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In this study, a neutronic analysis of a hybrid reactor was performed by mixing 50% TRISO-coated
CANDU spent fuel with 50% Th. The hydrogen production rate of the integrated plant was analyzed
via the V-CI thermochemical cycle. / Bu ¢alismada %50 TRISO-kapli CANDU kullanilmis yakit
ile %50 Th karstirllarak hibrit reaktériin nétronik analizi yapilmistir. Hibrid reaktore entegre
edilen tesisin hidrojen iiretim miktar: V-CIl termokimyasal ¢evrimi yoluyla analiz edilmistir.
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Figure A: Time-dependent thermal power and hydrogen production mass for the V-CI
thermochemical cycle /Sekil A: V-CI termokimyasal cevrimi igin zamana-bagh termal giic ve
hidrojen tiretim miktar
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»  Hydrogen production byV-Clithermochemical cycle / V-CI termokimyasal ¢evrimi ile
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»  Neutponic Analysis and hydrogen production analysis of hybrid fission-fusion reactor /
Hibrit fisyon-fiizyomeaktoriing nétronik Analizi ve hidrojen iiretim analizi

»  Effectof TRISO-¢coated\CANDU spent fuel and Th nuclear fuel mixture on the amount of
hydrogen, production / TRISO-kapli CANDU kullamilmuis yakiti ile Th niikleer yakit
karigiminmmphidrojen iketim miktarina etkisi

Aimy(Amag)s Investigation of the effect of a mixture of 50% TRISO-coated CANDU spent fuel and
50% Thanuclear. fuel on H: production in a hybrid fission-fusion reactor. / Hibrid fisyon-fiizyon
reaktoviinde %50 LRISO-kapli CANDU kullanilmis yakiti ile %50 Th niikleer yakit karisiminin H
tiretimine etkisinin.incelenmesi.

Originality (Ozgiinlitk): Investigation of time-dependent H> production potential of V-CI
thermochemical cycle integrated into hybrid fission-fusion reactor. / Hibrid fisyon-fiizyon
reaktoriine entegre edilen V-Cl termokimyasal ¢evriminin zamana bagh H: iiretim potansiyelinin
incelenmesi.

Results (Bulgular): A total of approximately 2.57*10° tons of H> was produced during the
operation period of the V-Cl thermochemical cycle hydrogen production facility integrated into the
hybrid fission-fusion reactor. / Hibrid fisyon-fiizyon reaktériine entegre edilen V-CI termokimyasal
cevrimli hidrojen iiretim tesisinin operation periodunda toplam yaklasik olarak 2.57*10° ton H:
tiretilmistir.

Conclusion (Sonug): The hybrid reactor with TRISO-coated CANDU spent fuel and Th nuclear
fuel mixture is a good energy source for H> production plant. / TRISO-kapli CANDU kullanilmig
yalkat ile Th niikleer yakit karisimli Hibrid reaktérii H: iiretim tesisi i¢in iyi bir enerji kaynagidir.

*Corresponding author, e-mail: medineozkaya@gazi.edu.tr

DOI: 10.29109/gujsc.1754490


https://orcid.org/0000-0003-0295-234X

GU J Sci, Part C, 13(X): XX-XX (2025)

Jourau GRGEEL

Gazi Universitesi Gazi University »
Fen Bilimleri Dergisi Journal of Science e (111 1 1)
LLLLELL] W}q.:.‘.‘f""\llﬂlﬂﬂ
PART C: TASARIM VE PART C: DESIGN AND mennns L L nannn
TEKNOLOJi TECHNOLOGY e sk

http://dergipark.gov.tr/gujsc

Investigation of Hydrogen Production Rate of V-CI Thermochemical Cycle
Integrated Into Hybrid Reactor

Medine OZKAYA!

!Gazi University, Vocational School of Technical Sciences, Department of Machinery and Metal Technologies, Ankara, Tukkey

Article Info

Abstract

Research article
Received:31/07/2025
Revision: 05/11/2025
Accepted: 05/11/2025

Keywords

Hybrid Reactor
Nuclear Hydrogen
Vanadium-Chloride
V-CI Thermochemical
Cycle

Neutronic analyses were performed in a hybrid reactor using 50%)TRISO-coated CANDU, spent
nuclear fuel and 50% Th mixture as fuel and natural Lisas coolant. The:XSDRNPM/SCALE
nuclear code program was used for neutronic analyses. Undenthese conditions,jthe hybrid reactor
operated for 48 months. TBR and M values were calculated from neutronic analyses. At the
beginning of the 48-month operation period, the-LBR value was approximately 1.176, while at
the end of the operation period, this valieywas approximately b.196.The M value was calculated
as approximately 1.653 and 1.869 at'the beginning and endyrespectively. Additionally, the rate
of hydrogen production in the hydrogen production facility “integrated into the reactor was
examined. The vanadium-chloride (V-Cl)thermochemicalieycle was preferred as a method for
hydrogen production. The approximate hydrogen produetion rate at the beginning and end of the
48-month operation period of thé plant'was caleulated as 1,659 kg/s and 2,287 kg/s. As a result,
it seems that the hybrid reactorjand vanadiumpchlopide (V-Cl) thermochemical cycle are
preferable for hydrogen production.

Hibrit Reaktore Entegre Edilen<V=Cl Teérmokimyasal Cevriminin Hidrojen
Uretim Miktarinin incelenmesi
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Hibrit Reaktor
Niikleer Hidrojen
Vanadyum-Kloriir
V-CI Termokimypasal
Cevrim

Yakit olatak %50: TRISO kapli CANDU kullamlmis niikleer yakiti ve %50 Th karigimi ve
soguticu akiskan olarak dogal Li kullanilan hibrit reaktdrde ndtronik analizler yapilmistir.
Notronik analizler icin XSDRNPM/SCALE niikleer kod programi kullanilmistir. Bu sartlarda
hibritireakton48 ay caligmistir. Notronik analizlerden TBR ve M degeri hesaplanmustir. 48 aylik
caligmajsiiresinin baslangicinda TBR degeri yaklasik olarak 1,176 iken calisma siiresi sonunda
bundeger yaklasik olarak 1,196'dir. M degeri ise baslangigta ve bitiste sirasiyla yaklasik olarak
1,653 ve 1,869 olarak hesaplanmistir. Ayrica reaktdre entegre edilen hidrojen iiretim tesisinde
hidrojen tiretim miktar incelenmistir. Hidrojen (H2) tiretim yontemi olarak vanadyum-kloriir (V-
Cl) termokimyasal ¢evrimi tercih edilmistir. Tesisin 48 aylik ¢alisma siiresi baglangicinda ve
bitisinde ise yaklasik olarak hidrojen iiretim miktar1 1,659 kg/s ve 2,287 kg/s olarak
hesaplanmustir. Sonug olarak hibrit reaktor ve vanadyum kloriir (V-Cl) termokimyasal ¢cevriminin
hidrojen iiretimi i¢in tercih edilebilir oldugu goriilmektedir.

1. INTRODUCTION (GIRiS)

Scientific studies and technological developments
continue unabated to enable people all over the
world to live a healthier, more comfortable, and
more peaceful life. These developments and
industrialization have provided comfort and
economic growth. Energy is needed to achieve all
these developments [1]. Until recently, this energy

source was generally fossil fuels. The combustion
of fossil fuels produces numerous emissions, such
as CO, COy, ash, and NO,. While some of these are
easily biodegradable, others are persistent and harm
the environment. Numerous efforts are underway to
reduce these emissions. The goal is to reduce the use
of fossil fuels, which are a major source of
emissions, and, if possible, to eliminate them
altogether. To address this problem, renewable
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energy sources have begun to be used instead of
fossil fuels [2,3]. Several methods are used for these
renewable energy sources, examples of which
include biomass, solar photovoltaics, geothermal
power, and hydropower. Nuclear power plants,
although not renewable energy sources, provide low
carbon emissions and continuous energy, and are
therefore considered environmentally friendly.
Furthermore, hydrogen, while not a renewable
energy source itself, is a clean and sustainable
energy carrier when produced with clean energy [4].

Sener and Acar [5] performed neutronic analyses of
the SOMBRERO fusion reactor using 2%, 6%, and
10% UO: fuel at constant fuel zone thickness. TBR
and M values were obtained from the neutronic
analysis. Using the obtained M value, the H:
production rate of the Mg—Cl thermochemical cycle
integrated into the reactor was investigated. Ozkaya
and Acir [6] integrated Fe—Cl, Cu—Cl, and Co—Cl
thermochemical cycle hydrogen production plants
into the PACER fusion reactor and compared their
hydrogen production potential. Acir and Ozkaya [8]
performed neutronic analyses of the PACER fusion
reactor using the MCNP nuclear code. A mixture of
98% FLiBe and 2% MAF4 was used as molten salt
fuel in the reactor. Fe—Cl, Mg—Cl (option 1), and
Mg—Cl (option II) thermochemical cycles\were
preferred in the hydrogen production facility. The
hydrogen production potential of the hydrogen
production facility integrated into the PACER
fusion reactor was investigatedywith these cycles:
Geng [9] conducted neutronic analysis of the' APEX
fusion reactor under differenteonditions, and the
obtained energy was aised in hydrogen production
tests. In the hydrogen production facility, hydrogen
production quantities wereicalculatediand compared
using SMR, ST and HTEjhydrogen production
methods. ASal, et“aly,[17] pesformed neutronic
analyses at)l 0% ThC +90% ELiBe and different °Li
enrichment ratios in.the APEX fusion reactor using
TRISO thorium fuek, Then, the hydrogen
productieni capacity of the Co—Cl and Cu—Cl
thermochemical cycle hydrogen production facility
integrated intohe reactor was investigated. As a
result, the highest performance was calculated as
12.74 kg/s at a 90% °Li enrichment ratio with the
Cu—Cl thermochemical cycle.

Pinsky et al. [7] investigated the hydrogen
production amounts of proton exchange membrane
electrolysis (PEM), alkaline water electrolysis, solid
oxide electrolysis cells (SOEC), sulfur-iodine (S-I),
hybrid sulfur (HyS), copper chloride (Cu-Cl) and
calcium bromide (Ca-Br) cycles by taking
advantage of both electricity generation and heat
generation features of the nuclear hybrid energy
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system and compared them with the SMR method.
Batgi and Dinger [10] obtained a new Mg-Cl cycle
with only heat input, without the electrolysis step of
the three-step Mg-Cl thermochemical cycle. Then,
Exergy and energy analyses of the obtained cycle
were performed.

Safari and Dincer [16] developed and analyzed an
integrated system consisting of a biomass
gasification unit fed by the macroalps Clodophora
glometara, a V-Cl thermochemical cycle, and a
Brayton cycle. As a result, 850 kW power
production and 23.42 kg/h hydrogen production
were calculated. This system offers)S3.2% energy
and 52.6% exergy.efficied€y. In a related study, Hai
et al. [18] repasted that the, system)consists of a
three-step V-Cl  thermochemicaly \cycle, an
absorption coolergasifier,ygasifier, and Proton
Exchange Membrane)(PEM) ‘fuel cell integration.
The energymexergys, carbon dioxide emission rate,
and exergo envitonmental impacts of this proposed
system were amalyzed.\Dashtizadah et al. [19]
performed amyeconemical and technical evaluation
of hydtegen production from steel plant waste heat
using V=€l thermochemical cycle and proton
exchange membrane electrolyzer. Three different
scenariosiwere determined and, among them, the
best seenario, the V-CI thermochemical cycle, has
the capaeity to produce 203,018 tons of hydrogen
per year with 43.71% energy efficiency and 56.64%
exergy efficiency. Furthermore, Isaq and Dinger
[20] simulated the four-step V-CI thermochemical
cycle in the ASPEN Plus environment. Hydrogen
and electricity co-production was calculated by
integrating the V-Cl thermochemical cycle and the
helium-closed Brayton cycle into the Small
Modular Reactor (SMR). The system achieved a
specific hydrogen production rate of 9.63g/kWh,
and the total energy and exergy efficiencies were
calculated as 16.94% and 21.42%, respectively.

In this paper, unlike previos studies, time-dependent
neutronic and hydrogen production calculations of
hybrid fusion reactor integrated with hydrogen
production unit have been examined. As a novelty
of the study, the hydrogen production potential of
the V-Cl thermochemical cycle as time-dependent
was investigated in the hydrogen production facility
integrated with the hybrid reactor.

In this study, 50% TRISO-coated CANDU spent
fuel and 50% Th nuclear fuel mixture were used as
fuel in the reactor. This ratio was taken as a constant
in order to ensure the consumability of both Th
nuclear fuel and TRISO-coated CANDU spent
nuclear fuel and because the main purpose of the
subject is hydrogen production. Natural Li contains
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7.5% 6Li and 92.5% 7Li isotopes. The 6Li isotope
absorbs thermally energetic neutrons to yield
tritium, and the reaction is exothermic. The 7Li
isotope absorbs thermally energetic neutrons to
yield trititum, and the reaction is endothermic.
Natural Li was preferred in this study because it
contributes a large amount to the tritium production
in the reactor. Neutronic analyses of the reactor
were performed with XSDRNPM/SCALE. The V-
Cl thermochemical cycle, one of the newest
thermochemical cycles, was found to be one of the
best methods. The study also investigated the use of
the V-Cl thermochemical cycle as a hydrogen
production method during the 48-month plant
operation period using data obtained from neutronic
results.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1. Hybrid Fusion-Fission Reactor (Hibrit Fiizyon-
Fisyon Reaktorii)

4

The cross-sectional view of the fusion-fission
hybrid reactor is given in Figure 1. The first wall
with a thickness of 1.3 cm, made of SS-304
construction material, is located 300 cm away from
the D-T neutron source. Then there is the fuel zone
where 50% TRISO-coated CANDU spent fuel and
50% Th nuclear fuel are used. The fusion-fission
hybrid reactor has three cooling zones with
thicknesses of 12, 5, and 4 cm, and Li is used as the
coolant in these zones. The ratio of the coolant
volume to the fuel volume is taken as Vm/Vf = 5.
Behind each of these cooling zones are carbon zones
with thicknesses of 4, 6 and)l6 cm. In the
calculation, the facility factor wasW00% and the
neutron load was 5 (MW/m2:), Under these
conditions, the neutrofic analysis,of the reactor was
performed and the hydrogen productionypotential of
the hydrogen produetion facility iategrated into the
reactor was examinedyThe patameters used in the
study are @iven in)Table 1. The hydrogen (H2)
production facility, integrated with the modified
hybrid reactor isigivenun Figure 2.
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Figure 1. Blanket geometfi of the hybrid reactor (Hibrit reaktdriin manto geometrisi) [1 1j

Table 1. Technical speeifications of the hybrid reactor (Hibrit reaktore ait teknik 6zellikler)

Pdrameter Value
Fusionenergy gain, Q 4
Neutron patticlés fraction, X, 0.8
Alpha particles fraction, X, 0.2
Auxiliary system fraction, Xaux 0.05
Isotope separation system fraction, Xisp 0.05
Intermediate heat exchanger efficiency, Minx 0.9
Gas turbine efficiency, ng 0.6
Reaction efficiencies 0.9

*The SGTS5-8.000H gas turbine operating with an efficiency of over 60% was taken as reference and
calculations were made by taking the gas turbine efficiency as 60% [21].
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|

Hydrogen Production
Unit

Figure 2. General flow diagram of hybrid reactor systel‘with
iiretim tesisli hibrit reaktor sist€mini

tion and to minimize
. Bhe basic structure of the 2.2
SO fuel is given in Figure 3.
Itilayer-coated particle-type fuel.
is examined, the small spherical
lutonium/thorium fuel core in the
urrounded by a porous carbon layer. Then,
er pro carbon layer, SiC and outer pro carbon
are the layers that constitute the TRISO spent
fuel, respectively [23].

When comparing thorium fuel to uranium fuel, itis a
estimated that there are approximately three times
as many thorium nuclear fuel as uranium nuclear.
fuel. This makes Thorium fuel aturall
advantageous. However, since Th nuclea
cannot make fissile fuel on its own, it requ
fissile initiator. In this study, TRISO s
preferred as the fissile initiator req
thorium nuclear fuel. In addition, T
used in the Gas Turbine Mod
(GT-MHR) were used in the calc

»
COMPONENT/PURPOSE

* Fuel Kernel
- Provide fission energy and neutrons
- Retain fission products
- Control particle oxygen potential

« Buffer layer (porous carbon layer)
- Attenuate fission recoils
- Void volume for fission gases
Accommodates kemel swelling

* Inner Pyrocarbon (IPyC)
- Prevent Cl attack of kernel during
manufacture
- Provides structural support for SiC
- Retains gaseous fission products

» Silicon Carbide (SiC)
- Primary load bearing member
- Retain gas and metal fission product

« Outer Pyrocarbon (OPyC)
- Provides structural support for SiC
- Retains gaseous fission products
- Provide bonding surface for
compacting

Figure 3. Basic structure of TRISO fuel (TRISO yakitinin temel yapisi) [23]
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When it comes to the usage advantages of TRISO
fuel, its multi-layered structure traps the fusion
products, while the fuel particles remain intact even
in classical nuclear accidents such as core
meltdowns, indicating that the fuel is highly safe.
Other advantages of TRISO fuel include its stability
at temperatures up to 1600-1800 °C, the ability to
reduce the production of long-lived actives, easier
waste management and a lower likelihood of
leakage into the environment [24].

2.2.Vanadium Chloride (V-Cl) Thermochemical

Cycle (Vanadyum Kloriir (V-C1) Termokimyasal
Cevrimi)

Thermochemical cycles are preferred for reasons
such as high efficiency, low electricity consumption
and no carbon emissions. The V-Cl thermochemical
cycle requires less heat energy compared to many
thermochemical cycles.

At this stage, a three-step V-Cl thermochemical
cycle hydrogen production facility was integrated
into the hybrid reactor, and the hydrogen production,
potential ~ was  investigated. = The, “V-Cl
thermochemical cycle is a pure cycle and Tequires
only heat energy. The heat required for the V-Cl

thermochemical cycle was calculated as 284.62
kJ/mol. All stages of the V-Cl thermochemical
cycle, which is a clean hydrogen production
method, are given in Figure 4. Equation 1 is the first
step of the reaction, and at 798 K, VCI3 decomposes
into VCI2 and CI2. In this first step, an endothermic
reaction occurs [16].

798 K
ZVClz(s) — ClZ(g) + ZVClz(s)
(1)

In the second stage of the reaction, the Cl, gas
produced in the first step react§ with H>O at 373K
to form HCIl and O; gas. The ‘step, which is an
endothermic reaction, is €alled the reverse Deacon
reaction [16]. This proeess 1§given inequation 2.

373 K

An exothermic reaction occurred in the last step of
the V-Cl thermoehemical cyele, and this reaction is
given in“Equation 3%[16]. In this step, the VCI»
produced in‘the fitst step and the HCI produced in
the second stepireactiat 573 K to produce VCl; and
Ho.

573 K
2ZHCL gy 2VCly () — Hy gy + 2VCl3g)  (3)

2VC|3(5) — ClZ(g)+ 2VC|2(5)

Ha0pg) + Clygg —=1/205+ 2HClg

2HC|(g)+2VC|2(5) — Hz(g)+ 2VC|3(S)

Figure 4. V-Cl thermochemical cycle schematic view (V-Cl termokimyasal dongiisiiniin sematik
goriinlimii)

The heat required during the process is calculated
by the following eqs (5-7) [6,8,12-14].

Ein = Eout (5)

Qin + Win + X Ny Hip = Qout + Wout +
2 Nout Hour (6)

XX

— — 2 3 4
R(T) Ry =AT +B—+C—+D—— Z+F —
H (7)

Where, E is total energy transfer (kW), Q(kW) is
heat, W (kW) is work, hg (kJ/mol) is standard
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enthalpy, h (T) is sensible enthalpy. T represents
1/1000 of the temperature K given in the reaction.
A-H indices are the SHOMATE values of the
compounds belonging to the V-Cl thermochemical
cycle given in Table 2 [6,8,12,13]. The SHOMATE

equation is a method used to calculate data such as
heat capacity and enthalpy using polynomial
equations. There are many polynomial coefficients
in the literature. However, the SHOMATE equation
is one of the most used and accurate methods [15].

Table 2. Shomate data of compounds belonging to the V-Cl thermochemical cycle (V-Cl termokimyasal

cevrimine ait bilesiklerin shomate verileri)[15]

Com. | T@K) | J'/‘:ol) A B C D E F G H
Ch(g) | 798-373 0 33.050 | 12.2294 | -12.0651 | 43853 | -0.159494 | -10.8348 | 259.029 0
HCI(g) | 373-573 | -92.312 | 32.124 | -13.4580 | 19.868 | -6.854 | -0.049 | -101.62 | 22868 | -92.312
O:(g) | 0373 0 31322 | -20235 | 57.866 | -36.5 -0.007, -8003, | 246.8 0
H:0(g) | 0373 |-241.826| 30.092 | 6.832514 | 6.793435 | -2.5344 | 0.082189 | -250.881| 293.3967 | -241.82
H:(g) | 0573 0 33.066 | -11363 | 11432 |-2.7720 | -0.0158%.| -9.9810. | 172.70 0

VCl; and VCI: compounds do not have SHOMATE
values. These compounds are calculated using
equations 8 and 9 below [16].

For VCls;

R(T)—h, = (2299T + (1.96%¥10" *)qI? +
(1.68*10%)T ' — 7592 (®)

For VCly;

h(T)—h, = (17.25)T + ( 1.36%100.° ) A% +
(0.71%10°) T~ ' — 5502 (9)

3. RESULTS AND DISCUSSION (Sonuglar ve
tartisma)

A measure of the,sustainability of the hybrid reactor
is the tritium,breeding ratio (TBR){For the reaction
to continde on its own.in‘the reactor, the TBR value
must be greater than 1:05. The value of tritium
obtdined from®Li givien in‘€quation 10 is T, and the

XX

valae of trifium obtainedfcom 7Li in equation 11 is
Tz, ThedTBRyalue, is'ealculated by the sum of Ts
and T given in Bquatiénsyl0 and 11, as in Equation
12 [12].

6Lyt n 2 He +T6 + 4,7484 MeV (10)
ThiF e He +T7 + n—2,467 MeV (11)
TBR =7 + T6 (12)

Asseen in equations 10 and 11, an endothermic and
an exothermic reaction occur as a result of the
reaction of °Li and "Li with low-energy neutrons.
The inlet and outlet temperatures of the natural Li
coolant were calculated based on the 48-month
operation period of the hybrid reactor. Depending
on the thermal power of the hybrid reactor, the inlet
temperature of the Li coolant is ~620 K, and the
outlet temperature is ~820 K [25, 26]. This is a
sufficient value to meet the requirements of the V-
Cl thermochemical cycle.
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Figure 5. Tritium breeding ratio (TBR) depending on timeyfor a mixture of 50% TRISO coated CANDU
spent nuclear fuel and 50% Th nuclear fuel(%50 TRISOykaplhyCANDU, kullanilmis niikleer yakit ve %50
Th niikleer yakit karigimi igin zamana bagh tritium {iretim oran1 (TBR))

The TBR value obtained from the fusion-fission
hybrid reactor over time is shown in Eigure 5."Fhe

reactor was self-sustaining for 48 months. _The
initial and 48-month TBR values of, thel 50%

1.9

TRISO-coated CANDU spent nuclear fuel and 50%
Thonuclear fuel mixture were calculated to be
approximately 1.176 and 1.197, respectively.

1.87

1.84

1.81

1.78

1.69

1.66

1.63

1.6

12 18

Time

24 48

(Month)

30 36 42

Figure 6. Energy multiplication factor (M) depending on time for a mixture of 50% TRISO coated
CANDU spent nuclear fuel and 50% Th nuclear fuel (%50 TRISO kapli CANDU kullanilmis niikleer yakit ve %50

Th niikleer yakit karigimi i¢in zamana

XX

bagli enerji ¢ogaltim faktorii (M))
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The initial and final values of the data obtained from

nuclear fuel and 50% Th nuclear fuel are detailed in

the neutronic analyses of the fission-fusion hybrid Table 3.

reactor using 50% TRISO-coated CANDU spent

Table 3. Initial and finish value depending on time for a mixture of 50% TRISO coated CANDU spent
nuclear fuel and 50% Th nuclear fuel (%50 TRISO kaplamali CANDU kullanilmis niikleer yakit ve %50
Th niikleer yakit karisimi i¢in zamana bagl baslangi¢ ve bitis degeri)

T T, TBR M
initial 0.92174 0.25412 1.17586 1.65303
finish 0.94043 0.25595 1.19638 1.8687

The energy production of the hybrid fusion-fission

reactor was calculated using equation 13

[5,6,8,13,17].

M = 1 4 200Mev<®rIr> +4786 MeVTo—2467 MeV+T;
14.1 MeV

(13)

Where, 200 MeV is the energy released as a result
noutron
cm? /s

of the fission reaction, @ ( ) is théyneutron

flux, Z¢ (cm™) is s the microscopic cross section of
the fission and 14.1 MeV is the energy ofsaneutron.

The energy multiplication factor (M) was, obtained
as a result of the reactions occurting with the 50%
TRISO-coated spent CANDU, fueljand 50%“Th
nuclear mixture used in ‘the teactor, The M value
obtained after 48 mofiths of operation of the hybrid
reactor is given in Figure46: When Figure 6 is
examined, théy value was calculated to be
approximately 1.66 \at the beginning, while the
value at the end)of 48, months was calculated to be
approXimately 1,87. Thejpresence of fissile material
(Th) in the coelant net only produces high-quality
nuclean, filels “Jbut “also enhances energy
multiplication through additional fission reactions.
That is, depending on the fissile material, power

XX

production (M) has incréased continuously for 48
months.

The total thermalgypower ‘and thermal‘power ratio
required by @he “V-Cl thermochemical cycle
hydrogen production facilities\integrated into the
hybrid fusion-fissionreactor,are calculated with the
equationsy(14,15) givenbelow [5,6,8,13,17].

1

Ninx*Nds [Q*(xa+xn*M)+1]*[Tlgt+ E-Ngt*Xnet]
£

‘(l):

XauxtXisp

14
[Ngtd e-NendXnet]  Ninx*[Mge+ e-Nge*Xnet] ( )
P
Pugp = (1 =) » (1 + ) # e L [Q *
(xg +x, M)+ 1] (15)

The symbols used in equations 14 and 15 are given
in Table 1. The thermal power ratio and total
thermal power required by the H, production
facility are given in Figures (7, 8). The thermal
power ratio increased depending on the M value
over 48 months. The thermal power ratio, which is
approximately 0.362 at the beginning, reaches 0.391
after 48 months. When Figure 8 is examined, it is
seen that the total thermal power increases in
parallel with the M value. The total thermal power
is ~ 0.809MW at the beginning and ~ 0.938 MW in
48 months.
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Figure 7. Thermal pawer ratio (1- ) depending on timefor amixture of 50% TRISO coated CANDU
spent nuclear fuel and 50% Th nuclear fuel(%50 TRIS© kapli CANDUY kullanilmis niikleer yakit ve %50
Th niikleer yakit karigsimi i¢in zamana bagli tesmal giic orani (1-1)))
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Figure 8. Total thermal power (P, ) depending on time for a mixture of 50% TRISO coated CANDU
spent nuclear fuel and 50% Th nuclear fuel (%50 TRISO kapli CANDU kullanilmis niikleer yakit ve %50
Th niikleer yakit karigimi i¢in zamana bagl toplam termal gii¢ (Ppyr))
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The hydrogen mass flow equation of the vanadium
chloride thermochemical cycle used in the hydrogen
production facility is calculated by the equation (16-
18) given below [6,8,13].

Where m is the mass flow rate, u (g/mol) is the
molar mass of the compound, 1 is the efficiency of
the reactions, and q;,; (MJ/kg) is the total energy.
The in and out indices are used as examples of
reactants and products for each chemical; the x and

My, = M 16 L
L 1in = L Miout (16) y indices are used as examples for each element.
= Phor (17)
dtot The hydrogen production rate of the V-Cl
1y, = 1y * Ly, n (18) Fhermochel.nical cycle hydroggn produption facilit.y
tx integrated into the hybrid fusion- fission reactor is
given in Figure 9.
2.35
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Figure 9. Hydrogen production amount ( rhy, ) depending on time for a mixture of 50% TRISO coated
CANDU spentnuclear fuel and50% Th nuclear fuel (%50 TRISO kapli CANDU kullanilmig niikleer
yakit ye %50 Thniikleeryakitkarigimi ig¢in zamana bagl hidrojen tiretim miktar ( my, ))

The“ hydrogen, production rate of the V-CI
thermochemical cyele hydrogen production facility,
integrated‘into the hybrid fusion-fission reactor and
using 50% TRISO-coated CANDU spent fuel and
50% Th nuclear fuel, increases continuously for 48
months, depending on the M value increase. The
total amount of hydrogen produced in the V-Cl
thermochemical cycle hydrogen production facility
integrated into the reactor was calculated as
approximately 2.57*10° tons at the end of the 48-
month operation period. Generally speaking, the

XX

hybrid fusion-fission reactor and the V-Cl full
chemical cycle hydrogen production method
showed good performance.

Table 4 compares the hydrogen production results
obtained in this study with the results of different
thermochemical cycles given in the literature.
Generally, the hydrogen production of the hybrid
reactor appears to have good performance
compared to literature results.
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Table 4. Comparison of the amounts of hydrogen produced for various hydrogen production cycles
(Cesitli hidrojen iiretim ¢evrimleri igin iiretilen hidrojen miktarlarinin karsilastirilmasi)

H; Production
Reference Type Cycle rate (kg/s)
(initial value)
Present work Hybrid reactor V-Cl 1.659
. 5.9203
Ref [5] SOMBRERO fusion reactor Mg-Cl R 12636
Fe-Cl ~13
Ref [8] PACER fusion reactor Mg-Cl (optio 1) ~39
Mg-Cl (option II) ~26
SMR+WGS+MCS 218
SMR+WGS 100
Ref[12] APEX fusion reactor SMR 60
HTE 8.60
S-1 8.40
. 736
Ref[13] PACER fusion reactor Fe-€l 10.96
Ref[16] biomass VeCl 23.42 kg/h

4. CONCLUSIONS (SONUCLAR)

In this study, recent developments on
thermochemical cycling were examined @nd then
the H, production potential of the (V-CI
thermochemical cycle was investigated | by
integrating the V-Cl thermochemi€al cycle
hydrogen production unit into the hybrid fusions
fission reactor. This method promises sustainable
hydrogen production. The studyyresults are listed as
follows;

X3

%

The TBR and M walues of, theghybrid fusion-
fission reactor ‘“using 50%), TRISO-coated
CANDU spent fuel“and 50% Th nuclear fuel
showed a continuous merease during the 48-
month eperation. . The TBRyand M values at the
48-mionth “Hoperationty, presentation  were
approximately.1.197and 1.87, respectively.

X3

%

Duting’ 48 months of operation under these
conditions, the thermal power ratio increased by
approximately 8% and the total thermal power
increased by approximately 16%.

X3

%

The rate of hydrogen produced in the hybrid
fusion-fission reactor V-Cl thermochemical
cycle hydrogen production facility increased by
approximately 38% during the study period.

As a result, it is seen that 50% TRISO-coated
CANDU spent fuel 50% Th nuclear fuel hybrid
fusion-fission reactor is a good energy source for a
hydrogen production facility and is preferable for
hydrogen production facilities. In addition, the H»

XX

production ‘potential of “the vanadium chloride
thermoghemicalicycleyhas made it promising for the
commercialization of its use in hydrogen production
facilities asWagfsustainable hydrogen production
method.
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