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A B S T R AC T

In traditional solar desalination stills, operating by phase change, a profi tability problem exists, 
because the quantity of produced fresh water is rather small (3 to 4 liters per day per square 
meter of collecting surface). This article gives an account, via numerical simulation, of the time 
evolution of the various parameters and variables characterizing a triple effect system func-
tioning on solar energy. It also gives an idea of the evolution of produced fresh water, brine 
discharge, and feed fl owrate, and thus highlights the improvement of the daily water produc-
tion per square meter. This simulation also shows the infl uence of the presence of salt on the 
thermodynamic characteristics of salt water solutions. Finally, a system of regulation of feed 
fl owrates makes it possible to control salinity and thus to avoid the fi lling of salt into compo-
nents of the installation like heat exchangers. The modelling of the system presented in this 
study, is based on the conservation equations of mass and energy for the various components.
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and of extracted fresh water and brine, and enthalpies at 
various locations) and fi nally the thermodynamic cycle 
of water, from its entry in the form of brackish water to 
its exit in the form of fresh water and brine. So the per-
formance of this system can be appreciated. 

Several works dealing with solar desalination have 
been carried out. L. Zhang [3] carried out an experimen-
tal study to determine the performance of a traditional 
system of desalination by spraying salted water on 
horizontal tubes. The study led to an average produc-
tion varying from 0.7 kg ⋅ h−1 to 2.5 kg ⋅ h−1 according 
to the insulation which goes from 0.25 Mj ⋅ m−2, to 3.25 
Mj ⋅ m−2. The operating temperatures are between 60 °C 
and 85 °C. The study of H. Müller-Holst [4] made it pos-
sible to determine on TRNSYS, the coeffi cient of heat 
transfer between the evaporator and the condenser, at 

1. Introduction

The desalination of water of the salted underground 
layer “of the islands of Saloum”, constitutes a national 
concern for the researchers in Senegal [1–2]. In order to 
fi nd a solution with low cost energy to this problem, the 
Laboratory of Applied Energy (LEA) of the Polytechnic 
University of Dakar directed its research towards solar 
desalination. Thus the present study relates to a triple 
effect desalination system coupled to a plane solar collec-
tor. It initially shows the infl uence of the presence of salt 
on the thermodynamic characteristics of salt water and 
thereafter the temporal evolution of the essential quanti-
ties of the installation (fl ow rates of brackish water feed, 
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the time of brine recycling in a one = effect desalination 
system. This coeffi cient is not constant. It varies from 25 
to 275 W · m−2, for operating temperatures going from 20 
to 100 °C. A. I. Kudish [5], by simulation on a solar sys-
tem of desalination with recovery of the latent heat, by 
a thermal approach, reached a production of 11 kg · m−2 

per day. The characteristic of this study is not only to 
take into account the exact size of the components, but 
also the evolution according to the time of the produc-
tion of pure water. The study of S. Zeinab [6] related to 
a traditional system of desalination using a parabolic 
solar collector. It gives the evolution of the production 
of water during the day. This production reaches a maxi-
mum of 0.4l per day for a temperature of the coolant 
of 60°C. I W Eames [7] carried out a simulation in per-
manent mode, followed by an experiment on a system 
for simple effect using brine recirculation. The results of 
simulation are based on a thermodynamic approach.

The production obtained is of 6.35 kg · m−2 per day. 
H. Tanaka [8] presented a basin with high production of 
water comparatively with the traditional basin. The study 
also shows the temporal variation of the production of 
fresh water. M. Reali [9] also worked on a barometric solar 
distiller and carried out an analysis on a system with sim-
ple effect then on two stages of distillation. For the same 
production of water, i.e. 36 m3 per day in 10 operating 
hours, the single stage required 93.5 arrays of solar collec-
tors with 100 tubes of 0.9 m2, whereas the double stages 
required 61.5 arrays of solar collectors for the same type 
of collector. In other words, the day labourer production 
is estimated at 4.278 l · m−2 per day for the simple stage 
and at 6.504 l · m−2 per day for the double stages. Other 
works on solar desalination exist [10,11] but use a system 
with humidifi cation and dehumidifi cation.

Most authors are working on sea water desalination 
and are disinterested in salinity of brine rejected. This is 
because rejected salinity is close to the initial sea water 
salinity and they consider that the volume of sea water 
is so big that dilution is automatically effi cient.

In our case we are interested in countries of Sahel 
where water is rare. In this case these countries are using 
initial water salinity around 1%. The goal is to save as 
much water as possible and to reject it only when salin-
ity is around 5.5%.

Indeed, starting from certain salinity, there is a risk 
of crystallization of the solid particles of the components 
(exchanging, evaporators, condenser etc.). The solution 
of the problem generally consists in using chemical sub-
stances, to prevent the deposit of these salts on the com-
ponents, but this process is sometimes expensive.

The solution presented in this presentation is:

– To highlight a system of regulation making it possible 
to avoid the fi lling with salt on the components of the 
desalination plants.

– To minimise lost energy.

For the last solution we adopt triple effect desalination 
system coupled to a plane solar collector. We neglected 
vacuum energy because we use jet pump system cou-
pled with solar water pump.

The works listed here make it possible to locate the 
order of magnitude of our results obtained by simulation, 
while waiting for the validation by an experimental 
study under development.

2. Presentation of the system 

As shown in Fig. 1, the salt water is pumped into the 
installation by pump P1, at a temperature of θ1 (point 1).
It crosses successively the heater (point 2), then the 
V2-3a1 valve, before penetrating through the evaporator 
(point 3a1) at a temperature close to that of evaporation. It 
is then transformed into a state of liquid–steam mixture 
(point 5a1),  due to the heat provided by the solar loop 
exchanger Ech 11/12, and to the “vacuum” reigning in 
tank A1, which corresponds to the saturated vapor pres-

Fig. 1. Schematic representation of system under study. 
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sure p*sat of the raw material. The fl uid vaporizes (point 6a1).
The brine (not evaporated water) extracted from the fi rst 
enclosure (point 4a1) is used to feed cell A2, in the same 
way the vapur produced in the fi rst A1 effect is used to 
vaporize salt water of the second effect A2. In the same 
way, the brine resulting from the second effect A2 is used 
to feed the third effect A3 and the vapors produced in A2 
are used to evaporate the water of tank A3.

At the last stage, a condenser allows the passage into 
the liquid state of the vapors produced in the third effect. 

3. Basic Equations 

The equations modelling the system are based on 
the conservation equations for mass and energy in vari-
able mode applied to each component of the installation 
(the evaporators, the condenser, the heater, the various 
valves, and various extraction pumps).

Throughout the study, the following positions apply: 

– the presence of air in the fresh water production unit 
is neglected, 

– the contributions of the kinetic and potential energy 
in the balance of total energy are also neglected, 

– in insulated containers A1, A2, A3, the thermal losses 
towards the outside are neglected, 

– the vapor is supposed to be without salt, 
– there is neither source nor sink of mass in the system.

Under these assumptions, the conservation equations of 
the mass and energy are expressed in their general form 
by Eq. (1), and Eq. (2):

= +s f bf f f  
(1)

[ ] [ ] ′ ′+ Δ = +vc ec

d
mu

d sf h W Q
t  

(2)

The fi rst two terms of Eq. (2) above concern the internal 
energy and the enthalpy of the medium. For these two 
quantities we determined their average values in the 
space of the control volume considered, by supposing 
that they obey a linear distribution. 

By taking vc2 as control volume (Fig. 2), and by 
neglecting energy losses through its walls, the assess-
ment of energy is written: 

′+ − =vc2,a1
vc2,a1 s ,a1 5,a1 3,a1 11/12
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( )

d
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 (3) 

Where vc2,a1m  represents the salt water mass contained 
in the evaporator of effect A1 (considered to be a con-
stant) and  vc2,a1u  the median value of specifi c internal 
energy in the space of vc2 volume of effect A1. 

3.1. Calculation of  vc2,a1d
d

u
t

From the (p, h) diagram (Fig. 3) below, we have: 

vc2,a1 a1( )u u x u u= + −′ ′′ ′  (4) 

Indeed, taking into account the weak variations of 
enthalpy of the liquid saturated according to salinity 
will be compared to the vapor title xa1. Thus 
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Fig. 2. Assessments of energy of the evaporator .

Fig. 3. Setting in evidence of the average title between 3a1 
and 5a1..
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However
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By replacing this result in Eq. (5), we obtain: 
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Knowing that: 
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Then

′′ ′ ′′ ′ ′′ ′− = − − −( ) ( )u u h h p v v           (9) 

By taking into account Eq. (8), differential equation 
Eq. (3) becomes: 
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Then by replacing ′′ ′−u u  of Eq. (9) by its value in Eq. 
(10), we obtain: 
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3.2. Calculation of ha1

By supposing a linear space distribution along the 
ascending axis Y and uniform following X and Z of 
internal energy between sections 3a1 and 5a1 (Fig. 4), the 
median value of the enthalpy is expressed by: 

( )+
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h h
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2

 (12) 

3.3. Other equations of the model 

Differential equation Eq. (3) then becomes 
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r* is given by the equation of state of the sea water [13] 
expressing the density according to S, Τ, and p. r (S, Τ, 0) 
represents here the density for a null relative pressure, 
and K the module of compression given by Milero [13]. 

The solution of Eq. (13) gives us the evolution of 
ha1, knowing that from the heat fl ow Q’11/12 according to 
time. We deduce h5,a1 starting from the expression of ha1 
Eq. (12) knowing h3,a1. By the same method, we obtain 
h5,a2 and h5,a3  by the resolution of equations Eq. (15) and 
Eq. (16) given below:
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In addition, we neglected thermal inertia in the 
pumps, the valves, the heater, and the condenser, which 
amounts to not taking into account the non-stationary 
effects. The non-stationary effects are then considered 
only in the three cells of evaporation. Under these 
considerations, equations of energy on the compo-
nents, other than the evaporators, are expressed with a 
semi-permanent mode, i.e. a succession of permanent 
modes at very short time intervals. 

To these equations are added those given by: 

– the equation giving the infl uence of the presence of 
salt on the enthalpy [14]:

Fig. 4. Space distribution of energy interns between the 
points 3a1 and 5a1.



O. Sow et al. / Desalination and Water Treatment 22 (2010) 91–99 95

−

−
= + ⋅ + ⋅ ⋅

+ ⋅ ⋅

* 4 2
1 1 1

6 3
1

( , ) ( ( ) ( ) ( ) 10
( ) 10 ) 4.185

 
 h S  T   D  S   A S T  B  S   T

 C  S  T    
 (17)

A1 (S), B1 (S), C1 (S), D1 (S) are polynomial functions of 
the second degree of the variable S. 
– the equation giving the infl uence of salinity and of 

temperature on the saturation pressure [15]: 

[ ]⎡ ⎤− −− ⋅ + ⋅⎢ ⎥⎣ ⎦=
22 41.106 10 J(S) 9.1673 10 . J(S) .Ln(10)

( ) ( )e*
sat 0p  S, T   p T  (18)

Where J(S) is a polynomial function [15].
– The defi nition of the effectiveness of the various 

exchangers, expressed with the enthalpy at the entries 
and exits of points 1 and 2:

ε −=
−

2 1
1/2

2 lim 1

h h
h h

 (19)

With 2 limh  thermodynamic data starting from the dia-
gram (p, h) (see paragraph 4, Fig. 15).

– The weight breakdown of salt in the evaporators: 
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Quantities of produced fresh water and rejected brine:
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–  The time dependence of the solar radiation fl ux is sup-
posed to be given by a sinusoidal function over one 
insulation interval of 10 hours:

⎡ ⎤−= × ⎢ ⎥
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11/12 sin ini
sol max

fin ini

t t.Q' h A I  p
t t

 (23) 

Taking into account all these equations brings us to a 
system of 35 equations with 36 unknown variables. The 
missing equation is given by the regulation: 

′
=11/12 C

s

Q
f  

(C = constant) (24) 

Constant C = 700 kJ . kg−1 is given in [12], following 
an analysis of the installation by energy and energetic 
analysis. Indeed, the object of the regulation is to avoid 
the risk of fi lling the components with salt on account 
of the strong salt concentrations. When the mass fl ow 
increases, the specifi c heat exchanged (q11/12) keeps a 

constant value, during all the regulation process. Under 
this consideration, constant C was given starting from an 
analysis of the system in steady state aiming at delimit-
ing a zone of optimal regime [12]. For that, we expressed 
salinity as a function of the energy provided per kg of 
salted water treated, and noted that to a salinity of 5.5% 

correspond a value of the report/ratio q
11/12

 = 
′11/12

s

Q
f

 of:

– 1900 kJ ⋅ kg−1 for a simple effect system
– 1000 kJ ⋅ kg−1 for a double effect system
– 750 kJ ⋅ kg−1 for a three effect system 

which allows us to fi x the value of constant C to 700 
kJ ⋅ kg−1, with respect to the applicable zone defi ned by 
O. Sow [12] i.e. 680 < C < 750 kJ ⋅ kg−1. 

In addition, table 1 shows that in our fi eld of study 
(0.12 bar < *

satp < 0.2 bar), the infl uence of pressure on 
the specifi c heat capacity * cp  is negligible, and conse-
quently also on the enthalpy of the salt water * h .

4. Results

The present simulation concerns the time evolution 
of the following quantities: enthalpies at various points, 
various fl ow rates (fs, fb, ff), vapor title, and salinity. We 
considered for this simulation: 

– a sinusoidal solar radiation fl ux with a maximum of 1 
kW . m−2 for an insolation interval of 10 hours 

– a brackish water of an initial salinity of 1%, at a tem-
perature θ1 of 20°C

– a quantity of 20 liters of water in various tanks A1, A2, 
A3

– an exchanger (heater) of effectiveness 0.8 
– a collecting surface of 25 m2

Table 1
Mass heat capacity of the salt water [2] 

Mass heat capacity cp (J ⋅ kg−1 ⋅ °C−1)

P (bar) Temperature (°C)

 0 10 20 30 40 S

0 4048.4 4041.5 4044.8 4049.1 4051.2 1.5
100 4011.5 4012.9 4020.2 4026.9 4031.8

0 4017.2 4013.8 4019.1 4024.7 4027.2 2.5
100 3982.1 3986.2 3995.4 4003.2 3990.8

0 3986.5 3986.3 3993.9 4000.7 4003.5 3.5
100 3953.3 3959.9 3970.9 3979.7 3985.2

0 3956.4 3959.3 3968.9 3977.0 4003.5 4.0
100 3925.0 3934.1 3946.8 3956.6 3985.2
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– a solar collector of effi ciency 0.6 
– a saturation temperature of 60 °C in effect 1, 55 °C in 

effect 2, and 50 °C in effect 3. 

The equations of the model being coupled, the 
method of resolution is thus numerical. Various differ-
ential equations (13), (15), and (16) resulting from the 
conservation equation of energy Eq. (3), were solved by 
the method of Runge Kutta of order 4–5. And for the 
determination of the quantities of produced and rejected 
water, we used a polynomial approximation of order 
6–7, in order to calculate the time integrals Eq. (21, 22).

Simulation gives the following results then. 
Figs. 5, 6, 7, and 8 show the temporal evolution 

enthalpy of the various points of the installation, and 
that of the vapor title for the various effects (cells A1, A2, 
A3). They thus make it possible to identify the state of 
the fl uid in various places of the installation. 

Figs. 9, 10, 11, 12 give indications on the temporal 
variation of the produced pure water and brine, rates of 
feed, that of salinity in the various effects. They thus make 
it possible to estimate the quantities of produced pure 

water (table 2), and of brine rejected, with indications 
on the salinity of extraction of these rejections (Fig. 11). 
Table 2 shows in particular the percentages of water 
reject for the controlled and non-controlled systems. 
We compare our results with the various studies of the 
authors quoted to see the saving made on the water 

Fig. 5. Enthalpy of the liquid mixture-vapor in the various 
effects. 

Fig. 6. Enthalpy of water at exit 4, in the various effects. 

Fig. 7. Enthalpy of entering water.

Fig. 8. Titrate-vapor in the different effects. 

Fig. 9. Flow of feed water. 
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discharges. In general, as the results show, nobody is 
worried about the water discharges, because salt water 
exists with profusion in the sea. But for the desalination 
of brackish water in the countries of Sahel, water is rare 
and expensive. Hence it must be saved. It is thus neces-
sary to give particular attention to the water discharges. 

Figs. 13 and 14 show the infl uence of the presence 
of salt on the diagram of (p, h) of pure water. Indeed, 
taking into account equations Eqs. (17) and (18) in their 
fi eld of validity, made it possible to plot the curves 
started in this diagram (p, h). Thus we note that the more 
the salinity (S), more the curve of pure water (S = 0%) 

Fig. 10. Pure water fl ow in the various ff effects. 

Fig. 11. Brine fl ow in different effects. 

Fig. 12. Salinity in the various effects. 

Table 2 
Production of pure water (rf) and brine Rejection (rb);* Th.: theorical study; Exp.: experimental study 

 rej (%) rep(%) Prod
(kg . m−2 . day−1 )

Observation
results

Performance
Of systems

23.7 76.3 15 In the present study (simulation)
Upper then 90 Less then 10 7.9 *Th. And Exp. [7]
71.2 28.8 Th. And Exp. [3]

 72.5 27.5 11 Th. And Exp. [5]

Fig. 13. Infl uence presence of salt on the diagram (p, h) of 
pure water.

Fig. 14. Detail (*) of fi gure 13. 
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shifts towards the left, thus giving the curves for S = 
1, 2, 3, and 4%. 

Thus, on the assumption of a quasi-permanent mode, 
the thermodynamic cycle of water (at every moment) 
from its entry in the form of salt water until its extrac-
tion in the form of pure water on the one hand and of 
brine on the other hand is qualitatively given by Fig. 15. 

5. Conclusion 

This study gives an idea on the performance of a 
triple effect solar desalination system. Indeed, at the 
conclusion of this study we can say that this process con-
stitutes an alternative for the developing countries. Its 
cost of realization is substantially reduced compared to 
the traditional multiple effect system [7], with the sup-
pression of the boiler, and the reduction of the number 
of exchangers. The energy cost is also reduced with the 
use of solar energy. And fi nally the production passes 
from 4 l . m−2 per day (for traditional solar desalination) 
to 15 l . m−2 per day (for the studied system). While refer-
ring to table 2, the study also confi rms the importance of 
regulating brackish water fl ow rates. Note however that 

this model is not checked in experiments, and that this 
work of validation is in hand at Laboratories LEA of ESP 
of Dakar and LGCGM of the INSA of Rennes 1.
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Symbols 

cp —  specifi c heat at constant pressure, kJ · K−1
.

kg−1
 

h —  median value of specifi c enthalpy in the 
considered section, kJ · kg−1 

I — sunning, W · m−2 
L —  length of control volume between points 

3 and 5 in the effect A1, m
Lv — latent heat, kJ · kg−1 
m — mass of considered control volume, kg 
p — pressure, Pa 
prod — production of water, kg · m−2 · day−1

q — specifi c heat, kJ · kg−1
 

Q’ — thermal power, W 
f — mass fl ow rate, kg · s−1

 

rep —  report/ratio of pure water recovery, 
kg · kg−1

 

rej — brine rejection, kg · kg−1
 

S — salinity, % 
t — time, s
T — temperature, K 

u —  median value of specifi c internal energy 
in the space of vc volume, kJ · kg−1

v — specifi c volume, m3 · kg−1 

W’ — mechanical power, W
X — titrate vapor, kg · kg−1 

(X, Y, Z) — coordinate of space 
A — surface, m2

Greek letters 

r — density, kg.m−3

q — temperature, °C 
e — fi rst law effi ciency, % 
h — energetic effi ciency, %

Component symbols 

A — tank 
R — heater 

Fig. 15. Thermodynamic cycle of water during the process 
of desalination. 

: pre-heating of water entering by the vapours of outgoing of effect3 (figure 1).
: isenthalpic depression: through the valve of V2-3a1 entry (figure 1) 
: isenthalpic depression: through the V4a1-4a2 valves (figure 1) 
: heating of salt water in the evaporators 
: evaporation 
: liquid exit saturating 
: condensation 
: partial condensation of the vapours in the heater  
: complete condensation of the produced vapours  
: brine extraction 
: extraction of pure water. 

Se,a1
Se,a2
Se,a3

: salinity of extraction of A1
: salinity of extraction of A2
: salinity of extraction of A3Si: initial salinity

: vapour/pure water 
: salt water 

1-2
2-3a1
4-3
3-5
5-6
5-4
6-7
6a3-7a3
7a3-8a3
4a3-10
8a3-9

Indices a1, a2, a3 indicate the membership to one of effects, A1, A2, A3 
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V — valve 
Ech i/j —  Exchanging located between items 

i and j 

P — pump 

Subscripts and superscripts 

′ — relative to a fl ow 
*  — relative to a brackish solution 
0 — relating to the ambient conditions 
ai — relating to effect Ai

 

b — brine
det — destroyed 

ec — fl ow
f  — fresh water 

fi n — fi nal 
(i/j) — component located between i and j 
ini — initial
max — maximum value 
ref  — cooling 
s — salted water
sat — relating to saturation 
sol — relating to solar collector
sp — specifi c
vci — control volume no i (i = 1,2,3,…)
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