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THE USE OF HIGH-TEMPERATURE NUCLEAR REACTORS
IN HYDROGEN PRODUCTION TECHNOLOGIES

B. Jlyoxoscoxuii, B. Ceceoa. BUKOPHCTAHHSI BHCOKOTEMIIEPATYPHHUX SIIEPHUX PeAKTOPiB B TEXHOJIOTisIX BUPOOHUITBA BOJTHIO.
PO3rIstHyTO MOKIIMBICTH BUKOPHUCTAHHS BHCOKOTEMIIEPATYPHHX Ta300XONOKYBAIbHUX snaepHux peakropis (BTI'P) mist BupoOHmuTBa
BOJIHIO SIK alIbTCPHATHBI BUKOITHOMY OpraHi4HOMY maiuBy. [IpoBe/ieHO OIJIsi] CydacHUX TEXHOJIOTiH BUPOOJIEHHS BOIHIO Ta i{oro mepeparu
SIK eHeproHocis. HaBeneHa CTpyKTypa CBITOBOr0 BUPOOHHMITBA Ta CHOXKUBAHHS BOJHIO. BHHSTKOBI BIACTHBOCTI BOHIO SIK CHEPrOHOCIS Ta
KOMITOHEHTA Pi3HUX TEXHOJIOTIYHUX MPOLECIB PO3KPHBAIOTh NEPCIIEKTHBY HOTO 3aCTOCYBaHHS y Pi3HUX raly3sX €HEpreTHKH, Ha TPAHCIIOPTi
Ta B IPOMHCIIOBOCTI. SIKIO paHillle OCHOBHUMH IIe€peBaraMy BBaXKAJIMCh CHEPrOEMHICTh BOIHIO, 3/[aTHICTh 10 30epiraHHs Ta po3Hoily, TO
3apa3 1 Ha HEpCIeKTUBY KIIOYOBHM (PAKTOPOM CTa€ HOro EKOJIOTiYHA YHCTOTa Ta MOXIMBICTH JeKapOOHI3yBaTH TPAHCIIOPT, XiMiuHy,
Ha(TOXIMIYHY, METAIyprifiHy NPOMHCIIOBICTh Ta KOMYHAJIbHHU CEKTOp. 3apa3 OilbIly YacTHHY BOIHIO i BOJHEBMICHHUX TPOIYKTIB
BHPOOJIAIOTH 3a JIOIIOMOTOI0 MTapoBOi KOHBepcii mpupoaHoro rasy. Ipu mpomy 40...50 % mpupogHOro rasy BUTpa4yaeTbCs Ha CHEPreTHYHE
3abe3nedcHHs mpouecy koHsepcii. 1106 3aomanuti NpUpoaHHil ra3 Ta 3HU3UTH HABAHTAXXCHHS HA HABKOJMIIHE CEPEJOBHUINE, PO3POOICHI
CXEMH MapoBOI KOHBepCii MeTaHy 3 MiJBEICHHSAM TeIlIa BiJl BHCOKOTEMIIEPATypPHOIO Ta300XO0JIOKYBAaHOro peaktopa. Jns koHBepcii
noTpibeH piBenp Temmepatyp 1000...1200 K. Came Takmii piBeHb Temmepatyp Moxe 3abesneuntd BTIP. 3ampomonoBaHa cxema
GaraTowinboBoi aToMHOI eHeproTexHonoriynoi ycranoBku (AETY) 3 BTT'P no BupoOHHIITBY BOAHIO IPH IapoBiil KOHBepCil IPHPOIHOrO
ra3y Ta reHepauii enektpoeHeprii Ta po3paxoBani ocHoBHi mapamerpu AETY ¢ BTI'P temnoBoto motyxuicTio 3000 MBT. Busnaueno
3HIDKCHHS BUTPATH MPUPOIHOTO ra3y y MOPIBHAHHI 3 TPAJHI[IHHOKO TEXHOJIOTIEI0 TapOBOI KOHBEPCIl.

Knrwouosi cnosa: BUCOKOTEMIIEPATYpHHUI pEakToOp, BOJCHb, aTOMHA CHEPTOTEXHOJIOTIYHA yCTAHOBKA, KOHBEPCIs

V. Dubkovskiy, V. Segeda. The use of high-temperature nuclear reactors in hydrogen production technologies. The possibility of
using high-temperature gas-cooled nuclear reactors (HTGR) for hydrogen production as an alternative to organic fossil fuel is considered. An
overview of modern technologies of hydrogen production and its advantages as an energy carrier was conducted. The structure of world
production and consumption of hydrogen is given. The exceptional properties of hydrogen as an energy carrier and component of various
technological processes reveal the prospect of its application in various fields of energy, transport and industry. If previously the main
advantages of hydrogen were considered to be its energy intensity, ability to store and distribute, now and for the future the key factor is its
environmental cleanliness and the ability to decarbonize transport, chemical, petrochemical, metallurgical industries and the utility sector.
Currently, the majority of hydrogen and hydrogen-containing products are produced using steam conversion of natural gas. At the same time,
40...50% of natural gas is spent on the energy supply of the conversion process. In order to save natural gas and reduce the burden on the
environment, methane steam conversion schemes with heat input from a high-temperature gas-cooled reactor have been developed. For
conversion, a temperature level of 1000...1200 K is required. It is this temperature level that HTGR can provide. The proposed scheme of a
multi-purpose nuclear power plant (MNPP) with a HTGR for the production of hydrogen during the steam conversion of natural gas and
electricity generation and the main parameters of an MNPP with a HTGR with a thermal capacity of 3000 MW are calculated. A decrease in
the consumption of natural gas was determined, comparable to the traditional technologies.
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Introduction

The possibility of using high-temperature gas-cooled nuclear reactors (HTGR) for the production
of not only electrical energy, but also for providing high-potential thermal energy for other (non-
electric) technologies will allow to significantly expand the use of nuclear energy and reduce the con-
sumption of organic fuels and, accordingly, reduce the technogenic burden on the environment .

One of the promising directions for the introduction of HTGR in non-electrical technologies is
the production of hydrogen as an alternative to fossil organic fuel. According to various forecasts, in
2050, hydrogen will provide the world's energy needs at the level of 18...24% [1, 2, 3].

Hydrogen is actively used in various branches of the chemical and petrochemical industry. It is
used in the synthesis of ammonia; as a component of the reducing gas in the metallurgical industry;
hydrogenation of fats and hydrogenation of coal, oils and hydrocarbons. In addition, hydrogen is
needed for the production of liquid fuel by hydrogenation of coal and fuel oil. In its pure form, hydro-
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gen is practically not found in nature, so solving the problems of obtaining it, concentrating it and
cleaning it from impurities is of great importance.

Analysis of literature data and statement of the problem

The main ways of obtaining pure hydrogen in industry are the electrolysis of water and the con-
version of coke or methane. In addition, hydrogen is obtained by extraction and concentration from
various gas mixtures of petrochemical processes [4, 5].

Currently, hydrogen extraction is most often performed in two ways:

— hydrogen concentration using membrane units. This method of separation of gaseous mixtures
makes it possible to isolate hydrogen from gas streams with minimal losses. The main advantages of
membrane installations that allow concentrating hydrogen include low maintenance costs, simple
hardware design, and a long service life of the membranes. It should be noted separately that mem-
brane installations are characterized by high flexibility, which is realized during the creation of modu-
lar systems that allow you to quickly change the scale of hydrogen production. Another important ad-
vantage of this method of obtaining hydrogen is the affordable cost of the equipment, due to a number
of features of the production and installation of membrane units;

— extraction of hydrogen using adsorption units. This method of obtaining pure hydrogen is based
on the technology of short-cycle or ultra-short-cycle adsorption under variable pressure. This technol-
ogy uses the principle of absorption of impurities of hydrogen-containing gas on the surface of spe-
cially developed adsorbent materials. The number of impurities retained by the adsorbent depends on
the pressure, therefore, these hydrogen production installations allow the process of adsorption of im-
purities and regeneration of the adsorbent by changing the pressure. In this way, a very clean product
is obtained hydrogen, with minimal pressure loss. The only disadvantage of this method of obtaining
hydrogen is its rather high cost [6].

Currently, the majority of hydrogen and hydrogen-containing products are produced using steam
conversion of natural gas. Water vapor at a temperature of 950...1200 K is mixed with methane under
pressure in the presence of a catalyst. At the same time, 40...50% of natural gas is spent on the energy
supply of the conversion process. In order to save natural gas and reduce the burden on the environ-
ment, methane steam conversion schemes with heat supply from a high-temperature gas-cooled reactor
have been developed [6].

Over the years, extraction and concentration technologies have been improved, allowing to obtain
hydrogen from various sources of raw materials. As a result, it was possible to create equipment that
can extract hydrogen from gas mixtures. Thanks to this, hydrogen can be returned to the production
cycle, significantly reducing losses. In addition, the extraction of hydrogen from the gas mixture has a
positive effect on the ecology of the environment. Obtaining hydrogen from fuel, residual and waste
gases can significantly increase the economic efficiency of production.

The exceptional properties of hydrogen as an energy carrier and component of various technologi-
cal processes reveal the prospect of its application in various fields of energy, transport and industry. If
earlier energy consumers were mainly attracted by hydrogen's energy density, ability to store and distrib-
ute it, now and for the future the key factor is its environmental cleanliness and the ability to decarbonize
transport, the chemical, petrochemical, metallurgical industry and the utility sector. Today, hydrogen is
considered by various states and companies as a key energy carrier of the future, a promising commodi-
ty. Today, hydrogen consumption in the world is about 70...75 million tons/year. The largest consumers
(up to 90% of the total volume) are the chemical and oil refining industries. But this is mainly “self-
made” hydrogen, which is produced with emissions of CO, into the atmosphere. In the coming decades,
a sharp increase in hydrogen consumption is expected in connection with the transition of basic indus-
tries to new carbon-free technologies and the development of environmentally friendly transport, taking
into account the requirements for reducing carbon pollution of the atmosphere. The largest contribution
to the growth of global demand for hydrogen should be expected from transport and distributed energy
supply systems when using hydrogen fuel cells. With large-scale development of production, transporta-
tion and storage technologies, hydrogen can also be used to solve energy problems: distribution of ener-
gy by sectors, regions and as a buffer-accumulator. For example, this is energy storage in power systems
with an uneven load schedule, especially for nuclear power plants, a buffer-storage energy in combina-
tion with renewable energy sources (RES), energy supply to local consumers and district heating. The
exceptional properties of hydrogen as an energy carrier and a component of various technological pro-
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cesses reveal the prospect of its application in various fields of energy, in transport, in industry, in the
energy supply of local consumers and long-distance heat supply.

The choice of the method of obtaining hydrogen depends on the composition of raw materials, the re-
quired purity of hydrogen, and even on the mode of operation, production capacity and other factors.

Thus, hydrogen generation is possible using the following technologies [6, 7, 8, 9]:

— from organic fossil fuels — steam conversion of natural gas or light oil fractions or gasification
of coal;

— electrolysis;

— biotechnological or renewable sources;

— using nuclear energy sources (nuclear-hydrogen energy).

Table 1 shows the structure of world production and consumption of hydrogen.

Table 1
Shows the structure of world production and consumption of hydrogen
Production Consumption

Steam conversion of natural gas ~85% Ammonia production 50%
Conversion of light oil fractions 7% Oil refining industry 37%
Coal gasification 4% Methanol production 8%
Electrolysis 4% Space industry 4%
Others <1% Others 4%

Purpose and objectives of the research

When producing hydrogen using technologies that use natural resources as raw materials, such as
natural gas, oil, or coal, 30...50% of the raw materials are used as fuel to ensure the technological pro-
cess. At the same time, a temperature level of ~950 K is required for conversion, and ~1100 K for gas-
ification. It is this level of temperatures that HTGR can provide.

In principle, the production of hydrogen using nuclear energy is possible either with the use of
light water reactors (LWR) by electrolysis of water or HTGR using thermochemical processes of natu-
ral gas conversion or coal gasification [7]. Both closed and open fuel cycles using uranium, plutonium
and thorium can be used in HTGR. The overall efficiency for the implementation of such a technology
can reach 58...59% [7], while the efficiency of the technology with electrolysis due to the electricity
produced by light water reactors does not exceed 24...25%.

Such an advantage in the efficiency of hydrogen production when using the high-potential ther-
mal energy of HTGR in thermochemical processes of natural gas conversion or coal gasification is
determined purely by thermodynamic factors, because in the case of using electrolysis for hydrogen
production, electricity is needed, which is produced by light water reactors with an efficiency that does
not exceed 33%.

Determination of optimal parameters — temperatures at nodal points of the scheme; pressure and
temperature of the natural gas conversion process; ratio of water vapor and natural gas in the techno-
logical part of the installation; distribution of heat carrier costs are the tasks of research of MNPP with
HTGR.

The paper proposes a thermal scheme of a multi-purpose nuclear energy technological installa-
tion with VTGR, and a consolidated calculation of the technological and energy indicators of such an
installation is carried out.

Such an advantage in the efficiency of hydrogen production when using the high-potential ther-
mal energy of HTGR in thermochemical processes of natural gas conversion or coal gasification is
determined purely by thermodynamic factors, because in the case of using electrolysis for hydrogen
production, electricity is needed, which is produced by light water reactors with an efficiency that does
not exceed 33%.

Research of the parameters of thermal (technological) schemes of MNPP with HTGR

Figure 1 shows the proposed thermal (technological) scheme of a multi-purpose MNPP with
HTGR for hydrogen production and electricity generation.

MNPP consists of three parts: nuclear, technological and energy. The helium heated in the active

zone of the HTGR s fed through the heat exchanger of the industrial circuit 2 to the high-temperature
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heat exchanger of the technological part 5, where it heats a mixture of water vapor from the selection
of the steam turbine 12 and natural gas (which consists of 98% methane), which is fed to the tubular
contact apparatus of the first stage of conversion of methane 7.8, where ~70% of methane is converted
[10], and then through recuperative heat exchangers 11 — to the second stage of conversion — mine me-
thane converter 9, where air is also introduced to carry out the exothermic reaction of the final conver-
sion of methane. The converted gas is cooled in recuperative heat exchangers 11 and cooler 10. The
cooled converted gas is fed to the carbon monoxide converter, where the autothermal conversion reac-
tion is carried out, then to the carbon dioxide purification system and to the hydrogen release system.

HTGE

Fig. 1. Scheme of a MNPP with HTGR for hydrogen production and electricity generation: 1, 3 — gas blowers;
2 — industrial circuit heat exchanger; 4 — steam generator; 5 — high-temperature heat exchanger of the
technological part; 6 — water vapor and methane mixer; 7, 8 — tubular contact devices of the first stage of
methane conversion; 9 — mine methane converter; 10 — cooler of convertible gas; 11 — recuperative heat
exchangers; 12 — steam turbine; 13 — electric generator; 14 — turbine condenser; 15 — regenerative system;
16 — feed pump

The energy part consists of a standard steam power plant, which includes a steam generator 4, in-
to which helium is supplied after the high-temperature heat exchanger of the technological part.

Thermodynamic and techno-economic analyzes are the method of research of energy technologi-
cal installations. At the first stage, a thermodynamic analysis is carried out, there is a determination of
the most favorable operating parameters of the installation, the ratio of the produced products and an
assessment of thermodynamic (energy) perfection.

Results of consolidated energy calculation of MNPP with HTGR

Table 2 shows the results of the calculation of the main parameters of the MNPP with a HTGR
with a thermal capacity of 3000 MW.

Thus, the use of HTGR in the technology of steam conversion of natural gas leads to a decrease
in the total consumption of the latter by 18...19% due to the provision of high-potential heat energy for
the exothermic reaction at the first stage of conversion.

If we consider the amount of reduction in the consumption of natural gas as a fuel to ensure the
exothermic conversion reaction, the share of HTGR is about 77%.

The study of the possibilities of using HTGR as part of MNPP includes several important direc-
tions, one of which is the determination of the optimal ratio of the production of a technological prod-
uct — hydrogen, renewable gas in metallurgy, chemical fertilizers, oil refining, etc. and electric energy;
evaluation of thermodynamic perfection of both technological and energy parts of the installation and
the entire MNPP [7, 11]; selection of optimal installation parameters, etc.
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Table 2
The main parameters of MNPP with HTGR thermal capacity of 3000 MW

INCOMING DATA Value PARAMETER Value
Thermal capacity of HTGR, MW 3000 Thermal capacity of _HTGR, transferred to the 1754
technological part, MW
Helium temperature at the reactor exit, K 1273 Thermal capacity of the H.TGR’ transferred to 1246
the power unit, MW
Consumptlon_ of nat_ura.l gas, kmoll/s, 11.710
including:
— as raw materials in the first stage of 8.505
Helium temperature at the entrance to the 623 conversion, kmol/s '
reactor, K — as raw materials in the second stage of
. 2.550
conversion, kmol/s
— as fuel to ensure the second stage of
: 0.655
conversion, kmol/s
Helium temperature at the entrance to the .

. Hydrogen production, kmol/s 33.15
high temperature heat exchanger of the 1223 Including using the heat of HTGR, kmol/s 22.50
technological part, K
!—lellum_ temperature at the entrance to the 573 Electric power, MW 520
industrial circuit heat exchanger, K
Helium temperature at the inlet to the 843 Natural gas economy, kmol/s 2184
steam generator, K

Conclusions

1. The introduction of HTGR into non-electrical technologies, including for the production of
hydrogen as an alternative to fossil organic fuel, is a promising direction for the development of nu-
clear energy.

2. The use of HTGR will reduce the ecological burden on the environment due to oxide-free pro-
cesses of providing energy for the steam conversion of natural gas during hydrogen production.

3. At MNPP for hydrogen production, the reduction of natural gas consumption is 18-19% com-
pared to traditional steam conversion technology.

4. An important task of the development and creation of MNPP is to determine the optimal ratio
of production of technological product and electrical energy; evaluation of the thermodynamic perfec-
tion of both technological and energy parts of the installation and the entire MNPP; selection of opti-
mal operating parameters of the installation.
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