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ABSTRACT

As international desalination capacities have increased, brine from desalination plants has become an
environmental danger to ecosystems. Thus, it is essential to treat such hypersaline brines. This case study uses a
hybrid RO-freeze desalination system and an evaporation pond to treat desalination brine. A thermodynamic
analysis based on the mass and energy balances:is initially performed for the proposed system. Then, RO-freeze
Desalination and Reverse Osmosis desalination have been compared from the viewpoint of energy consumption
and the amount of brine discharge. The effects of temperature and salinity in the feedwater and the Fs factor on
energy consumption and the quantity of brine discharge are under investigation. The results show a 30% increase
in recovery in RO-FD compared o reverse osmosis desalination, while SEC has only a 40% increase. The specific
energy consumption, second-law efficiency, and evaporation pond area are 6-12 kWh/m?, 7-12 %, and 20000-
52000°‘m?, respectively. It is coupled with a CO; cooling system that freezes seawater in a crystallizer and melts
ice in.a chamber.:The evident rise in water product and decreased residual brine amount create an exceptionally
appealing desalination process.
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INTRODUCTION

Water is recognized as one of the most vital natural resources; however, it is fast depleting owing to human activity.
A growing number of countries, particularly in arid areas, have reached a level where sustainable water delivery
is difficult. Several desalination techniques have been invented in recent decades to reduce water shortage [1].
High amounts of concentrated brine from conventional desalination plants with a total soluble solid content in
high salinity are an essential problem in many desalination processes. Brine has at least 1.6 times more total
dissolved solids (TDS) than seawater. Because of the high concentration of the desalination brine, the choice of a
second-stage desalination unit is limited [2, 3]. Brine treatment technologies must significantly decrease brine
quantities while dealing with high contaminants. Conventional desalination is ineffective for.treating high-salinity
waters. As a result, excessive salinity is frequently the underlying cause of brine treatment challenges, resulting
in fouling/scaling and high energy demand [4]. One of the treatment methods for this‘concentrated brine is freeze
desalination (FD), which is getting popular progressively [5]. For many years, freeze technology has been
recognized for its ability to purify and concentrate liquids [6]. Freezing desalination processes mainly depend on
a saline water phase change from liquid to solid "ice." Most ice crystals are theoretically composed of pure water
[7]. The main reason for developing a freezing desalination plant:s the low enthalpy. of phase change for water
freezing, compared to water evaporation. Its other features include its small size, no corrosion, and no necessity

for pre-treatment [8].

Hybrid desalination technologies are among the strategies to offset the drawbacks of typical desalination.
Hybridization means combining two or more valuable forms of primary energy, increasing efficiency and reducing
atmospheric emissions [9,10]. The main disadvantage of freeze desalination is operational costs during the ice
separation. According to various analyses,.combining the freezing process with other desalination methods
improves performance. Salajeghe et al..[11] proposed a RO-MED-FD hybrid desalination system. This study
examined the impacts of the inlet water temperature, salt concentration in inlet water, and the FD system recovery

ratio on system energy consumption using mathematical modeling.

Furthermore, in order to power this hybrid system, the potential of new energies was evaluated. Much research
has been carried out numerically on multi-effect freeze desalination. The evaluation of single-effect and multi-

effect freeze desalination reveals that the latter uses less energy than the former [12].

Evaporation ponds (EP) are the most prevalent waste management alternative for the hypersaline brine formed in
water treatment plants. Evaporation ponds are a form of brine disposal that consists of shallow, walled earthen
basins in-which brine slowly evaporates due to direct sunlight. Once the freshwater evaporates, the minerals in
the brine precipitate into salt crystals at the basin's bottom. Since wastewater disposal costs are determined by
volume rather than concentration, it is more cost-efficient to dispose of a small volume of very saline water than

a large volume of slightly saline water (used primarily in semi-arid areas with low land costs [13, 14].

Due to the green characteristics of CO, a carbon dioxide refrigeration cycle has been chosen for freezing. COz is

chemically inert and non-toxic [15].

The high concentration of the RO brine is a significant issue in many desalination processes, so in the past, the
combination of freeze desalination and reverse osmosis (RO) has been executed. But the combination of two

effects freeze desalination and reverse osmosis has been proposed for the first time.



However, the present research marks the first instance of an exergy analysis of freeze desalination being conducted
and the hybrid RO-FD system is coupled with an evaporation pond to increase sustainability desalination. In the
past, the analysis of freeze desalination has been done using the characteristics of freons, which is limited due to
environmental issues. But in this analysis, carbon dioxide has been used for the first time. The hybrid RO-FD
system is intricately linked with a cooling CO, system, where the evaporator serves as the ice freezer, and the
initial condenser functions as the ice melter. This cooling CO, cycle operates below the critical point (CO5).
Notably, one of the key advantages of this hybrid system is its potential to reduce energy consumption and
discharge of brine while simultaneously increasing desalination recovery rates. To address environmental
concerns, the brine produced by this hybrid desalination system is directed toward an evaporation pond. This
strategic approach mitigates groundwater pollution by reducing the amount of brine discharge.and facilitates the
conversion of the brine into potable salt crystals. This research aims to present the idea and Performanceanalysis
of RO-FD desalination by Considering the effects of operating parameters such as variation of solid ice fraction,
salinity of RO brine and salt concentration have changed. These parameter variations are critical to determine the
working design parameters effects on the overall hybrid system performance. Work of Compressor, SEC, exergy

efficiency, area of evaporation pond and brine salinity will be investigated in this work.

SYSTEM DESCRIPTION
The proposed hybrid system comprises a cooling CO; systemand.a hybrid desalination system.

This part uses reverse osmosis desalination and two hybrid configurations to reduce discharge brine and energy

consumption. All are shown schematically in Fig. 1.
A reverse osmosis desalination system (RO)ris considered in:the first configuration.

In configuration 11, a hybrid RO-FD desalination plant is explored, in which the concentrated brine of the RO is
used as feed for the freeze desalination system. Therefore, before entering the crystallizer, the concentrated brine
is first pre-cooled by a heat exchanger, in' which approximately pure ice crystals are produced and separated from
the brine in the separator.

In configuration II1, a hybrid RO-2EFD desalination plant is explored to reduce the brine of hybrid desalination.
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Fig.1 Simplified block diagram of (a) RO, (b) RO-FD, (c) RO-2EFD

The hybrid RO-FD and CO- cooling system (configuration II) is illustrated in Fig. 2. Seawater is fed to a RO unit
(w0). The concentrated brine of the RO is used as the feed for the FD unit (wl). The evaporator of the CO» cooling

system works as the crystallizer of the FD system. The heat exchanger is intended to recycle heat from two'distinct

cold streams, namely rejected brine (w8) and melted ice crystal (w7), while also lowering the temperature of the

incoming feed (w2). Thus, ice crystals form inside the crystallizer (w3). The ice slurry, which'includes ice crystals

and rejects brine, is delivered to the separation unit and divided into two streams (w4, w6). The washing can be

accomplished by losing only 5% of the total product water. Clean ice crystals melt due to indirect contact with the

refrigerant pumped to the first condenser by the primary compressor (w5). A melter absorbs the waste heat from

the first condenser (melter). This technique must be precisely devised and implemented to decrease environmental

concerns about groundwater pollution. The saline brine of hybrid desalination is sent through the evaporation

pond. It is one of the reliable methods and requires a small amount of technical equipment.

Fig. 2 Schematic layout of RO-FD-EP integrated with CO2 cooling system
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SYSTEM ANALYSIS

The governing equations and thermodynamic relations are provided to analyze the hybrid system. The following

assumptions are made in order to simplify the system analysis:

e The system runs in a steady state;

e In heat exchangers and pipes, pressure drops and heat transfer loss are ignored;

e The expansion valve throttling process is isenthalpic;

e Heat transfers in compression processes are negligible;

e The dead state was taken as the environmental conditions (with ambient temperature of To= 25 °C and
pressure of P, = 1 bar).

e  The evaporator temperature of each effect is 5°C lower than the feed water freezing point of that FD effect;

e The temperature of condenser | and Il are 5°C higher than the melting temperature.in the melter and
seawater temperature.

o Full refrigerant condensation at the condenser exit and complete evaporation at the evaporator exit

e Neglect tubing pressure drops between the components.

e The constant density applies to saline water, salt, and freshwater.

Based on the above assumptions, the system is developed based on the'steady-state mass and energy balances
for solving state point parameters in the cycle. The general forms of conservation principles for each
component are as follows [16, 17]:

Table 1 provides the guiding equations of the CO; cooling.cycle.
Tablel. Thermodynamic equation utilized in cooling CO. system

Qeva = Mo, (hiy —hy) The equation of energy balance for evaporators 4)

Weomip = n.1c02 (hipo — hip)

Neoms = 0.93 = 0. 44+ PR The equation of energy balance for compressors [17] = (5)

— Wcom.lD
ncom wcom
Mo, (hing — hg 1) = My g, (hinz — hy2) The equation of energy balance for the flash tanks (6)
h;, =h, The equation of energy balance for expansion valves = (7)
Qcona = Mo, (hin — hy) The equation of energy balance for condensers (8)

The governing equations of the RO desalination are given in Table 2.

Table2. Equations governing the RO desalination

VRTX,
=

T The osmotic Pressure 9)

Jw=AX (AP — An) Water Flux (10)



vAP
E=—

Pump Efficiency (11)
Mp

Mass and energy conservation equations are utilized to evaluate the performance characteristics of freeze
desalination; the controlling equations are provided in Table 3.

Table 3. Thermodynamic relations in freeze desalination

Dg = Dcry + Drc The equations of mass balance in the 12
XrDr = XcryDcry + Xr.cDrc crystallizer
Q¢ = DgrCpr(Tc1 — Trp) + DeryAHp
Heat amount to be removed from the
Q¢ = Qsensible T Qiatent . (13)
crystallizer
Dcry = FsDg
ATF = _9 66E_2CL - 5 ZE_6CL A i i
The freezing point depression [18] (14)
S =1.8147C;
XcryDcry + Xr.cDrc + XwashDwash = XpDp + XgDg The equations of mass balance in the (15)
Dwash = 0.5Dp separation column
Dp = Dcgy + Dimp The equationsof mass balance in the (16)
XpDp = XcryDcry + XimpDPivs melting chamber
Qumelt = DiMCimB (Tmert — Tc) + DcryAHE The heat amount to be melted (17)

The equations of mass balance in the pre-
DgCpp(Trp — Tp) + DpCpg(Tp — T¢) + DpCpp(Tp — Temerr) = 0 4 (18)
cooling heat exchanger
Wapp = 0. 15chomp

Additional power [4] (19)
Wiotal = wcomp +Wipp

Hypersaline brine from the hybrid desalination is sent to an evaporation pond to convert the brine to potable salt
crystals. Evaporation ponds work by converting the water in the pond into vapor in the atmosphere just above.
The larger the surfacearea, the greater the evaporation rate. The evaporation rate from the pond determines the
size of the evaporation.pond size. E, represents the water evaporation flux, which depends on the difference
between the water surface's vapor pressure and the water vapor's partial pressure in the air (Apep). Salinity
negatively affects the evaporation rate. The salinity factor determines the evaporation rate from saline water (Esal).
The area of the evaporation pond was calculated based on the law of conservation of mass in the pond so that the

amount of brine entering the pond is equal to the evaporation of water. Relations are presented in Table 4.

Table4. Equations governing the solar evaporation pond

E, =(232.5+ 101V, )APgp Evaporation rate of freshwater [19] (20)

FE = 1.025—.0246¢0879"X
Esq Salinity factor [20] 21
EV

FE =




This study's results regarding specific energy consumption (SEC) based on water production are presented. While
the first law focuses on the quantity of energy, the second law analysis (exergy analysis) introduces quality and
quantity [22]. The exergy efficiency (nexe), on the other hand, provides more detailed thermodynamic insights. In
a specific state, the exergy efficiency of the system represents the maximum work that can be extracted through
interactions with its surroundings to attain thermal, mechanical, and chemical equilibrium. The condition wherein
the system achieves equilibrium with its surroundings is called the dead state (Table 5) [23]. Relations are
presented in Table 5.

Table 5. Equations applied for the optimization model

SEC = —total The SEC of the desalination system (22)

product

E,
Nexe = E_F *100

E, =mye, The exergy efficiency of hybrid desalination (23)
Ep = Wi + mp ep

THE MODEL VALIDATION

Since the proposed hybrid system of this study has not been simulated before, to validate the simulation and the
results, a freeze desalination system was used for comparison. The outcomes of the freeze desalination system are
compared to Ref. [24] to guarantee the correct operation and.calculation in this study. Elrahman et al. [24]
proposed exergy analysis for different operational parameters of a freeze desalination cycle; the proposed system
gave higher thermal efficiency than alternative desalination systems such as reverse osmosis. The studied system
and the system presented by [24] are compared; the effect of Fs on Brine salinity is illustrated in Fig. 3, and reverse
osmosis desalination was not considered since only freeze desalination was studied. They assume that the ice
fraction (Fs) varies between 0.3 and 0.8. Brine salinity is a function of Fs and the salt concentration in the feed
water. The brine salinity parabalically increases as Fs rise; good agreements between the compared systems are
observed.
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Fig.3 The effect of Fs on the brine salinity in reference [23] and the present research

RESULTS AND DISCUTIONS

The conditions applied in hybrid desalination are listed in Table 6. For thermodynamic analysis of the system,

EES software was utilized for solving a set of equations for various operating conditions.

Table 6. Basic operating parameters

Operating value value Operating value value
Seawater salinity (ppm) 35000 Capacity (m3/d) 700
Seawater temperature (°C) 20 FD product salinity (ppm) 220
Ambient temperature (°C) 25 Product temperature (°C) 20
Pressure difference (kPa) [24] 5 Wind velocity (m/s) [24] 2

Acomparison analysis of hybrid desalination and reverse osmosis desalination configurations is presented in Table
7. According to the data, the RO-FD performance improvement is more significant compared to the other
configurations in decreasing energy consumption; also, the results show that the exergy efficiency of the RO-FD
system is maximum. Further, the SEC of RO-FD is higher than the conventional RO system; this could be
explained by increased consumption work. When the recovery ratio rises, the minimum energy of desalination
systems gets higher. Since the amount of discharge brine has decreased and the salt concentration in the brine has
increased, evaporation ponds can be used for this hypersaline brine. The hybrid RO-FD could decrease the
quantity of rejected concentrated brine from current RO brackish water plants by more than 70% (recovery ratio

of 50%). Further, the area of the evaporation pond of RO-FD decreases by 58% compared to RO alone.



Examination of the data in Table 5 shows that RO-2EFD system, although increases the recovery and decreases

the volume of brine, but increased the energy required and decrease exergy efficiency, which is not desirable.

Table 7. Comparison analysis of hybrid desalination configurations

. . Brine salinity Area of evaporation
Configurations  Recovery (%) SEC (KWh/m3)  #exe (%) ,
(ppm) pond (m?)
RO 50 69000 4.9 15.7 78000
RO-FD 70 116000 7.57 10.9 34000
RO-2EFD 82 194000 15.44 5.02 31000

Given that the hybrid RO-FD system performs better, the effect of solid ice fraction in a crystallizer, feed water
temperature and RO brine salinity on the critical parameters of the RO-FD desalination system and evaporation
pond is investigated.

Solid Ice Fraction Effect

Assuming that the solid ice fraction (Fs) varies between 0.2 and 0.6. Fig. 4a illustrates the impact of Fs on the
crystallizer's brine salinity and freezing temperature. The brine salinity proportionately increases as Fs rises, while
the freezing temperature reduces by increasing Fs because theusalinity in the remaining solution increases,
reducing the freezing temperature. Fig. 4b shows that with the“increase of Fs, the quantity of ice made in the
crystallization rises, and the removed heat from the crystallizer (Qeva) increases; that is because as Fs increases,
the latent heat term increases while the sensible heat term remains constant. Thus, the whole quantity of heat
released increases, causing an increase in Weom, possibly because more feed must be treated in the crystallizer
when the Fs is higher.

Also, with the increaseof Fs, according to Fig. 4a, the temperature of the evaporator decreases, which increases
the pressure ratio in the compressor, which increases the Weom. Fig. 4c shows the SEC and neye variation with the
Fs in the crystallizer; by increasing Fs, SEC increases and mexe reduces. The increase in SEC is due to the increase
in the power consumption of the compressor. The exergy efficiency rises with a lower Fs, even though the amount
of product water is marginally affected by the Fs; this is exergy output. The exergy consumption (the denominator
of equation 22) consists of two parts: feed exergy (ms*er) is constant, and Weom is higher at a higher Fs, translating
into further exergy consumption that is more than exergy output. A higher Fs translates into less exergy efficiency
for the hybrid system. Fig. 4d shows the effect of the Fs on the evaporation rate and the area of the evaporation
pond; by increasing Fs, the salinity of brine increases, thus decreasing the evaporation rate (relation 21). As Fs

rises, the amount of brine of hybrid desalination decreases, thus decreasing the area of the evaporation pond.
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Fig. 4 The effect of Fs on a) brine per feed and brine salinity, b) Qeva and Weom, €) SEC, d) #exe

Effect of RO Brine Salinity.

Assume that the salinity of RO‘brine (feed of FD) varies between 50000 and 70000ppm. Fig. 5a shows the effect
of the RO brine salinity on freezing temperature and brine salinity of hybrid desalination. It indicates that the
freezing temperature falls once the salt concentration rises (according to relation 14). The hybrid RO-FD's brine

salinity. increases as RO brine salinity increases due to the same recovery.

As seen in Fig. 5b, heat consumption in the crystallizer (Qeva) increases with an increase in the feed concentration
of FD. That is‘because as the salinity of RO brine increases, the freezing temperature in the crystallizer increases,
resulting in latent heat term increases. Thus, the whole quantity of heat released increases with the feed

concentration of FD.

Also, as the salinity of freeze desalination (RO brine) feed water increases, the freezing temperature decreases,
increasing the required work by the compressor. A lower freezing temperature raises the PR value in the

compressor, which raises its required work.

Fig. 5¢ shows the effect of RO brine salinity on SEC and reye, indicating that increasing the compressor's required

work (a deduction in the SEC formula) increases the SEC. The exergy efficacy is higher in a lower RO brine

Weomp [kJ/s]



salinity. This is because Wcom is lower in a lower feed salinity, translating into less exergy consumption. Fig. 5d

shows the effect of the salinity of RO brine on the evaporation rate and evaporation pond area. Increasing RO

brine's salinity increases hybrid desalination's brine salinity (according to Fig. 5a). Thus, the evaporation rate

decreases according to the salinity factor; the evaporation rate is negatively affected by TDS. As the evaporation

rate decreases, with the same amount of brine, the area of the evaporation pond rises.
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Feed Water Temperature Effect

and Esal ppm*103

The feed temperature effect on the required work by the compressor is illustrated in Fig. 6a. Increasing the feed

water temperature increases the needed work by the primary compressor, and the required work by the second

compressor rises owing to the rise in heat recovery temperature in the secondary condenser. As seen in Fig. 6b, as

the temperature of the feed water rises, The COP decreases because heat removed from the crystallizer (Qeva) rises,

as well as the required work of the compressor, leading to a decrease in COP; on the other hand, at any Fs, the

temperature of the feed water has a noticeable effect on the energy consumed as it increases the sensible heat

required to reduce the supply water temperature up to the freezing point with the constant ice latent heat. Thus,

when increasing water temperature, the total amount of heat removed increases directly.

2095

Qeva [kJ/s]

Esal (9/hm?)



Weamp [kI/kg]

The effect of feed temperature on the SEC is shown in Fig. 6¢. Increasing the feed water temperature increases

the SEC by increasing the energy needed in the evaporator (the sensible heat required) and raising the work needed

by the second compressor. With the increase in feed temperature, the temperature of the second condenser

decreases, which increases the pressure ratio in the second compressor, which increases the Weom. Thus, the SEC

increases with increasing the feed temperature.

The effect of feed temperature on the nexe is shown in Fig. 6d; nexe is higher under a lower Treqd. This is because

the exergy consumption (Weom+ ms €r) is higher at a higher Treeq, translating into further exergy consumption. A

higher Treq translates into less exergy efficiency for the hybrid system.
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The resolution of mass and energy balance equations of hybrid RO-FD gives results summarized in Table 8. This

table represents flows, salinity, temperatures, and heat quantity.



Table 8. Results of mass and energy balances calculation related to the RO-FD system

Rate of flow (m3/d) Salinity (ppm) Temperature (°C) Heat quantity (MJ/m?3)
Dero 1000 XFRO 35000
Dero 500 XBRO 69000 Te 20
Ds,ro 500 XpRO 140 Tc -4 Qc 102
Dr.Fp 500 XF.FD 69000 Tmelt 0 Qmelt 95
Drrb 200 Xp.FD 220 Te 20
Ds.rD 300 XB,FD 116000

CONCLUSION

The hypersaline brine originating from conventional desalination is a primary environmental concern. The present

research proposes a hybrid desalination system and a freezing desalination system is used for treating RO brine.

Hypersaline brine from the hybrid desalination is sent to an evaporation pond to be converted to potable salt

crystals. Three configurations of desalination systems involving RO, RO-FD, and RO-2EFD are compared. The

data show that the SEC and second-law efficiency of the RO-FD system, respectively, is lower and higher than

the two other hybrid desalination systems. Thermodynamic analysis show that the hybrid RO-FD decreases the

amount of hypersaline brine and the area of evaporation, respectively, by approximately 40% and 45% and can

increase recovery by about 30% compared with RO alone. The hybrid RO-FD process's specific energy

consumption and Second-law efficiency are 6-12 kwh/m? and 7—12 %. For the further scope of the work, the

economic analysis of the system is suggested.

NOMENCLATURES

B — Brine

F — Feed

Cry —Crystallizer

P — Product

F,C — Non-crystallized

F,P — Feed out of pre-cooler
Imb —Imbibitions

PR

— Temperature, “C
—Pressure, kpa
—Specific heat, kJ/kgK
—Specific enthalpy, ki/kg
—Input

—Out

—Pressure ratio of the compressor



Sens

lat

Fs

Ci

ppm

FD

RO

AP

An

COP

SEC

—Sensible

—Latent

—Solid ice fraction
—Chlorinity of seawater
—Salinity, g/l
—Salinity percentage %
—Mass flow rate, kg/s

—Particle per million

—Freeze desalination
—Reverse osmosis
—Transmembrane pressure, kpa

—Transmembrane osmosis pressure, kpa
—Mass flux through the membrane in RO
—Coefficient of performance of the.cooling

cycle

—The specific energy consumption, kJ/kg

DECLARATIONS

Melt
Cond
Eva

Com

ex

Ep

FE

TDS

Esal

APgp

— Heat quantity, kW
—Power, kW
—Melter

— Condenser
—Evaporator
—Compressor
—Efficiency

—Exergy

—Exergy destruction
—Wind velocity,m/s
—Salinity factor

—Total dissolved solids

—Rate of evaporation of freshwater

—Rate of evaporation of saline water

—Pressure difference on the surface of the

evaporation pond, kpa

Conflict of interest: The authars declare that they have no known competing financial interests or personal

relationshipsithatieould have‘appeared to influence the work reported in this paper.

REFERENCES

[1] Norouzi N., Bozorgian A., A 2E Analysis and Optimization of a Hybrid Solar Humidification-
Dehumidification Water Desalination System and Solar Water Heater, Iran. J. Chem. Chem. Eng., 41(6): 2135-

2152 (2022).

[2] Cappelle M., Walker W.S., Davis T.A., Improving desalination recovery using zero discharge desalination
(ZDD): a process model for evaluating technical feasibility, Ind. Eng. Chem. Res. 56: 10448-10460 (2017).

[3]Panagopoulos A., Giannika V., Comparative techno-economic and environmental analysis of minimal liquid

discharge (MLD) and zero liquid discharge (ZLD) desalination systems for seawater brine treatment and

valorization, Sustain. Energy Technol. Assess., 53: 102477 (2022).


https://www.ijcce.ac.ir/?_action=article&au=335487&_au=Nima++Norouzi
https://www.ijcce.ac.ir/?_action=article&au=1678566&_au=Alireza++Bozorgian
https://www.ijcce.ac.ir/article_247243.html
https://www.ijcce.ac.ir/article_247243.html
https://www.ijcce.ac.ir/issue_48871_48892.html
https://www.ijcce.ac.ir/issue_48871_48892.html
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.7b02472
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.7b02472
https://www.sciencedirect.com/science/article/abs/pii/S221313882200529X
https://www.sciencedirect.com/science/article/abs/pii/S221313882200529X
https://www.sciencedirect.com/science/article/abs/pii/S221313882200529X

[4] Zikalalaa N., Mareeb J.P., Zvinowandac C., Akinwekomia V., Mtombenid T., Mpenyana-Monyatsia L.,

Treatment of sulfate wastewater by freeze desalination, Desalination Water Treat., 79; 93-102 (2017).

[5] Randall D.G., Nathoo J., A succinct review of the treatment of Reverse Osmosis brines using Freeze

Crystallization, J. Water Process. Eng., 8: 186-194 (2015).

[6] Ahmad M., D. Oatley-Radcliffe L., Williams P.M., Can a hybrid RO-Freeze process lead to sustainable water
supplies, Desalination, 431(1): 140-150 (2018).

[7] Eghtesad A., Afshin H., Hannani S. K., Energy, exergy, exergoeconomic, and economic analysis of a novel

power generation cycle integrated with seawater desalination system using the cold energy of liquified natural
gas, Energy Convers. Manag., 243: 114352 (2021).

[8] AWWA, Water Desalting Planning Guide for Water Utilities. New York: John Wiley and Sons, ISBN: 978-0-
471-47285-8 (2004).

[9] Yargholi R., Kariman H., Hoseinzadeh S., Bidi M., Naseri A., Modeling and advanced exergy analysis of

integrated reverse osmosis desalination with geothermal energy, water Supply, 20:3:984-996 (2020).

[10] _Ahmadi A., Noorpoor A. R., _Kani A. R. Saraei A., Modeling and Economic Analysis of MED-TVC
Desalination with Allam Power Plant Cycle in Kish Island, Iran. J. Chem. Chem. Eng., 40(6): 1882-1892 (2021).

[11] _Salajeghe M., Ameri M., Evaluation of the energy consumption of hybrid desalination RO-MED-FD to

reduce rejected brine, Environ. Prog. Sustain. Energy., https://doicrg/10.1002/ep.14312.

[12] salajeghe M., Ameri M., Thermodynamic Analysis of single and multi-effect freeze desalination, Appl.
Therm. Eng., 225: 120-148 ( 2023).

[13] Panagopoulos A., Haralambous K.J4 Loizidou M., Desalination brine disposal methods and treatment
technologies - A review, Sci. Total Environ., 693, 133545 (2019).

[14]Esmaeilion F., Soltani M., Heseinzadeh S., Sohani A., Nathwani J., Benefits of an innovative poly

generation system integrated with salinity gradient solar pond and desalination unit, Desalination 15: 116803
(2023).
[15] salajeghe M., Ameri M., Effects of further cooling the gas cooler outlet refrigerant by an absorption chiller,

on a transcritical CO,-compression refrigeration system, Int. J. Exergy, 21(1): 110-125 (2016).

[16] Khoshrou I., Jafari Nasr M. R., Bakhtari Kh., Exergy Analysis of the Optimized MSFD Type of Brackish
Water Desalination Process, Iran. J. Chem. Chem. Eng., 36(6): 191-208 (2017).

[17] Norouzi N., Ebadi A., Bozorgian A., Hoseyni S.J., Vessally E., Cogeneration System of Power, Cooling, and

Hydrogen from Geothermal Energy: An Exergy Approach, Iran. J. Chem. Chem. Eng., 41:706-721 (2022).

[18] Brown J.S., Yana-Motta S.F., Domanski P.A., Comparative analysis of an automotive air conditioning
systems operating with CO, and R134a, Int. J. Refrig., 25:19-32 (2002).

[19] Madani A.A., Aly S.E., A combined RO/freezing system to reduce inland rejected brine, Desalination 75:
241-258 (1989).

[20] Al-Shammiri M., Evaporation rate as a function of water salinity, Desalination 150: 189-203 (2002).



https://www.deswater.com/DWT_abstracts/vol_79/79_2017_93.pdf
https://www.sciencedirect.com/science/article/abs/pii/S2214714415300532
https://www.sciencedirect.com/science/article/abs/pii/S2214714415300532
https://www.sciencedirect.com/science/article/abs/pii/S0011916417309013
https://www.sciencedirect.com/science/article/abs/pii/S0011916417309013
https://www.sciencedirect.com/journal/desalination
https://www.sciencedirect.com/journal/desalination/vol/431/suppl/C
https://www.sciencedirect.com/science/article/abs/pii/S0196890421005288
https://www.sciencedirect.com/science/article/abs/pii/S0196890421005288
https://www.sciencedirect.com/science/article/abs/pii/S0196890421005288
https://www.sciencedirect.com/journal/energy-conversion-and-management/vol/243/suppl/C
https://books.google.com/books/about/Water_Desalting_Planning_Guide_for_Water.html?id=Kr2FvW5sW-0C
https://iwaponline.com/ws/article/20/3/984/72255/Modeling-and-advanced-exergy-analysis-of
https://iwaponline.com/ws/article/20/3/984/72255/Modeling-and-advanced-exergy-analysis-of
https://www.ijcce.ac.ir/?_action=article&au=321380&_au=Azadeh++Ahmadi
https://www.ijcce.ac.ir/?_action=article&au=46628&_au=Ali+Reza++Noorpoor
https://www.ijcce.ac.ir/?_action=article&au=321382&_au=Ali+Reza++Kani
https://www.ijcce.ac.ir/?_action=article&au=321383&_au=Alireza++Saraei
https://www.ijcce.ac.ir/article_43543.html
https://www.ijcce.ac.ir/article_43543.html
https://www.ijcce.ac.ir/issue_33206_34590.html
https://aiche.onlinelibrary.wiley.com/authored-by/Salajeghe/Maryam
https://aiche.onlinelibrary.wiley.com/authored-by/Ameri/Mehran
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/ep.14312
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/ep.14312
https://www.sciencedirect.com/science/article/abs/pii/S1359431123001771
https://www.sciencedirect.com/journal/applied-thermal-engineering/vol/225/suppl/C
https://www.sciencedirect.com/science/article/abs/pii/S0048969719334655
https://www.sciencedirect.com/science/article/abs/pii/S0048969719334655
https://www.sciencedirect.com/science/article/abs/pii/S0011916423004356
https://www.sciencedirect.com/science/article/abs/pii/S0011916423004356
https://www.sciencedirect.com/journal/desalination
https://www.inderscienceonline.com/doi/abs/10.1504/IJEX.2016.078516
https://www.inderscienceonline.com/doi/abs/10.1504/IJEX.2016.078516
https://www.ijcce.ac.ir/?_action=article&au=127684&_au=Isa++Khoshrou
https://www.ijcce.ac.ir/?_action=article&au=127671&_au=Mohammad+Reza++Jafari+Nasr
https://www.ijcce.ac.ir/?_action=article&au=127688&_au=Khosrow++Bakhtari
https://www.ijcce.ac.ir/article_24769.html
https://www.ijcce.ac.ir/article_24769.html
https://www.ijcce.ac.ir/article_251184.html
https://www.ijcce.ac.ir/article_251184.html
https://www.sciencedirect.com/science/article/abs/pii/S0140700701000111
https://www.sciencedirect.com/science/article/abs/pii/S0140700701000111
https://www.sciencedirect.com/science/article/abs/pii/0011916489850167
https://www.sciencedirect.com/science/article/abs/pii/S0011916402009438

[21] Jolly I., Christen E., M. Gilfedder, F. Leaney, on-farm and community-scale salt disposal basins on the
riverine plain, CRC FOR CATCHMENT HYDROLOGY, (2000).

[22] Khoshrou 1., Jafari Nasr M. R., Bakhtari K., Exergy Analysis of the Optimized MSFD Type of Brackish
Water Desalination Process, Iran. J. Chem. Chem. Eng., 36:191-208 (2017).

[23] Norouzi N., Ebadi A., Bozorgian A., Hoseyni S.J., Vessally E., Energy and Exergy Analysis of Internal

Combustion Engine Performance of Spark Ignition for Gasoline, Methane, and Hydrogen Fuels, Iran. J. Chem.
Chem. Eng., 40: 1909-1930 (2021).

[24] Elrahman M.A.A., Abdo S., Hussein E., Altohamy A.A., Attia A.A.A., Exergy and parametric analysis of

freeze desalination with reversed vapor compression cycle, Therm. Sci. Eng. Prog., 19: 100583 (2020).

[25] Abdullah M., Al-Subhi, Estimation of Evaporation Rates in the Southern Red Sea Based.on the AVHRR Sea
Surface Temperature Data, J. King Abdulaziz Univ. Mar. Sci., 23:77-89 (2012).



https://www.ewater.org.au/archive/crcch/archive/pubs/pdfs/sdb_2000_07.pdf
https://www.ewater.org.au/archive/crcch/archive/pubs/pdfs/sdb_2000_07.pdf
https://www.ijcce.ac.ir/article_24769.html
https://www.ijcce.ac.ir/article_24769.html
https://www.ijcce.ac.ir/article_249402.html
https://www.ijcce.ac.ir/article_249402.html
https://www.sciencedirect.com/science/article/abs/pii/S2451904920301013
https://www.sciencedirect.com/science/article/abs/pii/S2451904920301013
https://www.proquest.com/docview/1535271885
https://www.proquest.com/docview/1535271885

