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It is shown that increase in the hydrogen production process efficiency
can be ensured by integrating radiochemical and electrochemical pro-
cesses. In this case, the obtained effect depends not only on the direct
radiolysis of water, but also on the involvement of the ionizing radiation
energy in the electrolysis process for the excitation of water molecules
that undergo electrolysis, which leads to a decrease in the consumption of
electricity for the decomposition of its gaseous components. An analysis
of the main factors influencing the reduction of electricity consumption
during electrolysis is presented, and the affinity of the spectra of radical
ions involved in the radiation and electrochemical processes of water
decomposition is shown. As a result of radiation exposure, the most ener-
gy-intensive stage of water decomposition, associated with the breaking
of intermolecular bonds and the formation of active particles involved in
the electrochemical process, begins. It was established that the formation
of hydrogen increases due to the addition of its direct output during radi-
olysis and indirect production during electrolysis, initiated by the activa-
tion effects caused by ionizing radiation. It is shown that in order to in-
crease the direct radiolytic yield of hydrogen, elements containing na-
nosized zirconium dioxide powder should be placed in the interelectrode
space of the electrolyzer. It has also been proven that the irradiation of

zirconium dioxide placed in water leads to a 4-fold increase in the yield of
1 . . . hydrogen compared to the option of irradiating pure water. To increase
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Introduction

Hydrogen obtaining by electrolysis of water is one of the most mastered technological processes in
industry [1-4]. Its main drawback is the high energy and metal consumption of the equipment, which is
caused by the low energy density on the electrodes due to the superficial nature of the electrolysis process. In
view of this, the search for new ways of solving the problem of reducing electricity costs for hydrogen pro-
duction and improving the design of electrolysis equipment is urgent. One of the possible ways to solve this
problem is the superimposition of energy fields of different physical nature for the energetic excitation of
water that decomposes in electrode processes. For example, there are known attempts to combine photolysis
and electrolysis to obtain hydrogen [5]. The proposed material considers the fundamental possibility of using
the ionizing radiation energy arising in nuclear reactions to activate electrochemical processes and improve
their energy characteristics.

Theoretical aspects of the use of the ionizing radiation energy in water decomposition processes

The reason for the special interest in radiochemical methods is the possibility, importantly, of direct
conversion of the energy of nuclear radiation into the energy stored in hydrogen. The efficiency coefficient
of the water radiolysis process and aqueous solutions at a neutron flux density of up to 10** cm?-s™* does not
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exceed 6%. However, the radiolysis process is of practical interest because it occurs at low temperatures and
can be combined with other methods of hydrogen obtaining. An increase in the yield of molecular products
of radiolysis is possible due to a decrease in the rate of recombination of radicals H* and OH  and reverse
reactions. Decrease in the speed of the latter is achieved thanks to the introduction of substances capable of
redox reactions, such as iron salts, oxalic acid, etc., into the solution.

In the proposed option, this role will be played by electromagnetic phenomena induced in the inte-
relectrode space by the difference in electric potentials during the electrolysis of water. It should be noted
that the problem of effective production of commercial hydrogen using nuclear radiation is promising, yet
poorly developed, since until recently the research of experts in the field of nuclear energy was aimed at
solving the reverse task, namely, suppressing the release of hydrogen and oxygen in the water circuits of nu-
clear power and technological installations in order to prevent flooding of structural materials or the for-
mation of a noisy mixture of hydrogen and oxygen.

A nuclear reactor is a source of heat and radiation [6]. Therefore, in addition to the use of heat for the
generation of electricity or their technological application in the chemical and metallurgical industries, it is
promising to use ionizing radiation to create a radiation-chemical technology for hydrogen obtaining.

This effect can be manifested only in the case when the ionizing radiation energy is used in a way,
which is different from thermal (direct purpose), namely, obtaining highly reactive components for further
transformation into products of water electrolysis. Slightly more than 6% of the thermal power of nuclear
radiation can be used from radiation-chemical processes. However, taking into account the huge capacities of
fuel elements, measured in thousands of megawatts, the amount of energy involved in the process of
hydrogen obtaining will be sufficient to organize its large-scale production. In this regard, the use of nuclear
energy as a source of radiation for hydrogen obtaining is considered as very promising for large-scale
hydrogen production by some researchers [2, 4].

It is seen as appropriate to consider the issue of combining radiation and electrochemical processes,
in which ionizing radiation will ensure the activation of water during electrolysis, reducing the cost of
electrical energy for this process.

The main goal of this paper is to evaluate the fundamental possibility of using the energy of spent
nuclear power plants to increase the efficiency of hydrogen generation by conducting electrochemical
processes in combination with ionizing radiation, which will allow to consider the holding basins as an
element of the atomic-hydrogen energy technological complex, which ensures a more complete use of the
nuclear fuel potential.

Integration of radiochemical and electrochemical processes during water electrolysis

Increase in the efficiency of the hydrogen production process can be ensured by integrating radiochem-
ical and electrochemical processes. In this case, the effect can be obtained not only in the direct radiolysis of
water, but also from the involvement of the ionizing radiation energy in the electrolysis process to excite the
water molecules that undergo electrolysis, which leads to a decrease in the consumption of electricity for the
decomposition of their gaseous components by electrolysis. In electrolyzers, the exchange current at the elec-
trodes is an important Kinetic characteristic of the electrochemical reaction, which depends on the activity of the
reacting ions and the activation energy of the electrode processes. From the point of view of large-scale produc-
tion of hydrogen due to the use of atomic energy, the process of high-temperature electrolysis of water vapor
with the simultaneous imposition of the physical effect of ionizing radiation on the process of decomposition of
water molecules under the action of an electric current is more rational. In this case, a more complete use of the
potential of nuclear fuel is ensured, since not only the thermal effect of irradiation is used, but also the radiation
component of the nuclear fuel fission energy is involved in the technological process of hydrogen obtaining.

The material located in the zone of ionizing radiation absorbs the energy of three types of radiation:
1) fast neutrons generated during the distribution, which are slowed down and thermalized during collisions with
the atoms of the present material; 2) y-rays, which are mainly formed during distribution, and emitted by prod-
ucts of distribution; 3) B-rays, which can be formed due to radioactivity induced in the material itself, and from
radioactive radiation that depends on the type of reactor and varies from point to point in the reactor volume.
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Regardless of whether the initial radiation is penetrating electromagnetic waves (y-rays) or charged
particles (B-rays), in all types of radiation the agent that affects water is the same fast-moving electron. Usu-
ally, B- and y-rays from radioactive substances have energies from 0.3 to 3 MeV. This potential is sufficient
for the destruction of a water molecule [7].

Deviation in liquid water can be hydrogen-bonded and localized, leading to the formation of H, OH, H»
and H,O [8]. There are two possible ways of formation of excited water molecules: 1) when the H,O" ion cap-
tures the ejected electron (Samuel-Maga hypothesis); 2) due to collisions of slow electrons with water molecules,
as a result of which water molecules can appear in non-equilibrium singlet and triplet states in a ratio of 1 to 3.

Irradiation leads to the decomposition of water into hydrogen and oxygen and the formation of hydrogen
peroxide, as well as free radicals. The resulting molecular decomposition products are called stable. They are elec-
troneutral, unlike short-lived free radicals. Although oxygen is among the products of decomposition, it is appar-
ently not formed directly from water, but as a result of the action of radicals on hydrogen peroxide. All radiation
that occurs in a nuclear reactor as a result of a nuclear reaction transfers its energy through fast charged particles
that can be divided into light and heavy ones (electrons or atomic ions, respectively). As a result, molecular reac-
tion products and a whole range of free radicals with high reactivity are formed. At the same time, molecular
products are formed in a significantly smaller amount than free radicals, which simultaneously arise and initiate
the process of water decomposition. The value of the ionization potential of water can be found from data on the
ionization potentials of gaseous oxygen and hydrogen. It lies in the range of values from 66 to 69 eV [9].

To evaluate the effectiveness of chemical processes excited by radiation, the value of the radiation
yield of hydrogen in the processes of water decomposition is used. The said value is the number of hydrogen
molecules per 100 eV of absorbed energy [10].

Despite the fact that chemical reactions in irradiated solutions can be explained by independent ways of
formation of radical and molecular products, in fact both types of products are the result of the same process,
and the difference between heavy and light radiation is due to the different spatial arrangement of the radicals
that arise. A fast electron transfers energy of about 100 eV to water. It is enough to decompose several water
molecules with the formation of groups of free radicals located at a distance of 10-20 A° one from another.
Free radicals arise as a result of a combination of physical and chemical processes initiated by the passage of an
ionizing particle through water. The transfer of the ionizing radiation energy to water takes place in a very
small amount of time (10%°~108s). At the same time, excited water molecules and ions H,O" and secondary
electrons arise. The latter have significant energy, which is sufficient to ionize and excite several water mole-
cules [3, 11]. This prompts the following reactions to occur in the irradiated water, with the formation of free
radicals, ions and molecular products.

H,O+ HO— H30* + OH. (1)
The electron is then attracted to the ion
H;0" + ¢ —H30. (2)
A particle of H>O can undergo thermal dissociation in two ways:
H3;0— H+ H.0; @)
H30— e ot H;0". (4)

Formation of particles OH and HsO occurs due to the ionization of one among the two water mole-
cules connected by a hydrogen bond.

Thus, after the passage of an ionizing particle, there are radicals OH, €7, ions HsO" and excited wa-
ter molecules in the track. Their concentration is sufficiently high (~0.1-1.0 M), and therefore they interact
with each other by means of diffusion

¢+ OH— OH; ()

¢ o+ HsO" > H + H,0; (6)

€ aq+ € ag + HO— Hy + 20H; 7)
¢ a+ H+ H,0— Hy + 20H ; (8)
OH + OH — H0y; 9)
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H+ H — Hy; (10)
H + OH — H,0; (11)
H30+ + OH — 2 H,0. (12)

The specified processes have high rate constants that lie in the range (5x10°-10* I/mol-s*-?). Reac-
tions (9)—(12) lead to the formation of so-called molecular products of water radiolysis (H2 and H20>), and
reaction (8) leads to the formation of H atoms.

A comparative analysis of the spectra of ion-radicals formed in the process of ionizing radiation
shows the similarity of their composition and the composition of radicals, which are involved in the electrol-
ysis process and require the expenditure of electrical energy for their formation. Thus, in the proposed op-
tion, the radiation component ensures the activation of water due to the kinetic energy of the fission of radio-
active material with the accumulation of active particles and their subsequent conversion due to energy ex-
change between themselves and with water molecules.

lonizing radiation, which affects water, transfers its molecule to an energetically excited state due to the
interaction of charged particles that maintain it in a thermodynamically unbalanced state. The presence of a ra-
diation-activated part in the electrolysis zone leads to a change in the kinetic and energy characteristics of water
decomposition processes [12]. It should be noted that the integral effect of all types of radiation characteristic of
nuclear reactions is determined by the electronic component, which affects the degree of activation of electroly-
sis processes, and the role of electrochemical processes, unlike traditional electrolysis, is practically reduced to
the electrochemical separation of the produced gases, which requires significantly lower electricity consump-
tion. An additional factor affecting the energy intensity of the process can be the effect of the appearance of
radiation defects on the surface of the electrodes, which increases their activity and reduces the polarization

potential of the overvoltage at the phase interface, which depends on the energy intensity of electrolysis.

In order to increase the direct radiolytic yield of
hydrogen in the interelectrode space of the electrolyzer,
elements, which include nanosized zirconium dioxide
powder, should be installed. Papers [13-16] show that
the irradiation of zirconium dioxide or metal hydrides in
water leads to a 4-fold increase in the yield of hydrogen
compared to the option of irradiating pure water. The
authors explain the experimentally established effect of
radiation-chemical hydrogen release by intensive trans-
fer of energy from the solid phase to water molecules.
Due to the participation in this process of radiation-
generated active centers on the surface, the latter are
sources of secondary electron emission [17].

When using an electrolysis system operating on
the principle of time-separated hydrogen and oxygen
generation processes [18-20], in complex electro- and
radiochemical technology, a significant (up to 80%) re-
duction in the electrical energy consumption for stimu-
lating the oxidation process of the iron electrode should
be expected (Fig. 1). This will reduce the energy con-
sumption of the water decomposition process by 24%
and provide an electrical energy saving of 1 kWh per
production of 1 m® of hydrogen and 0.5 m® of oxygen.

Due to the strict norms for the operation of nu-

2H O+4e=0 +4H" g) 2H,O+4e =0 +4H

clear reactors, it is surely not allowed to interfere with M T -

the design of the elements of the first circuit. Therefore, - -

as a source of ionizing radiation, it is proposed to use Fig. 2. Scheme of an electrolysis cell under
the spent fuel elements of exposure located in the pool, the influence of ionizing radiation
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access to which seems to be more realistic from a technical point of view, for the placement of electrochemi-
cal cells. The use of such a complex technology, which combines radiation and electrochemical processes
within the framework of one unit (Fig. 2), makes it possible to ensure the generation of hydrogen with mini-
mal consumption of the electrical component, which actually determines the cost of the produced hydrogen.

Ways of energy utilization of spent fuel elements in energy technology systems

In order to increase the utilization coefficient of the nuclear fuel energy potential, it is expedient to im-
plement the proposed technology to use the energy of fuel elements in spent nuclear fuel storage pools, which
will ensure the utilization of the ionizing radiation energy, which is irretrievably lost in existing technologies, as
it is discharged in the form of low-temperature thermal emissions into the environment, which causes atmos-
pheric pollution [21].

According to the operating regulations, the reactors at the NPP are periodically stopped for overloading
to replace spent nuclear fuel and restore the reactivity reserve. The standard frequency of overloads is from one
year to one and a half years. In case of overloading, part of the heat-emitting assemblies (from one third to a
quarter) are removed to the storage pool, and fresh assemblies are placed in the active zone of the reactor. An-
nually, 25-40 tons of spent fuel are discharged from the high-capacity power reactor, which still has high radi-
oactivity and is a source of intense radiation, which can be used to irradiate water in order to activate it and in-
crease the efficiency of electrolysis processes for hydrogen obtaining.

The spent fuel storage system is designed to remove activity and residual heat emissions from spent
heat-emitting assemblies to acceptable values for its transportation. To ensure reliable removal of residual heat

emissions from used heat-emitting assemblies and to protect T

service personnel from exposure, the storage pool is filled with E — 3

an aqueous solution of boric acid. This excludes the possibility g X 1

of an involuntary chain reaction. In addition, this effect is en- % o=
. . . A T

hanced due to the special design of the storage pool rack, in 2N 2 4

which the heat-releasing assemblies are installed in steps of 400. <

The water in each compartment of the storage pool circulates
through the cooling system of the storage pool, which ensures | 4 ° spent fuel storage pool: 2 — spent fuel elements;
an acceptable water temperature of no more than 70 °C. Inaddi- | '3 _ jesalination plant: 4 — filter; 5 — cooled water;
tion, the system cooling requires the presence of a protective | g _heat exchanger: 7 fuel stc,)rage pool pump;,
water level of 3 to 4 m above the placed fuel elements (Fig. 3). 8 — bypass; 9 — electrochemical cell

Fig. 3. Diagram of the spent fuel cooling system:

The capacity of the storage pool is approximately 400 pcs. assemblies. It ensures the durability of spent
heat-dissipating assemblies for at least three years. After that, they are transported to the site of dry storage of
spent nuclear fuel.

The economic expediency of investing in the further progress and practical development of the proposed
method is determined by two factors: a drastic reduction in electricity consumption during the production of hy-
drogen and the expansion of the energy base for its industrial production due to the utilization of residual energy
of nuclear fuel at nuclear power plants. Both of these factors are decisive for the organization of large-scale hy-
drogen production in Ukraine and the formation of the energy technological infrastructure of hydrogen energy.

Conclusions

1. An option of the combined use of electro-radiochemical methods of hydrogen obtaining is consid-
ered. As a result of this, it is possible to assume with high probability a decrease in electric energy for its
production due to an increase in the electrical conductivity of the electrolyte, as well as the appearance of
radiation defects on the surface of the electrodes, which ensure a decrease in polarization potentials on the
surface of the phase separation. It is shown that when using an electrolysis system operating on the principle
of time-separated hydrogen and oxygen generation processes in complex electro- and radiochemical technol-
ogy, a significant (up to 80%) reduction in electrical energy consumption for stimulating the iron electrode
oxidation process should be expected. This will reduce the energy consumption of the water decomposition
process by 24% and provide an electrical energy saving of 1 kWh per production of 1 m* of hydrogen and
0.5 m® of oxygen.
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2. The analysis of the main factors affecting the reduction of electricity consumption during electrol-
ysis is presented, and the affinity of the spectra of radical ions participating in the radiation and electrochem-
ical processes of water decomposition is shown. As a result of radiation exposure, the most energy-intensive
stage of water decomposition occurs, associated with the breaking of molecular bonds and the formation of
active particles that are involved in the electrochemical process, in which the electrolyzer performs the role
of a gas product separator.

3. An increase in the formation of hydrogen due to the addition of its direct output during radiolysis
and indirect production during electrolysis, initiated by the activation effects caused by ionizing radiation,
was established.

4. The proposed solution provides an increase in the level of use of the reaction potential of nuclear
fuel due to the utilization of the energy of spent fuel to obtain hydrogen and oxygen.
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THeTuTyT Npo6neM MammHOOYyBaHHS iM. A. M. ITinroproro HAH Vkpainu
61046, Ykpaina, M. Xapkis, Byi. [Toxxapcekoro, 2/10

2 Institute of Solid State Physics, University of Latvia
LV-1063, Latvia, Riga, Kengaraga str., 8

Toxaszarno, wo niosuwents egexmusHocmi npoyecy 00epIHCaHHa 800HI0 Modce Oymu 3abe3neueHe ULIAXOM
inmezpayii padioXiMiuHuX Mma ereKmpoxXiMivHux npoyecie. Y ybomy GUNAOKY OMPUMYGAHUL eheKm 3anexicums He
minbKu 8i0 NPAMo20 padionizy 600U, a Ui 6i0 3anYUeHHs 8 Npoyec eleKmponi3y eHepaii IOHI3YIU020 BUNPOMIHIOBAHHS
onsl 30y00iCcenHsi MOAEKYI 800U, SIKI NIOOAIOMbCsL  eNeKmpOoni3y, WO NpU3600Ums 00 3HUNCEHHS. CHONCUBAHHS
enekmpoenepeii 015 po3kAadanusa ii 2azoeux Komnonenmis. Hasedeno amaniz ocHOBHUX pakmopis, wo 6nauearOms Ha
SHUICEHHST eNleKMPOCNONCUBAHHA NPU eNeKMPOi3i, i NOKA3aHO CHOPIOHeHICMb CHeKmpi6é paouKan-ioHie, uwo depymo
yuacms y padiayitinux ma eieKmpoXiMiuHux npoyecax pO3KIA0auHA 600u. Y pe3ynomami padiayitino2o 6naugy
NOYUHAEMBCA HAULOIIbUWL eHeP2OEMHA CMAOisA PO3KAAOAHHS 800U, NO8 A3AHA 3 POZPUBOM MINCMOLEKYIAPHUX 36 S3Ki6 ma
VMGOPEHHAM aKMUBHUX HYACTMUHOK, WO 3ALYYAIOMbC 00 eleKmpoximiunozo npoyecy. Bcmanoeneno, wo ymeopenns
B800HI0 30LMLULYEMBCA 3A80AKU 000ABAHHIO 11020 NPAMO20 8UX0OY NpU padionizi il ON0CcepedK08AHO20 00EPI*CAHHA NpU
eneKmpoizi, iHIYILloBAHOMY aKMUAYiUHUMU edhekmamu, 3yMOGIeHUX [OHI308aHUM BunpoMiniosantam. Tlokasano, wo
0N ni0BUWEHH NPAMO20 PadioNimuiHo20 BUX00Y B00HI0 8 MidCeleKMpPOOHOMY NPOCMOpi eleKkmponizepa clio
po3micmumu  eleMeHmuy, AKI MICMAmMb HAHOPO3IMIPHULU NOPOWOK OioKcudy yupkoHir. JlogedeHo makoxc, wo
ONpOMIHeHHs OIOKCUOY YUPKOHIIO, NOMIWeH020 Y 800y, Hpu3800ums 00 30inbuleHHA 8 4 pasu 6uxody G0O0HI0 8
NOPIBHAHHI 3 8APIAHMOM ONPOMIHEHHs 4ucmoi 6oou. [[na niosuujerHs Koe@iyicHma 8UKOPUCTAHHS eHepeemUIHO20
nomenyiany sadeproeo naiuea Ha AEC ooyinbHo 018 3acmocy8anHs 3anpOnOHO8AHOI MEXHON02I SUKOPUCTOB8Y8amu
enepeito TBEnie, wo posmiwyromecs 6 bacelinax UMpUMKU 8iOnpayboeano2o soepHozo nanusa. Lle 3abesneuums
ymunizayito eHepeii IOHI3YI01U020 SUNPOMIHIOBAHHS, Ke 8 ICHYIOUUX MEeXHON02IAX 6e3n080POMHO 8MPAYAEMbCA, TMOMY
wWo 8i0800UMbCA Y 8USNAJI HUSbKOMEMNEPAMYPHUX MEeNI08UX BUKUOI8 ) HABKOIUUHE cepedosuiye, Wo Npu3gooums 00
meni08020 3a0pyoHenHs ammocghepu.

Kniouoei cnosa: sooeny, enexmponis, sionpayvosani TBEnu, enepeis, monexynu 600u.
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