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Nuclear energy-based seawater desalination is an environmentally friendly
freshwater production approach. This study introduces a novel thermodynamic
model integrating a pressurized water reactor’s (PWR) secondary cycle with a multi-
stage flash (MSF) desalination facility to enhance freshwater production. The

impacts of the design and operating conditions on thermal efficiency, utilization
factor, gain output ratio, exergy efficiency, coefficient of ecological performance for
cogeneration and exergy destruction factor are investigated. Results reveal that a
higher live steam temperature and a reheater mass flow rate ratio is preferable for a
better nuclear desalination performance. A larger freshwater production capacity is
preferable for a better utilization factor, however increasing the capacity tends to
decrease thermal efficiency, coefficient of ecological performance for cogeneration
and exergy destruction factor. The selection of steam extraction location is important
for very large scale plants, and the outlet of moisture separator is determined to be
the best option. Parametric analysis shows that plant’s performance can be
significantly improved by adjusting the design conditions. Thermal and exergy
efficiencies of an optimized plant configuration are 3.01% and 4.70% higher,
respectively as compared to a base plant. It is also found that steam generator and
MSF unit cause 3.2% and 82% of the total irreversibility rate of PWR’s secondary
cycle and MSF facility, respectively, and have the highest irreversibility rates for

these sections of the plant.

1. Introduction

With the impact of industrialization, agricultural
production and rapid population growth, the demand
for freshwater is constantly increasing. Water
pollution and arid climatic conditions reduce the per
capita water supply worldwide and cause water
scarcity. The water crisis has a significant negative
impact on the development of countries owing to its
influence on economic activities and the people’s
quality of life [1]. Approximately 97.5% of the water
available on the Earth's surface is sea and ocean
water, while 2.5% is freshwater including glaciers,
groundwater, streams and lakes, and only less than
1% of freshwater is easily accessible and usable [2].
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In a United Nations report [3], it is stated that the
world’s water stress level is about 18% in 2018.
According to the report, approximately 10% of the
global population reside in areas with water
shortages, and it is pointed out that the requirement
for water will increase in the coming years due to the
impact of population density.

Seawater desalination, which is an option to
meet freshwater demand, is the process of separating
purified water from seawater having high salt
concentration by consuming energy. The required
energy for desalination processes can be provided
from fossil-based, renewable or nuclear energy.
Compared to alternative energy sources nuclear
power plants (NPPs) have the largest capacity factor
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[4, 5]. The high availability of nuclear energy used in
desalination applications can eliminate the energy
storage requirement problems of renewables. In
addition, nuclear power is advantageous to fossil-
fueled plants since it can completely eliminate CO;
emissions. Fossil fuel-driven MSF and multi-effect
distillation (MED) desalination plants emit
approximately 22.5 kg CO, and 17.5 kg CO; per 1 m®
of freshwater produced, respectively [6]. It is possible
to significantly reduce CO: emissions by utilizing
clean energy sources such as nuclear for the
desalination of seawater [7].

In a nuclear reactor driven desalination plant,
the fission energy of the reactor is converted into
thermal energy, and part of this energy is used for the
desalination of seawater. MSF, MED and thermal
vapor compression (TVC) are used as distillation
processes while reverse osmosis (RO) is utilized as a
membrane process in nuclear desalination facilities.
RO, MSF and MED processes account for 70%, 18%
and 7% of the global installed desalination capacity,
respectively [8]. MSF, MED and RO desalination
processes consume total energy in the range of 18.3 —
28.5 kWh/m3, 14.2—21.6kWh/m3 and 4 —
6 kWh/m3, respectively [9]. Although the energy use
of MSF is high, it can be operated with high capacity
and its maintenance is easier [10], and also MSF has
a high water quality in the range 2 — 10 ppm [9].

Seawater desalination and the integration of
these processes to nuclear energy have been the topic
of many technical and/or economic studies. Four
different coupling alternatives of cogeneration
systems were analyzed with  Desalination
Thermodynamic Optimization Program (DE-TOP)
software developed by the International Atomic
Energy Agency (IAEA) [11]. IAEA also developed
the Desalination Economic Evaluation Program
(DEEP) for the economic evaluation of desalination
plants driven by nuclear, fossil and renewable sources
[12]. An economic analysis of the MSF process
coupled to nuclear and fossil fueled cogeneration
plants was performed by Faibish and Ettouney [13].
The impacts of production capacity and top brine
temperature (TBT) on the cost were investigated, and
it was found that the nuclear-based MSF produced
freshwater with a cost that is lower than fossil fuel-
based distillation. In another study, the costs of water
desalinated by MSF, MED and RO to meet the
potable water requirement in two different site
conditions in Libya were determined and compared
with fossil-based desalination [14].

The integration of International Reactor
Innovative and Secure plant to MSF and RO for
nuclear desalination was considered by [15].
Economic analysis revealed that the plant cost of the

nuclear MSF desalination plant was minimized at a
TBT of 82—-83°C. Adak and Tewari [16]
investigated the coupling of an MSF facility to a
pressurized heavy water reactor (PHWR), and found
that a water production rate of 4500 m3/day with a
gain output ratio (GOR) of 9 can be obtained at the
expense of a 3.3 MW decrease in the net power output
of the NPP. A technical and safety study on the
thermal coupling aspects for isolation purposes of this
plant was presented by [17]. Safety features were
evaluated to prevent any radioactivity entering the
product water in the integrated plant that employed
two isolation heat exchangers. Tian et al. [18]
compared the electricity and freshwater costs of
nuclear and fossil fuel powered MSF desalination
plants. The parameters considered in the assessment
were the discount rate, fossil fuel price, power plant
investment and desalination plant size. The analysis
showed that the nuclear option was economically
advantageous to fossil fuel based desalination.

The exergy analysis of a MSF desalination
plant was performed by Kahraman and Cengel [19],
which showed that the MSF unit cause the largest
irreversibility and its exergetic performance could be
improved by utilizing more flashing stages. The
thermal coupling of MSF and MED facilities to a
system-integrated modular  advanced  reactor
(SMART) was studied in [20]. Three coupling
techniques were compared, and it was found that the
heat pipe loop was the optimum plant integration
method. Thermoeconomic multiobjective
optimization of a PWR coupled to an MSF plant was
carried out to minimize the product water and
electricity costs [21, 22]. Thermoflex simulator was
used for thermodynamic modelling, and the
optimization was carried out with a genetic algorithm.
Alonso et al. [23] presented a comparative economic
analysis by coupling MSF, MED, RO, MSF-RO and
MED-RO with two different PWRs. The electricity
and freshwater costs of cogeneration applications
were determined for three different discount rates.
MED was found to be less expensive than MSF and
the coupling of RO to MSF and MED would improve
the competitiveness of these thermal desalination
technologies.

Yan et al. [24] examined the integration of a
high-temperature gas cooled reactor (HTGR) to an
MSF plant. The analysis revealed that an
incrementally loaded MSF system would increase the
freshwater production by 45% and use of reactor
thermal power by 16% compared to the conventional
MSF desalination. The techno-economic evaluation
of cogeneration options for a small modular reactor
(SMR) coupled to MSF, MED and RO were carried
out by [25]. Three different coupling strategies of the
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MSF and MED with the reactor were considered, and
the relationship between electricity and freshwater
outputs was investigated. The results indicated that
RO causes the least cost and the SMR provided
flexible operation for all desalination processes.
Exergetic and thermo-economic analyses of SMART
reactor-based MSF and MED-TVC desalination are
performed by Priego et al. [26]. The effect of steam
extraction nodes from the secondary cycle of the
reactor on the cost of fresh water is assessed for three
gain output ratios and four discount rates. Techno-
economic analysis of two SMRs, namely SMART
and CAREM (Central Argentina de Elementos
Modulares), was carried out by Khan et al. [27] for
nuclear desalination with MSF, MED and RO. In
another techno-economic analysis, the Karachi NPP
was considered for nuclear desalination with MSF,
MED, RO, MSF-RO and MED-RO approaches [28].
The results indicated that MED was economically
advantageous.

Polat and Dinger [29] compared MSF, MED,
RO, MSF-RO and MED-RO based nuclear
desalination methods. Akkuyu NPP, which is a
Water-Water Energy Reactor (WWER) under
construction, is considered as the heat and/or
electricity source for desalination and DEEP is used
to determine the freshwater production costs. The
integration of an experimental gas cooled reactor to
MSF for nuclear desalination was studied by Dewita
et al. [30]. The impact of steam extraction nodes on
freshwater production capacity was analyzed by
considering two options. Sadeghi et al. [31]
investigated the integration of the Bushehr NPP with
hybrid MSF-RO and MED-RO desalination processes
for three coupling options and performed the techno-
economic analysis of the plant. The total cost of
freshwater was determined, and it was found that
extracting steam from the condenser outlet was the
best alternative. Finally, in a recent work [32], an
exergoeconomic analysis of a PWR coupled to MSF
and RO for nuclear desalination was carried out.
Aspen HYSYS software was used for the modelling
of the PWR’s secondary cycle.

The abovementioned studies do not present a
thermodynamic model that involves both the nuclear
reactor’s energy conversion system and MSF facility
of a nuclear desalination plant. Therefore, in order to
fill this research gap, this paper introduces a novel
thermodynamic model integrating a PWR’s
secondary cycle with an MSF desalination facility to
produce electricity and freshwater, and presents a
comprehensive thermodynamic analysis of the
cogeneration system. The novelties of this study are:
o A detailed thermodynamic model considering the
components of both the PWR’s secondary cycle and

MSF facility is built for a comprehensive energy and
exergy analysis of the plant.

¢ The impacts of the design and operating conditions
of i) reactor thermal power, ii) live steam temperature,
iii) reheater mass flow rate ratio, iv) reheater
temperature, V) process steam extraction node, vi)
freshwater production capacity, vii) TBT, viii) MSF
unit throttling mass flow rate ratio ix) seawater
temperature, and x) seawater salinity on the objective
functions of i) thermal efficiency, ii) utilization factor,
1ii) gain output ratio, iv) exergy efficiency, v)
coefficient of ecological performance, and vi) exergy
destruction factor are investigated.

2. System Description

The detailed schematic representation of the PWR
driven MSF desalination plant is illustrated in Figure
1. Nuclear facility is composed of two cycles. Fission
energy of the nuclear reactor is transferred to liquid
water circulating in the primary loop, which is
coupled to the secondary loop through a steam
generator (SG). Steam is obtained at the outlet of the
cold side of the SG (state 4) by heat transfer from the
primary loop. The majority of the steam enters the
high-pressure turbine (HPT) to produce electrical
power output, while the rest is directed to reheater
(RH) for reheating the steam to low-pressure turbine
(LPT) inlet conditions. The moisture separator (MS)
transfers the liquid water to a feedwater heater (FWH)
to improve the service life of the plant. Steam leaving
the RH enters the LPT to produce additional power
and the expanded steam then enters the condenser (C).
Secondary cycle contains seven FWHSs to increase the
thermal efficiency of the plant and the pumps (P) are
utilized to increase the pressure of water to SG inlet
condition. FWHs also provide flexibility in operation
of the plant by enabling the transfer of process steam
to the MSF facility at different conditions. Green lines
represent the possible steam extraction locations for
desalination. Steam is extracted from only one of the
states of 52, 53, ..., 63 and returns the cycle through
C.

The secondary cycle of the PWR is coupled
to the MSF facility through a heat exchanger (HX). In
addition to transferring the energy of the process
steam to the MSF facility, the HX acts as an isolation
loop that prevents the contamination of both nuclear
and MSF cycles. The desalination facility includes an
MSF unit consisting of heat recovery and heat
rejection sections with multiple horizontal in-line
evaporators, a brine heater, a throttling valve, pumps
and a vacuum system. Each evaporator has a flashing
chamber where seawater evaporates and a
condensation section where the pure water is distilled.
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Seawater entering the facility at state O is first directed
to the condensation section of the evaporators to
condense the pure water vapor and then exits through
the heat rejection section of MSF unit at state 69. Part
of the seawater is discharged back to the sea, while
the remainder (state 70) is throttled and utilized as
make-up feedwater in the MSF unit. The portion of
the feedwater leaving the heat rejection section at
state 74 is heated by recirculation to the evaporators
in the heat recovery section. The feedwater then
enters the brine heater (BH), and it is heated to the
TBT with the process heat of the steam that is

—— Steam
= Coolant water
— Condensation water
—— Steam inlet for MSF
— Condensate outlet

for MSF

®

HPT 12

extracted from the PWR’s secondary loop through the
isolation HX. The heated feedwater enters the flash
chamber of the first evaporator at state 77, and it is
vaporized due to pressure drop. The pure water vapor
passes through the demister, which prevents the
passage of the salt, and then it condenses by
transferring heat to the seawater in the condensation
section and is collected on the distillation tray. This
operation is repeated in each stage of the MSF unit
and the product water leaves the desalination facility
at state 72. The high-salinity brine water leaves the
MSF unit at state 73, and it is directed back to the sea.
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Figure 1. lllustration of the PWR driven MSF desalination plant (adapted from [11, 19]).

The plant design presented in Figure 1 has
several advantages over alternative configurations.
First of all, the nuclear-driven cogeneration system

completely eliminates the CO- that would be emitted
from a fossil fuel-based cogeneration plant, and hence
it offers an environmental benefit. The design is also

1050



T. Tanbay, E. Akyiirek / BEU Fen Bilimleri Dergisi 13 (4), 1047-1066, 2024

advantageous to renewable-based plants since nuclear
energy is superior to renewables in terms of capacity
factor. The use of PWR instead of alternative reactor
technologies such as PHWR, SMART and HTGR is
another advantage of the configuration presented in
Figure 1, since PWRs are the most widely utilized
reactors in the nuclear industry. Therefore, the PWR
technology is more accessible for nuclear desalination
as compared to alternative reactors. As for the choice
of MSF process for desalination, it is advantageous to
alternative desalination approaches with its large
production capacity and high water quality.
Freshwater with a high level of purity is a valuable
commodity since it can be utilized as an input for a
hydrogen production facility employing electrolysis
as the production method.

3. Modeling of the System

In this section, first the main assumptions employed
in the modeling of the plant are given. Then, the
energy-exergy analyses of the nuclear desalination
plant are presented. Following the definition of saline
water properties, finally, the objective functions are
introduced.

3.1. Assumptions

The main assumptions for the modeling of the nuclear
desalination plant are as follows:

e All processes are steady-flow and hence the
parametric analyses are time-independent.

e The change in kinetic and potential energies is
neglected.

e All plant components are adiabatic except the
MSF unit.

e MSF unit is nonadiabatic [19, 33]. Exergy balance
equations presented in Ref [19] for the MSF unit, and
in Ref [33] for the heat recovery and rejection sections
indicate that the MSF unit is adiabatic. However,
calculations based on the thermodynamic data
presented in Table 1 of Ref [19] and in Tables 4 and
5 of Ref [33] show that the component is
nonadiabatic.

e There is no frictional pressure loss in the cycle.

o Isentropic efficiencies are used to factor in the
irrevesibilities of turbines, pump and generator.

e Water leaves the SG and MS at state 11 as a
saturated vapor, while it leaves the MS as a saturated
liquid at state 34.

o Liquid water enters nuclear facility through the
condenser for cooling at state 21 and the MSF facility
at state 0 at ambient temperature.

o A temperature difference of 5°C is present in both
sides of C and the inlet and outlet of the cold side of
C(i.e.,, Ty4 = T3 + 5°Cand T3 = T,, + 5°C) [11].
e Steam extraction from PWR’s secondary loop is
made through only one of the locations 52, ..., 63.

o Desalination capacity is a function of the TBT, T,
[34]. The amount of product water, i.e., m,,, depends
on the TBT as

gy = tza[1— (1 — y)TET-Tra)/Alse] 1)

where m-, is the recycle brine mass flow rate, y is the
ratio of sensible heat to latent heat of salt-water
mixture in the MSF unit, AT, is the temperature
decrease of the brine per MSF unit stage and T3 is
the brine temperature.

e The feed seawater mass flow rate to the MSF unit,
I.e., 1M, is related to the product water mass flow rate
as [34]

Sal73

My = Myp ———————
& 72 Sal,3 — Sal;4

)

where Sal,; and Sal,; are the salinities of the
seawater and brine, respectively. The brine salinity is
limited by environmental regulations.

e The temperature of the seawater increases by 8°C
and its pressure decreases by 30% in the heat
rejection section of the MSF unit (i.e., Tgg = Ty + 8°C
and Pgg = 0.7Pgg) [19]. Also, there exists a
temperature difference of 5°C on the cold side of the
BH (i.e., T;7 = T, + 5°C).

3.2. Energy and Exergy Analysis

The energy analysis of the plant is carried out by
applying the conservation of mass and energy
equations to plant components

Zm=2m ©)

out

Qin + Win + Z mh = Qout + Wout + Z mh (4)
in

out

where 1 is the mass flow rate, Q and W are the rates
of heat and work transfer, respectively, and h
represents the enthalpy. Egs. (3) and (4) yield the heat
transfer rate from the primary cycle of nuclear plant
to the secondary cycle through SG (Qs¢), the heat
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transfer rate from C, the power production rates of
HPT and LPT (Wypr and W, pp), the power
consumption rates of Ps (), heat transfer rate from

the nuclear plant to MSF plant through HX (Qp) and

heat loss rate of the MSF unit (Qusr). The energy
balance equations are presented in Table 1.

Table 1. Energy balance equations for the components of the nuclear desalination plant.

Component Energy balance equations
Nuclear plant
SG Qsc = my(hy — hyz)
HPT Wypr = mshs — (i hy + mhghg + mighs)
MS Mmyohyg = My1hyy + Maahs,
RH Mg (he — h3s) = My3(hys — hyy)
LPT Wopr = myshyy — (Myshys + Myghye + My7hyy + Myghyg + Myghyo)
C Myahys + Msihsy + Meshes = Mpzhys + Myuhy,
Ps Wpj = M j(Rout,j — hinj)s  j=1,..,9
EWHs  MoutPouty = Z mh, j=1,..7
in,j
IHX Q, = m;(h; — hey) = 1ige(hes — he7), § =52,53,...,0r 63
Flow mixing  mig hs, + Mmaghss = maghsg
TV1 hes = hea
Desalination plant
Swp WSWP = 1heg(hes — ho)
TV2 h;1 = hyg
MSF unit  Qusp = (iegheg + M1 hyy + Myshas + 1Miy7hs) — (Meohgo + Myahys + Myghas + Migghyy + Maghye)
BH M76(h77 — hy6) = Mee(hes — he7)
PWP WPWP = M3 (h7g — h72)
BP Wpp = 1i1,3(hyg — hy3)
RP Wep = 117, (hys — hyy)

The irreversibility rates of plant components
are determined by applying the exergy balance
equation

TO . . . To .
(1=72) G+ Wi+ Y 2= (1= 77) Qo

in
_Wout - ZXL - Xdest =0

out

()

where X, is the exergy destruction rate, X; is the
exergy flow rate, while T, and T}, are the dead state
and average boundary temperature, respectively. Eq.

(5) can be used to determine the exergy destruction
rates of nuclear desalination plant components, and
the equations are presented in Table 2, where Ts; and
Tyusr are the average boundary temperatures of SG
and MSF unit, respectively. Exergy flow rate is
defined as

X; = mlh; — hg — To(s; — sp)] (6)

where hy and s, are the enthalpy and entropy at T,,.
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Table 2. Exergy balance equations for the components of the nuclear desalination plant.

Component Exergy balance equations
Nuclear plant
. S Ty .
SG Xaest,sc = Xaz — Xg + (1 - T_) Osc
SG
HPT Xdest,HPT = Xs - X7 - Xs - X9 - WHPT
MS Xdest,MS = X10 - X11 - X34
RH Xaestrn = Xo + X1z — Xi3 — X35
LPT Xaestpr = X1a = Xi5 — X16 — X17 — X1 — Xi9 — Wipr
C Xaestc = Xaz + Xs1 + Xos — Xp3 — Xo4
Ps Xaestpj = Xinj — Xourj ¥ Woj, j=1,..9
FWHs Xdest,FWH,j = in - Xout,j: j=1..7
in,j
IHX Xaestinx = Xi + Xo7 — Xes — Xo6, { = 52,53,...,0r 63
Flow mixing  Xgestmix = X34 + X35 — X6
TV1 Xdest,TVl = X64 - X65
Desalination plant
SWp Xaestswp = Xo = Xeg + Wsyp
Tv2 Xdest,TVZ = X70 - X71
MSF unit Xaestmse = Xeg + X1+ Xg5 + X77 — Xoo = X7z — X753 — X704 — X6 — <1 - TZ;ZF) Qusr
BH Xaestsn = Xoo + X76 — X7 — X77
PWP Xaestpwp = X72 — X75 + Wowp
BP Xaestsp = X73 — X79 + Wpp
RP Xaestrp = X74 = X75 + Wep
SW-Cooling  Xgest sw—cooting = Xeo — X2
B-Cooling Xdest,B—Cooling = X73 — Xgo
PW-Cooling Xdest,B—Cooling = X756 — Xa1

3.3. Saline Water Properties

Desalination process alters the salinity of the
feedwater and produces three streams as product,
brine and discharge waters with different salinities.
Therefore, the thermodynamic properties of the
working fluid of the desalination plant have to be
determined by considering it as a water-salt mixture.
Enthalpy and entropy of such a mixture are
determined by [19].

h; = mfsihg; + mfy, ihy i, (7)
Si = mfsiSs; + MfyiSw,i

R 8
- (M . > (xS,i In Xs,i + Xw,i In xw,i) ( )
sSw,i

1053

where i = 68,69, ...,82, mf is the mass fraction, x is
the mole fraction, R, is the universal gas constant and
M is the molar mass, while the subscripts sw, s and
w denote seawater, salt and water, respectively. The
mass fraction of salt is expressed in terms of the
salinity (Sal) of seawater having the unit ppm, and the
mass fraction of water is:

mfs; = Sal;(ppm) x 107° 9)

- (10)

mfw,i = Xw,i M
sSw,i

The molar fractions of salt and water and the
molar mass of saline water are determined by
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Xci = MW
si = 1 (11)
s (s = 1) + M
Xwi =1—Xg; (12)
Msw,i = xs,iMs + xw,iMw (13)

Salt is an incompressible substance and its
enthalpy and entropy are independent of pressure. On
the other hand, these thermodynamic properties are
functions of temperature and the temperature
dependence of salt’s enthalpy and entropy can be
expressed as

hs,i = hs,ref + Cp,s(Ti - Tref) (14)

T
Ssi = Ssref T Cpsln <_T lf) (15)
re

where ¢, is the specific heat of salt, T..f is a
reference temperature and hg,.r and s, ¢ are the
corresponding enthalpy and the entropy values of salt.
For Tref = 35°C, hgrep = 29.288k]/kg, Sgrer =
0.1009 kJ/kgK, while ¢, s = 0.8368 k] /kgK.

3.4. Objective Functions

The energetic performance of the nuclear desalination
plant is investigated through three objective
functions, namely thermal efficiency, utilization
factor and gain output ratio defined as

W,
Nen = Q"“ (16)
SG
W, o + O
L= <P % (17)
. QSG .
GOR = m'distilled _ my;, (18)

Msteam Mee

respectively. Qg and Q,, are given in Table 1 and

W0+ is the net electrical power output of the plant:

Whet = 16ex (Wipr + Wipr)

9
. : . . . 19
- (Z Wp j + Wswp + Wpwp + Wpp + WRP) (19)

j=1

In Eq. (19), m,, and mge represent the mass flow
rates of the product water and steam for BH,
respectively.

The exergetic performance of the plant is
investigated through exergy efficiency, ecological

coefficient of performance for cogeneration and
exergy destruction factor

_ Whet + X,

Nex 7 (20)

SG

Wher + X
ECOP,pq = ﬁ (21)
est,to
Xq

foa =55 (22)

SG

where X o to¢ IS the total exergy destruction rate of
the plant, while Xp is the exergy of process heat and
Xs¢ is the exergy of heat transferred through the SG:

Xp=X;—Xes, 1=5253,..,0r63 (23)
. To \ -
Xs¢ = (1 - T_> Osc (24)
SG

It should be noted that although 7., ECOP,,4 and feq
are exergetic performance indicators, these functions
focus on different characteristics of the plant. Also,
the objective functions have been normalized as
follows in order to more clearly show the influence of
the variables on the performance of the plant:

f

fmax

f= (25)

where f = n¢p, €y, GOR, Nex, ECOF,44, feq-

4. Results and Discussion

In this section, the comprehensive energy and exergy
analysis of the PWR driven MSF desalination plant is
presented. Thermal efficiency, utilization factor, gain
output ratio, exergy efficiency, ecological coefficient
of performance for cogeneration and exergy
destruction factor are considered as objective
functions to investigate the impacts of reactor thermal
power (Qg), live steam temperature (T,), RH mass
flow rate ratio (ary) and temperature (T;,), process
steam extraction node (i), freshwater production
capacity (m-,), top brine temperature (T,;), MSF
unit throttling mass flow rate ratio (agy,), seawater
temperature (Ty) and salinity (Saly) on the energetic
and exergetic performance of the plant. An in-house
code is developed with MATHEMATICA 11 to carry
out the calculations, and JANAF data [35] is used for
the thermophysical properties of water.
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Tables 3 and 4 present the values of the
design parameters and dead state properties of
seawater when they are not considered as a variable
in analyses, and the isentropic efficiencies of the
components for PWR’s secondary cycle and MSF
facility, respectively. The mass flow rate ratio

presented in Table 3 is defined as a; = m;/m, with
agry = Mmg/my,, While the mass flow rate ratio of TV2

IS ary, = 1My /Mg,.

Table 3. Main design parameters of the PWR secondary cycle.

Parameter Value Parameter Value
Osc 3300 MW P, 2600 kPa
Tse 346.85°C Py 1600 kPa

T, 277°C P, 1120 kPa
Tia 255°C P 880 kPa
Ay 0.06 Pis 450 kPa
lext 52 Py, 200 kPa
a, 0.055 Pig 90 kPa
ag 0.05 P 30 kPa
Qs 0.04 P,, 200 kPa
16 0.034 Nupr 0.85
ayy 0.034 NLpr 0.83
g 0.034 np 0.85
Q19 0.026 NGEN 0.98

Table 4. Main design parameters of the MSF facility.

Parameter Value Parameter Value
Moy 3600 kg/s Pgg 168 kPa
ATy, 3°C P, 10 kPa
TBT 89.85°C P, 635 kPa
Ty, 26°C Pyg 578 kPa

y 0.005 P,q 292 kPa
Arya 0.9 Sal, 38000 ppm

T, 20°C Sal,s 65000 ppm

Py 101.325 kPa Sal,g 0.01 ppm
Np 0.85 Sal,q 70000 ppm

Figure 2 shows the effect of reactor thermal
power and live steam temperature on the objective
functions related to the energetic and exergetic
performance of the plant. Increasing Qg; causes to
improve 0., ECOF,,4 and f.q, and it has a negative
impact on €,, while the variation in n,, is negligible.
Qs has the largest effect on ECOP,4 and feq. An
increase of 0.2 GW changes these functions by 0.4%.
A higher live steam temperature tends to increase the
performance of the nuclear desalination plant.
Performance indicators are more sensitive to the
variation in T, as compared to the variation in Q.
For instance, ECOF,,4 is enhanced by 13% when T,
is increased by 18 °C.

315 32 3.25 33 335 34
Qsc(GW)
(@)
Figure 2. Impact of (a) Q_SG and (b) T_4 on the

objective functions
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(b)
Figure 2 (Continued). Impact of (a) Qs and (b) T, on
the objective functions.

The impact of RH mass flow rate ratio and
temperature on the energetic and exergetic
characteristics of the nuclear desalination plant is
illustrated in Figure 3. Higher values of agy
positively affect the performance of the plant.
ECOP,,4 improves by 14.85% as agy is increased
from 0.05 to 0.07. Although the exergy destruction
rate of RH increases, FWH1 and FWH2 experience
large drops in X, When a higher agy is chosen,
which enhances the plant’s performance. The RH
temperature, Ty 4, has a relatively less important effect
on the objective functions as compared to agy. Slight
decrements are observed in n:,, €, and n.,, and
ECOF,,, decreases by 3.4% with a 10°C rise in Ty4.

1.00]

Fea

0.95

ECOPooq

Thex

0.90

Tltn

0.85

0.05 0.054 0.058 0.062 0.066 0.07
aRH

1.000

0.995

d

w2
5 0.990

ECOP
o
©
@
4]

& 0.980

0.965
252 254 256 258 260 262 264

(b)
Figure 3. Variation of performance indicators with (a)
agy and (b) Ty,.

The effect of desalination capacity on the
objective functions of the plant is presented in Figure
4. Increasing m,, is favorable in terms of ¢,,
however, it has a negative impact on ny,, ECOF,,,4
and f,;. The decrease in thermal efficiency with
increasing desalination capacity is a consequence of
the drop in electricity output of the cogeneration
plant, and such a trend is also shown in [25]. Although
an economic analysis is not performed in this study, it
should also be noted that increasing the desalination
capacity is found to have a positive impact on water
cost [28].

0.95
200 250 300 350 400 450 500

mra(kg/s)

Figure 4. Effect of desalination capacity on the objective
functions.

Desalination capacity also affects the plant’s
performance through the choice of steam extraction
node. Tables 5 and 6 demonstrate the variation of the
energetic and exergetic performance indicators with
steam extraction node for five different desalination
capacities, respectively. The desalination capacities
given in Tables 5 and 6 correspond to 11, values of
60, 600, 2400, 3600 and 6000 kg/s. The
desalination capacity of m,, = 5.9 kg/s corresponds
to asmall scale plant, 59 kg/s is considered as a large
scale plant, and the remaining three capacities are
classified as very large scale desalination plants [36].
Results show that the MS outlet (i.e., i, = 56) isthe
best choice for steam extraction since it gives the
optimum values for all objective functions. The
selection of extraction node is especially important
for very large capacity plants. For instance, based on
loxt» Nep Varies in the range 0.282 — 0.327 when the
desalination capacity is m,, = 590 kg/s. It should
be noted that the choice of steam extraction node
might be influenced by economic factors. The
exergoeconomic analysis made for SMART driven
MSF desalination plant shows that choosing HPT
inlet as the steam extraction node results with the least
water cost [26].
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Table 5. Impact of steam extraction node on energetic objective functions of the nuclear desalination plant for five
desalination capacities.

Ntn
ot % 59kg/s 59kg/s 236kg/s 353kg/s 590kg/s
52 0.338030  0.335995  0.329211 0.324688 0.315643
53 0.337697 0.332659 0.315867 0.304673 0.282284
54 0.337725 0.332943 0.317002 0.306375 0.285121
55 0.338129 0.336980 0.333149 0.330596 0.325489
56 0.338146 0.337159 0.333865 0.331670 0.327279
57 0.338105 0.336741 0.332197 0.329167 0.323108
58 0.337715 0.332848 0.316624 0.305807 0.284175
59 0.337795 0.333639 0.319788 0.310554 0.292086
60 0.337817 0.333861 0.320675 0.311884 0.294302
Eu
52 0.338392 0.339616 0.343694 0.346413 0.351851
53 0.338059 0.33628 0.33035 0.326398 0.318492
54 0.338087 0.336564 0.331485 0.328100 0.321329
55 0.338491 0.340600 0.347633 0.352321 0.361697
56 0.338509 0.340779 0.348349 0.353395 0.363487
57 0.338467 0.340362 0.346680 0.350892 0.359316
58 0.338078 0.336469 0.331107 0.327532 0.320383
59 0.338157 0.337260 0.334271 0.332279 0.328294
60 0.338179 0.337482 0.335158 0.333609 0.330510
Figure 5 illustrates the variation of the 1.000 J1.00
energetic and exergetic characteristics of the nuclear 3 o {o.95
desalination plant with TBT and the MSF unit 5 09991 L g - 40.90
throttling mass flow rate ratio. Increasing TBT by B & Tlex 05
35°C causes a slight decrement in n, and n,, and a ‘ﬁ 0.998f ¥ ECOPexo {080 é
more noticeable change of 0.4% in ECOF,, 4 and fe,. 2 :;"ﬁ {075
However, a higher value of TBT is advantageous in - 0997 {070
terms of GOR, since this objective function has = {oos
improved significantly by 34% with a 35°C 0.996 '
increment in TBT. The TBT-GOR relationship % % 1 e 120
presented in Figure 5a is also observed in [15]. The
trends shown in Figure 5b reveal that asy, has a 10000
negligible effect on plant’s performance. The BH
temperature difference (ATgy) also affects the GOR 2 0.9999
of the plant as shown in Figure 6. When ATgy rises ki
from 4 to 8, GOR of the facility decreases slightly, S 0.9998
and the rate of decrement becomes faster as TBT e
increases. ' 0.9997
< 09906
0.9995
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Figure 5. Effect of (a) TBT and (b) TV2 mass flow ratio
on the objective functions.
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Table 6. Impact of steam extraction node on exergetic objective functions of the nuclear desalination plant for five
desalination capacities.

1.000

0.999

0.998

0.997

0.996

0.995

T’ex

i D72 59kg/s 59kg/s 236 kg/s 353kg/s 590 kg/s
52 0.641658 0.641856 0.642516 0.642955 0.643834
53 0.640937 0.634639 0.613648 0.599655 0.571667
54 0.640951 0.634781 0.614216 0.600505 0.573085
55 0.641691 0.642178 0.643803 0.644886 0.647052
56 0.641718 0.642454 0.644906 0.646541 0.649810
57 0.641685 0.642123 0.643584 0.644558 0.646506
58 0.640917 0.634441 0.612857 0.598467 0.569687
59 0.640994 0.635210 0.615931 0.603078 0.577373
60 0.640992 0.635194 0.615868 0.602983 0.577214

ECOP,,,
52 1.84323 1.82479 1.76596 1.72887 1.65932
53 1.83784 1.77265 1.57779 1.46422 1.26825
54 1.83816 1.77569 1.58796 1.47785 1.28662
55 1.84430 1.83536 1.80627 1.78746 1.75117
56 1.84456 1.83792 1.81623 1.80214 1.77481
57 1.84405 1.83286 1.79663 1.77335 1.72875
58 1.83797 1.77386 1.58154 1.46898 1.27391
59 1.83898 1.78342 1.61426 1.51346 1.33552
60 1.83919 1.78547 1.62118 1.52278 1.34816
fed

52 0.348117 0.351743 0.363833 0.371892 0.388011
53 0.348744 0.358018 0.388930 0.409538 0.450754
54 0.348691 0.357484 0.386795 0.406336 0.445418
55 0.347932 0.349892 0.356427 0.360783 0.369496
56 0.347898 0.349555 0.355080 0.358763 0.366130
57 0.347976 0.350340 0.358218 0.363470 0.373974
58 0.348709 0.357662 0.387507 0.407404 0.447197
59 0.348560 0.356174 0.381556 0.398477 0.432319
60 0.348518 0.355757 0.379889 0.395976 0.428151

-& TBT=92°C
TBT=102°C
= TBT=112°C

4

5

6
ATen(°C)

7

Figure 6. Effect of ATy, on GOR of the nuclear
desalination plant.

The variation of nuclear desalination plant
performance with the seawater temperature and
salinity is shown in Figure 7. The temperature and
salinity ranges are chosen based on the data of the
Mediterranean Sea [37]. The rise in T, from 15 °C to
27 °C has a positive effect on plant’s exergetic
performance, and the most significant change is
observed for ECOF,,4. On the other hand, an increase
in T, decreases 7, and €, of the plant relatively by
0.89% and 0.84%, respectively, and such energetic
performance degradation is typical for power plants
[38]. As for the impact of the seawater salinity,
ECOF,,4 and f,4 are found to be the most sensitive
objective functions. An increase of 5000 ppm in Sal
leads to a relative decrement of 0.13%.
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Figure 7. Impact of seawater (a) temperature and (b)
salinity on the objective functions.
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Based on the results presented in Figures 2-6
together with Tables 5 and 6, an optimum nuclear
desalination plant configuration is built to investigate
the influence of design decisions on the performance
of the nuclear desalination plant by setting Qs; =
3.4GW, T, =289°C, apy = 0.07, Ty, =253°C,
oyt = 56 and TBT = 82.85°C to produce freshwater
with a capacity of m,, =353kg/s from the
seawater having a temperature of T, = 20°C and a
salinity of 38000ppm. Thermodynamic properties of

all states are presented in Table 7 and 8 for PWR’s
secondary cycle and desalination facility,
respectively. The negative exergy flow rates seen in
Table 8 are due to the higher salinity levels of the
corresponding states, and such negative values were
also reported in [19].

The energetic and exergetic performance
indicators of the optimum nuclear desalination plant
configuration are presented in Table 9. The
performance of a base scenario, for which the results
are obtained with the parameters given in Table 3, are
also provided in Table 9. Comparison of the results
reveal the importance of the parametric energy-
exergy analysis of the nuclear desalination plant. All
performance indicators except GOR have improved
significantly with the alteration of the decision
variables. ¢y, €, Nex and ECOF,,, increases by
3.01%, 3.15%, 4.70% and 0.46, respectively, and
f.q decreases by 5.7% as a result of the alteration of
design parameters. The variations correspond to
relative improvements of 9.27%, 8.52%, 7.31%,
26.63% and 15.27% in 1y, €y, Nex, ECOP,,4 and
fea, respectively These improvements are significant.
The findings can also be interpreted from an
economic perspective. For instance, the price of
electricity is 0.1235 $/kWh for the Akkuyu nuclear
power plant that is under construction in Mersin,
Turkey for which a single reactor unit has a nominal
power output of 1200MW. A 3.01% increase in
thermal efficiency can be considered as a 36 MW
improvement in the power output. Nuclear power
plants have an average capacity factor of 90%.
Therefore, the 3.01% increase in thermal efficiency
would cause a 35.05 million $ yearly improvement in
the revenue of the plant.

Table 7. Thermodynamic properties of all states for the secondary cycle of the PWR.

State  T(°C) P(MPa)  m(kg/s) h(kj/kg) s(kJ/kg - K) X(Mw)
4 289.00  7.334 1899.62 2768.17 5.7910 2039.31
5 289.00  7.334 1766.64 2768.17 5.7910 1896.58
6 289.00  7.334 132.97 2768.17 5.7910 142.75
7 226.05  2.600 104.48 2606.30 5.8482 93.50
8 201.37 1.600 94.98 2535.45 5.8775 77.45
9 184.86 1.120 1567.18 2485.54 5.8999 1189.47
10 184.86 1.120 1567.18 2485.54 5.8999 1189.47
11 184.86 1.120 1335.00 2781.36 6.5457 1155.41
12 184.86 1.120 1299.15 2781.36 6.5457 1124.38
13 253.00 1.120 1299.15 2945.36 6.8804 1209.98
14 253.00 1.120 1299.15 2945.36 6.8804 1209.98
15 228.52 0.880 75.98 2899.96 6.8991 66.90
16 147.90  0.450 64.59 2706.82 6.7692 46.85
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Table 7 (Continued). Thermodynamic properties of all states for the secondary cycle of the PWR.
State T(C) P(MPa) m(kg/s) h(kj/kg)  s(kj/kg-K) X(MwW)

17 120.21 0.200 64.59 2666.43 7.0257 39.39
18 96.73 0.090 64.59 2559.37 7.0942 31.18
19 69.09 0.030 49.39 2427.14 7.1905 15.91
20 30.03 0.004 980.01 2226.51 7.3661 68.74
21 20.00 0.101 99559.60 83.91 0.2965 0.00
22 20.03 0.200 99559.60 84.03 0.2968 0.60
23 25.03 0.101 99559.60 104.95 0.3676 17.97
24 30.03 0.004 1015.87 125.86 0.4372 0.70
25 30.03 0.030 1015.87 125.89 0.4373 0.70
26 55.55 0.030 1065.26 232.58 0.7751 8.91
27 55.57 0.090 1065.26 232.65 0.7753 8.92
28 87.29 0.090 1129.85 365.66 1.1614 31.84
29 87.32 0.200 1129.85 365.79 1.1618 31.86
30 116.79 0.200 1194.44 490.20 1.4932 66.24
31 116.87 0.450 1194.44 490.51 1.4940 66.33
32 143.50 0.450 1259.03 604.20 1.7754 109.20
33 143.63 0.880 1259.03 604.75 1.7767 109.41
34 184.86 0.880 232.18 784.58 2.1862 34.06
35 266.20 7.334 132.97 1165.85 2.9405 40.80
36 215.64 0.880 365.15 923.42 2.4983 70.86
37 182.87 0.880 1700.16 775.77 2.1670 243.98
38 183.09 1.600 1700.16 776.73 2.1691 244.57
39 203.88 1.600 1795.14 869.78 2.3670 321.11
40 204.18 2.600 1795.14 871.15 2.3699 322.07
41 226.05 2.600 1899.62 966.59 2.5736 408.68
42 227.48 7.334 1899.62 978.33 2.5868 423.63
43 289.00 7.334 1899.62 2768.17 5.7910 2039.31
44 226.05 2.600 104.48 2606.30 5.8482 93.50
45 201.37 1.600 94.98 2535.45 5.8775 77.45
46 228.52 0.880 75.98 2899.96 6.8991 66.90
47 147.90 0.450 64.59 2706.82 6.7692 46.85
48 120.21 0.200 64.59 2666.43 7.0257 39.39
49 96.73 0.090 64.59 2559.37 7.0942 31.18
50 69.09 0.030 49.39 2427.14 7.1905 15.91
51 30.03 0.004 980.01 2226.51 7.3661 68.74
52 289.00 7.334 0.00 2768.17 5.7910 0.00
53 226.05 2.600 0.00 2606.30 5.8482 0.00
54 201.37 1.600 0.00 2535.45 5.8775 0.00
55 184.86 1.120 0.00 2485.54 5.8999 0.00
56 184.86 1.120 35.85 2781.36 6.5457 31.03
57 253.00 1.120 0.00 2945.36 6.8804 0.00
58 228.52 0.880 0.00 2899.96 6.8991 0.00
59 147.90 0.450 0.00 2706.82 6.7692 0.00
60 120.21 0.200 0.00 2666.43 7.0257 0.00
61 96.73 0.090 0.00 2559.37 7.0942 0.00
62 69.09 0.030 0.00 2427.14 7.1905 0.00
63 30.03 0.004 0.00 2226.51 7.3661 0.00
64 184.86 1.120 35.85 784.58 2.1862 5.26
65 30.02 0.004 35.85 784.58 2.6010 0.81
66 88.85 0.067 31.33 2657.73 1.1796 472.53
67 88.85 0.067 31.33 372.20 0.3811 37.80
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Table 8. Thermodynamic properties of all states for the MSF facility.

State T(°C) P(MPa) Sal(ppm) m(kg/s) h(kj/kg) s(kJ/kg-K) X(MW)
68  20.00  0.168 38000 1455.88 81.99 0.3183 0.09
69 2800  0.118 38000 1455.88 114.38 0.4275 0.66
70 2800  0.118 38000 689.63 114.38 0.4275 0.31
71 2800  0.010 38000 689.63 114.38 0.4275 0.30
72 26.00  0.010 0.01 315.26 109.02 0.3812 2.72
73 2800  0.010 70000 374.37 111.68 0.4366 -1.85
74 2800  0.010 65000 3600.00 112.09 0.4354 -15.00
75 2800  0.635 65000 3600.00 112.62 0.4352 -12.89
76 7785  0.635 65000 3600.00 310.29 1.0426 57.74
77 8285  0.635 65000 3600.00 330.18 1.0988 69.96
78 2600  0.578 0.01 315.26 109.54 0.3811 2.90
79 2800  0.292 70000 374.37 111.92 0.4366 -1.75
80 2000  0.101 70000 374.37 80.18 0.3303 -1.97
81 2000  0.101 0.01 315.26 84.01 0.2965 2.67
82 2000  0.101 38000 766.25 81.93 0.3183 0.00

Table 9. Comparison of an optimum configuration with a base configuration for the nuclear desalination plant.

Performance indicator

Base scenario

Optimum scenario

Mtn
Eu
GOR

nex
ECOP,,,

fed

0.3247
0.3464
11.1781
0.6429
1.7289
0.3719

0.3548
0.3759

10.0639
0.6899
2.1893
0.3151

The irreversibility rates of plant components
are presented in Figs. 8 and 9 for PWR’s secondary
cycle and MSF facility, respectively. Secondary cycle
of the PWR has a total irreversibility rate of
551.75MW and SG has the largest contribution of
32%. The total exergy destruction rate of the MSF
facility, 13.10 MW is low as compared to the
secondary cycle and the MSF unit is responsible for
the majority of the losses. Results of [19] also show
that MSF unit is the largest source of irreversibility in
the desalination facility.

5. Conclusion

Access to freshwater is a challenging issue for regions
with arid climate. Desalination is an essential
technology for countries having water scarcity
problems and nuclear energy is a promising source
that can provide both thermal and electrical energy for
desalination facilities with a negligible environmental
impact. This study focuses on a comprehensive
energy and exergy analysis of a nuclear desalination
plant. A pressurized water reactor is used as the
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energy source to produce electricity and to supply
process heat to a multi-stage flash desalination facility
for seawater desalination. The effects of several
design and operating parameters on the energetic and
exergetic characteristics of the plant are studied in
detail. The results of the analysis can be summarized
as follows:

e Higher reactor thermal power has a positive
impact on thermal efficiency, coefficient of
ecological performance and exergy destruction factor
of the plant, while it tends to decrease utilization
factor.

e The overall plant performance improves as the live
steam temperature and the reheater mass flow rate
ratio increase, while a lower reheater temperature is
preferable for better cogeneration performance.

e Increasing the freshwater production capacity
improves the utilization factor of the nuclear
desalination plant, on the other hand, it has a negative
impact on thermal efficiency, coefficient of
ecological performance and exergy destruction factor.
e The outlet of the moisture separator is the best
candidate for steam extraction, and the selection of
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extraction node is crucial for very large scale
desalination plants.

¢ Gain output ratio of the plant enhances remarkably
with increasing top brine temperature. Decreasing the
brine heater temperature difference also has a positive
impact on the gain output ratio, and the throttling
valve mass flow rate ratio has a negligible effect on
plant’s performance.

e A higher seawater temperature tends to decrease
the energetic performance of the nuclear desalination
plant, however, it positively affects the exergetic
objective functions. A higher seawater salinity causes
a slight decrement in the exergetic performance.

e The overall plant performance can be significantly
improved by carefully selecting the design
parameters.

SG (32.04%)
176.73MW

Other (1.53%)
8 46MW
IHY (2.20%)
12.15MW

RH (2.96%) .
16.35MW

Ps (3.96%)
21 86MW

G (4.62%)
25 45MW

FWHs (6.51%)
35.95MW

e Steam generator and multi-stage flash unit cause
the largest exergy destruction rates in the secondary
cycle of the reactor and multi-stage flash facility,
respectively.

The findings of this study provide useful
technical information for both the designers of PWR
based nuclear desalination systems and policy
makers, especially in countries suffering from water
scarcity. With that being said, the detailed analysis
presented in this paper can be further improved by
considering economic factors and carrying out a
multiobjective optimization that takes into account
energetic, exergetic and economic objective
functions. Research into performing this optimization
is already in progress.

LPT (27.03%)
149.12MW

HPT (9.824%)
54.19MW

COND (9.33%)
51.4TMW

Figure 8. Exergy destruction rates of PWR’s secondary cycle components.
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MSF Unit (21.69%)
10.70MW

-
-

Other (1.34%)
0. 20MW

SW. B, PW -.
cooling (6.11%) ——
0.B0MW

BH (10.66%)
1. 40MW

Figure 9. Exergy destruction rates of MSF facility components.
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