hydrogen. The storage systems for hydrogen pertain
to the technologies and infrastructure employed to retain hydrogen for future deployment. In complex, these
constituents establish a comprehensive hydrogen value chain that facilitates the generation, preservation,
and distribution of hydrogen as a sustainable and environmentally friendly energy solution.
Keywords: comparative analysis, hydrogen, production, accumulation, distribution, storage systems.
1. Introduction
As global energy demand continues to grow and environmental pollution caused by fossil fuels becomes
increasingly serious, the development and utilization of new energy sources has become a hot topic of global
concern. The importance of this issue lies in the need to find a solution that meets the energy needs while
reducing the impact on the environment. The development and utilization of new energy sources is one such
possible solution, which can provide clean, renewable energy and thus reduce the impact on the environment.
Hydrogen, as a clean, productive, carbon-free secondary energy source, has the potential to be used as a fuel and
essential substance for different fields such as heating, transportation, industry, and power generation [1].
Hydrogen production, hydrogen accumulation, hydrogen distribution, and storage systems are discrete
constituents of the hydrogen value chain, each fulfilling a distinctive function in the creation, retention, and

transportation of hydrogen [2-4].

2. Hydrogen Production

Hydrogen is a colorless, odorless, non-toxic gas, and people cannot detect its presence with the naked eye
or sense of smell. There are various options for producing hydrogen, and hydrogen is labeled as different colors
so people can know which way the hydrogen is produced and whether it is produced in a climate-friendly way.
Hydrogen can be classified as black hydrogen, brown hydrogen, gray hydrogen, blue hydrogen, turquoise
hydrogen, white hydrogen, orange hydrogen, green hydrogen, pink hydrogen and yellow hydrogen, as shown in
Table 1 [5].

Black hydrogen is produced by steam reforming hard coal, and brown hydrogen is based on brown coal.
The hydrogen production process produces large amounts of greenhouse gases (CO&COy) into the atmosphere,
which is harmful to the climate and unsustainable.

Gray hydrogen is produced from natural gas through steam reforming [6]. During this process, exhaust
COs- is released directly into the atmosphere. Gray hydrogen is currently the most produced hydrogen in the
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world. It is not considered climate neutral or sustainable due to the large amount of CO- it emits directly into
the atmosphere.

Blue hydrogen is based on gray hydrogen, but the CO, generated during its production process does not
directly enter the atmosphere and through the implementation of carbon capture, use and storage to reduce the
emissions of CO; [7].

Turquoise hydrogen is produced through the pyrolysis of methane [8]. Its principle is to treat natural gas
with high-temperature plasma in an oxygen-free container to separate carbon and hydrogen to obtain hydrogen.

White hydrogen refers to naturally occurring hydrogen [9]. This type of hydrogen occurs naturally as a
free gas in the continental crust, deep in the ocean crust, in volcanoes, and elsewhere.

Orange hydrogen is hydrogen that occurs naturally in the Earth's crust, but it is not like the white hydrogen.
It can be extracted through the process of hydraulic fracturing: Water is forced into the ground, causing the iron
oxides in the rock to react, and the hydrogen released in the process is captured by the borehole [10].

Green hydrogen is primarily produced by splitting water using electricity generated from renewable
energy sources such as solar or wind power, with no associated carbon emissions in the process. When used in
fuel cells, the only byproduct of using green hydrogen is water [11].

Pink hydrogen is just like the green hydrogen, but it is produced through electrolysis powered by nuclear
energy.

Yellow hydrogen refers to hydrogen produced by electrolysis using the grind electricity (a mixture of
renewable energy and fossil fuels).

Table 1. Comparison of different sourced hydrogen

Hydrogen Technology Source Products COz emissions
Black Hydrogen Gasification Black coal H.&CO; High
Brown Hydrogen Gasification Brown coal H.&CO; High
Gray Hydrogen Reforming Natural gas H.&CO; Medium

Blue Hydrogen Reforming & CCUS Natural gas H.&CO; Low
Turquoise Hydrogen Pyrolysis Natural gas H.&CO; Negligible
White Hydrogen Borehole Natural hydrogen H: Negligible
Orange Hydrogen Borehole Iron oxides & water H.&Fe,04 Negligible
Green Hydrogen Electrolysis Water H2&0, Negligible
Pink Hydrogen Electrolysis Water H2&0, Negligible
Yellow Hydrogen Electrolysis Water H2&0, Negligible

With the development of the water electrolysis, there are four typical water electrolysis technologies: (1)
Alkaline water electrolysis; (2) AEM water electrolysis; (3) PEM water electrolysis and (4) Solid oxide water
electrolysis. The working principles of four typical water electrolysis technologies are shown in Fig. 1 [5].
Comparison of 4 types of water electrolysis technology are shown in Table 2 [5, 11].
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Fig. 1. The working principles of four typical water electrolysis technologies
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Table 2. Comparison of 4 types of water electrolysis technology

difference/dealkalization

only water vapor

ALK AEM PEM SOE
Proton exchange Anion S
Electrolyte membrane Asbestos membrane membrane exchange Solid oxide
membrane
Current density/(A-cm™) 0.2~0.8 0.2~2 1~2 0.3~1
Efficiency/% 50~78 57~59 50~83 89 %(Laboratory)
Operation temperature /°C 70~90 40~60 50~80 700~850
Hydrogen production purity >99.8% >99.9% >99.9% >99.9%
Relative device volume 1 ~1/3 / /
. Quick start Inconvenient start
Operational characteristics Control pressure Quick start stop, stop, only stop, only water

_ _ water vapor vapor
Maintainability Strg(r;rgr g;l;:r:me Non nﬁg&;gswe Non Iﬁg{;zgswe /
Environmentally Harmgﬁqlba;zk:]istos Pollution-free Pollution-free /
Technology maturity Full industrialization co rr? r:ﬁ::g;?&% on Lat;(t);g(taory d em:)nr:;it?;ti on
Single machine scale <1000 <200 / /

J(N-m3-h?)

3. Hydrogen Accumulation

The phenomenon of hydrogen accumulation pertains to the process of preserving and withholding
hydrogen gas for subsequent utilization. The process at hand pertains to the capture and retention of superfluous
hydrogen that is engendered in times of elevated renewable energy production. Approaches to hydrogen
accumulation comprise electrolysis, power-to-gas, subterranean storage, and biological processes. The chief
objective of hydrogen accumulation is to stockpile superfluous renewable energy in the form of hydrogen to
surmount the sporadic nature of renewable energy sources [12]. The stored hydrogen can be utilized
subsequently to balance energy supply and demand, particularly during periods of low renewable energy
generation or high energy demand.

Electrolysis, a prevalent technique, is frequently employed for the accumulation of hydrogen. By passing
an electric current through the water, the process splits the water molecules into hydrogen and oxygen. There
exist four frequently observed variations of electrolysis. For four different types of electrolyzed water (ALK,
AEM, PEM and SOE), the electrolyte membranes used are asbestos membrane, proton exchange membrane,
anion exchange membrane and solid oxide [13]. The process of electrolysis has the capability to harness
superfluous renewable energy, such as solar or wind power, to fabricate hydrogen, thus facilitating effective
energy storage.

The utilization of power-to-gas technology enables the transformation of excessive renewable electricity
into either hydrogen or methane gas. The given process entails the utilization of electrolysis method on water
molecules to generate hydrogen, which is subsequently amalgamated with carbon dioxide to bring forth synthetic
methane through the process of methanation. This synthetic methane can be stored in existing natural gas
infrastructure. Power-to-gas offers a flexible and scalable solution, allowing surplus renewable energy to be
stored and distributed through existing gas networks.

Biological processes, such as microbial electrolysis and dark fermentation, present an innovative approach
to hydrogen accumulation. The process of microbial electrolysis entails employing bacteria to generate hydrogen
from organic waste or wastewater, whereas dark fermentation relies on anaerobic bacteria to produce hydrogen
from organic matter. These processes provide an eco-friendly and sustainable way to accumulate hydrogen while
simultaneously treating waste materials.

Several chemical reactions can be utilized to accumulate hydrogen. One method is steam reforming, in
which high-temperature steam reacts with hydrocarbons to produce hydrogen. Another method, known as the
water-gas shift reaction, reacts carbon monoxide with steam to produce hydrogen and carbon dioxide. Chemical
reactions offer the advantage of utilizing various feedstocks and can be optimized for specific applications or
available resources.

The accumulation of hydrogen presents a significant opportunity as an essential element of the shift
towards energy systems that are both clean and sustainable. Through the utilization of diverse techniques such

CuctemHi gocniaskeHHs B eHepreTuu,i. 2024. 3(79) 15



as electrolysis, bio-based mechanisms and chemical reactions, superfluous renewable energy can be proficiently
retained and employed to generate hydrogen. As technology advancements continue and costs decline, hydrogen
accumulation has the potential to transform energy storage systems, providing a reliable and flexible solution to
balance energy supply and demand. By adopting the practice of hydrogen storage, we can unleash the complete
capability of sustainable energy resources and facilitate the path towards a more environmentally-friendly and
robust future.

4. Hydrogen Distribution

There are three common methods for hydrogen distribution: 1) Pipeline; 2) Tube trailers; 3) Tankers.
Gaseous hydrogen can be distributed by pipeline or tube trailers, and liquid hydrogen can be distributed by
tankers. The pipeline is the best choice for the situation of large amounts over long distances; The tube trailers
is the best choice for the situation of small amounts and short distances; The tankers is the best choice for the
situation of medium amounts and long distances, as shown in Fig. 2 [14].

Hydrogen Distribution

. :

Pipeline Tube trailers Tankers
Gaseous hydrogen Gascous hydrogen Liquid hydrogen
Large amounts over long Short distances and small Medium amounts and

distances amounts long distances

Fig. 2. Three common methods for hydrogen distribution

5. Hydrogen Storage Systems

Safe and efficient hydrogen storage is a challenging problem that involves many aspects of hydrogen as
a fuel, such as distribution, delivery, safety, etc. There are multiple ways to store hydrogen, and there are two
more advanced and typical methods, namely physical hydrogen storage and chemical hydrogen storage, as
shown in Fig. 3 [15]. In the physical based, the common ways are compressed gaseous hydrogen (CGH2)
storage, cryo-compressed hydrogen (CCH2) storage, and liquefied hydrogen (LH2) storage. In chemical based,
there are sorbents, metal hydrides and chemical hydrides [16, 17].

Hydrogen Storage
v L4
Physical Storage Chemical Storage
]
1. Compressed gaseous hydrogen v v v
2. Cryo-compressed hydrogen Sorbents Metal Chemical
3. Liquefied hydrogen Hydrides Hydrides
1. Metal-organic framworks 1. Simple Metal Hydrides 1. Borohydrides

2. Carbon-based material 2. Complex Metal Hydrides 2. Ammonia borane

Reversible on-board Regenerable off-board

Fig. 3. Hydrogen storage technologies

Compressed gaseous hydrogen (CGH2) refers to gaseous hydrogen with a pressure higher than
atmospheric pressure. [18] CGH2 storage is the simplest hydrogen storage method, which is relatively mature
and the fastest growing among all hydrogen storage technologies currently under research. There are four main
types of storage tanks used for CGH2 storage as presented in Fig. 4 [19]. The Comparison of four type tanks is
presented in Table 3 [20-22].
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e Type I tanks: These storage tanks are generally cylindering which whole bodies are thick metal
liners, and widely used in the in industrial situation. The max storage pressure of this tanks can reach
200bar.

e Type II tanks: These storage tanks are composed of thick metal liners and wrapped in cylindrical
components using fiber resin composite materials in hoop winding manner. The max storage pressure
of this tanks can reach 300 bar.

e Type Il tanks: These storage tanks are composed of thick metal liners and wrapped in the entire
surface using fiber resin composite materials. The max storage pressure of this tanks can reach
350 bar.

e Type IVtanks: These storage tanks are composed of polymer liners and wrapped in the entire surface
using fiber resin composite materials. The max storage pressure of this tanks can reach 700 bar.

Liner {me IIH

Type | Typell | (Typew 4

Composite (fiber + resin)

4 Boss {metal)
/

/

. Liner(polymer)

Composite (f r 4 resin)

Fig. 4. Four types storage tanks for CGH,

Table 3. The comparison of four types storage tanks

Max Gravimetric Volumetric

. . . Application Cost
Types Construction Pressure Capacity Energy Density .
(bar) (Wt %) (MJ/L) Scenarios (USD/Kg)
Type | Metal body 200 1.1 1.4 Transportation 83
Type II MeFaI liner W'Fh . 300 2.1 2.9 Transportation 86

composite hoop winding

Metal liner with .
Type Il composite overwrap 350 4.21 2.9 Fuel cell vehicle 700

polymer liners with

composite overwrap 700 5.7 4.9 Fuel cell vehicle 633

Type IV

Liquefied hydrogen (LH2) refers to hydrogen gas in liquid form, which is a colorless, transparent low-
temperature liquid. The normal boiling point is 20.38 K, and the density at boiling point is 70.77 kg/m3 [18].
The volumetric energy density of liquid hydrogen is up to 8.5 MJ/L. To take advantage of the advantages of
liquid hydrogen, liquefaction cycles can be used to liquefy hydrogen at 253°C (20 K). Linde Hampson (L-H)
liquefaction cycle is the simplest way, and there are some other hydrogen liquefaction cycles, such as Linde
Hampson Cycle, Claude Cycle, Collins Helium Cycle, Helium Brayton Cycle, Magnetic Liquefaction, and
Catalyzed Ortho- to Para-Hydrogen Conversion, as shown in Fig. 5 [23, 24].

~—— Linde Hampson Cycle

——Claude Cycle

—— Collins Helium Cycle

Hydrogen liquefaction
cycles

—— Helium Brayton Cycle

=" Magnetic Liquefaction

Catalyzed Ortho- to Para-Hydrogen
Conversion
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Fig. 5. Various Hydrogen Liquefaction Cycles

CcH2 combines the characteristics of CGH2 and LH2. Compared with compressed CGH2 and LH2
methods, CcH2 storage shows superior performance in terms of storage density and dormancy time [25]. The
main advantages associated with cryogenic storage are the density of the liquid and the storage efficiency (See
Fig. 6) [16]. The comparison of CGH2, CCH2 and LH2 are shown in table 4 [25].

Table 4. Comparison of CGH,, CCH; and LH;

Volumetric density H2 loss rate Volumetric energy
Storage method (g/L) (maximum) (g/h/kg) (MJ/dm3)
CGH; 40 (700 bar/288 K) / 4.2
CcH2 80 (300 bar/38 K) 0.2-1.6 9.6
LH, 69 (1.5-3 bar/26 K) 8 10
100 +—
LH,  LiquidHydrogen
CcH;  Cryo-compressed Hydrogen
B 338 | o, Compressed Gaseous Hyckog
LT . 4
i \;\‘ v:i\ 3 ‘I\\‘\
g \7‘;\\ 2 P 50t ) &
.’

20 é4‘.‘) 60 80 100 120 140 160 180 200 220I 240 260 280 300
33K Temperature [K] -40°C

Fig. 6. Hydrogen density versus pressure and temperature

Compared with compressed hydrogen storage methods, storage of hydrogen in solids has certain
advantages in volumetric density. Under certain temperature and pressure conditions, hydrogen can be reversibly
absorbed by solid compounds. The creation of hydrides is a consequence of dissociative chemisorption. The
atoms of the hydrogen molecule initially dissociate on the solid’s surface, then diffuse into the host metal.
Depending on the bonding mechanism between hydrogen and the host material, different hydride families exist:
ionic hydrides, covalent hydrides, and interstitial metal hydrides. lonic and covalent hydrides are also called
complex metal hydrides [16].

6. Conclusion

In essence, the production of hydrogen is centered on the creation or extraction of hydrogen from primary
energy sources. The accumulation of hydrogen involves the preservation of surplus hydrogen for subsequent
utilization. The distribution of hydrogen encompasses the conveyance and delivery of hydrogen. The storage
systems for hydrogen pertain to the technologies and infrastructure employed to retain hydrogen for future
deployment. Collectively, these constituents establish a comprehensive hydrogen value chain that facilitates the
generation, preservation, and distribution of hydrogen as a sustainable and environmentally friendly energy
solution.
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AHoOTaWig. [706anrvHuii nonum Ha eHepeilo y Ceimi NpoOo0GICYE 3pocmamu, d 3a0pYOHEHHS
HABKOIUWHB020 Cepedosulyd, CnpuiuHene CHATI0BAHHAM 6UKONHO20 NAAUBA, CMAE 0eddli Ceplo3HIUUM.
Baowcnusum nanpsmom po3eumky nayku ma mexiku cmaio po3pooneHHs ma UKOPUCIAKHS HOBUX ddicepeit
enepeii. Po3pobnenns ma uxopucmars HOBUX OJicepell eHepaii € 0OHIEI0 3 AKMYAIbHUX MeM MINCHAPOOHOT
OucKycii, wo gopmye eapianmu MOICIUSUX piuleHb OJi 3a0e3nedenHs Yucmoi 6i0OH061I08aHOI eHepeil ma,
BIONOBIOHO, 3MEHULYE 6NIIUE HA HABKOAUUWIHE cepedosuuje. Bodenw, sk uucme, npooykmuene, bezgyeneyese
8MOPUHHE 0Xcepeno enepeii, Mae NomeHyia 0Jid UKOPUCMAHHA K NATUBA MA 0CHOBHOI pe4O8UHU 015 PISHUX
eanyseil, MmaKux K ONAJeHHs, MPAHCNOPM, NPOMUCIOBICHb Ma 8UPOOHUYMEO erekmpoenepzii. OcKinbKu
MIJHCHAPOOHE CRIBMOBAPUCMBO NpacHe O00CA2MU nepexody 00 Oinbul eKON02IYHO C8I00MO20 Md CMANI020
ManOymHb020, 600eHb OMPUMAB WUPOKe O0CIIONCEHHs A Y8azy 3a80saKU C80iM bazamum pecypcam md
exonociunum eracmusocmam. OCHOBHOIO Memoi Ybo2o OOCHIONHCEeHHA 0YI0 onucamu ma NopieHAMuU
eexmusHe 6UPOOHUYMBO, HAKONUYEHHS, PO3N00in i 30epicantus 600HI0. CbO20OHI 11020 GUPOOHUYMEO
30cepeddiceno na cmeopenti abo 8uUO0OYMKY 3 nep8UHHUX Odicepel enepeii. Haxonuuenns 600nio nepedbauae
30epedicents 1020 HaOIUWKIE 01 NoOaIbuol ymuaizayii. Po3nooin 600HI0 0XONIOE 11020 MPAHCHOPMYEAHHS
ma oocmasky. Cucmemu 30epieanhsi 600HI0 HaLexHCamb 00 MEXHON02IL ma IHGpacmpykmypu, wo
BUKOPUCIMOBYIOMbCSL 015 1020 30epedicensi 0t MAOymHb020 po320pmanist. Y komniexci yi KOMnoHeHmu
CMBOPIOIOMb IHMEZPOBAHUL IAHYIOHCOK 8APMOCTIE B00HIO, WO CHPUSAE 1020 NPOOYKYBANHIO, 30 epedceHHIo ma
PO3NOOLNY AK CMANI020 MA eKONO2IYHO YUCHO20 eHEPLeMUYHO20 DIleHHS.

Karo4oBi ci1oBa: mopiBHAUIBHUH aHaJi3, TEXHOJOTI] BUPOOHUIITBA BOIHIO, aKyMYJIIOBaHH, TUCTPUOYIIi Ta
cucTeM 30epiraHas BOIHIO.
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