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METHODS FOR PRODUCING HYDROGEN:
A BRIEF OVERVIEW

Abstract. The ever-increasing energy consumption and dwindling fossil resource
reserves, progressive global warming and the resulting deterioration of the environment have
led to intensive development of research in the field of more advanced alternative energy
sources. One of the directions in which the energy sector is moving towards a “green”
economy is the transition to new energy sources, primarily hydrogen. The vision of hydrogen
as a essential clean fuel of the future as part of the global energy transition aimed at
decarbonization and climate neutrality has led to the adoption of hydrogen strategies for the
coming decades in two dozen countries. The main problem of hydrogen energy is the search
for accessible, inexpensive and environmentally friendly sources of hydrogen. The article
provides a review of existing methods for producing hydrogen.
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Introduction. Today, greenhouse gas emissions are the main cause of global
warming. The main problem of anthropogenic emissions is the fossil fuel energy
sector. Therefore, the Paris Agreement (2016) called on a change of the world energy
structure to combat global warming. One of the directions of the energy movement
to the "green" economy is the transition to new energy sources, primarily related to
the use of hydrogen [1].

Currently, hydrogen is the most discussed alternative to traditional energy
carriers. Its main advantages in this role are energy and environmental safety (water
is formed during the combustion process) and high efficiency of hydrogen fuel cells.
The value of this gas in the processes of processing all types of hydrocarbons and
decarbonization of existing industries is increasing [2].

According to the data of 2022, hydrogen is obtained mainly (96%) in the
process of conversion of fossil fuels: naphtha reforming (30%), steam reforming of
natural gas (48%) and coal gasification (18%) [3]. The remaining 4% of H, comes
from a combination of methods that include biomass conversion and production
using alternative energy sources (solar, wind) for water electrolysis [4]. Due to the
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increase in demand (from 255.3 billion cubic meters in 2013 to about 324.8 billion
cubic meters in 2020 [3]) and the tightening of requirements for its production, it is
necessary to develop the above-mentioned methods that contribute to the reduction
of the carbon footprint in the H» extraction process.

Currently, the most common industrial process producing 95% of syngas is
steam reforming of methane [3], which together with steam conversion reaction can
be an efficient source of hydrogen. This highly endothermic process, which produces
a hydrogen-rich synthesis gas with a ratio of H,/CO = 3, has been widely used on an
industrial scale since the 1960s, when natural gas began to be used as a raw material
instead of coal. This process is also the most popular and cheapest way to produce
hydrogen. Compared to the electrolysis of water, much more H; is formed per unit
of consumed energy.

Main section. There are three methods of oxidizing methane to synthesis gas:

— steam reforming:

CH4 + H:O «<~CO + 3H>

AH%q93 = +206 kd/mole Q)
— partial oxidation by oxygen:

CH4 + 1/20; «CO + 2H;

AH%g3 = -35.6 ki/mole (2)
— dry reforming:

CH4 + CO22CO + 2H>

AHCg3 = +247 ki/mole (3)

Carbon dioxide reforming of methane to CO + H; synthesis gas is one of the
most important chemical reactions suitable for industrial production of hydrogen and
synthesis of hydrocarbons (liquid fuels) and other technically valuable products. In
this case, the purity of the obtained hydrogen is 95-98, 5%, with 1-5% methane and
traces of CO and CO; gases as impurities. Hydrogen production from biofuels can
solve the problem of greenhouse emissions, and also allows the use of renewable
energy sources.

At the same time, during the last twenty years, many works on hydrogen
production by steam reforming of ethanol in traditional reactors with a fixed bed of
catalyst have appeared [5-7] and various reaction mechanisms have been proposed.
There are several reactions of ethanol reforming for hydrogen production: steam
reforming (4), partial oxidation (5); oxy-steam reforming (6), dry reforming (7):

C2HsOH + 3H,0 — 2CO; + 6H; AH%gg = +374 kJ/mole (4)
C2HsOH + 1.50; — 2CO; + 3H; (5)
C2Hs0H + (3- 2x )H,0 +x0; — 2CO; + (6-2x) H, (6)
C2HsOH + CO, — 3CO + 3H, (7)
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From equation (4), taking into account its endothermic nature, the highest
values of ethanol conversion can be obtained at high temperatures and low pressures.

To obtain pure hydrogen from syngas, the most efficient are membrane
technologies using different types of membrane materials based on Pd alloys or
nanocomposites comprised of metal alloy nanoparticles and protonic conductors [4].
The most efficient, inexpensive and robust are asymmetric supported membranes
where thin dense layers of nanocomposites are loaded on foam metal substrates
stable to thermal stresses and corrosion.

Currently, there are three methods of implementing electrolysis technology
for hydrogen production, which differ in the type of electrolyte used and electrolysis
conditions. Alkaline electrolyser is a device that uses the process of passing an
electric current through an electrolyte solution (20-30% KOH or NaOH solution)
from the anode to the cathode, as a result of which hydrogen and oxygen gases are
formed (8):

H,0 —H, +0.50, 8)
at the cathode: 20H™ — 0.50, +H,0 + 2¢-
anode: 2H,O + 2e- — Hy + 20H

The method of hydrogen production in electrolyzer with solid polymer
electrolyte (SPE) [8] is historically associated with the design of the perfluorinated
ion exchange membrane "Nafion" by DuPont. The first electrolyzers of this type
were created in 1966, the membrane of such electrolytes is a perfluorinated carbon-
based gas-tight polymer with mechanical strength, chemical stability and high
electrical conductivity. The general chemical formula of the processes taking place
at the electrodes:

at the cathode: 4H* + 4~ — 2H>
anode: 2H,O -4 ¢ — O, + 4H*

The advantages of this method over that with alkaline electrolyte are a high
efficiency of the process, wide range and speed of performance adjustment, short
start-up and stop time, high purity and ability to obtain hydrogen under pressure,
convenient operation, absence of toxic alkali in the device.

Solid polymer electrolyte electrolyzers are several times more expensive than
aqueous-alkaline electrolyzers with a similar performance, but at the same time they
are environmentally friendly and consume less energy, they have significantly lower
mass characteristics, a higher safety level, the ability to work in non-stationary
modes, simple maintenance. An important feature of water electrolysis systems
using solid polymer electrolyte electrolyzers is that the purity of the produced
hydrogen corresponds to the quality of gases required for use in SPE fuel cells. At
the same time, the electrolysis systems based on solid polymer electrolyte
electrolyzers set stricter requirements for the purity of the supplied water.

Estimates based on a lifetime (about 5 years) show that the cost of hydrogen
produced by SPE electrolysis is lower than that of hydrogen produced by alkaline
electrolysis, especially when considering the cost of buildings, auxiliary equipment,
hydrogen treatment and disposal of alkaline solution.
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High-temperature electrolysis of water vapor is carried out in zirconium-based
solid electrolyte cells modified with heterovalent oxide mixtures of some rare earth
elements to increase its electrical conductivity. A similar electrolyte has anionic
conductivity — the current is carried through it by oxygen ions formed as a result of
the dissociation of water and the release of hydrogen at the cathode:

at the cathode: H-O (vapour) + 2e- — O% + H;
at the anode: O — 0.50; + 2¢

Hydrogen is removed from the cathode space together with undecomposed
steam. The process of electrolysis of water vapor takes place at a significantly lower
voltage compared to the electrolysis of water solutions. However, the harsh operating
conditions make it difficult to choose materials that are sufficiently resistant under
anodic polarization conditions for the anode and to create a reliable anode-
electrolyte-cathode cell that can withstand temperature changes from room
temperature to operating electrolysis.

During the implementation of this process, there is an opportunity to
dramatically reduce the consumption of electricity for the production of electrolytic
hydrogen - not all energy should be provided in the form of electricity, part of the
energy can be provided in the form of heat, and the higher the operating temperature
of the cycle, the greater the share of heat energy in it can be obtained from an external
source, for example, utilizing the energy of a nuclear reactor or from renewable
sources through combustion.

Conclusion. The parallel reactions that occur during the indicated methods
can be the main reason for the formation of by-products such as CO, CHa,
acetaldehyde, ethylene, ethane and others along with hydrogen and CO,. The relative
importance of each of these reaction pathways depends on the chosen reaction
conditions (e.g., reaction temperature, feedstock composition, and exposure time)
and catalyst selection. Existing technologies of hydrogen production are reviewed
and problems requiring solution for their efficient and broad application are
considered.

References

1. Smolentsev A.A., Shcherbakov A.N. Creation of the latest hydrogen technologies for
land vehicles: current state and forecast for the future // Journal of automotive
engineers, 2011. Vol. 4, No. 69. P. 39-41.

2. Nasirov |.R. Upgrade of oil refining dialectics // Oil and Gas Vertical, 2020. VVol. 476,
No. 17.

3. Agyekum E.B., Nutakor C., Agwa A.M., Kamel S. A critical review of renewable
hydrogen production methods: factors affecting their scale-up and its role in future
energy generation // Membranes, 2022. Vol. 12, No. 2. P. 173.

4, Singla S., Shetti N.P., Basu S., Mondal K., Aminabhavi T.M. Hydrogen production
technologies-membrane based separation, storage and challenges // Journal of
Environmental Management, 2022. VVol. 302. P. 113963.

5. National Development and Reform Commission, Medium and long-term planning for
hydrogen energy development (2021-2035) [Electronic resource]. — Access mode:
https://en.ndrc.gov.cn/news/pressreleases/202203/t20220329 1321487.html.

6. [?] National Green Hydrogen Strategy / Ministry of Energy, Government of Chile. —

2020. - 30 p.

7. Sidorovich V. Regional hydrogen strategy: Australian Northern Territory [?].

8. Hydrogen scaling up. A sustainable pathway for the global energy transition.
Hydrogen Council. November 2017. [Electronic resource]. — Access mode:

287


https://en.ndrc.gov.cn/news/pressreleases/202203/t20220329_1321487.html

V.A. Sadykov,

M.N. Simonov, A. Hassan P.284-288

Chemical technologies

https://hydrogencouncil.com/wp-content/uploads/2017/11/Hydrogen-scaling-up-
Hydrogen-Council.pdf.

This work was supported by the Ministry of Science and Higher Education of
the Russian Federation within the governmental order for Boreskov Institute of
Catalysis (project FWUR-2024-0033).

Material received on 16.05.24.

B.A. Cagbikos®?, M.H. CumoHoB?, A. XacaH!

1Hosocibip memaekemmik yHusepcumemi, Hosocibip K., Pecel
K. Bopeckos ambiHOaGFbI KAManAu3 uHcmumymel, Hogocubupck K., Peceli

CYTEK A/1Y SICTEPI: KbICKA LLONY

AHAaTna. JHeprusaHbl TYTbIHYAbIH, Y3Z4IKCI3 apTybl KoHe Ka3ba pecypcTapblHbIH,
a3alobl, KahaHAbIK KbIbIHYAbIH, apTybl KOHE COHbIH, CaffapblHaH KopluafaH OpTaHbIH,
HallapAaaybl aHaFyp/bIM XeTingipinreH 6anamanbl sHeprua KesaepiH 3epTreyaiH apTybiHa
9KeNaj. DHepreTMKa CaNfacbiHbIH, «}XKacbl1» 3KOHOMMKaFa 6eT BypaTbliH 6aFbITTapbIHbIH, bipi
aHa SHeprvMA KespdepiHe, eH angpiMeH cyTeriHe Kewy 6onbin  Tabblnagbl.
JekapboHu3aumsaFa KoHe KAMMaTTbiH, 6eliTapanTbifblHa 6OafbITTaNfaH  KahaHAObIK,
SHEepPreTUKanbIK, ayblcyablH, H6eniri peTiHae 6onalWwakTbliH, MaHbI34bl Ta3a OTbiHbl peTiHAe
CYTEriHiH KOpiHiCi XWUblpMadaH acTam enje angafbl OHXKbIIAbIKTAPFa apHanfaH cyTeri
cTpaTernsacbiH Kabbingayfa akengi. CyTeri sHepreTMKacbliHbIH, Herisri maceneci cyTeriHiH
KOJ/IKETIMAI, ap3aH KaHe 3KONOrmANbIK Ta3a Ke3aepiH isgey 6onbin Tabblnaabl. Makanaga
CyTeriH anyAblH KONLAHbICTaFbl 9A4iCTEPiHe WOy XKacanaabl.

Tipek ce3aep: cyTeri, CMHTE3 rasbl, SHepPrua, KOHBEpPCUA.
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CNOCOBbI NONYYEHUA BOAOPOAA: KPATKUA OB30P

AHHOTauMA. HenpekpalaloWMica pPoOCT 3HepronoTpebNeHns U  CHUXKEeHue
MCKOMaeMbIX PecypcoB, POCT r106anbHOro MoOTeneHUs U KaKk cieacTBue yxyalweHue
COCTOSIHUA OKpY:KaloLLlei cpeabl NMPUBEO K POCTYy UCCNefoBaHU bosiee coBepLUEHHbIX
aNbTEPHATUBHbIX UCTOYHWUKOB 3HEpPrun. OAHMM U3 HaNPaBAEHWUIA ABUKEHUA SHEPTETUKM K
«3e/1eHON» JKOHOMMKE ABAAETCA Nepexosd Ha HOBble MCTOYHMKM 3HEpPruu, B Mepsyto
oyepelb K HWM OTHOCMTCA BOAOPOA. PaccmoTpeHve BOAOPOAA KaK BaKHeWwero
3KOJIOTMYECKM YUCTOrO TONMAMBA Oyaywiero B pamKax MWUPOBOTO 3SHEPreTUYecKoro
nepexofa, HanpasJeHHOr0 Ha [JAeKapboHM3aUMI0 U JOCTUXKEHME KAMMATUYECKOM
HEWTPaNbHOCTU, NPUBENO K MPUHATUIO BOAOPOAHbLIX CTpaTerMii Ha 6aumxKanwue
[ecATUNeTna B ABYX OEeCATKax CTpaH. OcHOBHOW npobnemoli BOAOPOAHON 3HEpPreTrku
ABNAETCA MOMCK AOCTYMNHbIX, HEAOPOrMX M 3SKOMOTMYECKM 6Ge30nacHbIX MCTOYHWMKOB
BOAOpPOAaA. B cTaTbe npoBeaeH 0630p CyLW,ECTBYIOLMX METOA0B NPOM3BOACTBA BOAOPOAA.

KnioueBsble cnoBa: BOAOPOL, CUHTE3-Ta3, SHEpPreTuKa, KoHBepCUs.
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