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Abstract: The aim of this paper is to modeling and simulation a multi-effect desalination system with thermal vapor compression 

(MED-TVC) under a steady state condition. A mathematical model of MED-TVC system is developed based on mass and energy balances 
also the thermodynamics seawater properties. An economic model is developed to estimate the cost of produced water ($/m3).  The 
proposed models using to minimizing the total annualized cost of the desalination unit. This work proposed a combination between Matlab 
and the process simulator Aspen HYSYS to solve the problem. A commercial unit installed in the Tunisian Chemical Group (GCT) factory 
presented as a case study to validate the proposed model. Good agreement is obtained between the simulation results and the industrial 
data. 
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I.  INTRODUCTION  

Nowadays, desalination has become a very affordable 

solution to cope with fresh water shortage. 
As global demand for pure water around the world, the 

total installed desalination capacity increase from 47.6 

to 97.5 million m3 per day between 2007 and 2015, 

respectively [1].Today, thermal desalination processes 

account more than 65% of the production capacity of 

the desalination industry [2]. Two desalination 

techniques are applied in the world: membranes and 

thermal processes. Multi-effect evaporation with 

thermal vapor compression (MED-TVC) is one of the 

important thermal processes used in the industries. 
One of the greatest challenges in these types of units is 

to reduce the high energy consumptions and reduce the 

cost of unit product water.  Several studies focused on 

the energetic optimization and the economic analysis 

[3-5].      

This work presents an optimization problem to 

minimizing the annualized cost (TAC) of a MED-TVC 

system. In the first part a description of the 

desalination unit is presented. Then a mathematical 

model includes mass and energy balances and the 

thermodynamics seawater properties of the unit are 
presented. An economic model presented to calculate 

the product cost ($/m3) of the unit. A connection 

between Matlab and the process simulator Aspen 

HYSYS is done and showed to solve the problem. 

Finally to verify the model a case study of an 

industrial plant located in the phosphoric acid factory 

in the Tunisian Chemical Group (GCT) in Gabes was 

presented.     

II. DESCRIPTION OF MED-TVC PLANT 

The MED-TVC system includes effects, condenser 
and thermo vapor compressor (TVC). Fig. 1 shows a 
simplified schematic of the plant unit with ‘n’ effects. 
The effects collected successive which the temperature 
and the pressure decrease from the first one till the 
last.    

As shown, the seawater (Msw) enters in the tubes of 
condenser which the temperature increase for a few 
degrees due to the steam comes from the last effect. In 
the end of the condenser, the flow rate of seawater 
divided into two parts; a part pass to the effects and 
the second rejected to the sea called cooling water 
(Mcw). The motive steam (Vm) enters in the TVC with 
high temperature (Tm) and pressure (Pm), which 
entrains and compresses a part of vapor from the last 
effect called ‘entrained vapor (Vev)’. Then the 
compressed vapor (Vcv) introduce in the tubes of the 
first effect. 

The schematic of the effect i is giving in Fig. 2 
which includes different streams. The heat vapor 
enters in the tubes and the feed seawater (Fi) is sprayed 
with the nozzles located in the summit of the effect. 
The vapor is condensed inside the tubes and gives the 
distillate water. During the condensation of the vapor, 
the seawater heats in the outside and generates an 
amount of vapor (Vi) which passes to the tubes of the 
next effect as a heat source. The rest flow rate of 
seawater represents the rejected brine (Bi). This 
process is repeated in all effects.    

   Brine and distillate are collected from effect till the 
last one, where from they are extracted by centrifugal 
pumps. The last effect connected with TVC with axial 
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nozzle. The TVC is a type of ejector which is an 
important element governs the unit stability and 
defined with a special geometric based on the mixing 
and recompressing two fluid streams. The primary 
fluid, called motive steam, comes with high pressure 
from the thermal power station and entrain an amount 
of vapor from the last effect of the desalination unit 
which called “entrained vapor”. Both steams will be 
mixed through the mixing zone then recompressed and 
enters in the tubes of the first effect [6]. 

 

Fig. 1. Scheme of MED-TVC desalination unit. 

 

Fig. 2. Scheme and model variables for the ith effect. 

III. MATHEMATICAL MODEL 

The mathematical model of the MED-TVC 
desalination unit is developed by applying mass and 
energy balances for the different component. 
Furthermore, the model includes the physical 
correlations of seawater. This study is simplified by 
applying the following assumptions: 

 Steady state operation. 

 Heat losses are negligible. 

 The Non-Equilibrium allowance NEA
 

is 
neglected. 

 Pressure drop during the vapor condensation 
process is neglected. 

 The latent heat of vaporization of .water ( λ ) 
depends on temperature. 

 Non-equilibrium allowance (NEA) is 
neglected. 

 The exchange in this process and the 
compressor pressure in the compressor 
respectively are adiabatic. 

 The vapor formed in effects, the motive steam 
and the entrained vapor are assumed to be 
saturated. 

 The dimensions of .each equipment are not 
.included in the model. 

 The product water is free of salts. 

A. Mathematical Model 

The temperature drop between the effects is assumed 

to be equal and determined as follows: 

1                                                                     (1)
1

nT T
T

n


 



 In an effect “i”, the temperature of vapor in effects 

can be calculated as follows: 

                                                                 (2)
iv i iT T BPE 

Where BPE is the boiling point elevation defined as 

the increase in the boiling temperature due to the salts 

dissolve in the water and calculated with the 

correlation given in the Appendix. 

Each effect is a simple evaporator with horizontal 

tubes. The mathematical model for an effect i include 
the following equations: 

The feed seawater flow rate (Fi) is equal for all effect 

and can be calculated as follow: 

                                                                          (3)
f

i

M
F

n


Mass balances in the first effect and in each effect are: 

1 1F =V +B                                                                        (4)cv

F =V +B                                                                         (5)i i i

Salt balance in effect 
 

                                                                   (6)
i if i b iX F X B

Energy balance in the effect i and the first effect can 

be written as follow: 

 i-1 i-1 i pi i f i iV λ =FC T -T +Vλ                                   (7)

 cv cv 1 p1 1 f 1 1V λ =FC T -T +Vλ                                     (8)

In which Cpi is the specific heat capacity for seawater.

i and cv are the latent heat of vaporization at the 

effect temperature and at the compressed vapor 

temperature, respectively. These parameters can be 
calculated with the correlations given in the 

Appendix.  

The heat flows in the first and effect number i can be 

expressed as follow: 

e1 cv cvQ =V λ                                                                         (9)

ei i iQ =Vλ                                                                (10)

 Furthermore, the heat transfer area of the ith effect 
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and the total heat transfer area can be obtained as 

follows:

                                                                                                                                  

                                                                                                                        

 
                                                          (11)

i

ei
ei

e i

Q
A

U LMTD


  

1

=                                                                   (12)
n

ei ei

i

A A




 

The overall heat transfer coefficient (Uei) and the 

logarithmic mean temperature difference (LMTD)i 

can be obtained using the correlations presented by 

El-Dessouky et al. [6] 

i-1

i-1

i f
i

v f

v i

(T -T )
(LMTD) =                                    (13)

T -T
ln

T -T

 
 
 
 

 

   
2 3

3 4 61.9394 1.40562 10 2.0752 10 2.3186 10   (14)
i i i ie b b bU T T T        

For the condenser, the energy balance and the heat 

transfer area can be written as follows: 

   c n f cw p f swV λ = M +M C T -T                               (15)

 

 
c n

con

con con

V λ
A =                                  (16)

U LMTD

where the (LMTD)con and the Ucon can be calculated 

using the following equations:

 
  

 
   

                          (17)

ln

vn f vn sw

cond
vn f

vn sw

T T T T
LMTD

T T

T T

  


 
 

 
 

     
2 32 5 71.7194 3.2063 10 1.5971 10 1.9918 10       (18)con vn vn vnU T T T        

The energy balance of the TVC is used to calculate 

the enthalpy of the compressed vapor (hcv) as shown 

below: 

 m m ev ev m ev cvV h +V h = V +V h                                  (19)

 

m
m ev

ev
cv

m

ev

V
h +h

V
h =                                                 (20)

V
1+

V

 
 
 
 
 
 

 

In which, hm and hev are the specific enthalpy of the 

motive steam and the entrained vapor, respectively. 

These specific values can be calculated using the 

correlations presented in the Appendix. 

On other hand, The performance of TVC evaluate 

with the  Entrainment Ratio (Ra) which can be 

determined with different methods available in the 

literature; numerical or mathematical equation. El-

Dessouky and Ettouney [6] present a semi-empiricel 

model to calculate Ra as follows: 

 

 

0.0151.19

cv m

1.04

evev

P P PCF
Ra=0.296                         (21)

P TCFP

   
   

  

 

Where Pcv, Pev and Pm refer to the pressures of the 

compressed, entrained and the motive steam, 

respectively.  

PCF and TCF are two corrections factors can be 

calculated using the following equations: 

   

   

27

28

3 10 0.0009 1.6101                   (22)

2 10 0.0006 1.0047                   (23)

m m

ev ev

PCF P P

TCF T T





    


   

Where P in kPa and T in °C . 

The above equations are valid in the following ranges: 
4,  10 500 ,  100 3500  

 and 1.81 6

ev mRa T C P kPa

CR

     

 

Finally, the performance of the desalination system 

can be evaluated by the following parameters. 

                                                              (24)d

m

M
GOR

V


 

                                                             (25)d
cw

cw

M
sM

M


 

In the thermal desalination unit, the specific heat 

consumption (Q) is defined as the thermal energy 

consumed by the system to produce 1kg of distilled 

water and can be obtained as: 

m m

d

V λ
Q=                                                                                              (26)

M

  According to the second law of thermodynamics, the 

specific exergy can be introduced as a performance 

value to the system. It is defined as the exergy 

consumed by the motive steam to produce 1 kg of 

distillate water [7]  and can be calculated as follows : 

   m
ex m fd 0 m fd

D

V
S = h -h -T S -S                                 (27)

M
  

Where Sm is the specific entropy of the inlet motive 

steam, hfd and Sfd are the specific enthalpy and 

entropy of outlet condensate at saturated liquid. 

B. Cost model 

The total annualized cost of the MED-TVC comprises 

the capital cost investment in all units needed in the 

desalination system and the operational expenses 

related to steam consumption [8-9].  

TAC = C capital + C operational                                                          (28)       

 
The capital investment and the operational costs are 

given by Eq. (29) and Eq. (30 ). 
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f p BM p BM p BM

CEPCI
C = a (C F ) +(C F ) +(C F )    (29)

CEPCI
capital

 
 
 
 

operational steam steam  C =C Q                                                          (30)

 
In which the amortization factor af is giving by the 

following equation [8]:  

 

 

y

r r

f y

r

i i +1
 a =     

i +1 -1

                                     (31)  

where ir refers to the interest rate fraction (per year) 
and y is the number of years.  

In Eq. (29),
0

pC is the purchased cost of a unitary 

equipment (in U$). 
0

pC estimated by the correlations 

of Turton et al. [10] for the condenser and Couper et 

al.[ 11] for the evaporator and the compressor. In 

addition, FBM represents the correction factor for the 

equipment unit cost, which relates the construction 

materials with operational conditions.  

The different equipment costs were updated using the 

Chemical Engineering Plant Cost Index (CEPCI) for 

two years 2001 and 2015. 

     In Eq. [30], Csteam is the specific steam cost giving 
by the GCT factory data. Qsteam represent the steam 

consumptions by the unit. 

       In this study, different assumptions are made to 

evaluate and calculate the costs. The capital costs of 

pumps, mixer and splitter are negligible. The interest 

rate was assumed to be 10% over an amortization 

period of 10 years. The desalination plant was 

assumed to be operated 8400 h per year. The specific 

steam cost is assumed as 16.61$/ton. All costs are in 

US$.  

Finally the cost of produced water per cube meter can 
be written as: 

 
 

 
3

porduction 3

p

TAC $ year
C $ m =                            (32)

3600×24×350×Q m s

  where Qp is the volume flow rate of product water. 

IV. OBJECTIVE FUNCTION  

The objective function is minimizing the total annual 

cost of the desalination unit.  Mathematically the 

problem can be defined as a nonlinear equations 

solved with the standard function in MATLAB [12]  

In this study, a process optimizer and a commercial 
process simulator using to solve the problem which 

defined below. 

A. Process optimizer 

The minimization problem is solved using the 

“fmincon” function included in the MATLAB’s 

optimization toolbox [11]. This function is a method 
used to solve constraint problem may be expressed in 

the non-linear programming form: 

 

 

  minimize ( )  subject to: 0                                       33

0

 

eq eq

eq

Ax b

A x b

f x c x

c x

lb x ub











  

 

The ‘fmincon‘perform constrained minimization of a 

function of several variables starting at initial 
estimates. It was made, in this study, because of its 

ability to combine linear and nonlinear constraints. 

We choose the Sequential Quadratic Programming 

(SQP) method based on successive iterations to find 

the final objective function value.  

B. Process simulator  

In this work, Aspen HYSYS V8.4 was used for 

modeling and simulation the desalination unit under a 

steady state conditions. The advantage of this 

simulator is the flexibility to use in modeling and 

optimization problems of different chemical 

processes. The thermodynamics package NRTL-

electrolytes has been chosen during the simulation. 

All streams and equipment based on the Palette in 

Aspen HYSYS [13]. The flowsheet representing the 

SIDEM unit is shown in Fig.4.  

 
Fig. 3. The SIDEM distillation process flowsheet. 

C. Connexion Matlab and Aspen HYSYS 

The connection between the optimizer and simulator 
processes is done via the Component Objective 

Model (COM) interface of Microsoft [14]. The 

communication is two-way; it is possible to send and 

receive between software. The mathematical and 

economic models developed in Matlab code which 

used as automation to control the Aspen HYSYS 

flowsheet. The solution algorithm presented in Fig.4. 

 

 
Fig. 4. Solution Algorithm 
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V. CASE STUDY AND RESULTS  

A. Case study and Constraints 

     In order to verify the accuracy of the proposed 
connection between Matlab and Aspen HYSYS to 

minimizing the TAC of MED-TVC system; a 

commercial desalination unit located in the 

Phosphoric Acid Plant owned by the Tunisian 

Chemical Group (GCT) installed in the industrial area 

of Gabes (south of Tunisia). The unit composed by 

three effects coupled with a TVC and a condenser. 

This plant manufactured by the French company 

“SIDEM” in which known by this name in the 

factory.  

The initial industrials values used for this analysis are 
shown in Table 1. 

TABLE I.      THE OPERATING VALUES OF SIDEM UNIT 

Parameter Value Unit 

Seawater  

Mass flow rate 220 ton h  

Temperature 28 C
 

Pressure 3 bar  

Salinity 39,000 ppm  

Motive Steam 

Mass flow rate 3 ton h  

Temperature 170 C  

Pressure 5 bar  

Condenser 

Pressure drop tube 0.3 bar  

Pressure drop shell 0 bar  

Temperature drop  6 C  

Ejector Pressure output 0.25 bar  

Effects 

Temperature E1 60 C  

Temperature E2 50 C  

Temperature E3 40 C  

Cooling seawater Mass flow rate 160 ton h  

Feed to effects Mass flow rate 20 ton h  

 

   In this paper, the optimization problem is performed 
based on decisions variables and several constraints to 
find the optimal solution. The minimization of TAC is 
represented by a nonlinear multivariable with two 
decisions variables: the pressure of compressed vapor 
and the pressure in the last effect, in order to know the 
influence of two pressures in the TAC. Eq. (34) and 
Eq. (35) indicate the decisions variables with the 
lower and upper bounds.                                                                                                    

36 kPa  P   8 kPa                                      (34) 

                                                

20 kPa  P   28 kPa                                 (35)cv 

                                                                                               

The following constraints in effect temperature should 
be satisfied: 

1                                                           (36)i iT T 

                                                                                                                               

10                                                      (37)T C  

                                                                                                                      

During the simulation, the optimization is performed 

considering no pressure drop in the intercooler and 

the effect pressure should be decrease from an effect 

to other. Constraints on pressures effects are 

necessary to ensure the satiability of the SIDEM unit 

so the following restrictions are considered: 

1                                                          (38)i iP P

                                                                                                                                  

For environmental reasons, the salinity of rejected 

brine is limited with a maximum value as follow: 

70,000 ppm                                          (39)BX 

                                                                                                        

B. Results 

 

As a result of the simulation, the total product water 

of the desalination system equal to 22.89 ton/h while 

the industrials value is 21.67 ton/h. Fig. 5 indicates 

the mass flow rate of produced distilled water in the 

different equipment. The first effect gives the high 

value of fresh water with 7.07 ton/h, this important 

flow rate due to the specific inlet vapor which comes 
from the thermo-compressor. Additionally, 1.5 ton/h 

of vapor condensing in the condenser and increase the 

temperature of input seawater with 4°C. 

 

Fig. 5. Product of water. 

Table 2 shows a comparison between the actual data 

of the SIDEM unit from the GCT factory and the 

calculated values obtained by the simulation. As 

shown in Table 2, the accuracy of the simulation 

results is tested and gives ±10% in different 

parameters.                                                                     

The temperature and salinity of rejected brine are not 

available by the GCT factory but in the simulation 

results the salinity equal to 58,300 ppm which is 

lower than the limited value used in the optimization 

problem. 

 

 

 

 

 

 



6 

 

 

       
 

TABLE II.  COMPARISON BETWEEN ACTUAL AND 

SIMULATED VALUES OF THE PLANT. 

Parameters (unit) Actual Calculated Deviation  

Total distillate product 

water MD (ton/h) 

21.67 22.89 +5.63% 

Total rejected brine 

flow rate MB (ton/h) 

41.33 40.13 -2.9% 

Vapor enter to 

condenser Vc (ton/h) 

NA
a
 1.5048 - 

Cooling seawater Mcw 

(ton/h) 

160 160 - 

Seawater Temperature 

Tsw (°C) 

28 28 - 

Feed seawater 

temperature Tf (°C) 

NA
a
 32 - 

Temperature of  

rejected brine TB (°C) 

NA
a
 40.01 - 

Pressure of last effect 

P3 (bar) 

0.074 0.07248 -2.054% 

Salinity of rejected 

brine XB (ppm) 

NA
a
 58,300 - 

a
: Not Available  

Table3 shows the results of the simulation for the three 

effects and the optimal values obtained by the 

proposed model. The input flow rate of feed seawater 

and their temperature for each effect are equal to 20 

ton/h and 32°C, respectively. As can be seen from 

Table 3, the decrease of temperature reduces the 

energy consumptions and decreases the overall heat 

transfer coefficients in three effects.  

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

TABLE III.  RESULTS OF SIMULATION FOR EFFECTS. 

 

Parameter (unit) Effect1 Effect2 Effect3 

Vapor production flow rate 

Vi  (ton/h) 
7.067 6.376 6.451 

Outline brine flow rate  Bi  

(ton/h) 
12.935 13.622 13.550 

Temperature in each effect 

Ti (°C) 
60 50 40 

Temperature of product 

vapor Tvi (°C) 
59.224 49.256 39.287 

Overall heat transfer 

coefficients Uei   

(kW/m
2
°C) 

2.449 2.248 2.111 

Heat flow Qei (kW) 5274 4638 4501 

 

A comparison between the simulation results and the 

industrial values of effect pressures along the SIDEM 

unit is reported in Fig.7. The pressure effects decrease 

from 0.195 bar in the first effect to 0.0725 bar in the 

last effect.  A very good agreement was obtained.  
 

 

Fig. 6. Comparison between simulation results and actual data of 

pressure effect. 

Table 4 showed a comparison between the model 

results and the actual data for the TVC. The 

compressor can operate with 4.946 ton/h of the 

entrained vapor which is not available from the 

factory. The compression and the entrainment ratios 

are 3.38 and 2.283 respectively. The temperature of 
compressed vapor is less than the temperature 

presented by the industrial value. 
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TABLE IV.  RESULTS OF SIMULATION OF TVC. 

 

a
: Not Available 

The system performance of the SIDEM unit is 
presented in Table 5. The unit product cost is 3.877 

$/m3 which less than the industrial value equal to 4.8 

$/m3 presented by the GCT factory; this difference 

due to the assumptions used in this work. The 

operating costs account only the steam cost which is 

known for the SIDEM unit, on other hand the 

electrical, chemical, spares labors costs are defined 

for all units in the Phosphoric Acid factory. Also the 

equipment costs don’t include the costs of different 

pumps exist really in the plant  

TABLE V.  SYSTEM PERFORMANCE 

Parameter (unit) Value 

Specific heat consumption sQ (kJ/Kg) 268.525 

Specific exergy consumption  Sex (kJ/Kg) 320.387 

Specific heat transfer area sA (m
2
/kg/s)  73.911 

Specific cooling water flow rate sMcw  0.143 

Gain output ratio GOR 7.6314 

Unit water cost ($/m
3
) 3.877 

 

VI. CONCLUSIONS 

In this study, a new method to minimizing the TAC of 

MED-TVC desalination system has been presented.   

A mathematical model based on the first law of 

thermodynamics and the properties of seawater was 

performed of the desalination unit. Therefore, an 

economic model was presented to calculate the unit 

product cost. These equations written in Matlab code 

and connected with a flowsheet of the desalination unit 

modeled in Aspen Hysys V8.4. The optimization 

problem used of the plant is done with the function 

‘fmincon’ under decisions variables and constraints.  
A SIDEM commercial plant located in Phosphoric 

acid factory of the GCT Company in Gabes (South of 

Tunisia) is presented as a case study. Results show that 

the SIDEM unit product 22.89 ton/h of distillate water 

with 3.877 $/m3. Model results show good agreement 

with the industrial data. 

 

APPENDIX   

THERMODYNAMICS PROPERTIES OF SEAWATER  

 

The thermodynamics properties of seawater are 
equations depends on temperature T and salinity X, 

they are as below: 

The seawater specific heat capacity : 
2 3 3T 10pC A B CT DT          

The variables , B, C, and DA are a function of the 

water salinity as follows: 
2 24206.8 6.6197 1.2288 10A X X      

2 4 21.1262 5.4178 10 2.2719 10B X X      

  
2 4 6 21.2026 10 5.3566 10 1.8906 10C X X       

 
7 6 9 26.8777 10 1.517 10 4.4268 10D X X       

  

Where 
pC in  kJ kg C , T   in C and X in g kg . 

This correlation is valid over the salinity and 

temperature ranges of 

20,000 160,000  ppmX  and

20 180T C   , respectively. 

The Boiling Point Elevation BPE  

  310BPE X B CX  
  

With the variables  C and D  are functions of 

temperature as follows: 

 2 5 2 36.71 6.34 10 9.74 10 10B T T      
  

 3 5 2 822.238 9.59 10 9.42 10 10C T T      

Where BPE  and T  in C  and X  in ppm .  

The Latent heat of vaporization   
2 22589.583 0.9156 4.8343 10T T       

Where   in kJ kg andT  in C . 

 

NOMENCLATURE 

 
A Area (m2) 

Cp Specific heat capacity (kJ/kg°C) 

M Mass flow rate (ton/h) 

P Pressure  (bar) 

Q Heat flow (kw) 

T Temperature  (°C) 

U Overall heat transfer coefficient (kw/m2°C ) 

X Salinity  (ppm) 

  
 Latent heat of vaporization (kJ/kg) 

SUBSCRIPT 

b Brine 

cv Compressed vapor 

cw Cooling seawater 

d Distillate 

e effect 

ev Entrained vapor 

f Feed seawater 

i Effect number 

Parameters (unit) Calculated Actual Deviation  

Entrained vapor flow rate 

Vev (ton/h) 

4.946 NA
a 

- 

Pressure of entrained vapor 

Pev (bar) 

0.0725 0.074 -2.05% 

Temperature of compressed 

vapor Tcv ( C ) 

84.44 90 -6.17% 

Pressure of compressed 

vapor Pcv (bar) 

0.24 0.25 -4% 

Specific enthalpy of 

compressed vapor Hcv 

(kJ/kg) 

2645.6 NA
a
 - 

Compression Ratio CR 3.38 3.39 -0.29% 

The Entrainment Ratio Ra 2.283 - - 
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m Motive steam 

n Last effect 

sw Seawater 

v vapor 
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