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ABSTRACT

The advancement in nuclear energy embodied by the gas-cooled modular reactor (GCMR), incorporating the
transcritical CO2 Rankine cycle (tRC) and a helium turbine (He tur.) for hydrogen (H2) production, signifies a
substantial leap forward in this domain. This research endeavor aimed to amalgamate various technologies to
enhance energy conversion efficiency and generate clean hydrogen, a versatile energy carrier. Helium, selected as
the GCMR coolant, boasts advantageous properties such as superior heat transfer capabilities, chemical inertness,
and the capacity to operate at elevated temperatures. These attributes facilitate effective heat extraction from the
reactor core, mitigating corrosion risks while boosting both power output and energy efficiency. A pivotal aspect
of this design lies in integrating the tRC with the helium turbine, maximizing energy conversion efficiency and
resource utilization by harnessing waste heat from the He turbine to generate additional power through the CO;
Rankine cycle. Furthermore, the system incorporates a hydrogen production module, enabling the clean generation
of hydrogen as a byproduct of the nuclear power generation process. According to analysis results, the net power
obtained from the Helium turbine was calculated as 241679 kW, and the net power produced from the tRC was
calculated as 9902 kW. Additionally, with this developed system, 23.11 kg/h H, and 183.4 kg/h O, can be
produced. The energetic and exergetic performance of the overall system is computed as 41.8% and 54.28%, while
the total amount of exergy destruction is determined as 212199 kW. Moreover, analytical findings reveal that the
reactor core exhibits the highest exergy destruction among system components at 91282 kW, whereas the heat
exchanger (HEX) registers the lowest exergy destruction at 3.56 kW. In addition, in this study, parametric analyses
are also performed to determine the effect of helium outlet temperature analysis and pressure ratio on system
performance.

Keywords: Gas-Cooled Modular Reactor, Helium Gas Turbine, transcritical CO, Rankine Cycle, Hydrogen
Production, Energy, Exergy

Hidrojen Uretimli Transkritik CO, Rankine Cevrimi ve Helyum Gaz
Tlrbini Tabanli Cok Uretimli Sistemin Tasarimi ve Performans
Degerlendirmesi
0z
Transkritik CO, Rankine ¢evrimini (tRC) ve hidrojen (Hy) iiretimi i¢in bir helyum tiirbinini (He tur.)

birlestiren gaz sogutmali modiiler reaktor (GCMR) ile ilgili niikleer enerjideki galismalar, bu alanda
onemli bir ilerleme anlamina gelmektedir. Bu arastirma g¢abasi, enerji doniigiim verimliligini artirmak
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ve ¢ok yonli bir enerji tasiyicist olan temiz hidrojen iiretmek icin cesitli teknolojileri birlestirmeyi
amacladi. GCMR sogutucusu olarak segilen helyum, iistiin 1s1 transfer kapasitesi, kimyasal eylemsizlik ve yiiksek
sicakliklarda ¢alisabilme kapasitesi gibi avantajli 6zelliklere sahiptir. Bu 6zellikler, reaktor ¢ekirdeginden etkili 1s1
tahliyesini kolaylastirir ve hem gii¢ ¢ikisini hem de enerji verimliligini artirirken korozyon risklerini azaltir. Bu
tasarimin 6nemli yonii, tRC'nin helyum tiirbiniyle entegre edilmesi, CO, Rankine dongiisii yoluyla ek gii¢ tiretmek
icin He tlirbininden gelen atik 1sidan yararlanilarak enerji donlisim verimliliginin ve kaynak kullaniminin
maksimuma ¢ikarilmasinda yatmaktadir. Analiz sonuglarina gére Helyum tiirbininden elde edilen net gii¢ 241679
kW, tRC’den iiretilen net gii¢ ise 9902 kW olarak hesaplanmistir. Ayrica gelistirilen bu sistem ile 23.11 kg/h H;
ve 183.4 kg/h Oy tiretilebilmektedir. Sistemin genel enerjetik ve ekserjetik performansi sirasiyla %41.8 ve %54.28
olarak hesaplanirken, toplam ekserji yikim miktar1 212199 kW olarak belirlenmistir. Ayrica analitik bulgular,
sistem bilesenleri arasinda reaktor ¢ekirdeginin 91282 kW ile en yiiksek ekserji yikimini, 1s1 degistiricinin (HEX)
ise 3.56 kW ile en diisiik ekserji yikimini kaydettigini ortaya koymaktadir. Ayrica bu ¢alismada, helyum ¢ikis
sicaklik analizi ve basing oraninin sistem performansina etkisini belirlemek amaciyla parametrik analizler de
yapilmustir.

Anahtar Kelimeler: Gaz Sogutmali Modiiler Reaktor, Helyum Gazi Tiirbini, Transkritik CO; Rankine Cevrimi,
Hidrojen Uretimi, Enerji, Ekserji

. INTRODUCTION

The rise in global population and the escalating energy requirements accompanying industrialization
contribute to a rapid increase in the demand for fossil fuels. The change in consumption of energy
resources in the world and Turkey according to fuel type is shown in Figure 1. Since 1965, fossil-based
energy has been meeting the ever-increasing energy demand. As depicted in the figure, although the
share of sustainable sources in energy generation has increased considerably, especially since the end
of the 2000s, this increase cannot meet the increasing energy demand, and fossil-based energy
generation is also increasing. Renewable energy sources meet 4.96% of the global energy demand,
whereas in Turkey, they account for 6.33% [1].
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Figure 1. Change in consumption of primary energy resources over the years [1]

The exploration of advanced nuclear energy technologies presents a significant opportunity to tackle
worldwide energy issues while reducing CO, emissions and environmental consequences. A promising
area of investigation involves combining GCMRs with inventive power conversion systems, including
helium gas turbines and tRCs, all while simultaneously producing H.. This integrated strategy seeks to
improve the general efficiency of the plant, boost power generation capacities, and facilitate the creation
of clean H as a versatile energy carrier [2]. GCMRs employ helium as the cooling agent, offering
advantages over conventional water-cooled reactors. These advantages encompass enhanced energy
efficiency, superior safety characteristics, and decreased water usage. The utilization of helium
facilitates effective heat removal from the nuclear reactor core, enabling the transfer of heat to the power
conversion systems [3]. In advanced nuclear power technology, a noteworthy advancement is the
incorporation of a helium turbine coupled with a bottoming tRC within the GCMR system. The helium
gas turbine plays a pivotal role as the primary power conversion system, utilizing the energy derived
from the hot helium to propel turbine blades and produce electricity. The utilization of helium, with its
exceptional heat transfer properties, enables higher operating temperatures, thereby enhancing the
overall thermodynamic efficiency of the plant. To further optimize energy extraction, a bottoming tRC
is integrated into the system. This secondary power conversion cycle captures waste heat from the
helium turbine and utilizes CO, as the working fluid. The tRC operates at high pressures and
temperatures, facilitating efficient power generation by effectively utilizing the available heat energy.

Several environmentally friendly techniques for producing low-carbon hydrogen are widely discussed
in the literature [4,5]. Electrolysis stands out as one of the most prevalent and environmentally clean
methods for hydrogen generation. Proton Exchange Membrane (PEM) electrolyzers are used for the
electrolysis of water, which is a clean, easy, and efficient way to obtain hydrogen. PEM electrolyzers
can function at a wider range of current densities compared to alkaline electrolyzers, making them easier
to integrate with renewable energy sources that have fluctuating energy production levels. Additionally,
the PEM electrolysis method offers several benefits over traditional hydrogen production techniques,
including high efficiency, production of high-purity and high-pressure hydrogen, and environmentally
friendly reaction products. In response to the increasing need for environmentally friendly energy
sources, incorporating H production into the hybrid system plays a crucial role. By leveraging excess
heat from the nuclear reactor and the tRC, H, can be generated through thermochemical processes,
contributing to the advancement of sustainable fuel technologies. This addresses the need for clean
energy carriers and establishes a versatile energy system capable of meeting various demands across
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power generation and fuel production [6]. In the field of investigation of integrated systems containing
GCMR-based helium turbine, Dardoura et al. [7] outlined the next stages leading to the progress of
mathematical and physical models that facilitate the estimate of desalination process costs for the GCMR
and the pebble bed modular reactor, both of which provide free thermal energy. EI-Genk and Tournier
[8] researched the characteristics and constraints of inert gases and two-component mixtures as potential
working substances for gas-cooled nuclear power cycles employing Brayton cycles (BC). They
performed a comparative examination of pressure losses and heat transfer coefficients, concentrating on
different inert gases and helium. The study took into account standard working conditions in commercial
power centrals, maintaining the same geometry and molecular flow rate for comprehensive analysis.
Tournier and EI-Genk [9] carried out comprehensive research on the specifications of inert gases such
as helium, krypton, and argon, as well as their binary mixtures. This included a wide range of pressures
and temperatures. They gathered a comprehensive dataset of experimental measurements and
formulated property correlations. Zhao and Peterson [10] projected the efficiency of helium BCs
incorporating multiple reheat and intercooling stages for sodium-cooled fast reactors. The investigation
specifically considered reactor outlet temperatures spanning from 510 to 650 °C. The energy efficiencies
obtained, varying between 39% and 47%, proved to be similar to those observed in recompression sCO;
(supercritical CO>) cycles. The findings of the study indicated that, for sodium-cooled fast reactors, the
multiple reheat helium cycle is more favorable than the sCO- cycle. Temiz and Dincer [11] examined a
hybrid system composed of a solar energy system and a nuclear power plant to produce electric power,
fresh water, and H.. They calculated energetic and exergetic efficiencies to determine the performance
of the plant. They also performed numerous time-dependent dynamic analyses to examine the effects of
some variable inputs, like solar irradiation intensity. According to the analysis, they determined the
energetic efficiency of the system to be between 21.8% and 24.2% and the general exergetic efficiency
of the system to be between 18.6% and 21.1%. Temiz and Dincer [12] proposed combining nuclear and
renewable systems with a molten salt energy storage system. The suggested nuclear and sustainable
integrated energy system produces heat, Hp, fresh water, power, and cooling effects to meet the needs
of communities in a sustainable manner. The suggested system's exergetic and energetic efficiencies are
calculated to be 57.96% and 63.54%, respectively. The maximum energetic efficiency was determined
as 84.4%, and the maximum exergetic efficiency was calculated as 81.28%. In addition, with the
designed system, 53.285.15 tons of H, were generated annually, in addition to the needs of the existing
society. Hercog et al. [13] analyzed hydrogen production technologies based on the use of heat obtained
from a nuclear cogeneration plant and thermochemical water splitting. Khan et al. [14] studied a new
integrated power plant for solar tower systems composed of helium BC and tCO; (transcritical carbon
dioxide). They examined the performance of the suggested cycle with respect to exergoeconomic and
thermodynamics and compared it with different cycles. According to the analysis, they concluded that
the solar subsystem has the highest exergy destruction rate and cost rate of around 72.37% and 56.8%,
respectively, in the suggested general facility. Temiz and Dincer [15] have designed an integrated system
to produce electricity, domestic hot water, H; fuel, district heating, and fresh water. The designed system
consists of nuclear reactors, H. generation cycle, photovoltaic panels, gas and steam turbines and a
multi-effect water desalination unit. They calculated the general energetic efficiency of the proposed
integrated system as 62.64% and the general exergetic efficiency as 68.91%.

In the examination of existing literature, it is clear that although GCMRs are mature in technology, their
applications are limited due to the high operating temperature, and they are efficient only when operated
at higher temperatures due to the large back-work ratio.

He offers various advantages surpassing those of alternative working fluids. The elevated heat capacity
of helium at high temperatures leads to a decrease in the helium mass flow rate, consequently
diminishing the sizes and costs of components. This is mainly responsible for the improved economic
performance of helium as a working fluid. Conventionally, organic Rankine cycle (ORC) is commonly
favored for lower-temperature applications because of the advantageous operational characteristics
exhibited by various organic fluids in such conditions. The tCO- cycle presents a superior alternative
for harnessing heat from a high-temperature heat resource when compared to conventional ORC cycles.
This is attributed to its more effective temperature-compatible shifting in the evaporator than traditional
organic liquids. Utilizing organic fluids in applications gives rise to challenges associated with pinch
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point temperatures within the evaporator. When considering the thermodynamic average heat rejection
temperature, tCO, demonstrated superior performance compared to ORC. The literature study does not
supply proof of comprehensive analysis of GSMR-based integrated systems containing helium turbine,
especially in recent years. Therefore, in this study, a new system composed of a GCMR-based helium
turbine and tCO; cycle was examined from a thermodynamic perspective. In this study, the performance
of the cycle was significantly improved by using helium liquid. Additionally, the tCO. cycle was used
to recover waste heat. This innovative approach combines multiple technologies to enhance the system’s
overall efficiency while enabling the production of Hy, a clean and versatile energy carrier. The
originality of this concept lies in the integration of these various technologies into a single system. The
development of a GCMR based on a helium turbine with a bottoming tRC and H; production represents
a crucial step towards the realization of advanced nuclear energy systems. In summary, the
convergence of nuclear energy with advanced thermodynamic cycles and sustainable hydrogen
production represents a transformative leap in energy technology. The originality of the
proposed system lies in its unique integration of a gas-cooled modular reactor (GCMR) with a
helium gas turbine, a transcritical CO2 Rankine cycle, and green hydrogen generation. Each
component, while individually well-established, combines in this context to create a synergetic,
high-efficiency system that addresses multiple energy challenges simultaneously.

[I. SYSTEM OVERVIEW

Figure 2 exhibits the schematic representation of the integrated system consisting of a GCMR, a helium
tur., a tRC, and an H; generation system. The GCMR serves as the core component of the system. It
utilizes helium as the coolant, providing advantages like higher energy efficiency, improved safety
features, and reduced water consumption. The GCMR produces high-temperature helium gas because
nuclear fission is used as a heat source for subsequent power conversion processes. The helium turbine
is the primary power conversion system in the integrated setup. It utilizes the high-temperature helium
gas from the GCMR to drive the turbine blades and generate electricity. The He turbine operates based
on the principles of thermodynamics, extracting energy from the hot helium and converting it into
mechanical energy, which is then transformed into electrical energy through a generator. To further
optimize the system's energy extraction, a bottoming tRC is incorporated. This secondary power
conversion cycle captures waste heat from the helium turbine. The tRC operates at high pressures and
temperatures, making efficient use of the waste heat by utilizing CO- as the working fluid. The CO,
expands through a turbine, driving a generator to produce additional electricity. Concurrent with power
generation, the system facilitates hydrogen production. Excess heat from the GCMR, which is not
utilized by the gas turbine or the bottoming transcritical CO, Rankine cycle, is diverted to a
thermochemical water-splitting process. This process utilizes the excess heat to separate water
molecules into hydrogen and oxygen, generating clean H; as a valuable byproduct. The hydrogen can
be captured, stored, and utilized for various applications, like fuel cells, transportation, and industrial
processes. Overall, the integrated system operates in a closed-loop manner, with heat being extracted
from the GCMR using helium as the coolant. With a higher temperature, Helium is used to drive the He
turbine, producing electricity. Waste heat from the Helium turbine is further harnessed through the
bottoming transcritical CO, Rankine cycle, maximizing the energy extraction from the system.
Concurrently, excess heat is utilized in a thermochemical process for H, generation, enhancing the
general efficiency and sustainability of the plant. The default initial parameters of the integrated system
are arranged in Table 1.
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Figure 2. Schematic drawing of a GCMR integrated with the tRC cycle and H- production.

Table 1. The default initial parameters

Parameter Value
Reference temperature 25°C
Reference pressure 100 kPa
Thermal power from the reactor 600 MW [16]
Gas cycle turbine inlet temperature 750°C [17]
Gas cycle turbine inlet pressure 8000 kPa [17]
Gas cycle compressor inlet temperature 30°C [8]
Gas cycle compressor inlet pressure 2500 kPa
Gas cycle recuperator efficiency 0.9

tRC pump inlet temperature 23.5°C
tRC pressure ratio 1.45
Isentropic efficiency of the tRC turbine 0.90
Isentropic efficiency of the tRC pump 0.85

tRC recuperator efficiency 0.85
Reactor core temperature 1300 K
Gas turbine pressure ratio 3.2

Pinch point temperature 8°C

Core thermal power (MW) 600

PEM Electrolyzer [18]

Trem (°C) 79

Prem (kPa) 101.325
Aprem (mz) 1.3805
1PEM %380
E2,ct(kJ/mol) 76
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Table 1(cont). The default initial parameters

E€,ct (KJ/mol) 18

Aa 14

Ac 10

D(um) 100

J2 ¢ (AImM?) 1.76 x 10°
J€ LogA/TY) 4.60 x 10°
F (C/mol) 96487
LHV of Ha (kJ/kg) 120040

l1l. TERMODYNAMIC ANALYSIS

In this section, a comprehensive description of the thermodynamic methodology used in this paper is
presented. The system’s performance is evaluated through energetic and exergetic analyses conducted
using the Engineering Equation Software (EES) [19]. The thermodynamic analysis in this study is based
on the following assumptions:

o Whole system components are selected to operate under steady-flow and steady-state
conditions.

e The alterations in potential and kinetic energies are disregarded when considering energy
changes.

e Heat losses from pumps and turbines are not taken into consideration.

e Pressure drops across pipelines and heat exchangers are omitted from consideration.

e The properties at the reference state are defined at a temperature of 25°C and a pressure of
101.325 kPa.

The mass balance for the designed system can be defined as follows [20]:
Yy, = Y Mgy (1)

where, m represents the mass flow rate, with the subscript in indicating the inlet and out
indicating the outlet. The energy balance is determined as [20]:

Q + X mjphy, = W+ 2 Mouthout )

In this equation, Q signifies the rate of heat transfer, I represents work, and h denotes specific
enthalpy. In the context of exergy analysis, the balance equation is outlined as [21]:

EXQ — EXW = Y Ex;, — X Exout + T()Sgen 3)

In the given expression, the initial and subsequent terms pertain to the exergy of heat and work,
respectively. Ex shows the flow exergy rate, Tois the temperature of the reference state, and the
final term signifies entropy generation. Each term in the equation is defined as follows:

Exdest = TOSgen (4)
. . (T-T
Exq = Q( T 0) (5)
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Ex = mex (7)

In Equation (7), ex denotes the specific flow exergy and can be computed using the following
equation:

ex = (h—hy) — Ty(s —sg) (8)

Furthermore, the general equilibrium equations of thermodynamics given above are applied to
all components of the hybrid system and are tabulated in Table 2.

In explain energy and exergy efficiency within power generation or utilization systems, it is
common to employ non-dimensional ratios of quantities. The equation representing energetic
efficiency can be recognized as:

n — V.vnet,He tur. + V.vnet,tRC + rh19LHVH2 (9)
cneray Qcore + V.VPEM

The exergy efficiency equation can be defined as:

V.vnet,He tur. + V.vnet,tRC - E:X19
Nexergy = - : (10)
Excore + WpEM

2304



Table 2. Formulations of thermodynamic equilibrium equations of integrated system elements

Component Energy balance Exergy balance Entropy balance
Comp-1 m;h; + WComp—1 = m,h, EXI + WcOmp—1 = EXz + EXdest,Comp—l S1 + Sgen,Comp—l = S2
Intercooler m,h; + mysh,; = mzhs +1my,hy, EXz + l;:Xzs = l;:Xs + l;:)(24 + EXolest,intercooler Sz + S23 + Sgen,intercooler = S3 + S24
Comp-2 tizhs + mshs + Weomp-2 = myhy + mghg | Exz + Exs + Weomp—o = Exq + Exg + EXgestcomp-2 | 53 + S5 + Sgen,comp-1 = S1 + S6
Rec.-1 m,h, + mghg = mshg + mgh, Ex, + Exg = Exs + Exo+EXgestrec -1 Sy + S + Sgen,Rec.—l =S5 +5S,
HEX tohg + 1hy7hy; = 1yhyo + Myghyg Exq + Ex;; = EX10 + EX18+EXdest,HEX

Reactor core
Helium tur.
Evaporator

Pump
Rec.-2
tRC tur.
Gas cooler
PEM-EI

Condenser

QCore + rhShS = ri‘161’16

mehg = m;h; + WHe tur.

m;h; + my3hy3 = mghg + my4hy,
ty1hyg + Wpymp = y,hy,

myshys + My hy; = myzhys + myehye
tigghy, = myshys + Wire tur.

myohyg + My hyy = myihy 4+ my;hy,
myghyg + WPEM—EI = Myohy9 + Myohyg

myghyg + myshys = My hyy + myghye

E.':Xcore + E.‘:XS = EXG + E.‘:Xt:lest,Reactor,core

EX6 = EX7 + WHe tur. T I:':Xdest,He tur.

EX7 + EX13 = EXB + EX14 + I:‘:Xdest,Evaporator
Ex;; + Wpump = Exy, + EXPump

Ex;s + Ex;, = Exq3 + Exy6 + EXgestrec—2.
Ex;4 = ExXy5 + Wire tur. + EXdesttre tur.

EX10 + E.':X21 = EX1 + EXZZ + E.‘:Xdest,Gas cooler
Ex;g + Wppm_g1 = Ex19 + EXz0 + EXges pEM—FI

Exq6 + Exy5 = EXq1 + EXp6 + EXgest,condenser

So+S17 + Sgen,HEx =S10+ S1s
QCore/Tcore + SS + Sgen,Reactor core — S6
Sé + Sgen,He tur. — S7

S7 + S13 + Sgen,Evaporator = SS + S14-

Sll + Sgen,Pump = S12

S15 + S12 + Sgen,Rec.—Z = S13 + Slé

Sia t Sgen,tRC tur = S15

S10 + S21 + Sgen,Gas cooler = Sl + SZZ
Sig + Sgen,PEM—El = S19 + S50

S16 + S25 + Sgen,Condenser = Sll + S26
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A. PEM ELECTROLYZER

This research employs PEM electrolysis for hydrogen production, a versatile technology that breaks
down water into hydrogen and oxygen atoms through electrochemical reactions. Table 3 showcases
the PEM equations, while Table 1 outlines its limitations.

Table 3. Mathematical equations for PEM electrolysis unit modeling [18]

H> generation H,0 + AH - H, + (0.5)0,
Total energy AH = AG + TAS
Molar hydrogen generation : Jelect.
Nu, = 5F

Electrical power Weiect. = JelectV
Cell overall potential V = Vo + Vacta + Vacte T Vohm
Reversible potential Vo = 1.229 — 8.5x10™*(Tpgy — 298)

1 1
opemAGO)] = [0.5139A(x) — 0.326] exp [1268 (— - )]

N 303  Tpgm
Ax) = =—x+ A,
Ohmic overpotential Vonm = Jelect RPEM
Overall ohmic resistance R fL dx
PEMT )y opemAGO)]

RT;
Vaeti = %sinh_1 <—> ,i=ac

Joi = JLerexp( — Eact i =ac
ol ref RTpem )’ '

B. VALIDATION of PEM ELECTROLYZER

To ensure the accuracy of the H, production process, the PEM Electrolyzer model was validated using
both empirical data from loroi et al. [22] and theoretical data from Ahmadi et al. [23]. Figure 5 compares
the three models, showing the relationship between cell potential and current density. The figure
indicates that the discrepancy between the current model and Ioroi et al.’s experimental results [22] is
within an acceptable range, with an average error of 3.72%. Additionally, the results closely align with
the findings of Ahmadi et al. [23].

2.2

—
e e}
T

Cell potential (V)
>

1.4
Current study
1.2+ Ahmadi et al. (Theoretical)
¥ Toroi et al. (Experimental)
1 . . . . . , .
0 1000 2000 3000 4000 5000 6000 7000 8000

Current density (A/mz)
Figure 5. Validation of the PEM Electrolyzer model with two separate research (Modified from Ref [19])
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V. RESULTS AND DISCUSSION

The current research aims to integrate a helium turbine with a bottom tRC and evaluate the performance
of the H>-producing GCMR-based plant. At the same time, parametric studies were carried out to
explore the effects of helium temperature and pressure ratio at the reactor outlet on the cycle
performance. Using the balance equations and under the assumptions given above, the analyses are
performed by EES software. The results of the current study were calculated, taking into account the
data shown in Table 1. According to these results, the net power obtained from the He turbine was
calculated as 241679 kW, and the net power produced from the tRC was calculated as 9902 kW.
Additionally, with this developed system, 23.11 kg/h H, and 183.4 kg/h O, can be produced. The
energetic and exergetic performance of the overall system is computed as 41.8% and 54.28%, while the
total amount of exergy destruction is determined as 212199 kW. Utilizing these input data, Table 4
presents the thermal properties and corresponding mass flow rates per case.

Table 4. Thermodynamic specifications of every point in the hybrid system

State Working T P m h s e Ex S

fluid ©C)  (kPa) (kgls) (kikg) (kJkgK) (kd/kg)  (KW) (KWIK)
1 Helium 30 2500 261.7 1588 21.41 2001 523703 5603
2 Helium 118.8 4472 261.7 2055 21.53 2430 636070 5636
3 Helium 30 4472  261.7 1594 20.2 2367 619500 5287
4 Helium 118.8 8000 261.7 2066 20.33 2801 733057 5321
5 Helium 308.2 8000 261.7 3050 22.38 3174 830682 5857
6 Helium 750 8000 261.7 5342 25.31 4592 1.202E+06 6624
7 Helium 394.3 2500 261.7 3479 25.5 2670 698954 6676
8 Helium 329.3 2500 261.7 3141 24.97 2492 652142 6536
9 Helium 139.9 2500 261.7 2158 23.01 2093 547716 6023
10 Helium 139.9 2500 261.7 2158 23.01 2093 547711 6023
11 CO, 235 6216 4255 -238.2 -151 213.1 90694 -642.6
12 CO, 29.13 9013 4255 -233.7  -1.508 216.9 92294 -641.7
13 CO, 61.35 9013 4255 -61.07  -0.961 226.5 96376 -408.9
14 CO, 215 9013 4255 146.5 -0.4412 279.1 118749 -187.7
15 CO, 181.4 6216 4255 118.8 -0.4344 249.4 106108 -184.9
16 CO, 42.63 6216 4255 -53.86  -0.8935 213.6 90878 -380.2
17 Freshwater 25 100 0.0792 104.9 0.3672 0 0 0.02908
18 Freshwater 80 100 0.0792 335.1 1.076 18.94 15 0.08518
19 H; 80 100 0.00642 791.4 67.25 118364 759.8 0.4317
20 0, 80 100 0.05095 50.68 6.567 128.2 6.534 0.3346
21 Cooling water ~ 22.85 100 8504 95.94 0.337 0.03246 276 2866
22 Cooling water ~ 27.05 100 8504 1135 0.3959 0.02944 250.4 3367
23 Cooling water ~ 22.85 100 7397 95.94 0.337 0.03246 240.1 2493
24 Cooling water 26.75 100 7397 112.3 0.3917 0.02148 158.9 2898
25 Cooling water 22.85 100 4936 95.94 0.337 0.03246 160.2 1663
26 Cooling water 26.65 100 4936 111.8 0.3903 0.01911 94.3 1926

Figure 6 demonstrates the exergy destruction rate of the components that make up the hybrid system.
The orange color on the right side of the graph shows the exergy destruction rate in the reactor core, and
the blue color on the left shows the exergy destruction rate on the other components of the system. As
seen in the figure, the highest exergy destruction is in the reactor core with 91282 kW. The reactor core
is followed by the evaporator, gas cooler, intercooler, and He turbine, respectively. The component with
the least exergy destruction in the system is the HEx, which has a value of 3.56 kW.
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Figure 6. Exergy destruction rates across the various components of the plant

Parametric studies have been carried out to determine the impacts of He temperature at the reactor exit
on the plant performance. Figure 7 depicts how the He temperature at the reactor outlet influences both
total power production and energy efficiency. As depicted in the figure, when the He temperature at the
reactor outlet is increased from 700°C to 900°C, the total power generation and overall energy efficiency
increase. The effect of He temperature at the reactor outlet on total power generation and overall energy
efficiency depends on the specific characteristics of the system and reactor design. Generally, the
temperature of the working fluid, in this case, helium, can significantly influence the performance of a
nuclear reactor and its overall energetic efficiency. The temperature of the fluid at the reactor outlet
influences the power conversion efficiency. Higher temperatures typically lead to higher energy
efficiencies in power conversion processes. The efficiency of a power cycle, such as a BC used with
helium as the working fluid, often improves with higher outlet temperatures. Higher helium outlet
temperatures contribute to increased power production. This is because the temperature variance
between the reactor core and the heat sink (usually the environment or a heat exchanger) plays a crucial
role in determining the potential power output.
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Figure 7. Impact of helium temperature at the reactor outlet on total power production and overall energy
efficiency
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The impact of He temperature at the reactor outlet on both the destruction of exergy and the overall
efficiency of exergy is shown in Figure 8. The temperature of helium at the reactor outlet plays a crucial
role in influencing the exergy destruction within the system. It is quite clear that as the helium
temperature at the reactor exit increases, the exergy destruction rate decreases. Higher temperatures
generally result in lower exergy destruction, as the temperature variance between the heat source
(reactor) and the heat sink (environment or heat exchanger) influences the thermodynamic losses. As
depicted in the figure, contrary to exergy destruction, exergy efficiency increases as helium temperature
at the reactor outlet increases. Exergy efficiency increases as higher helium outlet temperatures allow a
higher working fluid temperature in the power conversion cycle, potentially increasing thermodynamic
efficiency.
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Figure 8. Impact of helium temperature at the reactor outlet on total exergy destruction and overall exergy
efficiency

The influence of the helium temperature at the reactor outlet on both hydrogen production and net power
generation in the transcritical carbon dioxide Rankine cycle (tRC) is shown in Figure 9. As evident from
the figure, an elevation in helium temperature results in a decrease in the energy efficiency of the tRC.
This is because the heat transferred to helium is less effective in generating electricity. At higher helium
temperatures, heat dissipation to the environment becomes more pronounced. This is due to the widening
of the temperature variance between helium and the environment. This heat loss reduces the amount of
heat available for energy production, further reducing net power production and energy efficiency. In
addition, hydrogen production in high-temperature GCMR is achieved by thermochemical processes.
These processes involve a series of temperature-dependent chemical reactions. As the helium
temperature increases, the reaction equilibrium of these processes shifts towards less favorable
conditions for hydrogen production. In summary, the decrease in H, production and tRC net power
production with increasing helium temperature is due to a combination of factors that influence the
overall efficiency of the gas-cooled reactor system.
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Figure 9. Impact of helium temperature at the reactor outlet on H, production and tRC net power generation

The effect of the pressure ratio on both total power generation and overall energetic efficiency is
illustrated in Figure 10. As the pressure ratio rises, total power production and efficiency exhibit an
increase, reaching their peak at a pressure ratio of 2.6. This maximum value shifts to higher pressure
ratios when elevated turbine inlet temperatures are employed. The temperature escalation raises the
average heat intake temperature in the cycle, subsequently enhancing Carnot efficiency and overall cycle
efficiency. Furthermore, the heightened temperature contributes to an increased enthalpy variance across
the turbine, enabling greater power generation and achieving heightened efficiencies for all cycles.
Additionally, the temperature increase results in an elevated turbine inlet temperature and pressure in
the transcritical carbon dioxide Rankine cycle (tRC), leading to an augmented power output in the tRC
turbine. It is seen that when the pressure ratio is approximately 2.7 and above, the total power production
and general energy efficiency decrease. Pressure changes affect the cycle’s efficiency and performance,
and further increases lead to reduced returns or negative effects. Therefore, it is necessary to determine
an optimal pressure ratio in these systems. The observed reduction in power production and energy
efficiency results from the combined effects of increased compressor work, reduced heat exchanger
efficiency, higher flow losses, lower turbine efficiency, and unfavorable reaction equilibrium for
hydrogen production.
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Figure 10. Impact of pressure ratio on total power production and overall energy efficiency

Figure 11 shows the influence of pressure ratio on total exergy destruction and general exergy efficiency.
There is generally an optimal pressure ratio at which overall exergy efficiency is maximized, and exergy
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destruction is minimal. While exergy efficiency decreases at higher pressure ratios, exergy destruction
tends to increase. The figure shows that exergy efficiency reaches its maximum value when the pressure
ratio is approximately 2.6. After this value, it is seen that as the pressure ratio increases, exergy
destruction and efficiency decrease. This is because as the pressure ratio increases, the exergy
destruction in the compressor also increases. Additionally, the compressor must do more work to
compress the helium to a higher pressure, resulting in increased irreversibility and exergy loss. Higher
pressure ratios increase exergy destruction in heat exchangers due to larger temperature differences
between fluid flows. This increased temperature difference results in higher entropy production and
exergy loss. Higher pressure ratios also increase exergy destruction due to increased flow losses in
components such as valves and pipes. These losses represent wasted exergy that reduces overall
efficiency.
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Figure 11. Impact of pressure ratio on total exergy destruction and overall exergy efficiency

Figure 12 displays the effect of pressure ratio on Hz generation and tRC net power production. Increasing
the pressure ratio generally leads to a decrease in Hz production. This is primarily attributed to the
shifting reaction equilibrium of thermochemical hydrogen production processes. At higher pressure
ratios, the equilibrium shifts towards less favorable conditions for hydrogen formation, resulting in
lower H; production rates. Also, higher pressure ratios can affect the efficiency of heat exchangers'
efficiency in thermochemical hydrogen production. Heat transfer effectiveness may decrease as the
pressure ratio increases due to increased fluid velocities and reduced residence time. This reduced heat
transfer can further limit Hz production. Moreover, higher pressure ratios demand more work from the
compressor, which consumes more power. This increase in compressor power consumption can negate
the initial gain in turbine power output, potentially leading to a decrease in tRC’s net power generation.
Also, while the turbine power output initially increases with the pressure ratio, the specific heat capacity
of helium decreases. This results in a lower enthalpy drop across the turbine, reducing its power output
and contributing to the overall efficiency decline.
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Figure 12. Impact of pressure ratio on Hz generation and tRC net power generation

V. CONCLUSIONS

In this research, the performance of a GCMR-based system that facilitates hydrogen production while
integrating a helium gas turbine with the bottoming out transcritical CO, Rankine cycle is investigated.
At the same time, parametric studies were carried out to evaluate the effects of helium temperature and
pressure ratio at the reactor outlet on the cycle performance. The key findings from this research are as
follows:

The net power gained from the He turbine is 241679 kW.

The net power produced from the tRC is 9902 kW.

The amount of H, produced is 23.11 kg/h, and the amount of O; is calculated as 183.4 kg/h.

The overall rate of exergy destruction in the system amounts to 212199 kW.

Analysis results show that the system has an energy efficiency of 41.8% and an overall exergetic

efficiency of 54.28%.

e As per the outcomes of the parametric analysis, an increase in the helium temperature at the
reactor outlet positively impacts both the total power generation and the general energetic
efficiency of the integrated plant.

e As stated by the results of the parametric analysis, H. production decreases as the exit
temperature of helium from the reactor increases.

o Finally, the pressure ratio has an important effect on system performance. According to the

results of the parametric analysis, as the pressure ratio increases, H, production and net power

production of the tRC cycle decrease.

In conclusion, the development of a GCMR based on a helium turbine with a bottoming tRC and H>
production holds significant promise for advancing the field of nuclear energy. This innovative approach
enhances the sustainability of the system by optimizing resource utilization. Developing a GCMR based
on a helium turbine with a bottoming tRC and H. production is crucial to realizing advanced nuclear
energy systems. This integrated approach offers a range of advantages, including high energy efficiency,
reliable and safe operation, reduced environmental impact, and clean hydrogen production. However,
further research, development, and demonstration efforts are required to optimize and validate this
concept's technical and economic feasibility at a larger scale. With continued advancements in nuclear
technology and a focus on sustainable energy solutions, the GCMR, with a bottoming tRC and H-
production, holds immense potential for transforming the energy landscape and driving us toward a
greener and more sustainable future.
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