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a b s t r a c t
An energetic and exergetic optimization of a double-effect thermal vapor compression desalination 
system is performed. This unit is integrated in the thermal power plant of phosphoric acid factory 
owned by The Tunisian Chemical Group. The daily production of this unit is about 528 m3 of fresh 
water. A mathematical model based on energy and exergy balances is established using EES software. 
The effects of the main operating parameters on the desalination unit performances are analyzed. 
Obtained results show that the maximum exergy efficiency is obtained for the evaporator 2 followed 
by the distillate and brine pumps. The condenser has the lowest exergy efficiency. The thermocom-
pressor is the major contributor in exergy destruction. The mass flow rate and the pressure of the 
motive steam affect positively the gain output ratio, while the last one decreases slightly with the 
motive steam temperature. In order to preserve suitable overall exergy efficiency, the motive steam 
temperature should be taken between 152°C and 154°C, which corresponds to motive steam pressure 
between 4.4 and 4.7 bar. These ranges constitute optimum operating conditions.
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1. Introduction

The Tunisian Chemical Group (TCG) constitutes the 
most industrial pole in the country. The main activities of 
this group are to produce the phosphoric acid and fertiliz-
ers from crude phosphate. For this reason, several chemical 
industrial factories are built in different regions. This rep-
resents an important factor for the Tunisian economic 
balance. Although the economic importance of the phosphate 
industry, the investment and operating costs of the different 
plants remain very substantial. To overcome this problem, 
the TCG conducts programs in the purpose to optimize the 
production cost and to reduce the energy consumption.

In the frame of this program, a thermodynamic analysis 
of a steam turbine power plant operating in a phosphoric 
acid factory owned by TCG is performed. This paper is 
focused on an energy and exergy optimization of a double- 
effect (DE) desalination unit constituting one of the import-
ant parts of the indicated power plant. The main object of this 
study is to define the optimum operating conditions leading 
to the maximum exergy efficiency of the DE thermal vapor 
compression (DE-TVC).

The multi-effect TVC (ME-TVC) is considered as one of 
the best technologies of desalination systems. Several works 
have been carried out on the ME-TVC optimization; among 
them, we found the following:
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Sadri et al. [1] performed a mathematical model of 
multi effect desalination with thermal vapor compression 
(MED-TVC) reverse osmosis (RO) hybrid desalination plant 
installed in Iran. The material, energy, and exergy equations 
governing the behavior of fluid flow in the different com-
pound systems are developed. Moreover, the thermodynamic 
properties of each stream are determined taking into account 
the boiling point elevation (BPE), which permits to determine 
the performances of the desalination unit. A multi-objective 
optimization for different configurations of hybrid systems 
are established in the aim to select the best one leading to 
a higher permeate production and exergy efficiency as well 
as a suitable gain output ratio (GOR). Obtained results show 
that the multi effect desalination (MED) part engenders the 
maximum of exergy destruction rate, especially in the TVC 
followed by the first effect. On the other hand, the perme-
ate flow production is increased by 34% in the hybrid system 
compared with the MED unit. Furthermore, the RO unit and 
MED system exergy efficiencies are increased to reach 8.63% 
and 12.84%, respectively, in the hybrid configuration.

Al-Mutaz et al. [2] performed an optimization of the 
thermocompressor suction location in MED-TVC desali-
nation systems. The study is focused on the effect of the 
thermocompressor suction position on the desalination 
plant performances. A mathematical model is established in 
the purpose to determine the optimum location leading to 
suitable values of entrainment ratio (ER), GOR, specific heat 
transfer area, and energy consumption.

Almutairi et al. [3] conducted an energetic and exergetic 
optimization of a cogeneration combined power plant and 
an ME-TVC-MED desalination unit under several operating 
conditions. The developed model of the plant is performed 
using IPSEpro software. The obtained results showed that 
the higher exergy destruction rate of the considered plant 
occurs in the combustor. In order to improve the plant per-
formances, authors suggest to operate in full load and with 
a lower ambient temperature. Moreover, an increase of 
pressure ratio is recommended. In the desalination side, the 
obtained results showed that the main sources of irrevers-
ibility are located in the effects and the thermocompressor of 
about 78.7%. The increase of the effect numbers leads to an 
enhancement of the exergetic efficiency by about 0.7%, while 
the raise of the feed water temperature allows slight increase 
in the exergetic efficiency. On other hand, an ER close to unit 
is recommended in the aim to obtain a higher performance 
and capacity of the cogeneration plant.

Bataineh [4] investigates the overall performance of 
an MED-TVC plant motivated by a solar steam generation 
located in Aqaba, Jordan, with a daily production of about 
50,000 m3. The mathematical model established by EES 
software allows determining the influence of operational 
and conceptual parameters on the plant performances. The 
results demonstrate that the system efficiency increases with 
augmentation of the first effect temperature. Furthermore, a 
collector orientation along a north-south axis with an area 
around 1,080,000 m² and a storage size of about 75 L/m² leads 
to an optimum plant performance.

B. Ortega-Delgado et al. [5] performed a parametric study 
of an MED-TVC plant coupled with a Rankine cycle power 
unit installed in Trapani, Italy. A mathematical model was 
developed and validated for the plant using EES software. 

The effect of operating parameters on the plant performances 
was established. The main results drawn from this study 
reveal that a higher GOR was reached for a higher motive 
steam pressure and for a steam ejector location close to the 
last effect. The produced distillate decreases by reducing the 
pressure of motive steam and increasing the suction pressure.

Azimibavil et al. [6] performed a dynamic simulation of a 
MED system by solving partial differential equations govern-
ing the fluid behavior outside tube bundle. The appropriate 
equation of heat transfer process was established taking into 
account the correlations related to the evaporation on outside 
tube area as well as the condensation inside them. Authors 
found that the condensation of feeding steam inside tubes 
occurs linearly. Moreover, for a steady-state behavior, an 
unexpected interruption in steam feed for 200 s, the process 
requires approximately 550 s to return to normal situations. 
Furthermore, a reduction of feed water until the half of nom-
inal values leads to an increase of brine concentration that 
accentuates the threat of tube fouling.

An exergetic analysis of multi stage flash (MSF) distilla-
tion plant is established by Al Ghamdi et al. [7]. This plant 
is installed at Yanbu Saudi Arabia. A mathematical model 
based on mass, energy, and exergy balances is developed 
and simulated using MATLAB code. This study investi-
gates the plant performance at normal and peak loads. 
The exergy destruction rate of different system compound 
is determined, and the heat recovery section is the major 
resource of irreversibility rate. The obtained exergy effi-
ciency of the plant is quite and around 3%. Authors confirm 
that the increase of the effect number leads to a decrease in 
the exergy destruction rate. Furthermore, authors compare 
between once through and brine mixing (MSF-M) design. 
Obtained results confirm that the (MSF-M) is the best choice.

Experimental study was carried out by Ghalavand et al. 
[8] on a humidification-dehumidification desalination system 
based on specific design. The gas humidification occurred by 
direct contact with hot water. Then the obtained air is com-
pressed and cooled in order to recuperate the humidity as 
desalinated water. The effects of the operating parameters 
such as inlet temperatures, pressure, water fraction, and con-
denser temperature on the plant performances are analyzed. 
Authors found that higher values of the two stream inlet tem-
peratures lead to maximum fresh water production and GOR 
of the desalination unit. The optimum value of water to air 
ratio giving the best performances is equal to 2.

Mazini [9] developed a dynamic mathematical model for 
an MED-TVC system. Mass and energy balances are estab-
lished. The dynamic and static behaviors in the different com-
pounds of the plant are modeled and simulated by MATLAB/
SIMULINK software. The suggested model is validated 
using real operating data of Kish Island plant installed in 
Iran. Furthermore, this model is investigated with modifying 
operating conditions and applying disruption in the system 
behavior. The obtained results show a good performance of 
the proposed model.

A comparative performance study between three 
desalination system configurations was carried out by 
Al-Mutaz et al. [10]. A mathematical model based on material 
and energy balances was conducted for each configuration 
systems. This work aims to investigate, for each configura-
tion, the influence of design and operating parameters on 
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the MED plant performances. It was found that the specific 
heat transfer area increases significantly with the increase of 
effect numbers and the decrease of temperature difference 
across the effects. The parallel/cross-feed configurations rep-
resent the best performance compared with the forward and 
backward feed configurations.

Samaké et al. [11] carried out a parametric study of an 
MED-TVC system. The effect of operational parameters on 
the plant performance is analyzed in order to determine the 
optimal system efficiency. The plant is considered as a black 
box, and the developed model permits to obtain the influence 
of design variables on plant capacity.

A steady-state mathematical model of multi-effect 
evaporation (MEE)-TVC plant is conducted by Al-Mutaz et 
al. [12]. Mass, energy, and heat transfer equations govern-
ing the system behavior are established. Moreover, authors 
investigate the effects of conceptual and operational condi-
tions on the plant performances. The proposed model shows 
excellent agreement with real data and commercial MEE 
with TVC systems.

Hang et al. [13] carried out an experimental study in 
order to improve the performance of TVC ER. A parallel 
flow MED-TVC distillation unit was set up. This work inves-
tigates the effect of preheating and superheating entrained 
steam on the TVC ER. The results prove that the heating of 
entrained vapor permits to increase significantly the ER of 
TVC and reduces the intake motive steam and then improves 
the MED-TVC performance system.

Kim et al. [14] established a mathematical model of a 
solar-assisted seawater desalination unit. This system is 
constituted by evacuated-tube collectors connected to a 
multi-effect distillation plant with daily production of 16 m3. 
This design is chosen to have good environmental impact 

and high energy efficiency. According to climatic conditions 
of Jeddah, Saudi Arabia, the obtained results showed that for 
heating water temperature varying from 80°C to 90°C, the 
collector efficiency and solar fraction decrease from 57.3% to 
54.8%. Also a reduction of the solar fraction from 49.4% to 
36.7% is achieved. Furthermore, the daily water production 
increases from 15.552 to 18.144 m3. Besides, the performance 
ratio undergoes small enhancement from 4.11 to 4.13.

In this paper, an energetic and exergetic analysis of a real 
DE desalination unit with a capacity of 22 t/h is performed. 
The operating mode of the system is presented. Energy 
and exergy balances of the different components are estab-
lished. The effects of the main operating parameters on the 
system performances are analyzed. The optimum operating 
conditions are determined.

2. Operating mode of desalination system

The desalination unit is considered as one of the main 
components of the thermal power plant. This power plant is 
used to produce steam and electricity required for the dif-
ferent utilities of a phosphoric acid factory. The schematic 
diagram of the power plant is presented in Fig. 1. It mainly 
consisted of two steam turbine cycles STG I and STG II, a tur-
bo-blower Tb, and a set of expansion valves and pumps. An 
Evaporator Boiler Pre-superheater Superheater group (EBPS) 
is used to provide the required high-pressure steam mass 
flow for all purposes.

The desalination unit is used to provide the necessary 
distillated water for the steam production through EBPS 
group. It is a DE-TVC fed by low-pressure steam and seawater.

The schematic diagram of the DE-TVC desalination unit 
is shown in Fig. 2. The daily production of this unit is about 
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528 m3. The main components of studied system are TVC, 
two effects, and a shell and tube seawater cooled condenser. 
The motive steam (Ms) passes through the ejector entrain-
ing the flux (Es) to reach the operating conditions of the first 
evaporator. The steam mixture (Mx) follows through the tube 
bundle to be condensed under the effect of seawater stream 
(Fs1). The condensation latent heat is used to evaporate part of 
Fs1. The produced vapor (V1), constituting the thermal source 
of the second evaporator, is condensed and then shifted by 
the distillate pump. The first evaporator brine (B1) is intro-
duced to the next effect at lower pressure and temperature. 
A flash evaporating process is then produced in the second 
effect. This small quantity of vapor is added to the produced 
steam (V2) due to seawater evaporation (Fs2).

The obtained vapor (V2) is divided into two main fluxes: 
the first one (Es) is entrained by the TVC while the second 
(VC) is transferred to the condenser. Therefore, seawater is 
preheated through the condenser before feeding the evapo-
rators. The total fresh water is transferred by distillate pump 
to the storage tank, and the total brine is rejected to sewers. 
The operating parameters of DE-TVC are given in Table 1.

3. Energetic and exergetic analysis

3.1. Mathematical model

A steady-state mathematical model of the DE desali-
nation unit with TVC was established based on the mass, 
energy, heat transfer equations, and exergy balances applied 
to each component of the unit considering the following 
assumptions [1,7]:

• All processes are assumed operating at a steady state.
• The kinetic and potential exergies are neglected.
• The dead state was considered as P0 = 1.013 bar and 

T0 = 293.15 K.
• No chemical reaction occurred in the different processes.

• Thermodynamic losses are neglected.
• The distillate is salt free.

As known, exergy is the maximum useful work which can 
be extracted from a system as it reversibly comes into equi-
librium with its environment. The total exergy is expressed 
as follows [16]:

    E E E E Ex p= + + +ph ch ke  (1)

Taking into account the assumptions, the total exergy is 
equal to

  E E Ex = +ph ch  (2)
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Fig. 2. Double effect with thermal vapor compressor desalination unit.

Table 1
Specifications of the DE-TVC unit

Parameters Values

Effects number 2
Motive steam (t/h) 5.4
Intake seawater (t/h) 109
Feed seawater (t/h) 102
Cooling seawater (t/h) 7
Total brine output (t/h) 88
Capacity of DE-TVC (t/d) 22
Temperature of the vapor in the first effect (°C) 56
Pressure of the vapor in the first effect (bar) 0.15
Temperature of the vapor in the second effect (°C) 51
Pressure of the vapor in the second effect (bar) 0.12
Temperature of condensation (°C) 48
Pressure of condensation (bar) 0.11
Gain output ratio 3.9
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Physical exergy is given by [17]

 E m h h T s si i iph = −( ) − −( ) 0 0 0  (3)

Chemical exergy is expressed as follows [17]:

Ex m X RT X Xi i i i
i

n

i

n
 ch chex= + ( )









==
∑∑ , ln0

11
 (4)

The temperature difference between two effects DT is 
calculated by [1]

∆ = −T T T1 2  (5)

The brine temperature (Ti) in each effect is equal to 
the vapor saturation temperature plus the BPE due to the 
dissolved salts in the water, given by [1,5]:

T Ti = +vi BPE  (6)

The BPE is calculated according to the following 
equation [18]:

BPE = + +( )X A BX CX2  (7)

with A = (8.325 × 10–2 + 1.883 × 10–4T + 4.02 × 10–6T2),
B = (−7.625 × 10–4 + 9.02 × 10–5T − 5.2 × 10–7T2), and
C = (1.522 × 10–4 − 3 × 10–6T − 3 × 10–8T2),

where T is the temperature (°C) and X is the salt weight 
percentage. The above equation is valid over the following 
ranges: 1 ≤ X ≤ 16%:10 ≤ T ≤ 180°C.

The condensation of the vapor generated in the first 
evaporator i occurs in the second one i + 1 at temperature Tci 
which is lower than the boiling temperature in the first evap-
orator due to the thermodynamic losses. The condensation 
temperature is expressed by [5]

T T Tici tiBPE= − − ∆  (8)

The saturation temperature of the generated vapor in the 
first effect decreases by a total amount defined as [5,16]

∆ = ∆ + ∆ + ∆T T T Ti iti mi pipe cond  (9)

The different terms of Eq. (9) represent [5,18]:
Temperature drop in the demister:

∆ = −T T Ti imi vsat vsat, ,
'  (10)

Temperature drop in the connecting pipes:

∆ = −T T Tipipe vsat ci,
' '

i  (11)

Temperature drop in the evaporator:

∆ = −T T Ticond ci ci
'  (12)

where Tvsat,i and T’vsat,i are the saturation temperatures before 
and after the demister, Tci is the saturation temperature inside 
the tube bundle in the heat transfer process, and T’ci is the 
saturation inlet vapor temperature of the second evaporator.

Mass, energy, and exergy balances of the different 
components are established in the following paragraphs.

3.1.1. Evaporator 1

The first effect flow diagram is illustrated in Fig. 3.
Mass balance:

Seawater side

  m m mV BFs1 1 1
= +  (13)

x m x mB BFs Fs1 1 1 1
 =  (14)

Energy balance:

  m h h m Cp T T m LD B V VMx Mx Fs Fs Fs−( ) = −( ) +
1 1 1 1 1 1 1

 (15)

The heat flux through the first effect can be determined 
as follows:

Q U A T Tev ev ev Mx ev1 1 1 1
= −( )  (16)

Therefore, the heat transfer area Aev1 is obtained by

A
m h h

U T T
D

ev
Mx Mx

ev Mx ev
1

1 1

1=
−( )
−( )



 (17)

The overall heat transfer coefficient Uev1 can be calculated 
as [18]

U
T T T

ev1
ev1 ev1 ev1=

+ × − × + ×( )1939 4 1 40562 0 0207525 0 00231862 3. . . .

11000
 (18)

Exergy balance:



 E m h h T s s m

T T

D D D
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,EvapI Mx Mx Mx Fs Fs

Fs

1 1
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1

0

(( ) −











− −













T
T
T

m L
T
T

B
V V

V
0

01

1 1

1

1ln
Fs1

  (19)

The amount of steam produced in the first effect is 
calculated according to the energy balance, given:



 

m
m h h m T T

LV
D B

V
1

1 1

1

=
−( ) − −( )Mx Mx Fs Fs Fs1 1 1

Cp
 (20)

3.1.2. Evaporator 2

The evaporator 2 flow diagram is presented in Fig. 4.
Mass balance:

Seawater side

   m m m mB V BTFs2 1 2
+ = +  (21)
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x m x m x mB B B BT TFs Fs2 2
  + =

1 1
 (22)

Energy balance:

   m h h m T T m T T m LV V D B B B B B VT T1 1 2 1 1 1 2
−( ) + −( ) = −( ) +Cp CpFs Fs Fs2 2 2 VV2

 (23)

The heat flux through the second effect can be determined 
as follows:

Q U A T TVev2 ev2 ev2 ev2= −( )
1

 (24)

Therefore, the heat transfer area Aev2 is calculated by

A
m h h

U T T
V V D

V
ev2

ev2 ev2

=
−( )
−( )



1 1 2

1

 (25)

The Eq. (26) is used to determine the heat transfer 
coefficient Uev2 considering the temperature Tev2:

U
T T T

ev2
ev2 ev2 ev2=

+ × − × + ×( )1939 4 1 40562 0 0207525 0 00231862 3. . . .

11000
 (26)

Exergy balance: 



 E m L
T
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m T T TD V V
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B B, lnEvapII ev1 ev2Cp= −
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 Fs Fs ev2 Fs
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Fs
2 2 2
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Cp ln −− −












m L
T
TV V
V

2 2

2

1 0  (27)

The amount of steam produced in the second effect is 
calculated as follows:



  

m
m h h m T T m T T

LV
V V D B B B B BT T

2

1 1 2 1 1 1=
−( ) − −( ) + −( )Fs Fs Fs2 2 2

Cp Cp

VV2

 (28)

3.1.3. Thermocompressor

The TVC is a steam ejector used to create vacuum by the 
expansion of motive steam at high pressure through a diver-
gent. This permits to entrain another stream of vapor at low 
pressure. This technology is widely used in water desalina-
tion plants due to its reliability and simplicity in operating 
and maintenance. The ER is the main parameter character-
izing the thermocompressor performance, and it is defined 
as the ratio of motive steam mass flow rate to the entrained 
vapor (Ms/Es). Several methods are available to determine 
this parameter. In the actual study, the semi-empirical model 
developed by El-Desouky [16,19] is considered for which the 
ER is expressed as follows:

ER PCF
TCF

Mx

Es

Ms

Es

= ×
( )
( )

×








 ×






0 296
1 19

1 04

0 015

.
.

.

.P

P

P
P 

  (29)

where PMx and PEs are the pressures of compressed steam and 
entrained vapor, respectively, and calculated as

P
TMx
Mx

= ×
−

+ −
+









1000 3892 7

273 15 42 6776
9 5exp .

. .
.  (30)

P
TEs
Es

= ×
−

+ −
+









1000 3892 7

273 15 42 6776
9 5exp .

. .
.  (31)

Furthermore, correction factors are defined for the 
motive steam pressure and entrained vapor temperature as 
follows [18]:

PCF Ms Ms= × ( ) − ( ) +−3 10 0 0009 1 61017 2
P P. .  (32)

TCF Es Es= × ( ) − ( ) +−2 10 0 0006 1 00478 2
T T. .  (33)

These equations are valid for the following ranges: ER ≤ 4; 
10°C < TEs ≤ 500°C; 100 ≤ PMs ≤ 3,500 kPa and 6 ≤ P

P
Mx

Es

 ≤ 1.81.

The thermocompressor flow diagram is illustrated in 

Fig. 5.
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Mass balance: 

  m m mMx Ms Es= +  (34)

Energy balance:

  m h m h m hMx Mx Ms Ms Es Es= +  (35)

Exergy balance:







E m h h T S S

m h h T S
D ,thc Ms Ms Mx Ms Mx

Es Mx Es Mx

= −( ) − −( )  −

−( ) − −

0

0 SSEs( )   (36)

3.1.4. Condenser

The condenser flow diagram is shown in Fig. 6.
Mass balance:

Shell side

 m mV Dc c
=  (37)

Tube side

 m mSw Swin out
=  (38)

Energy balance:

 m L m T TV Vc 2
= −( )Sw Sw Sw Swin out in

Cp  (39)

The condensation latent heat of the steam Vc inside the 
condenser is calculated as follows:

m L U AV Vc 2
= ( )cd cd cd

LMTD  (40)

The heat transfer area of the condenser Acd is 
determined by:

A
m L

U
V Vc

cd
cd cd

LMTD
= ( )



2  (41)

The overall heat transfer coefficient Ucd can be calculated 
as follows [18]:

U T TV Vcd = + × ×( ) − × ×( ) +
×

− −

−

1 7194 3 2063 10 1 5971 10

1 9918 10

2 5 2
2 2

. . .

. 77 3
2

×( )TV  (42)

The logarithmic mean temperature difference (LMTD) is 
calculated as [20]

LMTDcd
Sw Sw
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=
−( ) − −( )
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Exergy balance:



 E m L
T
T

m T T TD V V
V

c, lcd Sw Sw Sw Swin out in
Cp= −












− −( ) −

2

2

1 0
0 nn
T
T
Sw

Sw

out

in













 (44)

The system performance of the DE-TVC has been 
evaluated by the following parameters:

Gain output ratio:

GOR
Ms

=




m
m
DT  (45)

Specific heat transfer area:

sA
ev cd

=
+

=
∑A A

m
i

DT

i
1

2



 (46) 

Specific heat consumption:

sQ Ms Ms=




m L
mDT

 (47) 

4. Results and discussion

The selected objective function for our investigation is 
to maximize the overall exergy efficiency of the whole sys-
tem and to minimize the production cost of distilled water. A 
code is established using EES software permitting to perform 
all the required calculations.

As a first step and in the aim to validate the established 
model, a comparison between the calculated and the actual 
conceptual parameters of the DE-TVC system is carried out. 
Obtained results are arranged in Table 2. One can see that a 
good agreement is obtained between the calculated design 

Motive steam    

Entrained vapor    

Steam mixture 

Es  

Ms 
Mx 

Fig. 5. Thermocompressor flow diagram.

Output seawater  

V c  

Intake seawater  

Swin  
Dc  

Swout  
Vapor stream 

Distillate 

Fig. 6. Condenser flow diagram.
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parameters and the actual ones. This confirms the good 
accuracy of the established model.

Fig. 7 depicts the exergy efficiency of the different 
components of the DE-TVC unit. The maximum exergy 
efficiency is obtained for the EvapII followed by the distil-
late and brine pumps. Among the main components of the 
desalination system, the thermocompressor TVC presents 
exergy efficiency of about 56%. However, the condenser 
has the lowest exergy efficiency of 31.66%; this is due to the 
temperature gradient between the two streams.

The exergy destruction rates are represented in 
Fig. 8. The overall exergy input is about 1,121 kW. The total 
exergy destruction rate constitutes 73.3% of the provided 
exergy rate. Otherwise, the thermocompressor engenders 
the maximum irreversibility rate of about 533.5 kW. This 
represents about 65% of the total exergy destruction rate. 
This can be explained by the fact that major exergy input 
flux is used to feed this component (1,103 kW). This con-
stitutes 98.4% of the overall exergy input. As expected, the 
minimum exergy destruction rates are created through the 
pumps.

In the following part, the effects of the main operating 
parameters on the whole desalination system and its 
components are presented.

The influences of the motive steam temperature Ts and 
pressure Ps on the thermocompressor exergy performances 

are not widely analyzed in the previous works. In this study, 
the effects of these operating parameters are carried out.

The variations of exergy efficiency of thermocompres-
sor according to motive steam temperature Ts are presented 
in Fig. 9. For Ts variation range, the exergy efficiency 
decreases by about 3.93%, while the irreversibility rate 
increases by about 10%. These results prove the impor-
tance of the motive steam temperature considered as key 
operating parameter.

The influences of the motive steam pressure Ps on the 
exergy performances of the same element are illustrated 
in Fig. 10. The increase of Ps from 3.4 to 6.2 bar leads to an 
enhancement of the exergy efficiency of about 3%.

The variation of exergy efficiency of the condenser 
according to seawater temperature is presented in Fig. 11. For 
a variation range of seawater temperature of 9°C, the exergy 
efficiency increases by about 53%. This must be taken into 
consideration during the different seasons.

Although there are positive effects of the seawater tem-
perature on the condenser exergetic efficiency, the required 
heat transfer area is increased, as illustrated in Fig. 12. This 
causes the rising of the investment costs constituting a con-
straint that must be taken into consideration in the economic 
optimization.

Moreover, the increase of seawater temperature pro-
vokes a rise of the intake seawater mass flow rate as shown 

Table 2
Comparison between the conceptual and the calculated parameters

Component Conceptual parameters [21] Calculated parameters

Evaporator 1 Heat exchange area = 732 m² Heat exchange area = 731.8 m²
Tubes number: 1,940 Tubes number: 1,925

Evaporator 2 Heat exchange area = 732 m² Heat exchange area 731.8 m²
Tubes number: 1,940 Tubes number: 1,925

Condenser Heat exchange area = 150 m² Heat exchange area = 149.9 m²
Tubes number: 488 Tubes number: 481

sA (m²s/kg) 281 279.9
GOR 3.9 3.84

Fig. 7. Exergy efficiency of MED-TVC components. Fig. 8. Exergy destruction rate of MED-TVC components.
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in Fig. 13. This can be explained by the decrease of the tem-
perature difference between the two streams (steam and 
seawater). Indeed, for higher values of seawater temperature, 
an important cooling water mass flow rate is required.

The influence of the motive steam pressure on the dis-
tillate water production is illustrated in Fig. 14. The motive 
steam pressure affects slightly the fresh water produc-
tion. Indeed, for Ps variation from 4.2 to 6 bar, the distillate 
increases by about 2.5%.
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Fig. 9. Variation of thermocompressor exergy efficiency 
according to motive steam temperature.
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Fig. 10. Variation of thermocompressor exergy efficiency 
according to motive steam pressure.
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intake seawater temperature.
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22 24 26 28 30 32
30

35

40

45

50

55

TFisw (° C)

m
F

is
w

 (k
g/

s)

Fig. 13. Variation of seawater mass flow rate according to intake 
seawater temperature.
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As defined by Eq. (45), a higher value of the GOR is 
desired for the desalination unit in order to obtain the 
maximum distillate mass flow rate. The variation of GOR 
according to the motive steam mass flow rate ṁs is presented 
in Fig. 15. For a variation range of ṁs from 0.972 to 1.694 kg/s, 
the GOR increases by about 7.54% to reach 3.891.

The variations of GOR according to the motive steam 
temperature for different values of ṁs are presented in Fig. 16. 
As indicated in Fig. 15, the GOR increases with ṁs, while it 
decreases slightly with the motive steam temperature. This 
can be explained by the fact that a part of input heat flux is 
used for sensible seawater heating. In addition, the latent 
heat is reduced at higher temperatures.

These results agree with the investigations of Al-Mutaz 
and Irfan [7]. Their obtained results show that for a variation 
range of the motive steam mass flow rate from 8 to 20 kg/s, the 
total distillate increases three times. Furthermore, Alasfour et 
al. [22] found that the GOR increases by about 11.23% accord-
ing to the increase of the motive steam pressure from 5 to 
28 bar for ME-TVC system. Besides, Ehsan et al. [19] show 

that the GOR decreases by increasing the motive steam tem-
perature for a MED unit coupled to a gas turbine plant.

The specific heat transfer area sA is one of the perfor-
mance parameter of the MED unit. The variation of sA 
according to the motive steam mass flow rate is presented 
in Fig. 17.

The specific heat transfer area decreases sensibly with ṁs. 
Since the sA is defined as the ratio of the total heat transfer 
area to the distillate production and seeing that the distillate 
production increases with the enhancement of ṁs, the specific 
heat transfer area is consequently reduced.

Fig. 18 depicts the variation of the specific heat 
consumption Q̇s according to motive steam pressure. For 
the considered variation range of Ps (from 4.2 to 6 bar), Q̇s  is 
reduced by about 2.44%. Alasfour et al. [22] have obtained a 
Q̇s  reduction of 9.67% for a motive steam pressure varying 
from 5 to 28 bar.

The overall exergetic efficiency of the MED-TVC system 
is presented in Fig. 19 according to motive steam pressure. 
This efficiency is around 2.2% and slightly affected by Ps. 
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Fig. 15. Variation of GOR according to motive steam mass 
flow rate.
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Fig. 17. Variation of specific heat transfer area according to 
motive steam mass flow rate.

4 4,5 5 5,5 6 6,5
537

539

541

543

545

547

549

551

553

Ps (bar)

Q
s (

kJ
/k

g)

 

 

Fig. 18. Variation of specific heat consumption according to 
motive steam pressure.



F. Hafdhi et al. / Desalination and Water Treatment 147 (2019) 284–295294

This result agrees with the investigations of Almutairi et al. 
[3] performed on cogeneration power combined cycle and 
ME-TVC-MED water desalination plant. Also, Nafey et al. 
[23] obtained overall exergy efficiency of MSF process of 
about 1.87%.

5. Conclusion

Energetic and exergetic optimization of a DE-TVC 
(ME-TVC) desalination system is conducted in collaboration 
with the TCG.

The main objective of this study is to define the opti-
mum operating conditions leading to the maximum exergy 
efficiency. For this purpose, the effects of the main operating 
parameters on the desalination unit performances and costs 
are analyzed. The following concluding remarks point out 
the major obtained results:

• The maximum exergy efficiency is obtained for the evap-
orator 2 (82%) followed by the distillate and brine pumps 
(80% and 78%). The condenser has the lowest exergy 
efficiency (31.66%).

• The total exergy destruction rate constitutes 73.3% of 
the provided exergy rate. The thermocompressor is 
the major contributor in exergy destruction of about 
533.5 kW. This represents about 65% of the total exergy 
destruction rate.

• The mass flow rate ṁs and the pressure Ps of the motive 
steam affect positively the GOR, while the last one 
decreases slightly with the motive steam temperature Ts. 
This is due to the fact that a part of input heat flux is used 
for sensible seawater heating. In addition, the latent heat 
is reduced at higher temperatures.

• The specific heat transfer area decreases sensibly with ṁs.
• The exergy efficiency increases slightly with Ps while 

the production cost is practically constant. The two 
parameters decrease with Ts. For Ts higher than 154°C, 
the production cost becomes almost constant, while the 
exergy efficiency continues to decrease very slightly.

• In order to preserve suitable overall exergy efficiency with 
low production cost of distillate water, the motive steam 
temperature should be taken between 152°C and 154°C. 

This corresponds to motive steam pressure between 4.4 
and 4.7 bar. These ranges constitute optimum operating 
conditions.

These remarks constitute for the TCG decision criteria 
in order to better select the operating conditions of the 
desalination system in the aim to improve its performance.

Symbols

A — Area, m²
BPE — Boiling point elevation
Cp — Specific heat, kJ/kg °C
D — Distillate mass flow rate, kg/s
Ė — Exergy rate, kW
ER — Entrainment ratio
GOR — Gain output ratio
h — Specific enthalpy, kJ/kg
L — Latent heat, kJ/kg
ṁ — Mass flow rate, kg/s
P — Pressure, bar
Q — Heat flux, kW
R — Gas constant
s — Entropy, kJ/kg °C
sA — Specific heat transfer area, m²s/kg
Sw — Seawater
T — Temperature, K
U — Overall heat transfer, kW/m² °C
X — Salt weight percentage
x — Mass fraction

Greek

D — Difference
h — Efficiency

Subscripts

B — Brine
c — Saturation
cc — Condensation
cd — Condenser
ch — Chemical
D — Destruction
dis — Distillate
e — Exit
ev — Evaporator
F — Feed
G — Entrained vapor
i, in — Inlet, inside
is — isentropic
k — kth element
ke — kinetic
M — Mixture
N — Condensate I
O, out — outlet
p — potential
ph — Physical
w — Work
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Fig. 19. Overall exergetic efficiency according to motive steam 
pressure.
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