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a b s t r a c t
Several regions are confronting a severe scarcity of freshwater due to the gap between supply and 
demand specially in arid and semi-arid regions. To address freshwater crisis, the present study 
focuses on a comparative analysis of two well-known desalination systems including reverse 
osmosis (RO) and multi-effect desalination thermal vapor compression (MED-TVC) from the 
thermodynamic and thermoeconomic viewpoints. Technical analysis of both desalination units is 
performed based on mass and energy balance equations. Besides, the economic study is conducted 
using total annual costs. Optimization of both systems to minimize the levelized cost of the product 
for producing 3,000 m3/d potable water is presented using particle swarm optimizer. A parametric 
study is also carried out to analyze the effect of key parameters on the performance criteria. Effect 
of parameters such as last effect temperature, heating steam temperature, motive steam pressure, 
and temperature difference of effects on water production and initial cost in MED-TVC process and 
the effect of feed water pressure, number of pressure vessels, and membrane numbers in RO unit 
on recovery rate and the total cost was investigated. The results show that the payback time is 3.86 
and 7.76 y for optimized RO and MED-TVC units.
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1. Introduction

With the increment of the world population and the 
development of living standards, potable water require-
ments have augmented considerably. The freshwater scar-
city has become an urgent issue that can disrupt the nation’s 
social and economic growth in the long term [1]. Water 
desalination processes are a great solution to overcome the 
problems of freshwater insufficiency existing worldwide, 
especially in Middle Eastern countries [2]. The leading 
technologies of water desalination are thermal and mem-
brane methods, which are further classified into subgroups. 

Thermal processes including multi-effect desalination ther-
mal vapor compression (MED-TVC), multi-effect distilla-
tion (MED), and multi-stage flash (MSF). On the other hand, 
membrane processes are mainly reverse osmosis (RO) and 
electrodialysis (ED) [3,4]. Thermal desalination processes, 
especially the combination of the desalination plants and 
power generation cycles, possess a considerable share of 
the global desalination market. In the Persian Gulf region, 
thermal processes account for 70% of the desalination 
industry [5]. On the other hand, the RO desalination process 
was introduced in the 1970s to desalinate the seawater and 
brackish water, which has been recognized as one of the 
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most advantageous methods of potable water production in 
the desalination industry [6]. RO is a kind of high-pressure 
filtration process in which a semi-permeable membrane 
is used to permit the water to pass through, but the salt 
particles are not allowed to pass through the membrane [7].

Heretofore, various thermal seawater desalination 
methods, including MED and MSF methods, have been pre-
sented in the different literature to produce potable water 
and required water for industrial sections. Since the oil is 
abundant in the GCC (Persian Gulf Countries) countries 
as well as the MENA (the Middle East and North Africa) 
areas, thermal seawater desalination plants are interested 
in such regions [8]. At present, around 41% of the whole 
desalination market belong to GCC regions, and from this 
amount, about 56% is provided by the thermally driven 
desalination approaches [9]. Based on the UPR (univer-
sal-performance-ratio) factor as a novel suggested criterion, 
the MED methods’ efficiency is higher in comparison with 
the MSF. This criterion is defined as the evaporative energy 
and the initial energy ratio. This factor’s value is obtained 
60 and 88 for MSF and MED methods [10,11]. The system’s 
efficiency can be enhanced by the combination of the MED/
MSF with the RO method, and the total recovery will be 
controllable through the operating temperature of the MED/
MSF [12]. Also, the MED system combination with the AD 
(adsorption desalination) system can double the water pro-
duction compared with the traditional MED cycles [13–15].

A precise model may result in selecting the most appro-
priate elements and optimum operational circumstances 
for the promotion of the desalination systems’ efficiency, 
decreasing energy utilization rate, and reducing expenses. 
In this regard, various investigations are performed based 
on the first and second laws of thermodynamic. In the ther-
mal desalination plants, energy analysis is necessary to 
assess the system; however, the quality of the transferred 
energy is not regarded in the energy analysis, and this anal-
ysis cannot depict the location of the highest losses of the 
available energy. In contrast, the exergy analysis can detect 
the position, reasons, and energy depreciation levels of the 
system [16]. The before-mentioned data can be utilized to 
determine which elements can enhance the total exergy per-
formance and optimization of the designing process [17]. 
For instance, Han et al. [18] used experimental analyses to 
evaluate the exergy approach to enhance the entrainment 
efficiency of the TVC by the entrained vapor preheating. 
The combined MED-TVC plant is optimized thermally and 
economically to minimize the generation costs by Sayyaadi 
and Saffari [19]. Also, Sharaf et al. [20] suggested a math-
ematical and economical formulation to model the MED-
TVC system driven by a photovoltaic thermal system. An 
analysis is performed by Esfahani et al. [21] from the exergy 
perspective. They employed a GA (genetic algorithm) based 
multi-objective algorithm combined with an artificial neural 
network (ANN) to optimize a MED-TVC desalination plant.

A comprehensive thermodynamic analysis from energy 
and exergy perspective was carried out by Sadri et al. [22]. 
They resulted that the rate of exergy destruction for the RO 
subsystem is lesser than the MED subsystem. They also 
executed a multi-objective optimization regarding the first 
and second laws efficiencies as the cost function to obtain 
the optimal solution. The multi-objective optimization result 

exhibited the optimum values for the energy and exergy 
efficiencies of 8.63% and 12.84%, respectively. Qureshi and 
Zubair [23] studied the effect of some significant parame-
ters including isentropic efficiency of pump and turbine, 
salinity, and mass ratio on the exergy efficiency of the RO 
desalination system. The results exposed that an increase in 
pump isentropic efficiency from 75% to 85% leads to enhanc-
ing the exergy efficiency by approximately 5%. Besides, 
they revealed that the rise in the mass ratio from 1 to 10, 
increase the exergy efficiency by about 7.5%. Lee et al. [24] 
conducted a dynamic study of an industrial RO system 
using Aspen software. El-Emam and Dincer [25] studied 
the RO system from the energy, exergy and exergoeco-
nomic viewpoints in various salinities. They showed that 
for the salinity value of 35,000 ppm, the exergy efficiency is 
obtained at 5.82% with a total product cost of 2.451 $/m3.

The MED-TVC desalination unit’s application among the 
thermal processes and the RO desalination system amongst 
membrane processes have increased in recent years. 
Therefore, a comprehensive study of these two desalination 
methods in the same conditions is essential for potable water 
production. Ortega-Delgado et al. [26] performed a ther-
moeconomic analysis of the cogeneration of electricity and 
water based on parabolic trough mirrors and direct steam 
generation. The location considered for this plant is Almeria, 
in the southeast of Spain. Two different seawater technolo-
gies have been selected to be coupled with the solar ther-
mal power plant: multi-effect distillation and RO. Based on 
the obtained results, the seawater reverse osmosis (SWRO) 
desalination unit provides freshwater at the lower cost. It 
has been shown that decoupling the SWRO plant from the 
power plant is found as the best configuration, reaching the 
levelized water cost a value of 0.76 €/m3, against the 1.055 €/
m3 in the RO1 case. The MED1 and MED2 configurations pro-
vide 1.239 and 1.265 €/m3, respectively, being significantly 
higher that the RO cases. In another work Ortega-Delgado 
et al. [27] carried out a comprehensive exergy analysis of a 
RED-MED HE (reverse electrodialysis-MED heat engine). 
According to their obtained results, the multi-effect distil-
lation unit is responsible for the highest exergy destruction 
rate followed by the RED unit. Shakib et al. [28] analyzed a 
hybrid desalination system composed of multi-effect desali-
nation with thermal vapor compression and RO plants. They 
concluded that despite the scenario under consideration, 
configuration 1 (the exit water of the cooling system in MED-
TVC has been applied for the RO unit) has the minimum 
energy consumption and maximum exergy efficiency.

1.1. Main novelties and contributions

Based on the literature survey presented above, com-
parative analysis of the MED-TVC and RO systems has 
not presented in the present form yet. Thus, in the present 
study, a comparative study of two well-known desalination 
systems (MED-TVC and RO) to produce a certain amount 
of freshwater with the same salinity is presented from the 
economic viewpoint. Also, in this paper, optimization 
through particle swarm optimizer (PSO) aims to minimize 
the levelized cost of the product (freshwater) regarding 
technical and environmental constraints. For this aim, the 
mathematical modeling of both systems based on the mass, 
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energy, and exergy conservation equations, and the eco-
nomic modeling of processes is done according to the total 
annual cost (TAC).

Furthermore, a comprehensive analysis of the effect of 
the key parameters on the technical and economic perfor-
mance of these two processes is carried out. One of these 
parameters in the MED-TVC unit is the last effect and heating 
steam temperature, motive steam pressure and tempera-
ture difference. In the RO process, the parameters studied 
include the number of membranes, the number of pressure 
vessels, the pressure of the feeding water, the salinity of 
rejected seawater, and the feed-water temperature.

2. System description

2.1. MED-TVC system

MED thermal vapor compression process compared with 
the widely used thermal methods such as multi-stage flash 
holds some advantages [29]:

• lower primary energy consumption
• lower heat transfer area
• lower capital cost
• longer life
• less corrosion
• lower scaling rate
• less pre-filtering need

According to the results obtained in Al-Sahali and 
Ettouney [6], the comparison of different forward, backward, 
and parallel-cross configurations shows the parallel-cross 
arrangement’s superiority. Because it performs better in 
terms of energy consumption and gain output ratio (GOR); 
thus, this arrangement has also been used in this paper. 
Fig. 1 displays a simplified schematic of a MED-TVC unit 
with n effects.

This unit comprises horizontally falling evapora-
tors, a condenser, flashing boxes, pumps, a heater, and a 
steam jet ejector that operates as a thermal compressor. 
The extracted motive steam with the mass flow rate of Ds 
in almost high pressure (Ps) is directed towards the steam 
jet ejector. Part of the formed steam in the final effect (Dr) 

is drawn and compressed together with Ds by the steam 
jet ejector. The leaving steam from the ejector with a mass 
flow rate of Ds + Dr is fed to the first effect. The steam at 
the first effect delivers its latent heat and condenses. The 
latent heat is used to increase the falling water tempera-
ture of the first effect from Tf to T1 (boiling point of the first 
effect) and evaporates section of the feeding water (D1). The 
unevaporated portion of seawater (B1) is also collected as 
brine or wastewater at the bottom of the chamber and goes 
to the second effect. A portion of the condensate Ds goes 
back to its boiler or heat source, and the other part moves 
to the first flashing box in which some part of the vapor 
flashes off because of the drop in the pressure. The vapor pro-
duced in effect 1 goes to the evaporator tube bundle of effect 
2 and then transfers its heat of condensation to the falling 
film and condenses into freshwater. As a result, part of the 
sprayed water turns into steam, and this steam goes to the 
next effect, and this process repeats until the last effect. For 
optimal saline water energy use, the output brine from the 
first effect enters the second effect to increase the feedwater  
temperature from Tf2  to Tf1. The steam formed in the last 
effect, along with the vapor generated in the last effect, is 
divided into two streams. The ejector draws the first flow 
(Dr), and the second stream Dc in the condenser will lose 
its latent heat and condenses. In the condenser, the tem-
perature of the seawater increases from Tcw to Tf. Part of 
the seawater with a mass flow rate of Mf is used as feed-
water, and remaining with a flow rate of Mcw is used as 
the cooling water. The cooling water’s main function is to 
eliminate the excess heat given to the system in the first 
effect. The motive steam that has lost its latent heat in the 
first effect and turned into saturated water is sent to the 
steam boiler to re-heat and is employed with higher pres-
sure and temperature as the steam jet ejector’s primary 
flow, completing the MED-TVC thermodynamic process.

2.2. RO system

The accelerated development of the RO process in 
recent years is due to its ability to produce freshwater 
at a lower cost. One of the attractive features of RO is the 
simplicity and modularity of the operation and design. 

Fig. 1. A detailed illustrative of MED-TVC unit.
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In this plant, the RO membrane modules are highly com-
pacted, scaled up, and installation and replacement are rel-
atively straightforward than thermal desalination plants. 
Another benefit of this process is its ability to produce 
freshwater with different salinity levels for a wide range 
of seawater and brackish water [30].

Each RO process consists of several successive stages. 
Usually, the number of these stages is up to 3; depend-
ing on seawater’s salinity or brackish water, the number 
of stages varies. The wastewater from each stage is fed 
to the next stage, and then the desalination operation is 
performed on it. Each stage in the process consists of sev-
eral pressure vessels that are parallel to each other. The 
feeding water is divided equally between the pressure 
vessels at each stage. A maximum of eight membranes is 
placed in each vessel in series. The extracted freshwater 
from all membrane modules is gathered, and the waste-
water from the first membranes is fed as the supply water 
to the second membrane, and this process proceeds to the 
final membrane modulus, and eventually, the wastewater 
from the last module is returned. The wastewater from all 
pressure vessels is removed from the first stage as waste-
water, but again as the feed water is fed to the next stage, 
and at that stage, the desalination process is performed on 
it. Since wastewater from the RO system contains a high-
value of potential energy, an energy recovery system is often 
used at the wastewater outlet to increase the efficiency and 
economic performance of the process. Fig. 2 illustrates a 
schematic of an RO unit.

3. Mathematical modeling

3.1. Thermodynamic modeling

For a technical analysis of the MED-TVC and RO 
desalination plants, it is necessary to apply thermodynamic 

modeling based on the mass and energy conservation 
equations.

3.1.1. MED-TVC system

For the mathematical modeling of the MED-TVC process, 
the following assumptions are made [31,32]:

• All the processes are considered steady state.
• The thermal loss to the ambient is negligible since the 

condensers and evaporators are insulated.
• The temperature difference between the effects is same.
• The salinity of the finally rejected flow is considered to 

be 70,000 ppm.
• The produced freshwater is assumed to be salt-free.
• Overall feed flow rate is equally divided between 

all effects (f1 = f2=…= fN = F/N).

As mentioned earlier in the assumption, the tempera-
ture difference between the effects is constant; hence, 
for the n number of effects, the temperature difference is 
calculated as follows [33]:

T T T
T T
ni i

n
− − = =

−
−1

1

1
∆  (1)

T T Td1 = − ∆  (2)

Herein, Td refers to the temperature of the leaving steam 
from the ejector or the heating steam temperature at the 
first effect. T1 and Tn denotes to the temperature of the first 
and last effect, respectively [33].

The mass and energy conservation equations in the 
ejector are presented as follows [34]:

Fig. 2. Schematic of the RO system.
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Therein, Ds is the motive steam mass flow rate which 
is sent to the ejector as the primary flow from boiler and 
Dr stands for the mass flow rate of entrainment steam 
from the last effect. The temperature and pressure of the 
entrainment flow increase in the mixing section of the 
ejector. Also, ω is the mass entrainment ratio of the ejec-
tor, which is obtained within the following semi-empirical  
relation [34]:
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where Pd and Pn are the pressures of the compressed vapor 
and entrained vapor, respectively, PCF is the motive steam 
pressure correction factor, and TCF is the entrained vapor 
temperature correction factor [34].

PCF kPa kPa= × − + ≤ ≤−3 10 0 0009 1 6101 100 3 5007 2P P Ps s s. . ; ,  (7)
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CR CR= ≥
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d

n

; .1 81  (9)

ER =
P
P
s

n

 (10)

where Ps is the pressure of the motive steam in kPa and 
Tvn is in °C. CR and ER are the compression ratio and 
expansion ratio. The previous equations are valid only for 
ejectors operating with steam as the motive fluid and the 
entrained gas is water vapor.

The feed seawater flow rate is divided equally to 
all effects at a rate equal to Fi into effects.

F F
Ni =  (11)

For the effects, the rejected mass flow rate can be 
defined based on the mass balance law as follows [32]:

B F D1 1 1= −  (12)

D
D h d FC T Td p F

1
0 1 1

1

=
−( ) − −( ) fd

λ
 (13)

where B1 is the rejected mass flow rate of the first effect, 
D1 is the mass flow rate of formed steam at the first effect, 
and λ represents the specific latent heat for evaporation.

The salt’s mass balance for the first effect is presented 
as follows [32]:

X
F

F D
Xb F1

1

1 1

=
−

 (14)

Herein, XF and Xb1 indicate the salinity of the supply 
saline water and the salinity of the rejected brine, respec-
tively. With increasing the salinity of the water, the boiling 
point temperature increases; thus, the temperature of the 
generated vapor in each effect is lower than the boiling point 
of that effect. Therefore, the vapor temperature of the ith 
effect is given by [32]:

T Tv i ii
= − BPE  (15)

Herein, BPE stands for boiling point elevation, 
and Tv is the vapor temperature.

From the second effect, the steam is formed by the aim 
of two mechanisms, one is the evaporation, and the other 
is flashing. Part of the rejected brine of the previous effect 
evaporates due to the pressure decrement in flash boxes [33].

′ =
−( )

= …
− −D

D C T T
i ni

i p v i

i

i1 1 2 3
λ

; , , ,  (16)

The conservation of mass and energy for the ith effect 
is written as follows [32]:

D
D D FC T T B C T T

i
i i i i p i F i p i i

i

=
+ ′( ) − −( ) + −( )− − − − −1 1 1 1 1λ

λ
 (17)

B B F D B F D F D F Di i i i i i i i i
k

i

k k= + − = + −( ) + − = −− − − −
=
∑1 2 1 1

1

 (18)

In the above equation, Di is the amount of vapor formed 
in effect i, D’ is the amount of vapor formed by flashing in 
the flashing boxes, λ is the latent heat, Cp is the specific heat 
at constant pressure, Ti is the brine boiling temperature, 
and Tf is the feed seawater temperature [32].

X
X F X B

Bb
F i b i

i
i

i=
+

− −1 1  (19)

where B and F are the flow rates of brine and feed water, 
X is the salinity, and the subscripts F and i designate the 
feed and the effect number. The flow rate of cooling water is 
calculated through the following relation [32]:

D D D Dc n n r= + ′ −  (20)

M M C T T Df p F c ncw cw+( ) −( ) = λ  (21)

For evaluation of heat transfer area, the below equations 
are applied [32].
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The total heat transfer coefficient for the evaporator 
is obtained using the following semi-empirical relation. 
In this relation, the temperature is based on °C [32].
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The heat transfer area for the condenser is obtained by 
using the following equation [32]:

A
D

Uc
c n

c c

= ( )
λ

LMTD
 (26)

where Ac, Uc, and (LMTD)c are the heat transfer area, over-
all heat transfer coefficient, and logarithmic mean tempera-
ture difference. Also, the total heat transfer coefficient for the 
condenser is calculated based on the following relation [32]:

U T T Tc v v vn n n
= + × + × − ×− − −1 7194 3 2063 10 1 5971 10 1 9918 103 5 2 7 3. . . .

 
 (27)

The total generated distilled water for the MED-TVC 
unit [32]:

D D
n

itot =∑
1

 (28)

The total value of the fuel consumption rate can be 
described as follows [32]:

ηboiler fuel fdLHV× × = × −( )m D h hs s  (29)

An important parameter of the thermal desalination 
units is the GOR, which is the ratio of the generated distilled 
water mass to the motive steam flow rate:

GOR tot=
D
Ds

 (30)

On the other hand, the specific heat consumption (Qd) 
rate and the specific heat transfer area (Ad) are obtained 
according to the following relations [32]:

Q
D
Dd
s s=
λ

tot

 (31)

A
A A
Dd
e c=
+

 (32)

The mathematical modeling of the MED-TVC unit from 
Eqs. (1)–(32) was carried out applying EES (Engineering 
Equation Solver) software. The solution algorithm of the 
thermal vapor compression system is presented in Fig. 3a.

3.1.2. RO system

There have been developed numerous models for 
performance analysis of the RO systems. To design and opti-
mize the RO system, it is essential to apply the most proper 
models that can desirably forecast the membrane perfor-
mance. The solution-diffusion model is one of the mostly 
used methods for the RO system analysis. This model is 
constructed according to two main parameters including 
the permeability of the water (A) and the second parame-
ter is the solute transport (B). The membrane manufacturing 
company assigns these two parameters values [30].

For modeling the RO system, the following assumptions 
are made.

• The process is considered to be isothermal.
• The process acts in a steady-state condition
• There are no chemical reactions within the RO unit.

In the RO desalination process, an increase in saline 
water temperature results in an increment in the water per-
meability through the membrane; hence, the pump’s power 
decreases. The effect of temperature on the membrane 
permeability applies using temperature correction factor 
(TCF), and the fouling factor (FF) is employed to apply the 
fouling impact on the water permeability (A).

A A= × ×ref FF TFC  (33)

where, Aref is the pure water permeability at T = 25°C. 
The fouling factor (FF) value varies between 1 for new 
membranes and 0.8 for 4 y old membranes [35]. The TCF is 
obtained using the following equation [35]:

TCF =
−

+










e
e

T8 314
1
298

1
273.  (34)

In the above-mentioned relation, T is based on the °C, 
and the value for the membrane activation energy (e) is esti-
mated to be 22,000 for T > 25°C, and 25,000 for T ≤ 25°C [36].

The permeate mass flow rate is equal to [35]:

m J J Sp w s m= +( )  (35)

Herein, Jw is the permeate mass flux, Js denotes for the salt 
mass flux through the membrane, and sm is the membrane 
active area.

Water and salt’s mass balance across the membrane is 
presented as follows [35]:

  m m mf p b= +  (36)

c m c m c mf f p p b b  = +  (37)
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where, cf , cb, and cp are the salinity of the seawater, brine, 
and distilled water, respectively. The water recovery rate is 
described as follows [35]:

r
m
m
p

f

=




 (38)

Permeate mass flux through the membrane is obtained 
using Fick’s law [35]:

J A pw = −( )×∆ ∆π 103  (39)

Therein, A denotes for the membrane water permeability, 
Δp is the transmembrane pressure, and Δπ is the osmotic 

pressure across the membrane. Salt mass flux across the 
membrane is equal to [35]:

J
B c c

s
w p

=
−( )

106  (40)

where B is the salt permeability of the membrane, cw is 
salinity in the membrane wall. The following relation-
ships are used to obtain the transmembrane pressure, 
the pressure drop across the membrane, and osmotic 
pressure across the membrane [35].

∆
∆

p p p
p

f p
f= − −

2
 (41)

(a) (b)

Fig. 3. Solution procedure of the (a) thermal vapor compression system and (b) reverse osmosis system.
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where ΔP is the transmembrane pressure, pf is the applied 
feed pressure, pp is the resulting permeate pressure, Δpf is 
the pressure drop along the membrane channel. ṁf is the 
membrane feed flow rate, ṁb is the membrane concentrate 
flow rate.

Also,

J
J c

s
w p=
106  (44)

The concentration polarization must be regarded in 
the modeling process since this phenomenon results in a 
decrement in the water production rate. By applying the 
concentration polarization effects, the following equation 
can be used to obtain the wall salinity [35]:

c c
c c

c ew p
f b

p
k r− =

+
−











⋅

2
 (45)

Herein, r is the recovery rate, k is the mass transfer 
coefficient, which considered 0.7 for spiral membrane in 
this study [35]. Since in each pressure vessel, the membrane 
modules are arranged in series, the following equations 
are used for 2nd to ith module [36].

 m i m i i mf b( ) = −( ) = …1 2; , ,  (46)

c i c i i mf b( ) = −( ) = …1 2; , ,  (47)

p i p i
p i

i mf f
f( ) = −( ) −

−( )
= …1

1
2

2
∆

; , ,  (48)

The solution algorithm of the RO system is presented in 
Fig. 3b.

3.2. Techno-economic modeling

For the economic analysis of the proposed desalination 
systems, it is essential to evaluate the TAC. The TAC for RO 
and MED-TVC systems including annual capital cost (ACC), 
annual operating cost (AOC), and annual maintenance 
cost (AMC) [37].

TAC ACC AOC AMC= + +  C C C  (49)

The ACC is a function of the equipment purchase cost 
and the economic parameters of the country such as inflation 
rate [37].

C CACC Equipment CRF= ×  (50)

where CRF denotes for the capital recovery factor, which is 
defined as follows [37]:

CRF =
+( )

+( ) −

i i

i

y

y

1

1 1
 (51)

i j f
f

=
−
+1

 (52)

Herein, i is the real interest rate, j represents the nominal 
interest rate, and f is the annual inflation rate. The equip-
ment cost in the MED-TVC is comprising the purchase 
cost of evaporators, ejectors, condensers, boilers, and 
pumps [37].

C Z Z Z Z ZEquipments Evaporators Ejector Cond Pumps Boiler= + + + +  (53)

In the RO, the equipment’s cost, including pumps, energy 
recovery system, and permeators (membrane and pressure 
vessels).

C Z Z ZEquipment Permeator Pumps ers= + +  (54)

The operation cost of the plant includes annual cost of 
fuel consumption, electricity utilization, insurance, chem-
ical processing of the water, and replacement cost of the 
equipment.

The replacement cost for the MED-TVC unit is con-
sidered zero while for the RO system, this value for every 
5 y is calculated through the following equation [37]:

C m c
j i

i

y

yRep mem pvnum
rep

rep
= × × ×

× +( )
+( ) −

1

1 1
 (55)

The most critical parameters for the economic analysis 
are presented in Table 1.

The cost for the chemical processing of the produced 
water in the RO system is evaluated through [37]:



C mche feed= × × × × ×3 6 24 365 0 9 0 018. . .  (56)

And for the MED-TVC unit [37]:

C Dche tot= × × × × ×( )0 0315388 3 6 0 9 365 24. . .  (57)

The levelized cost of the product for the water is 
described as follows [37]:

LCOP TAC
annual fresh water productionwater =  (58)

Since, the levelized cost of the product is not a proper 
criterion for comparison between the market price and 
water price because the LCOP value is according to all costs 
in the life of the project, hence; describing an appropriate 
parameter for comparing with the market price is neces-
sary. For this aim, prime cost is introduced. For evaluation 
of the prime cost, first of all, operating flow costs (OFC) is 
calculated as follows [37]:
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OFC op maintenance= +C C  (59)

The prime cost value is the ratio of the OFC to the yearly 
product volume (VOP) and is defined as follows [37]:

PC OFC
VOP

=  (60)

Besides, the capital cost is the summation of the installa-
tion cost and the purchase cost of components.

Summation of product cost (SOPC) is defined as the 
annual income through water selling. The net annual benefit 
is defined as follows [37]:

NAB SOPC OFC TAXwater= − −  (61)

And,

POR CC
NAB

=  (62)

3.3. Input parameters

For a parametric and economic analysis of the desalina-
tion plants, some known parameters are given in Table 1.

4. Optimization methodology

For the optimization process, the PSO is selected. 
The proposed PSO algorithm is a meta-heuristic algorithm, 
which is a nature-inspired algorithm established based on 
the swarm behavior of bird and fish flock movement. Due 
to its many advantages including its simplicity and easy 
implementation, the algorithm can be used widely in the 
fields such as function optimization, model classification, 
machine study, neural network training, signal procession, 
vague system control, automatic adaptation control, etc. 
The PSO algorithm searches the solution space by adapting 
the particles’ trajectories [38].

The main advantages of the particle swarm optimization 
algorithm are [39] as follows:

• PSO is an intelligent-based algorithm. It can be employed 
in both scientific research and engineering use.

• PSO has no overlapping and mutation calculation. 
The speed of the particle can carry out the search. During 
the development of several generations, only the most 
optimist particle can transmit information onto the 
other particles, and the speed of the research is breakneck.

• The calculation in PSO is straightforward. Compared 
with the other developing calculations, it occupies a 
more significant optimization ability, and it can be com-
pleted efficiently.

• PSO adopts the real number code, and it is decided 
directly by the solution. The number of the dimension is 
equal to the constant of the solution.

On the other hand, some disadvantages of the PSO 
algorithm can be stated as follows [39]:

• The method easily suffers from partial optimism, which 
causes the less precise regulation of its speed and 
direction.

• The method cannot work out the problems of scattering 
and optimization.

• The method cannot work out the non-coordinated sys-
tem’s problems, such as the solution to the energy field 
and the particles’ moving rules in the energy field.

The optimization process through the PSO algorithm is 
shown in Fig. 4.

The objective function is assigned levelized cost of the 
product, which should be minimized in the optimization 
process for the production of 3,000 m3/d potable water for 
both MED-TVC and RO systems. Some of the constraints 
for the optimization is given as follows, which should be 
satisfied in the optimization process.

• The maximum allowed salt concentration in the distilled 
water is considered 350 ppm.

• The maximum allowed rejected saline water for both RO 
and MED-TVC units is regarded 70,000 ppm.

• The minimum GOR value for MED-TVC system is 8.

Table 1
Required parameters for the parametric and economic study

Parameter Value Unit

Feedwater salinity 42,000 ppm
Seawater temperature 30 °C
Seawater density 1,020 kg/m3

LHV 50,047 kJ/kg
Electricity price 0.0154 USD/kWh
Fuel price 0.02898 USD/m3

Water price 1.5 USD/m3

Maintenance and repair cost 5% of the total capital cost –
Installation cost 10% of components cost –
Insurance cost 2% of capital cost –
Plant lifetime 20 years
Accessibility coefficient 0.9 –
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• The maximum input water pressure for the RO system 
depends on the membrane’s allowable pressure.

Besides, for evaluation of the RO system, the charac-
teristics of three well-known membranes, namely: 
SW30XLE-40, SW30HR-380, SW30HR-320 is used and pre-
sented in Table 2 [30].

The effective parameters for minimization of the LCOP 
in the RO system comprising feed water pressure, type 
of employed membrane, number of pressure vessels, and 
number of membranes. Also, for MED-TVC unit, last effect 
temperature, heating steam temperature, motive steam 
pressure, feed water temperature, and the number of effects 
are regarded as the decision variables.

5. Results and discussion

In this part of the paper, the results of the simulation 
for the proposed systems are presented. First, to guaran-
tee the results are obtained, it is necessary to evaluate the 
validity of the models with the previous works.

5.1. Validation

In order to prove the validity of the obtained results 
achieved from the mathematical evaluation of the pro-
posed desalination systems, the EES software is employed 
to expand a proper Cde. The validation of the obtained 
results is carried out with two previously published arti-
cles for the MED-TVC and RO units. The validation of the 
models followed the following procedures:

To validate the MED-TVC, Table 3 is provided. The 
table listed some of the main parameters of each effect 
for the present study and the work of Bin Amer [32]. The 
input parameters for the comparison are set similar to the 
reference data. As Table 3 presents, the results are in good 
agreement with the outcomes of Bin Amer [32].

The obtained parameters of each membrane of the 
RO are validated with the results of Vince et al. [35]. 
The results for authentication of the RO are presented in 
Table 4, which shows high accordance with the data of 
Vince et al. [35].

5.2. Parametric study

Parametric studies provide some advantages such as 
a specification of parameters for assessment, parameter 
range determination, the definition of the design limita-
tions, and investigation of the effects of various parameters 
change on the specific problem.

5.2.1. Multi-effect desalination thermal vapor compression

5.2.1.1. Effect of the number of effects on technical 
criteria of MED-TVC

Fig. 5a Illustrates the number of effects impact on 
the technical performance criteria of the MED-TVC unit. 
As shown in this figure, increasing the number of effects 
results in a considerable increment in the GOR value due 
to an increase in distilled water production. Also, by 

increasing the number of effects, the heat transfer area 
increases; hence, the specific heat transfer area rises, which 
means that the rate of increment of heat transfer area is 
higher than the water production rate. Besides, the spe-
cific heat decreases since the input heat value remains 
constant while the water production rate increases.

5.2.1.2. Influence of effect number on the period of return 
(POR) and levelized cost of the product

The effect’s number impact on the economic parameters 
is manifested in Fig. 5b. According to Fig. 5b illustra-
tions, an increase in the number of effects has a nega-
tive influence on the economic metrics since an increase 
in n leads to increasing the payback period and LCOP of 
water. It is due to the fact that increasing number of effects 

Fig. 4. Flowchart of the optimization process through the PSO 
algorithm.



Z. Liu et al. / Desalination and Water Treatment 220 (2021) 36–5246

results in higher heat transfer area, and because the cost 
functions of MED-TVC unit are based on the heat transfer 
area, thus, it can be concluded that one of the determinative 
parameter in the MED-TVC unit from the economic aspects 
is the specific heat transfer area. With increment of number 
of effects, the heat transfer area and cost of MED-TVC 
unit increases. As a result, the POR and LCOP increases.

5.2.1.3. Effect of temperature difference of effects on the techni-
cal parameters in MED-TVC system

Fig. 6 is plotted to clarify the change of the techni-
cal parameters of the MED-TVC system with variation 
in the temperature difference of effects. With increasing 

the temperature difference, the water production rate 
decreases. The reason behind this fact is that as the tem-
perature increases, the heat transfer area decreases and 
then the water production rate in each effect decreases, and 
since the mass flow rate of motive steam is constant, the 
GOR value diminishes. Because the supply heat quantity 
is fixed and the water production rate is reduced, the spe-
cific heat is increased. The rise in temperature difference 
caused a drop in the heat transfer area and ultimately in 
the specific heat transfer area. The increment of tempera-
ture difference has a negative effect on plant performance 
since the water production rate decreases in each effect. 
On the other hand, from the economic viewpoint, it can be 
stated that the increment of temperature difference leads 

Table 2
Specifications of RO membranes used in modeling

Parameter Unit Membrane type

SW30XLE-400 SW30HR-380 SW30HR-320

Active area (sm) m2 37.2 35.3 29.7
Maximum operating pressure (pf) bar 83 83 83
Water permeability constant (A) kg/m2 s Pa 3.5 × 10–9 2.7 × 10–9 3.1 × 10–9

Salt permeability constant (B) kg/m2 s 3.2 × 10–5 2.3 × 10–5 2.2 × 10–5

Membrane cost $ 1,200 1,000 1,400

Table 3
Verification of modeling based on the results of Reference [32]

n Parameters

Temperature (°C) CR ER Ds/Dr GOR Atd (m2/kg/s)

Ref. [32] Present 
work

Ref. [32] Present 
work

Ref. [32] Present 
work

Ref. [32] Present 
work

Ref. [32] Present 
work

Ref. [32] Present 
work

4 46.7 46.41 1.81 1.81 248 239 0.731 0.732 8.52 8.52 485.1 484.5
5 46.1 45.9 1.81 1.81 256 246 0.731 0.731 10.16 10.44 712.4 710.15
6 44.3 42.71 1.98 1.97 281 270 0.8 0.800 11.49 11.82 596.6 597.2
7 42.8 40.5 2.20 2.20 304 292 0.897 0.897 12.66 12.85 559.1 560.23
8 42.8 40.4 2.46 2.45 304 292 1.025 1.025 13.68 13.79 505.5 504.12

Table 4
Comparison and validation of the developed model with [35]

Membrane 
No.

Parameters

Jw (kg/m2 s) ṁf (m3/h) xf (g/L) Δp (bar)

Ref. [35] Present work Ref. [35] Present work Ref. [35] Present work Ref. [35] Present work

1 27.9 27.9 9.3 9.3 3 3 11.4 11.4
2 26.1 26.1 8.2 8.2 3.4 3.4 11.2 11.3
3 24.1 24.1 7.1 7.1 3.9 3.9 11 11.2
4 21.6 21.7 6.1 6.2 4.6 4.5 10.8 11.1
5 18.8 18.8 5.3 5.3 5.4 5.3 10.7 10.9
6 15.7 15.7 4.5 4.5 6.3 6.1 10.5 10.8
7 12.3 12.3 3.9 3.9 7.4 7.1 10.3 10.5
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to a lower specific heat transfer area. Due to the effect of 
the heat transfer area on the cost functions, the purchase 
cost decreases; hence, the effect of temperature difference 
increase on the economic parameters is positive.

5.2.1.4. Effect of ejector compression ratio 
on technical parameters

Fig. 7 represents the effect of ejector’s compression ratio 
on the technical metrics of the MED-TVC system. An aug-
mentation in compression ratio results in a reduction in 
GOR. The effect of compression ratio is similar to the influ-
ence of the temperature of the motive steam temperature 
since the rise in the compression ratio, ejector’s exhaust 
pressure, and temperature increases. Therefore, it can result 
that increasing the compression ratio or temperature of 
ejector harms the system performance. The logic behind 
this point is that the rise in the compression ratio leads to 
an increase in temperature differences of the effects, which 
result in GOR reduction as discussed before.

5.2.1.5. Effect of the last effect temperature  
on the economic metrics

Fig. 8 is plotted to depict the impact of the last effect 
temperature on the levelized cost of product and the TAC 
of the MED-TVC unit. Rising the temperature of the last 
effect causes an increase in TAC, which results from the 
rise of the heat transfer area in the evaporators. Besides, 
enhancing the last effect temperature decreases the tem-
perature difference in the effect and then the GOR value 
and the specific heat transfer area increase so that the 
TAC and LCOP values go up.

5.2.1.6. Effect of motive steam pressure on  
the operation of the system

Fig. 9a illustrates the effect of motive steam pressure as 
the primary flow pressure in the ejector on the entrained 
ratio (ω) and total water production rate. For extract-
ing this figure, the number of effects is set 6, the motive 

steam’s mass flow rate is regarded 7 kg/s, the tempera-
ture of heating steam is considered 70°C, and the tem-
perature of the last effect is set 40°C. With consideration 
of this constant value, increase in motive steam pressure, 
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the entrained ratio increases to a particular value and 
then drops. Besides, increasing the motive steam pres-
sure effects similar to ω on the water production rate. The 
reason for these trends can be presented as; according to 
mentioned relations for ejector modeling, the entrainment 
ratio (ω) is a function of different parameters, one of them 
is ps. ps appears in two different parameters, including ER 
and PCF. According to Eq. (7), PCF is a function of ps, and 
also, ER defined as ER = ps/pn. Hence, interaction of these 
two parameters effects the entrainment ratio. Therefore, 
increasing motive steam pressure, first increases the 
entrainment ratio and then decreases.

Moreover, the impact of motive steam pressure on 
the capital cost (CC) and the POR is displayed in Fig. 
9b. As can be seen, at the point of operation, the high-
est value of capital cost is obtained. The reason behind 
this fact is that the increase in motive steam pressure, 
boiler price for generation of a fixed quantity of saturated 
vapor rises, on the other hand; total area has an increas-
ing and then decreasing trend, and since the effect of area 

on the capital cost is considerable, so the capital cost has 
an increasing and then decreasing trend. Furthermore, the 
POR for the MED-TVC unit enhances as the motive steam  
pressure rises.

5.2.2. Reverse osmosis

5.2.2.1. Effect of membrane’s number on brine and permeate 
salinity and economic parameters

Fig. 10a illustrates the change in the brine and per-
meate salinity with respect to increment in the number of 
membranes in the RO system. With consideration of fixed 
value for other parameters such as the number of pressure 
vessels, feed water pressure, and feed water mass flow 
rate, any increase in the number of membranes leads to 
an increment in brine and permeate salinity.

On the other hand, the effect of the membrane’s num-
ber on economic metrics is displayed in Fig. 10b. Based 
on this figure, as the number of membranes increases, the 
levelized cost of product and production cost for water 
decreases, and the water production rate increases. Thus, 
it can be inferred that the number of membranes in RO 
desalination system is a determinative factor for enhanc-
ing the technical and economic performance, while the 
only limitation in this aim is the allowable value of brine 
and permeate salinity.

5.2.2.2. Effect of the number of pressure vessels on 
the economic criteria

Besides the number of the membranes, the number of 
pressure vessels effect on the RO performance is crucial 
since the mass flow rate of the feed water divides among 
the pressure vessels. Therefore, the effect of the number of 
pressure vessels is depicted in Fig. 11. With increasing the 
number of pressure vessels, the product cost of the water 
remains constant, while the value of Net Annual Benefit is 
increased, and also the levelized cost decreases. So, simi-
lar to the effect of the membrane’s number, the increase in 
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the number of pressure vessel has a positive effect on eco-
nomic performance. It should be noted that the rise in the 
number of the pressure vessel also leads to an increment 
in the brine and permeate salinity. Thus, the number of 

pressure vessels can be increased to an allowable limit where 
the brine and permeate salinity do not increase.

5.2.2.3. Effect of feed water pressure on the economic 
performance of the system

The effect of feed water pressure is presented in Fig. 12. 
Increasing the feed water pressure enhances the quantity of 
the produced water, while the salinity of the brine increases. 
According to Fig. 12, increasing the feed pressure has a 
perfect influence on the economic performance of the RO 
plant. With rising the feed pressure, the mass flow rate of 
produced water increases; therefore; the production cost of 
water for 1 m3 decreases. Also, the levelized cost and POR 
consequently drop.

5.3. Optimization results

The results of the optimization of both MED-TVC 
and RO systems are given in Tables 5 and 6. The optimi-
zation process is carried in MATLAB software using the 
PSO. Based on Tables 5 and 6, the most important param-
eter in the determination of economic performance for both 
plants is the price of fuel and electricity. The RO system is 
far better than MED-TVC system from the economic view-
point. However, the consumption of power is higher, and 
the quality of the produced water is lower comparing with 
MED-TVC unit, but the production cost is lower and the 
POR is better for the RO system. Hence, it is better to com-
bine the MED-TVC unit with other thermal systems such as 
Bryton cycle and solar systems to decline the costs of fuel 
consumption and the costs of water production.

6. Conclusion

This paper aims to evaluate and compare the technical 
and economic performances of MED-TVC and RO desali-
nation systems for producing 3,000 m3 potable water per 
day in the same technical and techno-environmental con-
straints. Both systems’ technical analysis is carried out 
based on the mass and energy and economic perspective. 
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Optimization of both systems is performed to minimize the 
levelized cost of the product applying the PSO algorithm. 
Furthermore, a parametric study is conducted to investi-
gate the effect of important parameters of both systems 
on the technical and economic performance. The results 
of the optimization indicate that the payback time is 3.86 
and 7.76 y for RO and multi-effect thermal vapor com-
pression units, respectively. Regarding the obtained data 
from the parametric analysis indicate that the RO system 
requires more power for potable water production and 
the quality of produced water is lower compared with the 
MED-TVC unit. Still, the RO unit is more practical from 
the economic viewpoints. Hence, it is better to combine 
the MED-TVC unit with other thermal systems such as the 
Bryton cycle and solar systems to reduce fuel and water 

production costs. Therefore, the MED-TVC process can be 
driven by the waste heat of power plants and combined 
cycles to minimize water production costs and reduce fuel  
consumption.
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Symbols

A — Heat transfer area, m2

Ad — Specific heat transfer area, m2/m2

Aref —  Reference membrane water permeability, 
kg/m2/s/pa

B — Membrane solute permeability, kg/m2/s
Bi — Exiting brine form ith effect, kg/s
BPE — Boiling point elevation, °C
c — Concentration, ppm
Ċ — Annual cost rate, $/y
CC — Capital cost, $
Cp — Specific heat capacity, kJ/kg °C
CRF — Capital recovery factor
Di — Produced vapor in ith effect, kg/s
Dr — Entrained vapor in last effect, kg/s
D'i — Produced vapor in ith flash box
f — Inflation rate
GOR — Gain output ratio
h — Enthalpy, kJ/kg
hd — Heating steam enthalpy, kJ/kg
i — Real interest rate
j — Nominal interest rate
Js — Salts mass flux through the membrane, kg/m2/s
Jw —  Permeate mass flux through the membrane, 

kg/m2/s
LCOE — Levelized cost of electricity, $/kWh
LCOW — Levelized cost of water, $/m3

ṁbd — Blowdown mass flow rate, kg/s
Md — Total produced water, kg/s
Mf — Feed water mass flow rate, kg/s
ṁgas — The mass flow rate of exhaust gas, kg/s
NEA — Non-equilibrium allowance, °C
OFC — Operating flow cost, $
PCOE — Prime cost of electricity, $/kWh
PCOW — Prime cost of water, $/m3

pd — Heating steam pressure, kpa
pn — Entrained vapor pressure, kpa
POE — Price of electricity, $/kWh
POW — Price of water, $/m3

Table 5
Obtained results at the optimum MED-TVC system

Parameter Value Unit

Number of effects (n) 8 -
Last effect temperature (Tn) 38.48 °C
Feedwater temperature (Tf) 35 °C
Heating steam temperature (Td) 74.08 °C
Motive steam pressure (Ps) 1,239 kPa
Specific heat transfer area (Ad) 250.3 (m2/m3)
Specific heat transfer (Qd) 348.2 kW/m3

Feedwater mass flow rate (Mf) 86.81 kg/s
Entrainment ratio of ejector (ω) 0.3202 - 
Gain output ratio 8 -
Compression ratio of the ejector (CR) 5.451 -
Motive steam flow rate (Ds) 4.35 kg/s
Equipment cost (CEquipment) 6.12 × 106 USD
Levelized cost of the product (LCOPwater) 1.339 USD/m3

Period of return 7.763 year
Product cost (PCwater) 0.5216 USD/m3

Table 6
Obtained results at the optimum RO system

Parameter Value Unit

Membrane numbers (m) 6 -
Number of pressure vessels (Numpv) 21 -
Feedwater pressure (Pfeed) 77.78 bar
Type of membrane SW30XLE-400 -
Levelized cost of the product  
 (LCOPwater)

0.895 USD/m3

Period of return 3.864 Year
Product cost (PCwater) 0.4642 USD/m3

Feed water mass flow rate (ṁfeed) 86.52 kg/s
Rejected brine salinity (Xb) 69,985 ppm
Permeate salinity (Xp) 255.5 ppm
Recovery rate (r) 40.13 %
Equipment cost (CEquipment) 3.23 × 106 kg/s
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ps —  Motive steam pressure, kpa
Qd — Specific heat consumption, kW/m3

r — RO recovery rate
Rs — Salt rejection
s — Entropy

Subscripts and superscripts

Abs — Absorber
ch — Chemical
CI — Capital investment
Com — Compressor
Con — Condenser
CV — Control volume
D — Destruction
EV — Expansion valve
eva — Evaporator
ex — Exergy
F — Fuel
Gen — Generator
Gen — Generation
HE — Heat exchanger
in — Inlet
is — Isentropic
k — kth component
L — Loss
LMTD — 0
Mix — Mixer
Ph — Physical
pum — Pump
pp — Pinch point
q — Heat transfer
sep — Separator
SHE — Steam heat exchanger
sys — System
th — Thermal
tot — Total
tur — Turbine
W — Work
1, 2, … — Cycle locations
0 — Dead state

Greek symbols

η — Efficiency, %
Δpf —  Pressure drop along membrane channel, 

kPa
Δp — Transmembrane pressure drop, kPa
ρ — Density, kg/m3

Δπ — Osmotic pressure difference, kPa
λ — Latent heat of evaporation, kJ/kg
ω — Entrainment ratio
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