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ABSTRACT

In this work, a seawater desalination unit using mechanical vapour compression process driven by a
hybrid Wind-Photovoltaic energy system is studied and optimized using genetic algorithm optimi-
zation method. The developed model is based on mass and energy balance equations, heat transfer
correlations and thermodynamic properties of each stream. The study takes into account the effect of
design parameters and the impact of operating conditions. The developed model is validated based
on the experimental data of similar process published in literature. The obtained results show that
when using one effect, the optimal cost of produced distilled water is approximately equal to 4.2
US$/m? for a production capacity equal to 5m?®/d and achieves an optimal value equals to 2.5 US$/m?
when the production capacity ranges between 100 and 120 m?/d. Also, results show that the optimal
cost of produced distilled water could be less than 0.77 US$/m® for a production capacity equal to
1000 m*/day and when the number of effects is equal to 8 which is close to the average cost of water
production in Morocco. At the end of this study, further possible improvements of the optimized
design are proposed based on energy efficiency analysis.

Keywords: Seawater desalination; Mechanical vapour compression; Multi effect evaporation; Hybrid

wind-solar energy; Optimization and design; Exergy analysis

1. Introduction

Seawater desalination technologies are considered
as very promising solution to deal with the continuous
increase of water demand in the world, especially on
countries that suffer from water shortage. Desalination
processes could be classified into two categories: thermal
and membrane methods. Thermal processes that are
based on phase change include the multi stage flash
process, multi effect evaporation, and humidification/
dehumidification process. These processes require a large
amount of thermal energy. However, membrane processes
are generally based on the use of electrical or mechanical
energy required to drive the power machines. Mechanical
vapour compression is considered as one of the most
attractive among various desalination processes, especially
when combined with renewable energy technologies. The
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first and the only one desalination MVC unit was built in
Morocco in 1977 with a production capacity equals to 250
m?/d. Its shut-down at 1995 was because of its limited
capacity and its high specific energy consumption [1]. In
the literature, the most published papers deal with the
thermal analysis, the thermo-economical and the economic
study, design, optimization and the performance evaluation
of the existent MVC units. Some studies also deal with the
study and analysis of the combination of MVC desalination
process and the use of renewable energy technologies. One
of the first published papers dealing with the economic
study of the MVC system is the work published by Matz
and Fisher [2] in 1980, they compared the economic
performance of MVC and RO desalination processes based
on the power consumption and they found; at that time,
that the total cost could be closed for both technologies
because of the high cost related to membranes replacement
and intensive chemical treatment for the RO process, which
result in comparable total product cost for both systems.
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After that, several papers are published on the thermal
analysis, modelling, exergy analysis and simulation of
single effect and multi-effect MVC systems [3-13], these
papers studied the impact of design parameters and the
operating parameters, such as: the Compression ratio,
the top brine temperature and the feed seawater intake
temperature on the system performance such as the specific
power consumption, the phase change specific heat transfer
area, and the recovery heat exchangers performance. Their
studies are based on Material and energy balance equations
and thermodynamics and physical correlations. In this
regard, the most relevant results and conclusions made by
the authors are:

¢ The energy consumption could be reduced by combin-
ing the VC with MSF or MED.

e The exergy lost could be decreased by increasing the
number of effect and decreasing the TBT.

* The power consumption decreases when the tempera-
ture difference decreases while the specific heat transfer
area increases.

e The specific power consumption and specific area
decreases at higher top brine temperature and the pow-
er consumption decreases when the temperature dif-
ference decreases while the specific heat transfer area
increases.

¢ High top brine temperature decreases the compression
power consumption and the heat transfer area however
it increases the fouling and corrosion problems.

Other published papers studied and described the
characteristics and performance of existent units. In 1985,
Lucas and Tabourier [14] presented the characteristics of
MVC unit combined with four effect multi stage technology
which was the biggest of that type installed in the world
with a production capacity of 1500 t/d installed in France. So
far, several existent units are also presented and described
in the literature [15-20]. The conclusions made from these
papers concerning the advantages of using MVC process
and the practical improvements are as follow:

¢ High energy savings, reliability and long lifetime due
to the use of durable construction materials such as
Aluminium, Titanium and Copper-Nickel (90/10)
tubes, plastic piping and Epoxy painted steel shells.

e Prevention of scaling and corrosion problems by using
low temperatures and using horizontal tubes falling
evaporators technology;

¢ Compactness which reduces the transportation and
erection costs;

e The MVC technology requires simple seawater intake
without particular pre-treatment; and provides high
product purity from any kind of seawater.

Also, several papers are published on the economic
analysis and evaluation of water production cost using MVC
technology and its comparison with the other technologies.
El-Sayed [21] stated that research and development could
decrease the water cost by 30% while increasing the MVC
unit efficiency by 50%.

However, in the literature, there is a wide dispersion in
determining the water cost using MVC technology because
there is no unified design of the existent units and some
costs were not accounted such as pre-treatment and land
cost, in addition there is a wide difference in terms of the
material and energy cost. Indeed, Khayet [22], in his paper
dealing with dispersion in energy consumption analysis
and water production costs, found that the MVC water
production cost ranges between 0.46 and 1.21 US$/m?. The
latest published works give more interest on integrating
and combining the MVC desalination units with renewable
energy technologies. The most suitable technologies to
be combined with MVC desalination technology are PV
panels, wind turbine, and solar thermal power cycles. Helal
and Al Malek [20] designed a new solar assisted mechanical
vapour compression unit with a production capacity of 120
m?/d, they provided the optimal design for the global unit
which allows the cost reduction and saves the disposal of
approximately 160 t/y of CO,. Sharaf et al. [11] evaluate
and analysed a combined multi effect distillation-vapour
compression unit, in their work, two solar technologies
are taken into account: in the first one the solar field is
used to generate steam which is used directly to drive the
desalination unit based on the thermal compression process
and in the second one solar organic Rankine cycle is used
to convert the solar thermal energy into electrical power in
order to drive mechanical vapour compression unit. They
also found that the reduction of the compression ratio and
increasing the number of effects reduce the specific power
consumption.

Zejli et al. [23] presented hybrid photovoltaic wind
system to drive a MVC desalination plant with storage
unit; they formulated an optimization problem taken into
account three specific case studies in Morocco in order
to ensure a variable hourly and monthly domestic water
demand, their results show that water demand could be
satisfied with a cost comparable to the average cost of water
in Morocco which is equal to about 0.8 US$/m?>.

The International University of Rabat proposed the
construction of new pilot seawater desalination unit
based on using mechanical vapour compression process
and renewable energy technologies. The aim of this
study is to demonstrate the feasibility and effectiveness
of such technology and to prove that this combination is
very promising in terms of cost and pollutant reduction
especially for Moroccan deserted regions. This paper is
divided into five sections; the first one is dedicated to
providing a detailed description of the process and the
principle characteristics of each component and device, the
second section presents the developed model of equations
and describes the resolution and optimization algorithm,
the third section is devoted to thermal and economic
analysis of single effect MVC desalination process, the
fourth section presents and discusses the optimal results
concerning the case of using multi-effect MVC desalination
process, and finally, in the fifth section, the exergy efficiency
analysis is carried out for additional improvements of the
optimized design.

The hybrid energy renewable energy system
optimization methodology and the estimation of the
electrical energy cost are provided in Appendix 1. The
heat transfer correlations, thermodynamics properties, and
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cost estimation of different equipment are also given in
Appendix 2, 3,4 and 5.

2. Process description and material selection

The considered mechanical vapour compression
seawater desalination unit is composed of four major parts
as shown in Fig. 1: Energy production system, evaporation/
condensation unit, heat recovery heat exchangers and other
auxiliary equipment such as storage tanks, pumps and the
process control system. A hybrid solar-wind energy system
is used to provide the unit with the required thermal and
electrical energy; it is composed of solar vacuum tubes
thermal panels, photovoltaic panels and wind turbines.
The evaporation/condensation unit consists of a series
of evaporators maintained in parallel configuration;
each evaporator is made of a temperature resistant food-
compatible plastic container, and equipped with a series
of parallel-submerged coils made of special salt water
resistant copper-nickel tube. The last effect is combined
with a vapour compressor. An additional series of coils are
added at bottom of the first effect in order to complete the
feed seawater heating to achieve the saturated state and
to compensate the decrease of latent heat caused by the
augmentation of pressure. During the steady-state operation
of the unit, a portion of feed seawater is evaporated inside
each evaporator under reduced pressure; the produced
steam is forced inside the following evaporator where it

is used as heating medium and then releasing its latent
heat of condensation. The produced vapour at the last
effect passes through the compressor where its pressure
is increased, so the steam is superheated and then forced
inside the first evaporator coils. Condensation takes place
and once more the released latent heat is transferred to the
feed seawater. To minimize the energy consumption two
plate heat exchangers are used for heat recovery from brine
and distilled water. The technical characteristics of wind
turbines and solar panels used in the hybrid energy system
are given in the Appendix 1. The hybrid PV-Wind energy
system is designed in order to insure more that 60% of fossil
fuel replacement rate, fossil fuel energy (energy from the
up-grid or diesel generator) will be used only in the case
of renewable energy insufficiency. A detailed design, sizing
and optimization study of the hybrid PV-Wind energy
system is provided in the Appendix 1 based on weather
conditions of Layouune region (33°39'58" N, 7°04'16" W).

3. Modelling equations
3.1. Heat exchangers

The feed seawater is pumped from the storage tank at
T, and forced through the adjustable flow divider; the first
portion of the feed seawater (m,)) is pre-heated by the brine
via the plate heat exchanger 1, the other portion (m,,) is
heated by the distilled water using the plate heat exchanger 2.
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Fig. 1. Solar driven MVC unit.
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The heat gained through the heat recovery system by
seawater is calculated using the following equations:
The mass balance equations:

ﬁ1f=1’hb +ﬂ"ld=ﬂ"lf1+1’l'/lf2 (1)
Tty = Ot g 3)

The heat balance equations

Qr:Qr1+Qr2:mfcf(Tf_TO) 4
Q= ﬂ"lfl‘:f (Tfl - TO) + Qlos,rl = 1inycy (Th - Tbo) ®)
Q= Thszf (sz - T())"' Qlos,r2 = 1cg (Td - TdO) (6)

Heat transfer equations

Qn =U;AyLMTD,y (7)

Q2 =U;pApLMTD,, (8)

The correlations and the calculation method for
the global heat transfer coefficients for the plate heat
exchangers, the log mean temperature difference and the
specific thermal capacities are given in the appendix with
details.

3.2. Mechanical vapour compression system
3.2.1. For the first effect

As mentioned before, heating of feed seawater is
completed using a series of coils located at the bottom of the
first evaporator in order to achieve the boiling temperature
and starting the formation of small amount of vapour
which compensates the decrease of the latent heat when the
pressure increases, the required energy is provided by solar
vacuum tube collectors using hot water as heating medium,
the heating thermal power is expressed by the following
equation:

Qh = Mfcsw (Tboiling - Tf) + mld Levup (Tl) = mscs (Ts - TSO) 9)
Heat transfer equations

Qn = Uy A LMTD), (10)

As the feed seawater heats, it expands slightly and
becomes lighter and flows naturally to the above part of
the evaporator where the second group of coils are located.
Then, saturated feed seawater starts boiling by exchanging
the latent heat with the condensing compressed vapour
flowing inside the coils. The heat exchanged during this
process is calculated using the equation:

Ql = (Vl - V,l)Levap (Tl) = VnLcond (Tcomp) (11)

Heat transfer equation is expressed by:

Ql =4 (Tcomp - Tl) (12)

3.2. Effect number 7 (i > 1)

Each effect is driven by low pressure steam produced
in the previous effect, thus, the mass flow rate of vapour
formed using the latent heat is calculated using equation:
Qi = V,i Levup (Tz) = Vi—chond (Ti—l) (13)
The portion of vapour produced by free boiling or flash

process of brine inside each evaporator could be estimated
by equation:

T,1-T))
Levap (Tl)

The total amount of vapour produce inside each effect is
determined using equation:

V" =B 1Csw ( (14)

Vi=Vit V7 (15)
The boiling heat transfer equation is expressed by the
following equation:

Q;=UA (T -T)) (16)

3.3. Compression process

The produced vapour in the last effect is forced inside
the compressor where its pressure increased, consequently,
its temperature increased, at the outlet of the compressor
a small amount of saturated water is injected using spray
process in order to transform the superheated produced
vapour to saturated vapour which led to avoiding the
inconvenient of low heat transfer coefficient of superheated
vapour inside the coil. The electrical energy needed to drive
the compressor is assumed using the relationship:

v-1

. . P, y
_ Y comp
Qco‘rHP - Vn (,Y — 1)nc ann ( Pn J -1

(17)

A detailed correlations and assumptions used to
estimate the heat transfer coefficients are given in appendix.

4. Sizing and optimization algorithm

The schematic of the developed resolution and
optimization algorithm is presented in Fig. 2. It is based
on both fixed point iterations methodology and genetic
algorithm optimization method. Fixed point iteration
method is used in order to resolve the highly non-linear
equations developed in the previous section while genetic
algorithm is implemented in order to find out the most
optimal configuration of the unit in terms of design and
operating conditions leading minimizing the cost of
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Fig. 2. Developed computational algorithm.

produced distilled water. In the optimization procedure, rate, top brine temperature, tubes diameter, coils diameter
nine different variables have been taken into consideration, and number of parallel coils in addition to dimensions
which are: pressure ratio of the compressor, evaporation of the palate heat exchangers that will be used for heat
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recovery. The optimization procedure is applied to different
numbers of effects (ranging between 1 and 14) and for
different production capacities (5, 10, 100, 1000 m®/d).
The algorithm start by generating an initial population of
variables to optimize for N-effects desalination unit, and
used as input for the sizing-calculation loop using fixed
iterations method. In the developed algorithm, initially,
the evaporators-heat transfer coefficients are estimated
and then used to calculate the temperature difference
between condensing vapour and boiling seawater for each
effect using equal thermal load assumption. After that, the
temperature and the heat transfer area are calculated for each
effect; in that case, new values of the overall heat transfer
coefficients are calculated and compared with the assumed
values, if the difference between each assumed value and
the new calculated one exceeds the tolerance value (0.001),
the estimated values are replaced by the calculated values
and then the same iteration is repeated until achieving the
convergence criteria. Next, the equality of the heat transfer
area is checked; if the error is greater than the tolerance
value, the temperature difference ATj in each effect will be
corrected by the ratio of the calculated heat transfer area
and its average value for all the effects. This procedure is
followed by calculating the required heat transfer area of
the plate heat exchangers and the heating area for the first
effect based on using fixed point iteration method, the next
step in the algorithm is to determine the electrical power
consumed by the compressor. At this stage, all parameters
related to evaporators, heat recovery heat exchangers and
the compressor are computed and then the following step
is the fitness function evaluation for each feasible solution
in the selected population of variables. The fitness function
is water production cost in (US$/m?®), which is expressed
in terms of the annual amortized total cost and the annual

water production capacity. The fitness function with lowest
value compared to the value obtained from the previous
iterations is considered as an initial optimal solution of the
optimization algorithm. The initial-best solutions create the
next new generation through the selection of chromosomes,
crossover and mutation operations (reproduction of new
generation of solutions). The same procedure is repeated
until achieving the optimization convergence criteria.
Also, the algorithm stops if there are no improvements
of the value of the fitness function after a set number of
generations. Then, the algorithm is repeated for a N+1-
effects desalination unit until achieving the maximum
number of effect N” (14 is taken as a maximum number
of effects in this study). It is also worth mentioning
that the energy cost is obtained from a preliminary
optimization study (presented in the Appendix 1) of the
hybrid PV-Wind energy system using Genetic Algorithm
optimization method in order to find out the most optimal
configuration of wind turbines and solar photovoltaic
panels taken into account weather data of the studied
location (Laayoune region-Morocco). The obtained cost of
energy is taken as input data in optimization procedure
of seawater desalination unit. The developed algorithm is
implemented using Matlab programming software. The
effectiveness of the developed sizing algorithm (based on
fixed point iterations) is validated using the experimental
results presented in the literature; the validation is based
on comparing our modelled results with the experimental
results presented by Aly et al. [18] for a single effect MVC
unit of the Heat Transfer Laboratory of the Atomic Energy
Authority of Egypt. As shown in Table 1, the modelled
results show a good agreement with the experimental
and the design parameters except for the evaporator heat
transfer parameters (overall heat transfer coefficient and

Table 1
Comparison between modelled and experimental results
Results from Ref. [18] Model results  Error (%)
Calculated Design Experimental
T, O 69.06 69.5 69.8 69.5 043
P_ p (bar) 0.312 0.3 0.35 0.2919 16.6
P . (bar) 0.4056 042 045 0.4087 9.18
M, (kg/h) 321 420 415 3919 5.57
M, (kg/h) 309 308 210 208.44 0.74
T.(°C) 69.42 69.5 68 62.5 8.09
T, (°C) 24.8 25 26 25 3.85
Uevap (kW/m?K) 24 Not available Not available 0.9399 Not available
LMTD,, (°C) 4.576 Not available Not available 7.8677 Not available
Aevp (m?) 17.068 Not available Not available 18.12 Not available
Ay, (m?) 1.187 Not available Not available 1.102 Not available
Ay, (M) 1.523 Not available Not available 1.901 Not available
Wiomp (KJ/kg) 50.71 53.3 Not available 47.3 Not available
M, (kg/h) 630 630 630 600.3 4.76
M, (kg/h) 309 245 Not available 208.44 Not available
M,, (kg/h) 321 385 Not available 391.9 Not available
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area) because the existent unit uses horizontal tubes falling
film as heat transfer area inside the evaporator while our
modelled unit uses submerged coils as heat transfer area
for the evaporator.

Some experimental parameters are not available,
thereupon the modelled results are compared with the
design and the calculated results presented in [18], these
parametersinclude theheattransferareafortheheatrecovery
heat exchangers, the compressor energy consumption, and
the feed mass flow rate. Also, this comparison shows good
agreement between our model and the published results,
thus, the error does not exceed 6.7% for the heat recovery
heat exchangers 1, and 1.24% for the heat exchanger 2, and
it does not exceed 6.72% for the compressor specific energy
consumption and 4.76%, 16%, 1.79% for the feed mass flow
rate Mf, Mf, and Mf,, respectively.

5. Single effect-MVC unit: thermal and economic
analysis

We recall that the present study takes into account the
impact; on the unit performance; of the design variables
(tubes diameter, number of parallel coils and the dimensions
of the plates) and the operating variables (compression
ratio, top brine temperature and evaporation rate). In this
section, we are considering the impact of variables indicated
above on economic and thermal performance for single
effect-MVC process. Thus, this section is divided into three
parts, the first one deals with the analysis of the interactions
between the design parameters and the unit performance,
the second part is dedicated to the study of the impact of
the operating parameters, and the third part is devoted to
presenting the economic analysis of the unit depending on
the design and operating parameters, in addition to their
effect on the global cost of fresh water production. Finally,
the fourth part presents the optimal results obtained for
different production capacities.

The objective of this section is ensuring a better
understanding of the impact degree of each parameter on
the unit performance and evaluating the global performance
of single effect-MVC unit.

5.1. Impact of design parameters

The design parameters, which are taken into account
in this study, are the number of parallel coils used inside
the evaporator and their diameter. These parameters have
direct impact into the heat transfer rate but they don't affect
the rate of energy required to drive the unit. Parameters
related to the heat recovery heat exchangers are also studied
and optimized but not included in this part. All the results
and figures presented in this section are obtained for a
production capacity equals to 5 m®/d of distillate water and
the evaporation rate is taken equal to 80% under vacuum at
90°C and using compressed vapour at 100.7°C.

As shown in Fig. 3, the required heat transfer area
changes between 25 and 60 m? when the tube diameter and
the number of coils change respectively between 10 and 30
mm and between 2 and 50. This result demonstrated that
an appropriate selection of these parameters could decrease
the evaporator heat transfer area with more than 50%. These

required heat transfer area (m2)

S im
0025

Tube diameter (m)

Number of coils

Fig. 3. The required heat transfer area vs coils diameter and tube
diameter.

outcomes are obtained because the overall heat transfer
coefficient has also an optimum value when the number of
coils is equal to 5 and for tube diameter equal 30 mm, as
presented in Fig. 4, under these conditions the maximum
value obtained for the overall heat transfer coefficient is
equal to about 1.95 kW /m?/°C. The behaviour of the overall
heat transfer coefficient towards the tube diameter and the
number of coils could be explained by the change of the
boiling and condensing heat transfer coefficients towards
the design parameters change as presented in Figs. 5 and 6.
Indeed, According to Nusselt’s theory [24], the heat transfer
from condensing vapour to the inside-tube surface area
occurs by conduction through the film of formed liquid,
thus, inside the coils the condensation heat transfer rate
is related to the condensate film thickness which deceases
by increasing the number of coils and the tube diameter,
leading then to rising the condensation heat transfer
coefficient. However at the outside of coils, the boiling heat
transfer coefficient decreases when the number of coils
increases, and slightly increases when the tube diameter
decreases.

Overall heat transfer coefficient (kKW/A</m2)

Tube diameter (m)

Number of coils

Fig. 4. The overall heat transfer coefficient vs coils diameter and
tube diameter.
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Fig. 5. The condensation heat transfer coefficient vs coils diam-
eter and number.
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Fig. 6. The boiling heat transfer coefficient vs coils diameter and
number.

Also, as shown in Figs. 7 and 8, where the production
capacity is taken equal to 25 m®/d, the effect of tube
diameter is the same as the previous case, however, the

Overall heat transfer coefficient (KW/AK/m2)
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50 003 Tube diameter (m)

Number of coils

Fig. 7. The EOHTC vs coils number and tube diameter for ca-
pacity 25 m?*/d.
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Fig. 8. The EHTA vs coils number and tube diameter for capac-
ity 25 m®/d.

optimal number of coils increases to be equal to 12 coils
instead of 5 coils when the production capacity is equal to
5m?®/d. The effect of the production capacity on the system
performance is discussed in detail in the following sections
dealing with the impact of operating parameters and the
economic analysis.

5.2. Impact of operating parameters

The operating parameters taken into account are:
the compression ratio, the boiling temperature inside
the evaporator, the evaporation rate and the production
capacity of the unit. This section is dedicated to studying
the impact of these parameters on the compressor power
consumption, the evaporator heat transfer area and the
heat recovery heat exchangers performance. As shown in
Fig. 9, when the compression ratio increases from 1.2 to 2.5
the required heat transfer area decreases with about 82%
this is because when the compression ratio increases the
temperature difference between the condensing vapour

required heat transfer area (m2)

15

1 70

Compression ratio Boiling temperature (°C)

Fig. 9. The required heat transfer area vs compression ratio and

boiling temperature.
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and the boiling seawater increases. However, the increase
of the compression ratio has a negative impact on the
compressor’s power consumption. Indeed, as shown in Fig.
10, when the compression ratio increases from 1.2 to 2.5
the compressor’s power consumption increases with about
80%. According to Figs. 9 and 10, the boiling temperature
has medium effect on the power consumption, thus, when
the boiling temperature decreases from 90 to 70°C the
power consumption decreases with about 10%. However, it
has less effect on the required heat transfer area.

The same operating parameters have a direct impact on
the heat recovery heat exchangers. We recall that plate heat
exchangers are used in this unit, and the heat exchanger 1
is used for the heat exchange between the rejected brine
and feed seawater and the heat exchanger 2 is used for
recovering the thermal energy from the distillate leaving
the evaporator. As shown in Figs. 11 and 12, the compressor
ratio has no effect on the heat exchanger 1, however, when
the compressor ratio increases the required heat transfer
area for the heat exchanger 2 decreases. This result is
obtained because when the compressor ratio increases, the
condensing temperature also increases, and consequently

Compressar power consumption (kW)

o

Ret gt gt tynt
5. : AL
. TREURTATO,
25 TR
. SR e
@ot et :
15 gl . 80

75
Compression ratio T 70 Boiling temperature (°C)

Fig. 10. The overall heat transfer coefficient vs compression ratio

and boiling temperature.

Plate heat exchanger N°2 area(m2)

3.5

Boiling temperature (°C)

Compression ratio

Fig. 11. P2 required heat transfer area vs compression ratio and
boiling temperature.

Plate heat exchanger N°1 area(m2)

Compression ratio 1 70

Boiling temperature (°C)

Fig. 12. P1 required heat transfer area vs compression ratio and
boiling temperature.

the temperature difference between the feed seawater and
the distillate water increases.

However, the boiling temperature has an opposite effect
on the required heat transfer area for the heat exchangers
1 and 2, when the boiling temperature increases from 70
to 90°C, the require heat transfer area increases in both
heat exchangers with more than 80% this is because in
this unit the heat exchangers design is based on the feed
temperature at the outlet which is directly related to the inlet
temperature of the hot stream (brine and distillate). Indeed,
the design model uses counter flow configuration for the
heat exchangers and the difference between cold steam
outlet temperature and hot stream inlet temperature is fixed
and taken equal to 5°C. Thus, when the boiling temperature
increases the required heat transfer area will also increase
in the way that the amount of recovered heat and then
the feed seawater outlet temperature meet the design
requirements. Another two operating parameters that
influence highly the unit performances are the evaporation
rate and the production capacity. As shown in Fig. 13 the
overall heat transfer coefficient could be improved not only
by increasing the compression ratio but also by increasing
the evaporation rate.

Overall heat transfer coefficient (KW/K/m2)

- 08
06 1.7

0.4

Compression ratio 1 02 Evaporation rate

Fig. 13. The overall heat transfer coefficient vs compression ratio
and evaporation rate.
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Another parameter that has also a direct impact on the
unit performance is the production capacity. Fig. 14 presents
the simultaneous effect of the number of coils and the water
production capacity on the overall heat transfer coefficient,
the obtained results show that for each production capacity
there a specific number of coils in which the overall heat
transfer coefficient achieves its maximum value which does
not exceed 1.9 kW/m?/K.

5.3. Economic analysis

Fresh water production cost depends on several
parameters that are related to design and operation of the
global unit. The total cost includes the direct and indirect
costs and the operating cost.

The detailed calculation of the total cost is presented in
the Appendix 7 and 8. The major costs that are taken into
account are the process equipment’s cost such as the solar
field, evaporator, compressor, heat exchangers, and storage
tanks, piping and pumping system, maintenance, cleaning
and manpower costs and energy cost. The unit does not
use chemicals for feed seawater pre-treatment, only poor
treatment is used for the produced fresh water and the
feed. For these reasons, the unit operating cost takes into
account only energy cost, maintenance, repairing, cleaning
and manpower costs. We recall also that the economic study
does not include the land cost. Fig. 15 shows that the cost
passes by its minimal value which is equal to approximately
4.7 US $/m® when the number of parallel coils is ranging
between 4 and 6 and for larger values of the tubes diameter,
this is because under these conditions the required heat
transfer area inside the evaporator is minimal as previously
obtained in Fig. 3.

We mention that these results are obtained for: an
evaporation rate of 80% of feed seawater, production
capacity equals to 5 m*/d, boiling temperature equals to T,
=90°C and a compression ratio equals to 1.5.

As discussed in the previous parts, the change of
compressionratehas directimpact on the energy consumption
for the compressor and also on the heat transfer area for
the boiler and the heat recovery heat exchangers. Also, as
shown in Fig. 16, the water production cost has a minimal

Overall heat transfer coefficient (KVW/K/m2)

100

150

100 250

Coils number Production m3/day

Fig. 14. The overall heat transfer coefficient vs coils number and
production capacity.

value which is equal to 4.67 USD/m?® when the compression
ratio is approximately equal to 1.4 and the evaporation rate
of 80%. Fig. 17 shows that the boiling temperature has less
effect on the water production cost which could be decreased
by increasing the production capacity of the unit. As shown
in Fig. 18, distilled water cost could be less than 2.5 USD/m?
for large production capacities.

5.4. Optimal design for single effect-MVC unit

The optimal parameters are obtained using genetic
algorithm optimization method as described previously, the
obtained results are presented in the following tables for four
different fresh water production capacities: 5, 10, 100, and 1000
m’/d. As mentioned before, the optimization of water cost
takes into account the cost of the plate heat exchangers and the
other components. Thus, the calculation results obtained for
the heat recovery heat exchangers 1 and 2 are also provided.
These results are obtained after a strict optimization taking into
account the geometry dimensions of plates, material selection,

002

Number of coils

Tube diameter (m)

Fig. 15. Water cost (USD/m?) vs tube diameters and number of
coils.

‘Water Cost (USD/m3)

Evaporation rate

Compression ratio

Fig. 16. Water cost (USD/m?) vs evaporation rate and compres-
sion ratio.
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Boiling temperature (°C)

Compression ratio

Fig. 17. Water cost (USD/m?®) vs boiling temperature and com-
pression ratio.

Water Cost (USD/m3)

Number of Coils 1500 Production m3/day

Fig. 18. Water cost (USD/m?®) vs production capacity and number
of coils.

and the rate of feed flowing through each heat exchanger as
well as the amount of heat that should be recovered from the
outlet streams. The optimization results for the recovery heat
exchangers are provided in Tables 4 and 5.

6. Optimization results for multi effect-MVC unit

Previous results, dealing with single effect MVC
desalination process, show that the minimum cost of

Table 2
Optimal design and operational parameters for the evaporator

Table 3
Thermal results for the evaporator
Production Overall Heat Compres-  Heat
capacity heat transfer sor power  consump-
(m3/d) transfer area consump-  tion (kW)
coefficient  (m?) tion (kW)
(kW/m?/K)
5 1.74 31 119 8.52
10 1.79 70.5 20.25 17.05
100 1.3 716 275 170.5
1000 1.46 3,757.0  4,642.0 1,705.0
Table 4
Heat exchanger 1 sizing results (Brine-Feed)
Production Overallheat  Heat Heat recovered
capacity transfer transfer (kW)
(m3/d) coefficient area (m?)
(kW/m?/K)
5 0.85 219 111
10 1.23 3.36 24.6
100 213 19.38 246
1000 3 166.3 2,943.0
Table 5

Heat exchanger 2 sizing results (distilled water-feed)

Production Overall heat Heat transfer Heat recovered

capacity transfer area (m?) (kW)
(m3/d) coefficient

(kW/m?/K)
5 1.85 245 444
10 2.54 42 98.46
100 2.72 35 984
1000 3 292 11,774.0

water is approximately equal to 2.5 US$/m® under strict
optimization of the process. However, the average cost of
water in Morocco is about 0.8 US$/m?, which is three times
lower than the minimum cost of the optimized single effect
MVC process configuration. Thus, this result seems to be a
negative conclusion for using the MVC desalination process.
However, the number of effects for such technology is a major
factor for further reduction of cost and it has a direct impact
on the performance of the studied desalination process.

Production Optimal design and operating parameters Cost (US$/m?)
capacity (m?/d) Compression Evaporation rate  Boiling Tubes diameter ~Number of
ratio (%) temperature (°C)  (mm) coils
5 14 80 75 30 5 4.2
10 142 80 80 30 5 32
100 1.57 80 82 30 10 2.54
1000 2 80 90 30 95 27
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In this section, the developed optimization algorithm is
used for different numbers of effects ranging between 1 and
14, as mentioned before, the algorithm is used to find out
the most advantageous operating and design parameters
leading to producing distilled water with minimized cost
for various production capacities (5, 10, 100 and 1000
m?/d). Figs. 19 and 20 illustrated results of optimization.
As shown in Fig. 19, when the number of effects increases
from 1 to 14, the sum of the required heat transfer areas,
of all the evaporators, increases by more than 25% for each
considered production capacity, while the electrical power
needed for the desalination unit decreases by more than
91%. These results prove that the unit performance and
cost are totally dependent and directly proportional to the
number of effects. The optimized water production cost
for different production capacities and different numbers
of effects is shown in Fig. 20. These results prove that for
a given production capacity, when the number of effects
increases, the cost passes through its minimum value which
corresponds to a specific number of affects and which
is generally included between 6 and 8 for the considered
production capacities. Indeed, the optimal number of effects
is equal to 6 when the production capacity is equal to5m?/d,
this number increases slightly with the production capacity,
to be equal to 8 when the production capacity is equal to
1000 m*/d. Also, when the production capacity increases,
the economic results presented in Fig. 20 show that the
minimized cost decreases to be less than the average cost of
water production in Morocco country when the production
capacity is equal to 1000 m?/d. These results prove that
the mechanical vapour compression-desalination process
combined with renewable energy could be a very promising
in terms of performance and cost through the appropriate
selection of the operating and design parameters including
the number of effect and the production capacity. We recall
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Fig. 20. Distilled water cost (US$/m?® vs number of effect for
different capacities (5, 10, 100 and 1000 m?®/d). These results are
obtained under strict optimization of operation and design pa-
rameters using the developed optimization algorithm.

that the proposed unit uses electrical energy produced
by hybrid PV-Wind energy system designed for at least
ensuring 60% of fossil fuel energy replacement rate. Thus,
the amount of CO, saving, when using the optimal number
of effect, will be at least, more than 1.75, 3.81, 43.16, 219.03,
and 628.3 ton/d when the production capacity is equal to 5,
10, 100 and 1000 m®/d, respectively.

7. Exergy analysis

In earlier sections, the optimization is performed based
on energy conservation law (first law of thermodynamics)
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Fig. 19. Total required area of evaporators (A) and electrical power consumption (P) vs number of effect (N) for different capacities (5,
10, 100 and 1000 m?/d). These results are obtained under strict optimization of operation and design parameters using the developed

optimization algorithm.
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and economic evaluation. Thus, the exergy analysis is
carried out in this section in order to extend the optimization
work and research for more efficient ways of using energy;
for the studied desalination process; taken into account
the previously obtained optimized design for each
production capacity. Indeed, the exergy analysis is based on
second law of thermodynamics and it allows a successful
identification of locations and magnitudes of inefficient use
and degradation of energy. In this section, exergy analysis is
limited to evaporation/condensation unit.

The general exergy balance equation is expressed by Eq.
(18):
2 Exjy — ZEXgyr = X EXge (18)

Thus, for each component in the desalination process,
the exergy balance equation is modelled by Eq. (19):

2(1 - T_Z]Qnet,k - Wnet,k + zminWin - Zmout‘Wout = Exdes (19)

where Q' and W', are respectively the heat transfer
rate (Q'Out,k— Q') and the net work transfer rate (W.out,k_
W) expressed in (given in kW), the subscript ‘k’ refers to
a specific location in the process and subscript ‘0" expresses
properties at the dead state (ambient/atmospheric
conditions). The specific flow exergy “y’ (given in kJ /kg) for
each flow of matter is expressed by Eq. (20):

w:(h—ho)—To(s—sO)

For incompressible processes, the specific flow exergy is
modelled by Eq. (21):

v= c,[(T—To)‘ To ln(%o)]

where ‘C’ is the specific thermal capacity of the substance
(expressed in kJ/kg/K). The exergy balance equation for
each effect number ‘i’ could be modelled by Egs. (22) and
(23):

(20)

(1)

Table 6

37
For the first effect (i = 1):
Exdes,l = Exvn — ExV1 - EXD] + Efo
. . . 22
- ExB1 + ExHMl-,, - ExHMM @2)
For other effects (i > 1):
Exdes,i = EthH - Exvi - ExDi + ExBH - ExBi (23)

where subscripts HM, and HM_ refer to heating medium

inlet and outlet to/from the first effect. For heat recovery

heat exchangers HX, and HX,, the exergy balance equations

could be expressed by Eq. (24):

Exdes,HX = Excold,in - Excold,out + Exhot,in - Exhot,out (24)
The exergy efficiency for each component in the

desalination process could be defined as the ratio between

the rate of exergy at the input and the output, thus, the
exergy efficiency is defined by Eq. (25):

MExergy = Exoyt / Exiy, (25)

The improvement potential rate (expressed in kW)
is proposed by [35], this parameter is used to evaluate
the maximum improvement of exergy rate that could be
achieved, this means the rate of exergy destruction when
exergy losses (or entropy generation) are minimized. The
improvement rate (IP) is calculated for each component
using Eq. (26):

IP= (1 - nExergy)(Exin - Exout) (26)

Results presented in Table 6 show that the largest
values of exergy destruction (approximately more than 20%
of total exergy destruction in evaporation/condensation
unit) are obtained in the first effect; indeed, the first effect
exergy destruction rates for production capacities 5, 10, 100

Obtained results for exergy destruction rates (given in kJ and in % of total)

Production Exergy destruction Exergy destruction (cap. ~ Exergy destruction (cap. Exergy destruction (cap.
capacity (m?®/d) (cap. 5m?/d) 10 m?*/d) 100 m?®/d) 1000 m3/d)

(kW) (% of total) (kW) (% of total) (kW) (% of total) (kW) (% of total)
Effect 1 0.905 20.38 2154 2418 20.657 30.37 200.776 26.31
Effect 2 0.814 18.33 1.539 17.28 8.933 13.13 94.761 12.42
Effect3 0.732 16.48 1.387 15.56 8.188 12.04 86.937 11.39
Effect 4 0.662 14.89 1.254 14.04 7.512 11.04 79.678 10.44
Effect5 0.604 13.59 1.141 12.81 6.906 10.15 73.005 9.57
Effect 6 0.559 12.58 1.051 11.80 6.376 9.37 66.944 8.77
Effect7 - - - - 5924 8.71 61.519 8.06
Effect 8 - - - - - - 56.760 744
Heat exch. I 0.152 342 0.339 3.81 2.955 4.34 56.760 4.46
Heat exch. II 0.014 0.32 0.041 0.46 0.550 0.81 34.033 112
Total 4.442 100.00 8.907 100.00 68.00 100.00 762.962 100.00
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and 1000 m*/d represent respectively 20.4, 24.2, 30.4, and
26.3%. For the remaining effects, the exergy destruction
rate is decreasing with the number of effect (in direction
of decreasing pressure) where its percentage is ranging
between 7.44 and 18.33% of the total exergy destruction rate.
For heat recovery heat exchangers HX1 (distilled water/
feed seawater), the exergy destruction rate represents about
3.42, 3.81, 4.34 and 4.46% for design capacities 5, 10, 100
and 1000 m3/d respectively, while the percentage of exergy
destruction in HX2 (brine/feed seawater) does not exceed
1.12% of the total exergy destruction.

Figs. 21, 22 and 23 illustrate; respectively; the change
of exergy destruction (kW), exergy efficiency and
improvement potential rate (kW) for each component
(effect 1, 2, ..., n and heat exchangers “HX1 and HX2")
versus the temperature difference between the first effect
and the last effect in the evaporation/condensation unit
(AT,=T,-T,), AT, corresponds to the last effect temperature
values ranging between 40 and 65°C while the first effect
temperature T, is kept constant and equal to the optimized
value (T, is respectively equal to 80, 84, 75 and 85°C for
desalination units with design capacities equal to 5, 10, 100
and 1000 m3/d).

Results; illustrated in Fig. 21; show that the exergy
destruction rate for each effect increases as the temperature
difference AT, increases, however, it is slightly decreasing
for heat exchangers HX1 and HX2 when AT, increases.
Indeed, when AT, increases from 16 to 40°C, the exergy
destruction rate for the first effect increases with about 30,
19,41 and 48% for desalination units with design production
capacities 5, 10, 100 and 1000 m®/d respectively, and it is
increasing with more than 120% for the remaining effects
and for the considered production capacities. The changes
of exergy efficiency versus AT, are represented in Fig. 22,
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it is evident from this figure that generally the exergy
efficiency decreases for all components as AT, increases,
and it decreases very slightly for the first effect and the
heat exchanger HX1. The influences of AT, change on the
improvement potential are illustrated in Fig. 23. As shown
in this figure, the improvement potential for heat recovery
heat exchangers HX1 and HX2 decreases with very small
rate as AT, increases. The highest values of the improvement
potential are recorded for the first effect for all considered
production capacities, and it has approximately the same
values for the remaining effect. Also, Fig. 23 demonstrated
that the improvement potential for all effects increases
when AT, increases.

Generally, the exergy destruction rate (irreversibility or
entropy generation) could be minimized by adopting small
values of temperature difference between the first and the
last effect; however, this leads to decreasing the temperature
differences between fluids exchanging heat inside each
effect (AT) and in the same time it causes a reduction of the
global heat transfer coefficients and consequently it causes
the increase of the required heat transfer area inside each
effect. In addition, decreasing exergy destruction rate by
decreasing AT, will result on decreasing the pressure ratio
for the compressor and therefore, it will result on reducing
the specific energy consumption.

8. Conclusion

The main objective of this work is to provide detailed
sizing model, thermal and economic analysis, optimization
procedure and their results, of seawater desalination
process based on mechanical vapour compression process
combined with renewable energy sources, in order to
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Fig. 22. Exergy efficiency change for different design capacities (5, 10, 100 and 1000 m?/d) vs temperature difference change AT,=

T, 2T, (°C).
Md=5rm’/day
02 T T T
— w— Effect 1
g —B — Effect 2
= g.15| ——Effect3
Té —& — Effect 4
% =P~ — Effect 5
= 01 Effect
£ —#— HX1
£
@ b il
g oosf
= ﬁﬁi‘#'— A :
o A o A g — $ [ —# — . e -
20 25 30 35 40 45

Temperature difference T1-Tn (°C)

Md=100m"/day

—w-—Effect 1
—B — Effect 2
— w-— Effect 3
—<+ — Effect 4
3| —B—Effect5
Effect 6
2 Effect 7
=% = HX1
==l

s

Improvement potential (K\)

= — R e —

e - . _._._....._..:'..._.__k.._“[ﬂ#,_,m__.
lJ20 25 kil 35 40 45
Temperature difference T1-Tn (°C)

Md=10m"/day

0.4
—»— Effect 1
—B-— Effect 2
gg_‘g — - — Effect 3
= — — Effect 4 Wt ie
§ | -p-Efects[" """
£02 Effect 6
g == HX1
£ Syl
@ - H2 g_,
go_‘[ - ﬂg# 24 :
= &éi——%——-ﬂ——ﬂ‘-%—ﬂ——*——é——%——}%#——*—
0 o—‘—r—‘-iu—q-‘—‘-o—‘-;-‘o-w—‘a—‘—;—‘—o—‘—o—:—t—.—o-—-
20 5 30 35 40
Temperature difference T1-Tn (°C)
Md=1000m/day
40 T T T
== Effect 1 :
s —B — Effect 2 5
£ gp| —=—Effect3
E | 4 - Effect 4
s —b-— Effect 5 | _
2on (=1 11 - SO e
E Effect 7
3 Effect 8
;;10 =R = HXI s
N bl . s oy SRS
Bl oo g 0 0 S S (A o
U2|II 25 30 35 40 45

Temperature difference T1-Tn (°C)

Fig. 23. Improvement potential rate variation for different design capacities (5, 10, 100 and 1000 m?*/d) vs temperature difference

change AT,=T,-T (°C).

evaluate the effectiveness and the performance of such
process in terms of cost and environment protection. The
developed model is based on energy balance equations,
heat transfer and thermodynamic correlations in addition

to other technical and engineering relationships related to
each component. The developed sizing model is resolved
using fixed point iteration method, implemented using
Matlab programming software, and validated based on
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published data of the Heat Transfer Laboratory of the
Atomic Energy Authority of Egypt. The thermal and
economic analyses take into account the effect of design
and operating parameters on the unit performance. The
optimization procedure uses genetic algorithm method,
in order to find out the most advantageous design and
operating parameters for different number of effects and
different production capacities leading to produce distilled
water with minimized cost. Genetic Algorithm is also
applied to optimize the hybrid Wind-photovoltaic energy
system configuration and sizing.

Results of this work prove that under strict optimization,
the desalination process using multi-effect mechanical
vapour compression process could very promising way
to deal with water shortage with a reasonable cost which
could be less than the average cost of water production in
Morocco. Indeed, the obtained results show that the cost
of water produced using vapour compression process
with single effect is not competitive even under strict
optimization of the unit, however, it could be reduced
notably by selecting the appropriate number of effect; and
increasing the production capacity to be less than 0.8 US$/
m?®. Another advantage of the proposed technology is the
integration of renewable energy sources which could allow
a considerable reduction of CO, emissions.

This study is completed with exergy analysis efficiency
in order to discuss other possibilities to improve the studied
desalination process. The exergy efficiency analysis proves
that the rate of entropy generation (exergy destruction)
could be minimized by reducing the total temperature
difference between the first effect and the last one, which
result on increasing the required heat transfer for each effect

while it helps on reducing the specific energy consumption
for the compressor.

Appendix

1. Optimal configuration of hybrid PV-wind energy sys-
tem — Case study: Laayoune region

The aim of the optimization procedure of the hybrid
wind-PV system is to find out the optimal configuration
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of the hybrid system in terms of contribution rate of each
source of energy and batteries size leading to producing
electrical energy with minimized cost, satisfying the energy
load and ensuring the required fossil fuel replacement rate.

Three complementary steps are used in the optimization
procedure, which are:

e Prediction of the monthly average weather data of

the selected location (Laayoune region (33°39'58" N,
7°04'16" W)-Morocco);

Sizing each renewable energy technology based on a
typical production load of IMW;

Applying Genetic optimization algorithm to find out

the contribution rate of each technology in terms of
sizing.

1.1. Meteorological data

The monthly average solar energy flux profile during
one year is estimated using El Mghouchi model as described
in reference [25], while the monthly average wind velocity
profile during one year is obtained from reference [26].
These two data are collected and presented in Fig. 24.

1.2. Sizing methodology and results for each technology for
1 MW as maximum power load

Photovoltaic panels and wind turbines are designed for
a maximum production load of P, , =1 MW, thus the sizing
calculations are based on the period in which the natural
source potential is maximum during a year (maximum
wind velocity and solar irradiation. The required area of the

photovoltaic panels (4,, =N, *A ) is calculated using
equation:

Apy = Pload/(EgnPVPva) (27)
where 1,,and PR, are, respectively, the panels efficiency,
and the performance ratio. The PV panel cost in Morocco
is estimated equal to 700 US$ (with an absorber area equals
to 1.65 m?/panel), it is determined based on the actual
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Fig. 24. Average wind speed (m/s) and solar irradiation (W/m2) during a year for Laayoune region-Morocco.
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situation of the market. The annual maintenance cost for
each PV panel is taken equal to 14 US$. The total power
output of wind turbines depends on wind velocity and
their technical characteristics, which are: cut-in speed (v, =
m/s), cut-off speed (Uf =m/s), rated speed (v, = m/s) and
rated power (P, = kw).

For a single wind turbine, the electrical power output is
given by the following equations [23]:

0if v>vforv<o,

Py = P,(avs—b)zfvc<v<vr

P if v, <v<uvy

(28)

where parameters ‘a” and ‘b’ are calculated as in reference
[23]. The investment cost for wind turbines is equal to 3200
US$, and the annual maintenance cost is estimated equal
to 100 USD [27]. Life time of the hybrid renewable energy
system is taken equal to 25 years and 5% is assumed for
the interest rate. Results of the initial sizing of both Wind
and PV system for a maximum power output of 1 MW are
presented in Fig. 25. These results are: the electrical power
output, energy produced per month and the energy cost.

1.3. Optimization procedure and problem formulation

As mentioned before, the objective is to find out the most
advantageous configuration of the energy hybrid system in
terms of sizing contribution of each considered technology.
The objective function to minimize is defined as:

Py (2;2'31 (XzP/V Yoy CipvE; pv + X1 YwCi wEi w (29)

Fonin (cost) = min
):Up: E XdischcdischEButt
i,j —Up=Up ij ij i

The total load ‘E, , = 1 MWh’ of energy must be
satisfied during each hour, thus, the first equality constraint
is expressed by:

Power output(Design 1MW)
1000 - - -

800

PV W U disch pBatt
Ejoad = Xi,j YpvEi pv + Xy YwEw + X; VEuy + X7 Ery T (30)

Also, the hybrid system must ensure at least 60% of fossil
fuel replacement rate, thus the first inequality constraint is
expressed by:

W W
Xi;YpvE; pv + Xi ;YwE; w

4

24 0.6E0 —
j=1 load disch Batt
+Xi,]v Ei,]’

<0 31)

The batteries storage state must be always less than its
maximum value and the amount of energy that could be
discharged must be always less or equal to the available
energy, thus the two other inequality constraints related to
batteries are expressed by the following:

Batt Batt
Ei ,J < Emax

(32)

dischpBatt _ pBatt _ pBatt
Xi7"E;" <Ej" —Emin (33)
In order to avoid the energy losses, all the renewable
energy produced must be used or stored in the batteries,
thus, the second equality constraint is expressed by:

B B PV w
EP P = (1= XPY Yoy py + (1= X1 ) YinEr

ij (34)

The cost of energy discharged from batteries is calculated
based on the cost of energy charged and the batteries
investment cost, thus it is evaluated using equation:

disch h i
Cii™ = Cij + Coatr (35)

where the energy charging cost is estimated by:

Cch; =A/A (36)

Cost of energy
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Fig. 25. Sizing results of wind turbines and PV panels (for IMW)-power output (kW), energy produced per month (MWh/month)

and cost of energy (US$/kWh).
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where A, and A, are expressed by the following equations:

(1 -x} )Ci,Pvain,Pv

Ay =|ChEP + o
+ (1 — Xi,j ) Ci,WYWEi,W

(37)

Ay = (EE;?Z (1= X Yo B py + (1- XZ‘;)YWEi,W)) (38)

The resolution and optimization algorithm is based on
using Genetic algorithm optimization method as shown
in Fig. 26. The first step is generating randomly an initial
population of variables, which are: the energy contribution
of each source of energy including the energy storage
system (X,.,/W; Xi,j” v Xl.,jd""“h; and X,.,/,u”), the contribution of each
renewable energy source in terms of design compared to
the initial sizing, which are: Y, and Y, and the maximum
storage capacity of batteries. Then, the equality and
inequality constraints are evaluated. If any of the initial
generated solutions violates the problem constraints then it
is replaced by a new one selected randomly.

The second step is the fitness function evaluation for
each feasible solution in the selected population, which is
the energy cost equation to minimize. The fitness function
with lowest value compared to the value obtained from
the previous iterations is considered as an initial optimal
solution of the optimization algorithm. The initial-best
solutions create the next generation through the selection
of chromosomes, crossover and mutation operations. The
same procedure is repeated until achieving the maximal
number of iterations. Also, the algorithm stops if there are
no improvements of the value of the fitness function after a
set number of generations.

INITIALIZATION

Constraints evaluation and
chromosomes repair

v

Fitness function evaluation

Save the Optimal
solution

IS ALL GENERATIONS
FINISHED

I SELECTION I

{

| CROSSOVER I

| Constraints evaluation and chromosomes repair |
_i MUTATION |
Fig. 26. Simplified schematic of Genetic algorithm applied for the
hybrid wind-PV system.

The optimal results for the energy production system are
given in the Table 7 for a typical electrical power production
of IMW.

2. Convective heat transfer coefficient for plate heat
exchangers

To evaluate the convective heat transfer coefficient he
most widely used plates has the following relationship for
the turbulent flow [28]:

)0,15

Nu =0,374Re%® Prd% (1, /1, (39)

where the Reynolds number is based on equivalent
diameter, De, defined by

4Wb
Dy=———=2b
¢ 2(W+D) (40)
Because b is very small compared to W.
For laminar flow:
0,333
PrD, \” 0,14

Nuzcl(Re - f) (Wp /1) (41)

where ¢, = 1.86-4.50 depending on geometry, and L is the
effective plate length. Dimensions W, L, X1, X2 and b are
shown in Fig. 27.

Table 7

Summary of optimization sizing results
Y,, (%) 60
Y, (%) 70
Batteries capacity (kWh) 20
Cost of energy (US$/kWh) 0.14
Fossil fuel replacement (%) 63

CO, emissions saving (ton/MWh)

Nominal width

Nominal

length

o]
O—C

Plate thickness
v

Fig. 27. Plate dimensions-Plate heat exchanger.
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3. Boiling heat transfer coefficient at the outside of
submerged coil

Schrock-Grassman'’s correlation [29] is used to predict
the boiling heat transfer coefficients of boiling seawater in
contact with the outside heat transfer area of coils located at
upper part of the evaporator. The convective heat transfer
coefficient in this case is calculated by:

hy = 170%Re?@8 Pr'/3 (By +15107 X;,7

(42)

B =7, (43)

Reyo =96 f (44)
12 o ) (e

5 ) () @

4. Condensing heat transfer coefficient inside a coil

The condensation heat transfer coefficient for water
vapour flowing inside helical coil tube is related to the
condensation heat transfer coefficient when using vertical
tube by the equation presented by Kern [24].

d:
heoin = (1 +3 '5D_lh]hvertical (46)

The condensation heat transfer coefficient could be
estimated using equation:

2 D 1/3
nmy;.
hvertical =0, 925(pLg %LWL]

(47)

5. Convective heat transfer coefficient for liquid water
flowing inside and outside a coil

One of the more accurate correlations used to calculate
the convective heat transfer coefficient for liquid flowing
inside a helical coil is given by Petukhov [24]. The correlation
is valid for 0.5 < Pr < 2.10° and 10*< Re < 5.10%:

2( 2
hiz(é)D_lRePrki 1.o7+12.7(£) [Pr3—1} (48)

where f is the friction factor which can be calculated using
equation (49)

-2

f=(1.85In(Re) - 3.28) (49)

For laminar flow, the Sieder and Tate correlation can be
used as expressed by Eq. (50).

1/3
h =186kD™" (PrReDL (50)

The heat transfer coefficient is then corrected using
the coil dimensions by the equation below: equation is
applicable for 0, 84 < Pr < 16700 and (Re Pr D/L) > 2.

D
hicoi = h; (%J

6. Convective heat transfer coefficient from submerged
coil

QY

The outside heat transfer coefficient is calculated in
function of Rayleigh number using the length of the tube as
the characteristic length based on the Nusselt number [24].

Nuy =0.685Ra; *?% (52)
This formula is valid when 3.10” < Ra, < 8.10*
Ny = 0.00044Ra; 16 (53)

This formula is valid when 6.10" < Ra, < 1.10*

7. Correlation used to calculate the thermodynamics
properties of streams [30,31]

7.1. Boiling point elevation

The boiling point rise caused by the salinity (BPE) and
the hydrostatic head is given by the equation:
T, = T,; + (BPE), + ATy, (54)

The boiling point rise caused by the salinity (BPE) can be
calculated as a function of temperature and concentration
of salt. Accordingly,
BPE = Ac + Bc? (55)

where A and B are temperature dependent constants,
calculated by the following:

A=A+ At + Agt? (56)

B=B, +Byt + Bt* (57)
The coefficients Ai and Bi are given as the following:

A, = 02009 x 10
A,= 02867 x 10°

B, = 0.0257 x 10
B, = 0.0193x 10°

A, =0.0020 x 107 B, =0.0001x 10”7

where the concentration ¢ is expressed by the chlorinity
factor and the temperature is expressed in (°C).
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7.2. Latent heat of evaporation/condensation

The latent heat of evaporation (or condensation) of
water can be expressed as a function of temperature by the
following expression:

L =2499,5698 - 2,204864T —1,59610° T2 (58)

where T is the saturation temperature in °C and [ is the
latent heat in kJ /kg.

7.2.1. Specific thermal capacity
The seawater specific heat at constant pressure is given
by the following correlation:

C,= (oco + o T+, T2 + oc3T3)10‘3 (59)

where o, o, o, a, are salt concentration dependent
constants, calculated by the following:

a, = 4206,8 - 6,6197¢c + 1,228810*
a,=-1,1262 + 5,417810%c — 2,271910*c*
a,=1,2026102 - 5,356610*c + 1,890610c*
o, = 6,8777107 + 1,51710°c — 4,4268107c?
This correlation is valid over salinity between 20,000

and 160,000 ppm and temperature ranges between 20 and
180°C.

7.3. Seawater dynamic viscosity

The dynamic viscosity of seawater is given by the
correlation bellow:

w=10"pug (60)
With:

Wy = exp(—3,79418 + %J (61)

Hg =1+Bic+Byc” (61a)

B, =1,47410" +1,510°T - 3,92710 5T (62)

B, =1,07310" -8,5107 8T +2,231071072 (63)

where pisin kg/ms, Tis in °C, and c is in gm/kg.

The above correlation is valid over salinity range
between 0 and 130 gm/kg and temperature range between
10 and 180°C.

7.4. Other properties

The thermal capacity, density, thermal conductivity and
the relationship between steam temperature and pressure of

saturation are determined using the correlations presented
in the appendix of reference [20].

8. Different costs calculation
8.1. Evaporator cost

The evaporator cost is related to its heat transfer area,
the economic model proposed by [32] is used in this study
to estimate the purchase and the installation cost of the
evaporator in US$:

(64)

[4400+(B-620)|x 1,2
Cooap =0,009079
x(0,667 +0,0287 x A) x h

where B is the material price of the evaporator, & is the gain
coefficient and A is the surface area of the evaporator.

8.2. Compressor and pumps

The compressor and pumps cost is calculated using
the equations provided by [33]. For the compressor, the
investment cost is determined by:

o (B |(n o7
Caomp =736 M,| ( %_ nc)
1

where M is the mass flow rate of vapour (kg/s), P, and P,
are respectively the pressure at the outlet and the inlet of the
compressor and 1 is the compressor efficiency.

For the pump, the cost could be estimated using the
equation

(65)

15
_ 05, 0.5(M
Cpump = 13.92M,,0°AP ( %—n)

(66)
where M is the mass flow rate of the liquid pumped (kg/s),
AP is the pressure lost inside the pipe (kPa) and n is the
pump efficiency.
C,,andC

comp pump

are given in US Dollar.

8.3. Heat exchangers cost

The cost equation presented in [34] is used to estimate
the investment cost for the plate heat exchangers (US
Dollar).

Chexchanger = 1000(12.86+ A% (67)

where A is the required heat transfer area (m?).

8.4. Tanks, pipes, connections Maintenance and other auxiliary
material

The rates of the other different costs (% of the capital

cost) are summarized as following:

e Tanks, piping and valves (4%)
* Maintenance and cleaning (3%)
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e Manpower (2%)
® Spare parts (1%)

9. Amortization

The annual amortization factor F is determined using
the relationship:

i(1+i)"
(1+i)" -1

F= (68)

The annual amortization is taken the same for all the
unit components. The interest rate is taken equal to 5% and
25 years is considered for the amortization.
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Symbols

Mass flow rate (kg/s)

Evaporation rate (%)

Temperature (°C)

Thermal capacity (k] /kg/°C)
Opverall heat transfer coefficient (kW /m?2/°C)
Convective heat transfer coefficient (kW /m?/°C)
Heat transfer area (m?)

Latent heat (k] /kg)

Solar irradiation (W/m?)

Pressure (kPa)

Specific volume (kg/m?)

Coil diameter (m)

Tube diameter (m)

Reynolds number

Prendtl number

Rayleigh number

Nusselt number

Cost (USD)

Flow exergy rate (W or kW)
Specific exergy rate (J/kg or kJ/kg)
Improvement potential (W or kW)
Amortization factor (%)

Interest rate (%)

Number of years

g worgh:r>r‘:(‘)~]><§

OZETZ
RERRR

Ta—

Heat exchangers feed fraction
Rayleigh number

Dynamic viscosity

Efficiency (%)

Difference

Thermal conductivity (kJ/m/°C)
Density (kg/m?)

45
Subscripts
b — Rejected brine
d — Distillate
f — Feed seawater
h — Heating
i — Inlet
0o — Outlet
pv — Photovoltaic
st — Solar thermal
v — Vapour
evap  — Evaporator
comp — — Compressor
r  — Recovery
los — Lost
Abbreviations
MVC — Mechanical vapour compression
HE — Heat exchanger
TVC — Thermal vapour compression
LMTD — Log mean temperature difference
OHTC — Overall heat transfer coefficient
HTA — Heat transfer area
MED — Multi effect evaporation/distillation
usb — United State Dollar
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