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ABSTRACT Nuclear renewable hybrid energy systems (NR-HESs) for multi-purpose applications are gaining increasing attention
from the international nuclear energy community as well as energy system designers and policymakers—particularly in the context of
deep decarbonization and net-zero targets. Over the past few decades, various modeling tools, such as mathematical formulations and
Modelica, have been applied for analyzing the performance of NR-HESs; however, validating such results has been challenging due to
the absence of a parallel simulation environment. In this study, Flownex—a high-fidelity 1D system simulation tool—was employed to
enhance the verification and validation of NR-HES performance. A solar—nuclear combined centralized heating system was modeled
using Flownex, showing improved electricity production (about 34%) and mitigation of the duck curve. Furthermore, a thermal and
electricity (T&E) coupling strategy is implemented to integrate electrolyzers and reverse osmosis units for hydrogen and clean water
production. Results indicated that hydrogen output increased by 31.80%, whereas clean water production improved by only 7.72%.
The difference in coupling effectiveness is attributed to the higher sensitivity of hydrogen production to thermal energy.
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Nomenclature A, area of single solar collector panels, m?

N :total number solar collector Woe: : net power output of RC, KW

qg (t): solar heat flux, W/m? Wr : power of Turbine, KW
Wy : power consumption of pump in RC, KW
Qpc : Input heat of the RC, KW

n  :efficiency of RC, %
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: temperature of node, °C

: number of node.

: mass flow rate of reactor pump, Kg/s

: mass flow rate of pump in CHS, Kg/s

: pressure of node, MPa

: enthalpy of node, KJ/Kg

: heat transfer of heat exchanger, KW

: power consumption of CHS pump, KW

: dispassion heat of condenser, KW

: thermal energy allocated for HTE, KW

: split ratio of net power of RC for electrolyzer, %
: thermal loss of the electrolyzer, KW

: water splitting efficiency of electrolyzer, %
:HTE or LTE

: power consumption for hydrogen production,

KW

: molar mass of hydrogen, g/mol

: molar mass of water, g/mol

: hydrogen production rate, g/s

: reaction enthalpy of water splitting, KJ/mol

: mass flow rate of cooling pump in LTE, Kg/s

: power consumption of cooling water pump in

LTE, KW

: steam utilization efficiency, %

: heat transfer for thermal recover system, KW
: mass flow rate of feed water pump in HTE, Kg/s

: power consumption of feed water pump in HTE,

KW

: mass flow rate of circulation pump in HTE, Kg/s

: power consumption of circulation water pump

in HTE, KW
total recovered heat for HTE, KW

: mass flow rate of specific components, Kg/s

: the enthalpy changes of components, KJ/Kg
: components which include HTE, HST,, OCT

: the first source mass flow rate of feed water

pump, Kg/s
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Pmo - partial pressure of water vapor, KPa

p. (T) : the saturated vaper pressure at a given tempe-
rature, KPa

prre - the total pressure of LTE, KPa.

Do : the partial pressure of specific gas, KPa

R, : the ideal gas constant of specific gas, J/(molK)

n,, : molar number of specific gasses, mol

Ny 0m - Molar number of water power mixed with specific
gas, mol

m : hydrogen or oxygen

T'nﬁ 11 - the second source mass flow rate of feed water
pump, Kg/s

g : components which include OST,, HST,;, LTE

@y :thermal energy allocated for WWRO from CHS,
Kw

@0ty - total thermal energy that consumed by WWRO,
Kw

T : split ratio of net power of RC for RO system, %

n : W for WWRO or C for CWRO

m,,, :the mass flow rate of high-pressure pump for
different RO system, Kg/s

p.. - density of seawater, Kg/m*

Ap : pressure difference of inlet and outlet for high
pressure pump, MPa.

n, : efficiency of high-pressure pump, %

R(T) :therecovery rate of RO system, %

mpo - the clean water production rate of first stage of
RO system, Kg/s

m,, :the mass flow rate of circulation pump for RO
system, Kg/s

m,, :total mass flow rate of clean water, Kg/s

Qpw - the total recovery heat in WWRO, KW

T, : the operation temperature of membrane in RO,
K

Do : the operation pressure of membrane in RO, MPa

F, : the permeate flow rate of membrane in RO, m?*/d

t : represents the BT and CWT
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b : represents the HT and CT

n, : the efficiency of PV system, %

N’ :number of solar collectors for duck curve mitigation

x : HTE for high temperature electrolyzer, W for
WWRO

R : the ratio that indicate the fraction of thermal

energy for rising system temperature, %

Q@ :electricity equivalent thermal energy, KW

Subscript

NR-HES : nuclear renewable hybrid energy system
SC : solar collector

RC : Rankine cycle

DCs : duck curves

T&E : thermal and electricity

S&N : Solar and nuclear energy

ALE : alkaline liquid electrolysis

PVS : photovoltaic system

SOE : solid oxide electrolysis

CHS : centralized heating system
SMMSR : small modular molten salt reactor
HTE : high temperature electrolyzer
LTE : low temperature electrolyzer

OCT : oxygen storage tank

BT : brine tank

CWT  :clean water tank

HSTy  :high temperature hydrogen separation tank
OST, :low temperature oxygen separation tank
HST, :low temperature hydrogen separation tank
WWRO : warm water reverse osmosis

1. Introduction

In general, the two principal options for low—carbon
energy are renewable and nuclear energy. The potential
synergies between them, as well as the advantages of
their integration, have not yet been fully explored.

NR—HES combine these generation sources to leverage
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the strengths of each technology, thereby providing
reliable and sustainable electricity to the grid while
also supplying low—carbon energy to other sectors.
Such systems can produce heat, electricity, and other
essential products, while supporting higher penetrations
of variable renewable gener‘ation_llJ

NR—-HES are typically defined as integrated facilities
comprising nuclear reactors, renewable energy gener—
ation, and industrial processes that simultaneously
address grid flexibility, greenhouse gas (GHG) emission
reduction, and efficient use of investment capital. These
systems are often described as integrated energy systems
that incorporate multiple generators and deliver multiple
energy products, either as coordinated systems or
tightly coupled energy systems_ms]

Over the past few years, many research groups have
studied the system integration and different coupling
strategies to optimize the performance of NR-HES,
In 2023, a multi—objective optimized multi—energy
complementary integrated energy systems has been
proposed, with the consideration of load prediction
and renewable energy production uncertainties, The
proposed multi—energy complementary distributed energy
system presents an economic benefit (reducing 25% of
the annual total cost) compared to a gas turbine—based
integrated energy system_m Furthermore, a recently
published study analyzed integration of green hydrogen
production with renewable energy—power desalination, ol
This work is innovative as it not only links these two
supply systems to enhance the integration of inter—
mittent renewable energy but also conducts an extensive
economic analysis of combining two different renewable
energy sources, Additionally, a multi—energy comple—
mentary energy system has been proposed to integrate
waste heat and surplus electricity for hydrogen pro—
duction, indicating the hydrogen production’s profit

rate is approximately 70%. (6]

Another literature analyzed
the pumped thermal energy storage system combined
cold, heat, and power generation. The designed system

can achieve a total energy efficiency of 2.39 and a
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high thermal economic pelfformance_l7J More recently,
through the multi—objective evolutionary algorithms,
Ji et al optimize the nuclear solar hybrid energy
systems (NSHES) that simultaneously considers both
cost and power supply stability. The optimized NSHES
offers an effective approach to mitigating the mismatch
between energy supply and demand, 8l However, previous
research conducted system integration and different
coupling strategies to optimize the performance NR—
HES by mathematical modeling, which is challenging
to present the detail system configuration and their
thermohydraulic property, thereby deter the realistic
implementation of these optimization strategies,
Except the mathematical modeling, the precise 1D
simulation environment such Modelica has been widely
used to investigate the performance of NR—HES, The
Oak Ridge National Laboratory (ORNL) developed the
physical model for different configuration of NR-HES
including the primary heating system, thermal energy
storage system, hydrogen electrolyzer and dynamic
controlling system, etc. [5,10] Wang et al. compared the
performance of reverse osmosis and freeze desalination
(FD) in producing the clear water by NR—HES. They
found that the FD system was able to boost the power
production by about 12% by making the steam cycle
over 2% more efficient.LHJ More recently, Masotti et
al. extended the use of components in NR—HES for
the analysis and simulation of various architectures,
This research indicated that the overall efficiency
significantly improved in NHES incorporating TES and
using nuclear heat to drive non—electric applications, 12l
Furthermore, based on the open source provided by
ORNL, Zhang et al., developed the dynamic control
of the integrated energy system and its components
with the consideration of various demand and atmo—
spheric conditions,u?’J However, the previous study
only used the Modelica to conduct the simulation, it is
hard to validate the accuracy of simulation results,
Additionally, there are very limited number of papers

focusing on the multiple objective optimizations, thereby
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limited the robustness of simulation results.

Therefore, coupling with non—electric applications
involving the use of heat and production of commodities,
such as hydrogen or potable water, would require
further developments and adaptation for existing
technologies, which relies on considerable testing and
validation, modelling and advanced simulation tool,
In addition, the wide variety of subcomponents and
interconnections needed to be managed in real time,
and in an efficient manner, as well as deep under—
standing of the system architecture that will have
case specific features and characteris,tics.BJ

The Flownex SE simulation can provide the realistic
and dynamic behavior of nuclear renewable hybrid
energy system,m] It can be served as second party to
completely validate the simulation results, By extracting
the detail hydraulics properties of components, including
pipe dimeter, length, it can provide the valuable insights
to assist the real construction of nuclear renewable
hybrid energy system. Also, based on the predicted
results given by Flownex, it can avoid potential
accidents such as most probable pipe corrosion or
break according to the maximum velocity prediction,
As a first try of using Flownex to simulate the NR—HES,
the primary objective of this study is to investigate
how the performance of NR-HES can be improved
through the CHS and T&E coupling,

As illustrated in Fig, 1, the solar collector, integ—
rated with the nuclear reactor, stores thermal energy
in the CHS, which consists of a hot storage tank and
a cold storage tank, The stored thermal energy can be
utilized in two ways. First, the CHS directly supplies
thermal energy to the HTE and WWRO systems to
raise their operating temperatures, Second, through
a heat exchanger connecting the CHS to the Rankine
cycle (RC), thermal energy is converted to electricity
by the turbine, which then powers the different sub—
systems. To further improve the efficiency of the
integrated system and enhance hydrogen and clean

water production, a waste heat recovery system is also
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Fig. 1. Conceptual nuclear-renewable HES with T&E coupling and CHS for RO and THE

incorporated, To reveal the effectiveness of above

coupling strategy, the traditional systems are selected

to be compared,

The total production of traditional system including
the electricity, water and hydrogen mass flow rate is
calculated as summation of individual power source
including the nuclear power and PV solar system.,

Furthermore, the traditional system does not incor—
porate T&E coupling; instead, it supplies electricity
only, which is used by the LTE and CWRO systems to
produce hydrogen and clean water, Based on the above
comparison, the research objectives of this study can
be further divided into two specific aspects:

(1) To evaluate the ability of CHS in enhancing the
electricity generation while mitigating DCs,

(2) To assess the effectiveness of the T&E coupling
strategy in enhancing clean water and hydrogen
production, while revealing the main factor in
influencing the performance of T&E coupling
strategy.

Flownex, a one—dimensional (1D) thermo—fluid simula—

tion software, is used to realistically investigate the

advantages of CHS and effectiveness of T&E in im—
proving water and hydrogen production by suitably
allocating the thermal energy distribution in different

subsystems,

2. System Description

In this section, the detailed assumptions for CHS,
clean water and hydrogen production are introduced

individually,

2.1 Centralized Heating System (CHS)

As shown in Fig, 2, nuclear and solar energy are
combined to supply thermal energy for the CHS, Table
1 lists the main design parameters of the CHS. For
the solar collector, the total number of panels is set
to 150,000, each with a width of 1 m and a length of 2
m, 151 g, simplify the problem, the total simulation
period is assumed to be one week, with identical daily
weather conditions (solar heat flux), The daily average

solar heat flux of Jeju Island during March is used for

2025, 12 Vol.21, No.4 61
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Table 1. The main design parameters of CHS

Parameters Symbol | Range (Value) Unit
Reactor thermal power Qr 120 MW
Solar thermal power Qs 0-227 MW
Reactor inlet 7 438-603 0
temperature
Reactor outlet 7 536-709 0
temperature
Temperature of HT T, 494-580 °C
Temperature of CT 1 325-340 ‘C
Mass fl f .
ass flow rate o iy, 600 ke/s
reactor pump
Mass flow rate of .
pump in CHS Mens 600 ke/s
Turbine inlet 7, 314 - 353
temperature
Turbine inlet pressure Dog 10,3-13.5 MPa
¢ I—'ﬂ/—’ r‘—’y_’“_’mi \:&::I:Lfe —
" ¢ ; Temperature

545.6795 °C
2 % 7.8397
L ] —— = 3 297.8307 °C
HE1 H 7 £
= 50°°C

9 m_CHS cT 29 m_RC 28

Fig. 2. The temperature contour of CHS

the simulation,m The thermal energy from the SC

can be simply calculated as:
Qsc=N-q,(t) - A [MW] @)

Given the significant diurnal variation in solar heat
flux, temperatures throughout the system (notably in
the CHS and SMMSR) vary over time, Therefore, key
design parameters are presented as ranges instead of
single fixed values to reflect these operating conditions,
For the nuclear system, a SMMSR with a constant
thermal power of 120 MW is selected as the nuclear
energy source,m] As shown in Fig. 2, both the SMMSR
and solar collectors supply thermal energy to the CHS,
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which (i) delivers heat input to the Rankine cycle and
(ii) heats the molten salt in the hot tank (HT) and
cold tank (CT). The operating pressure of the SMR
and CHS is set to 500 kPa."® The outlet and inlet
temperatures of the SMMSR are assumed to fall
within 536~702°C and 438~603°C, respectively. 197 por
the CHS, the HT and CT temperatures are maintained
within 494~580°C and 325~340°C, respectively.”” The
maximum system pressure, which occurs at the turbine
inlet of the Rankine cycle, is designed to range from
10.3 to 13.5 MPa. %) The turbine inlet temperature is
set between 314~353°C, while the outlet temperature
is fixed at 50°C_l2OJ To account for system pressure
losses, all piping is assigned a surface roughness of
45 um,m To be clear, h,y and h,g represent the pump
outlet and inlet enthalpy, respectively.

For an incompressible liquid, the pump outlet enthalpy

was calculated using the standard relation:

Pag ™ Pas [

oy = hog + KJ/ Ky 2)

Nrc

This assumption is commonly applied for liquid
pumps because the temperature change is negligible
and the fluid is treated as incompressible, We also
conduct an energy analysis to establish a thermo—
dynamic model for evaluating the performance of the
CHS. To simplify the modeling process, heat losses
from the heat exchangers to the external environ—
ment are neglected, except for the condenser, which
primarily functions as a heat rejection unit, The energy
conservation equations for the main components of both
systems are derived from the first law of thermody—
namics and are summarized in Table 2. The net power
output of the Rankine cycle (RC) is calculated as:

W, = Wy— Wye [MW 3)

The cycle efficiency is defined as the ratio of the net

output work to the input heat, It can be expressed as:
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Table 2. The energy conservation equation of main components

in CHS
Components Energy conservation equation
SMMSR Qp = Tﬁn : (hQ - hl)

Reactor pump W, =m g (hy—hy)

Qi :mﬁ'(hths):m(‘f[s'(hsfha)

Qup :77.112 : (h2 7h3):N'(lz (t)'Amf,

Heat exchanger 1

Heat exchanger 2

CHS pump Weps = mCHS ' (h7 —hg+hy — hg)

Qpe= mR(? : (hZ(i - hzg)

Heat exchanger RC .
~Mepg® (h7 - hx)

Turbine Wy =mpe (hys —hyr)
RC pump Wee = mrzc‘ : (hzg - hzs)
Condenser Qe =mpe (hy; —hyg)
I/Vnet
n=—"" (%] @)
Cre

The net output power is partially allocated to the
hydrogen electrolyzer and reverse osmosis system,

enabling the production of hydrogen and clean water,

2.2 Hydrogen Production
2.2.1 Assumptions

For hydrogen production, two different types of
electrolyzer are considered to verify the effectiveness
of the T&E coupling strategy. As shown in Fig. 5, unlike
the LTE, which is powered solely by electricity, the HTE
first receives thermal energy (Qy;y) from the CHS to
heat water into high—temperature vapor, while a portion
of the turbine’s net power is simultaneously supplied
to the electrolyzer. Accordingly, the total thermal

energy consumption of the HTE can be expressed as:

Qrot,rre = Qure™ Yure® @re (KW 5)

where the v7= 0.01. To enable a fair comparison of
hydrogen production, the portion of electricity supplied
to the LTE is adjusted to a higher value such that the
total thermal energy consumption matches that of the

HTE., The split ratio of the net turbine power allocated
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to the LTE can therefore be calculated as:

QuretYare' Qre @,
SemreT VT Yre _ |y CHTE (g (6)

Yore =
Gre RC

During the water—splitting reaction in the electro—
lyzer, the supplied electricity is divided into two
contributions, One portion drives the electrochemical
reaction, producing hydrogen and oxygen, while the
remaining portion is dissipated as heat through ohmic
losses and auxiliary components. This dissipated frac—
tion raises the system temperature and is defined in

this study as the thermal loss of the electrolyzer (@,..).
CZloss,l = cht . ryl . (1 - 81) [KVV] (7)

Considering that the Faradaic efficiency of the
hydrogen electrolyzer is approximately unity, (221 it is
assumed that all electrochemical products are hydrogen,
The electricity used for hydrogen production can be

expressed as:

75
E 73t
>
2 71 t
3
2 69t
F-U ——
w 67 P latm
8 e 5atm
% 65 1 1 1 1 1
n 55 60 65 70 75 80 85

Temperature (°C)

Fig. 3. The water splitting efficiency of LTE at different
pressure[19

0.92

091

o
O
T

920 940 960 980
Temperature (°C)

o
o0
o

Splitting Efficiency (1)

900 1000

Fig. 4. Theoretical Thermal water splitting efficiencies of HTE
at 500 KPa®!
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WHZ = VVn,ef, v SZ [KM (8)

The hydrogen production rate can be calculated as:

. Wy,
o = gy Mg 1K) ©)
To determine the water—splitting efficiency, a further
literature survey was conducted. As shown in Figs. 3
and 4, for both LTE and HTE, higher system tempera—
tures within a suitable range correspond to higher
splitting efficiencies, [2,24]
In this study, to simplify the analysis, we assume
a linear correlation between electrolysis temperature
and splitting efficiency. To ensure the validity of this
assumption, the operating temperatures of the HTE
and LTE are maintained within 947~975°C and 55~
85°C, respectively. As shown in Fig. 5, the LTE is
operated at 1 atm to optimize hydrogen production,
while the HTE operates at 500 kPa, 24 Table 3 sum—
marizes the main design parameters of the HTE and
LTE. The energy conservation equations for the main
components of both systems are derived from the

first law of thermodynamics and are presented in
Table 4.,

20

Table 3. The main parameters of HTE and LTE

Parameters Symbol | Range (Value) | Unit
Temperature of HTE Tyre 947-975 C

Pressure of HTE PurE 500 KPa
Temperature of LTE Trre 60—-80 °C

Pressure of LTE PrrE 101 KPa

LTE cooling pump m,; 0.6 kg/s
Steam utilization efficiency @ 85 %

Table 4. The energy conservation equation of main components
in HTE and LTE

Component Energy conservation equation

Qm =mo, i (hyg—hyr)
Recovered Heat 1 L o e
:mf.H'(hlr)*hm)

Qe = T}%,H' (hw _h20)

Recovered Heat 2 .
=Myp” (hm - hls)

Qs =y gy (hyy — Ry )
Recovered Heat 3 Ry~ E 22 T
:mc.H'(hB*hu)

Qrrp= mCHSH' (he - hs)

Heat input of HTE .
=m.g° (h14 - h’13)

HTE feed water pump W,y =my g (hyy—hyy)

THE circulation pump W, = (hyy —hyg)
LTE cooling pump W, =mg ;- (hy, —hyy)
LTE feed water pump W, =my ;- (hy —hs)

) O— ..—’4—«—* o- > "
w \
(8]
22
Q.R1 17 m_O2H 21
- > ¢ < ars
HTE M 8 .
Q_R2 T
12 & 5P w ) m_H2H
P "
9
ocT

5 ™ m_CHS

ResultL.. — O

@ Temperature

980.1174 °C

496.9087 °C

[Min, Max]

Fig. 5. The temperature contour of HTE and LTE
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2.2.2 Specific Design of THE

For the HTE, the total water supply consists of two
sources. (i) the mass flow rate from the feed water
pump, which is determined based on the transient
requirements of the electrolyzer and can be expressed

as:

% 1Ky/s) (10)

me mH M

(ii) Considering the steam utilization efficiency in
the HTE, the actual input water mass is greater than
the electrolysis consumption, To compensate for this
additional water requirement, a circulation pump is
incorporated into the HTE, with its mass flow rate

expressed as follows:

- 1) [Ky/s] (1)

. . 1
M= My gt (E

The total recovered heat for the HTE can then be
expressed as:
Qprre= Qm + Qpy+ Qps [KW] (12)

The energy conservation equation for the HTE can

be expressed as:

Qe VV]’,H+ W;,H"' W, Yare

= Wy, + Y m, Ah [KW] (13)

2.2.3 Specific Design of LTE
Unlike the HTE, the feed water for the LTE must

satisfy requirements from two sources: (i) the water
consumed by the electrochemical reaction, and (ii)
the mixed vapor flow of hydrogen and oxygen. The
mass flow rate for the first source can be calculated

using the following equation:

2 QIBHARIR-THAY So|=alS ofLix] AlAY 2 o AlS

2flofd

(14)

My = mH M

To determine the mass flow rate of water in the
mixed hydrogen—oxygen flow, we first assume that
the partial pressure of water vapor is equal to the
saturation vapor pressure at the given temperature T, 125]

Pr0 = Psu(T) [KPa] (15)

Considering that oxygen and hydrogen are
produced separately at the anode and cathode, the
pressure within the electrolyzer is assumed to be the
same in both chambers, Therefore, the total pressure
of the water vapor mixed with oxygen and hydrogen
can be expressed as:

=PmotPo [KPa] (16)

pLTE:szo+pH2

According to the ideal gas law, the mole fraction of
water vapor in the mixture with oxygen and hydrogen

can be expressed as:

nHZO,m Rm,pHZO

My RFL oPm

(%] 17)

where R is the ideal gas constant, and the subscript
m refers to hydrogen in the cathode chamber or oxygen
in the anode chamber, The second mass flow rate can

then be expressed as:

T.nf.L.Q = Z”Hz om" M0 [Kg/s] (18)

The total feed water mas flow rate can be given as:

My, =my g tm,,, Kg/s) (19)

2025, 12 Vol.21, No.4 65
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The energy balance of LTE can be expressed as:

C, T

Wert Wert W Yore = Wy, "‘Emk’Ah (KW (20)
k

2.3 Clean Water Production

In this study, a reverse osmosis (RO) system is
selected for clean water production, As shown in Fig,
6, to evaluate the effectiveness of the T&E coupling
strategy, both the WWRO and CWRO systems are
considered for comparison of clean water production
rates, Similar to the hydrogen production system, a
portion of electricity is supplied to the high—pressure
pump to maintain the required operating pressure of
the RO system. The RO system consists of two mem—
branes, denoted as RO, and RO, Compared with the
CWRO, the WWRO additionally receives thermal energy
from the CHS (Qy;). Therefore, the total thermal energy

consumption of the WWRO can be expressed as:

Gt w= Qutvw" Cre (KW @1

where (v;;-=0.01), To more fairly compare the hydrogen
production, a portion of electricity to higher pressure
pump in CWRO is adjusted to a higher value to ensure
same total thermal energy consumption, Therefore,
the split ratio of net turbine power to CWRO high

pressure pump can be calculated as:

_ @Quwtyw Gre_ @y
Yo = QRC ’yW+ QRC [%] (22)

The mass flow rate of high—pressure pump can be

expressed as:

Tn” VVmit “Psw
Ap

Mpyp =

“n, [Kg/s] (23)

For the first stage of membrane, the clean water

production rate can be expressed as.
Mpor =My, R(T) [Kg/s] (©24)

After the first—stage membrane, the circulation pump

supplies the remaining water mass flow rate to the

Qw :
31 Q,:R4 33 M m_hW 34 Q_R5 38 41 ™ m_h.C
P ————— w «—C g < * ‘ . < g
i i
S |
P P
3 —F6) WWRO ©- «
7 p BT_H T T BT L + 3
b P 9
N o -
c RO_H2 ™ — . RO_L2 B
() r | — | L )
o O— [onEEE —§—o
A M 36 e 40 i
' @ 9827.3467 kPa i (:J)—
L 35 —' 3 E»mg 8494 kPa ' i e gL
FM £ 12.3521 kPa FM 43
T
> B o -~ CWRO | ¢..[3 0} — g
32 m c.W L - B &= [ O M mcl
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second—stage membrane, The mass flow rate of the
circulation pump can be expressed as:
m

en =y, (1= R(T)) [Ky/s] (25)

Therefore, the total clean water production can be

calculated as:

R(T) [Ky/s] (26)

mtot = m(:,n : R( T) +mh,.n :

To clarify the effect of temperature on the perfor—
mance of the RO system, a further literature survey
was conducted, As shown in Fig, 7, within the operating
temperature range of 20°C to 36°C, each 1°C increase
results in approximately a 3% increase in the permeate
flow rate of the reverse osmosis system To more
precisely determine the correlation between system
temperature and the recovery rate of a single mem—
brane, the SWC5—LD membrane from Xylem Inc. was
27 As shown in Table 5, at
25°C and 5.5 MPa, the permeate flow rate is 34.1 ms/d

selected as a reference,
with a recovery rate of 10%.

For simplicity, it is

1400

1200 r

1000 |

800 1 L L
18 23 28 33

System temperature (°C)

Permeate Flow Rate (m3/d)

38

Fig. 7. The effect of temperature on permeates flow rate®®

Table 5. The parameters of membrane SwWcs—Lp®
Parameters Symbol Value Unit
Operating temperature 1, 25 °C
Permeate flow rate F, 34.1 m?/d
Operating pressure Po 5.5 MPa
Recovery rate R(T) 10 %

2 BRIt

SHO|EZ|E of|LX] AJAR RHE! 2 AlZ2|0]M

assumed that the recovery rate of the membrane
varies linearly with system temperature. Table 6
summarizes the main design parameters of the WWRO
and CWRO systems, The total recovered heat for WWRO

can be expressed as:

Qpw= Qpy T Ops [K M (27)

The energy balance of the main components is sum—
marized in Table 7. Based on the above configuration

and energy balance, the energy conservation equation
for the WWRO can be expressed as:

W+ Wy

net

Qutw: =W, yt D m,- Ah [KW] (28)
t

Similarly, the energy conservation equation for CWRO

can be expressed as:

Vanf + W VV;IM(/'—F ET}IW"Ah‘ [KVV] (29)
t
Table 6. The main parameters of WWRO and CWRO

Parameters Symbol | Value (range) | Unit

WWRO temperature Ty 31.8-31.2 C
WWRO pressure Py, 5.5 MPa

CWRO temperature Ty 14.26 °C
CWRO pressure P 5.5 MPa

Recovery rate of WWRO Ry, 6.8 %

Recovery rate of CWRO R, 11.8-12 %

Table 7. The energy conservation equation of main components
in WWRO and CWRO

Component Energy conservation equation
Recovered Heat 5 Qps =y (hyy —hyg)
Heat input of WWRO Qs =y, " (hyy —hyy)
WWRO high pressure pump Wiy =my e (hyy —hyy)
WWRO circulation pump W =my gy (hys —hyy)
CWRO high pressure pump Wy o =my, o (hy—hyy)
CWRO circulation pump W, o=my o (hyy—hyy)

2025, 12 Vol.21, No.4 67
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3. System integration

In this section, the overall integrated system is shown
in Fig, 8. The system is designed to simultaneously
produce hydrogen and clean water. On one hand, the

CHS directly supplies thermal energy to various sub—

systems, such as the electrolyzer and reverse osmosis
system; on the other hand, thermal energy is fed into
the Rankine cycle (RC) to generate electricity. Based
on the Flownex diagram and the energy balance of
each component described in the previous sections,

the energy conservation equation for the CHS can be

T e - B 20 HS1_H
—o oS- o > - w
e
’ N
22
QR 17+ mO2H 21
® HTE | = ——% £ % o
18 B
Q_Rz2 - l 25
- -y = = mteH
| 1 ;
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ST U R NN S - E’g .......................... | ' mcEH
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4.‘,_.’@ SR - SR |-aSi—"r Wd u
15 HTE P 23
" m_CHS =
[;
2
7y
K
oo P °F i
o
MR | o L
) | i 26 .
== oy S
—— !
m R |
[
= s i m_cool.LTE I w LTE
i gy ' = -
m_CHS or : 28 mARC 28 " 9—'—',_“'_'—
@ 3 50 m_feed. LTE
34 q_ins 38 4 m_h.C
‘ ! o ' Resultla.. — O X
o2 E () Pressure
= E = @ Temperature
{ £ .
] £ a2 =8 979.3845 °C
! 39 . BTL » = _
Qs "—"—I‘; '_‘.—Q £ 496.5422 °C
=
- ‘ T qﬂ ‘4 ...... e ' E S
- RO_L2
T S e i —
40 " h e B.R. B ©.
L = " wRD_U
= . ™ 43
& j; WWRO CWRO l ... ge—_

68 - x{Aol|HAX]|

Fig. 8. The temperature contour of Integrated system
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expressed as:

WC‘HS’+ QHEI + QHEZ = QH(‘+ QHTE+ QW

+ AT ¢, m, [KW] (30)

The net power of the whole integrated system can

be written as:

Wigr = Wp— Wi— Weyg— Wfﬂ‘ W{,-,H_ Wae—
VV/‘,L_ I/VCL_ VVh,,W_ VV:;W_ VVh,L_ VV(=,L [KM (31)

4. Results and Discussions

The section is organized into two parts. First, the
role of the CHS is examined in terms of its ability to
mitigate the duck curve and enhance electricity pro—
duction, Second, the impact of the T&E coupling
strategy is analyzed, highlighting its potential to
improve hydrogen and clean water production, which
is strongly influenced by the system’s sensitivity to

thermal energy.

4 1 Effect of CHS

Fig. 9 shows the electricity production of the CHS

over time, To evaluate the effectiveness of coupling

== S&N Coupling =====QOnly Solar

Power (MW)
N
(e

Time (day)

Fig. 9. The Power Production of CHS during a week
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solar and nuclear systems (S&N coupling) in enhancing
electricity output, the electricity produced by the
traditional system is calculated as the sum of the
individual outputs from solar and nuclear sources, To
fairly represent the effect of S&N coupling, electricity
from each source is assumed to use the same CHS
configuration. Consequently, the turbine power generated
solely by solar energy is compared with that of the
S&N coupling system. At the initial stage, the turbine
power for the solar—only case is nearly zero, resulting
in a large gap compared with the S&N coupling scenario,
This initial gap is primarily due to the contribution of
nuclear energy, with the turbine power from nuclear

input estimated as P, =409 MW, For both cases,

turbine power initially exhibits unstable fluctuations
before transitioning to a stable oscillatory behavior
However, the S&N coupling system reaches stability
in only three days, compared with 6~7 days for the
solar—only case. This behavior is attributed to the large
total heat capacity of the CHS: during the early stage,
the combined solar and nuclear inputs are insufficient
to fully charge the CHS, resulting in unstable power
output. As the system approaches equilibrium between
heat input and output, stable and periodic fluctuations
in electricity generation occur, To comprehensively
evaluate turbine performance, the maximum power

(P

max

) and average power (2, )

avg

), minimum power (2,

nin
during the stable state are selected for further analysis.
As shown in Table 8, the power fluctuation (AP) is

defined as the difference between 7, ,, and 7, ;. , while

min s

the average power P, is calculated as the mean of

avg

Table 8. Comparison of Electricity production between CHS
and traditional system

Energy Source P Pin Loy Ap
Solar energy 19.19 5.97 12.58 13.22
Nuclear energy 31.13 0

Traditional system 50.32 37.1 43.71 13.22

S&N coupling 67.44 47,28 57,36 20.16

Enhancement 34% 27.4% 31.2% 52.7%

2025, 12 Vol.21, No.4 69
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P .. and P, . All power values are expressed in

max
megawatts (MW). The results indicate that the S&N
coupling not only achieves higher electricity production
(approximately 31.2% improvement compared with
the traditional system) but also reduces power fluc—
tuations by 52.7%. The large power fluctuation can be
attributed to shortage of energy controlling system,
This aspect will be included in our future work,

To clearly illustrate the duck—curve mitigation effect
of the CHS, the same solar heat flux is applied to two
sets of solar collectors, each with the same number of
panels and total area, In the first case, one set of
solar collectors is connected to the CHS, where solar
energy is first converted into thermal energy and
subsequently transformed into electricity via the RC,
In the second case, the other set of solar collectors is
directly connected to a photovoltaic system (PVS),
which converts solar energy directly into electricity
without intermediate thermal storage. Therefore, the

electricity produced by the PVS can be expressed as:

1000
800
E 600
S 400 e Total Demand
2 e Net Demand
200 e===Fle from CHS
O — T T 1 1 I
0 5 10 15 20 25
Time (Hour)
1000
800 |
; 600
E e Total Demand
% 400 e Net Demand
~ em=Fle from PV
200 | /-\
0 1 1

0 5 10 15 20 25
Time (Hour)

Ei

g. 10. DCs generated by CHS (up), PVS (down)

70 A-ZHAol|HX]|

Ppyg= N’ qs “Aitm (W] (32)

It is worth noting that this value differs from the
assumption given in the previous chapter. The purpose
of using a larger value is to more clearly demonstrate
the duck—curve mitigation effect provided by the CHS,
Additionally, as shown in Fig, 10, the total power
demand (red line) of Jeju Island during March 2024 is
used to illustrate the duck curves (DCS),[QS]

The two methods are expected to produce different
DCs, which are compared to evaluate the effect of the
CHS in mitigating the duck curve. Specifically, the
electricity generated by the CHS is denoted as Py,
with its corresponding duck curve labeled as DC1, while
the PVS—generated electricity is labeled DC2. The net
demand is defined as the difference between the total
demand and either Pgyqor Ppys. For DC1, since solar
energy is converted into thermal energy and stored in
the CHS, the power output is more evenly distributed
throughout the day rather than concentrated during
daytime, Consequently, the resulting electricity profile
is smoother compared with that of the PVS, and the
net demand does not exhibit the typical duck—shaped
pattern. In contrast, for the traditional PVS, electricity
generation occurs only during daytime, creating a
significant gap between total demand and net demand.,
Thus, the duck curve is clearly observed in the PVS
case but is effectively mitigated by the CHS,

4.2 The Effect of T&E coupling

The hydrogen electrolyzer and water reverse osmosis
system exhibit production curves similar to those of
electricity generation. As shown in Fig, 11, the HTE
achieves significantly higher hydrogen production
compared with the LTE, with an improvement of
approximately 31.8%. In contrast, the WWRO shows
only a modest increase in clean water production,
around 7.72%. These results indicate that the T&E
coupling strategy exhibits varying levels of effectiveness



M7l 44 B4 SA

Hydrogen (g/s)

2 1 1
3 4 5 6
Time (day)

e CWRO e WWRO

18

16

14

12

Clean Water (kg/s)

10 1 1

4 5
Time (day)

Fig. 11. The hydrogen (up) and clean water (down) pro—
duction with and without T&E coupling
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for different products, To further clarify the reasons
for these differences in production, the thermal energy
distribution was analyzed in detail. As shown in Fig.
12, the HTE and WWRO exhibit different thermal
energy distributions,

To be clear, the electricity that induced to HTE and
WWRO is converted into thermal energy to fairly
compare with other thermal energy contribution.
Therefore, the electricity equivalent thermal energy

is written as:

net

n

Qr= Y= Qpe- v [KW] (33)

For hydrogen production, ¢z dominates, accounting
for approximately 89% of the total thermal energy,
while the combined contributions of @ yrp Qprp make
up only about 11%. In contrast, for clean water pro—
duction, a larger proportion of thermal energy @y
about 17.73% is allocated to increasing the system
temperature compared with HTE. Notably, the @
accounts for a dominant 56%, indicating that the
thermal energy recovery system is particularly critical
for the WWRO.

To more clearly represent the thermal energy dis—
tribution among the different systems, a ratio (&) is

defined as:

Q.T + QH,’T
QH.J‘ + QE + Qx

(%] (34)

where subscript « represents the HTE for the high
temperature electrolyzer or W for WWRO, Physically,
this ratio represents the proportion of the total thermal
energy allocated to increasing the system temperature,

As shown in Table 9, a smaller value of this ratio
indicates higher effectiveness of the T&E coupling. In
other words, systems with a lower R ratio exhibit

greater sensitivity to thermal energy, meaning that
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Table 9. The value of ratio and Effectiveness of T&E coupling
in different system

System Value of R Effectiveness of T&E
HTE 4.5% 31.8%
WWRO 31.4% 7.72%

even a small amount of thermal energy can effectively
increase the system temperature, thereby enhancing
overall performance under the T&E coupling strategy.
This conclusion also implies that, for industrial pro—
cesses with high energy sensitivity, the T&E coupling
strategy can be an effective approach to enhance
production, particularly when supported by an appro—

priate thermal energy recovery system,

5. Conclusion and Future Work

In this study, a NR-HES was proposed using Flownex,
where solar and nuclear energy are coupled through
the CHS to enhance electricity production, This coupling
increased electricity generation by 34%. However, due
to the absence of a dynamic energy control system,
power production fluctuations increased by 59%. There—
fore, implementing a control system in the Flownex
environment might be the meaningful future work to
increase control stability of the designed system. Even
without such a control system, the CHS still demon—
strates improved performance in mitigating the duck
curve compared to a traditional PV system,

Additionally, the T&E coupling strategy is demon—
strated to be an efficient approach for enhancing the
production of both clean water and hydrogen, However,
its effectiveness depends on the system’s sensitivity
to thermal energy. Systems with higher sensitivity
benefit more significantly, as even a small amount of
thermal energy can lead to substantial improvements,
This conclusion provides useful guidance for industrial
processes where thermal energy sensitivity is a critical

factor,

72 -2 EolEX]|

As an initial study using Flownex to investigate
NR—-HES, the goal of the present study is to demon—
strate that Flownex can serve as a useful tool for
simulating NR—HES and potentially act as a secondary
platform to support the validation of simulation results
obtained from Modelica, However, due to the absence
of a global control system, the proposed NR-HES
cannot intelligently adjust its electricity and thermal
energy output to optimize system performance and meet
the demands of the local electricity grid. Addressing
this limitation will be part of our future work,

In addition, Flownex provides multiple access points
for integration with other commercial software, such
as Ansys Fluent and NIST Fluid. By coupling with
high—fidelity 2D or 3D simulations, Flownex can enable
a more comprehensive analysis of NR—HES, Further—
more, the current study lacks an economic assessment,
which is essential for evaluating the system’s feasi—
bility., This aspect will also be incorporated in our

future research,
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