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Abstract:

Keywords:

Powering thermal desalination technologies by renewable energy is believed to be a viable solution to
overcome the worldwide freshwater scarcity problem without causing more damage to the environment.
In this paper, a multi-effect distillation system (MED) with mechanical vapor compression is powered
by the generated electrical power of photovoltaic/thermal collectors and assisted by the by-product
thermal power generated. The system is sized according to thermal power needed and designed for small-
scale application and weather conditions of Alexandria, Egypt. Excess electricity is injected into the grid
and hot water storage tank is used as a back-up to compensate low and fluctuating radiation. Results show
that, at a saturation temperature of MED’s heating steam of 55 °C, freshwater production is 11.1 m3/day
in 10 hours of operation, system specific power consumption is 9.72 kWh/m3, specific area is 317.04
m2s/kg, and performance ratios of the desalination unit is 3.33 and 6.97 for the overall system. However,
at T = 65 °C the system’s electrical energy is totally absorbed by the compressor, and the system’s
performance decreases.
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Nomenclature

A Heat transfer area, m2 Greek symbols
G  Global radiation, W/m2 o Fraction of vapor condensed in preheater
h  Enthalpy, ki/kg B Power temperature coefficient %/°C
M Mass flow rate, kg/s Subscripts
Q  Heat, kW B  Brine
r  Compression ratio ¢ Condenser
sA  Specific area, m2/kg D Distillate
U  Heat transfer coefficient, W/m2.K e Effect
W Work, kW FB  flash box
X Dryness fraction FE  Flashing in Effect
Abbreviations fg  Latent heat
BPE  Boiling point elevation, °C L  Saturated liquid
LMTD  Logarithmic mean temperature difference, °C preh  Preheater
MED  Multi-effect distillation S  Steam
MVC  Mechanical vapor compression sat  Saturated vapor
NEA  Non-equilibrium allowance, °C ref  SW
ORC  Organic Rankine cycle T Total
PR Performance ratio t  Tilted
SPC  Specific power consumption, kWh/m?® V_ Vapor
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1. INTRODUCTION

The increasing world population and climate change have caused severe water shortage in many regions
of the world specially in developing countries with limited natural water resources [1,2]. This situation
is believed to get more complicated in the future as global warming is causing more drought each year.
Although there are multiple desalination technologies, which are well established and reliable, their
requirements of energy is high and the cost of their construction and operation is significant [3]. Reverse
osmosis is one of the most common techniques of desalination which is widely used around the world
[4]. However, it is not reliable for regions like Middle Eastern seas because of the harsh conditions and
higher sea salinities. Thermal desalination technologies like multi-stage flash and multi-effect
distillation are most suitable for these conditions. That is the cause of their dominance in regions like
the Arab gulf countries [5]. The most serious concern about thermal technologies is their high demand
of fossil fuel and consequently, damaging effect on nature [6]. The renewable sources of energy
represent a promising solution to that problem especially solar energy which happens to be abundant in
the same regions where drought is most prominent.

Literature is already rich in research on powering thermal desalination systems by solar energy which
is an important trend in recent years. A multi-effect distillation system (MED) plant powered by 849 m?
of evacuated tube solar collectors was studied by Kim et al., [7]. They found that the annual collector
efficiency decreases from 57.3% to 54.8% with an increase of the heating steam temperature from 80
°C to 90 °C. However, the overall water production rate increases from 0.18 kg/s to 0.21 kg/s and the
performance ratio from 4.11 to 4.13 [7]. Liu et. al., theoretically studied another MED system powered
by evacuated tube solar collectors. They investigated the effect of varying heating steam temperature of
the first effect and number of effects on system performance. Their results showed that an increase in
heating steam temperature or number of effects decreases water cost [8]. A solar trigeneration system
producing electricity, freshwater, cooling, and heating effects was modelled by Calise and co-workers
[9]. They used concentrated photovoltaic/thermal collectors as heat and electricity source, MED for
desalination and absorption chiller for cooling and heating effects. In addition, they used a biomass-
fired heater for powering the MED unit. The system was dynamically simulated to determine the
optimum values for design parameters [9]. Alhaj et al., [5] investigated the performance of an MED
system coupled to linear Fresnel collectors with storage system and an air-cooled condenser. Their
system produced 8.6 m® per m? of collector yearly and they managed to reduce the cost and the plant
water consumption by 2 m? of seawater per m® of feed water. The concentrated photovoltaic/thermal
collector was coupled to MED for simultaneous production of water, power and heating by Zhang et al.,
[10]. The system was studied from energy and exergy perspectives. The results indicate that the system
is performing better than individual systems combined. Alsehli et al., [11] integrated parabolic trough
solar collectors with MED and thermal storage tanks. The required collector area was calculated to be
92000 m? for a 2200 m? production of distilled water. The performance ratio was 2 and specific thermal
energy consumption was 1140 kJ/kg [11]. Integrating low temperature MED with salinity gradient solar
pond was studied by Parsa et al., [12] economically for 200000 m*/year of fresh water. Soliman et al.
[13] compared the performance and cost of an MED system powered by large scale solar tower and
parabolic trough collectors combined with ORC against Rankine cycle, ORC proved better. A hybrid
desalination system implementing reverse osmosis and MED together was organic Rankine cycle that
is supplied with solar power using a parabolic trough solar collector was modelled by Naminezhad et
al., [14]. The different organic fluids were used as working media for the Rankine cycle. They found
that n-octane had the highest rate of freshwater production and lowest exergy destruction.

Despite the vast interest in the topic, matching the thermal and electrical requirements of MED with a
low-temperature, commercial and non-concentrated photovoltaic/thermal collectors for small-scale
applications have not been presented, yet. In this paper, a small-scale multi-effect distillation with
mechanical vapor compression unit (MVC) is powered by PVT solar collectors for simultaneous
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production of freshwater. Energy analysis is performed, the system efficiency is investigated, and the
overall system is tested under the climate conditions of Alexandria, Egypt. First, the main features of
the system are demonstrated. Then, a mathematical model is presented and solved for system’s
performance parameters. System performance is evaluated and main key results are discussed. Finally,
the system is tested and overall key observations are recorded.

2. SYSTEM DESCRIPTION

The proposed system layout is presented in Fig. 1. A solar field of photovoltaic/thermal collector
produces both heat and electricity [15]. The thermal energy is delivered to water storage tanks while the
electrical energy is used to power the system components and the rest is injected into the grid. The
storage tanks are used to provide thermal energy for extended hours of operation and at the same time
accommaodate weather changes. A flash separator is used to produce the vapor required by the distillation
unit but at a lower pressure. The small scale multi-effect distillation with mechanical vapor compression
(MED-MVC) desalination unit design and arrangement is based on Ref. [16] with a modification of
adding the compressor. The unit is designed to produce only 10 m®/day of fresh water in 9 hours of
operation and is composed of 4 effects. The compressor elevates the pressure and temperature of that
vapor giving it the ability to assist in the unit operation which saves a portion of the electrical energy
required by the system. The superheated vapor at the outlet of the compressor is sent to the first effect
to evaporate a quantity of the preheated feed seawater. Some of that quantity is condensed in the
preheater and the rest is sent to the following effect. The process is repeated as each effect is at a pressure
and temperature lower than the previous effect to permit evaporation by both boiling and flashing. The
condenser is used in the original system by Delgado et al., [16] to condense the total amount of last
effect’s steam, but here it is reduced and used as a preheater. A ratio of the total freshwater produced is
directed back to the solar circuit for mass conservation while the rest is extracted and bottled.

| H —~T—
sepa‘ﬁmf—D —— é [etec1 ]

PVT Field Flarh Boxes é i ‘%

(oo |

Figure 1. The system layout
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3. MATHEMATICAL MODEL
3.1 MED-MVC Subsystem

In this paper, a simplified forward feed multi-effect distillation model is built on the detailed model by
Delgado et al., [16] with the assumptions and following approximations:

No thermal losses considered, no saturation temperature loss in demisters and connecting pipes, no
leaks in the system due to vacuum, distillate is salt free, inlets and outlet effects’ streams are at saturation
conditions except first effect, boiling point elevation and non-equilibrium allowance are considered,
flash boxes temperatures are equal to effect’s vapor saturation temperatures, heat transfer areas for
effects and preheaters are taken as equal for economic measures, pumping requirements neglected and
finally seawater properties are based on a library by Shargawy et al., [17,18].

The model is generated by applying mass, salinity, energy balances in addition to heat transfer equations
to all the effects, flash boxes, preheaters, and condenser.

3.1.1 Effect 1

Feed seawater enters the first effect after getting preheated. The superheated steam coming from the
compressor raises its temperature to effect’s temperature at which boiling starts and the heating steam
condenses and moves to the flash box. The flash box is at lower pressure than heating steam, that’s why
flashing occurs, and the generated vapor is sent back to the effect. A portion of each effect’s vapor will
condense in the preheater to provide preheating for better overall performance of the system. This
generated vapor in the first effect will be the heat source for the following effect as it will be at a lower
pressure and consequently water evaporates at a lower temperature. The mass and salinity balances on
the effect and flash box are given by,

Mg + Mypg1 = Mry + Mpoye @
Mry =Mp1 + Myrgp, (2
Mg + a;Mry = Mypp1 + Mpp 1, 3
Mg Xin = Mpout,1 Xout 1, 4

where the flow rates; My for the feed seawater, My pgfor the flashed vapor from flash box, M for the
total amount of vapor, My, for the portion of vapor generated by boiling, Mg for the heating steam
supplied to unit, Mpgfor the distillate out of the flash box, Mg, for brine out of the effect whereas «
is the ratio of vapor to be condensed in the preheater and X is the salinity.

Mg
Myrg 1 Tpren1
. L 4
A 4 1
: (1—ay)Mr,
M Ty Tysata ' —»  Tvsat:
T:SS g [ ) :
. ]
a1 Mr;
MBout.l MF
Meg, Xout1 Toren

Figure 2. The sketch of Effect 1.

92



JOURNAL OF ENERGY SYSTEMS

Energy balance on the effect, flash box and preheater are given by,

MS(hSup,S - hSat,S) + MShfg,S + Mthreh,2 + Mypg hy, = 1- al)MT,th,l +a; My hyq +

®)

MBout,lhBout,l )
Mgshy s + a;Mr1hy o = Mypg1hy s + Mpg 1hy 1, (6)
MFCppreh,l(Tpreh,l — Toren ,2) = alMT,lhfg,l- )

where hgyp s, hsats hrgs are enthalpies of superheated heated steam at temperature T, saturated
heated steam at temperature T and its latent heat of condensation, respectively. hy, hy, hgg are enthalpies
of the effect’s saturated vapor, liquid and latent heat, respectively. The effect temperatures are given by,

T, = TVsat,l + BPE}, (8)

TV,l =T;. 9)

The boiling point elevation, BPE, is the increase in boiling point of seawater due to its salinity [17]. T},
is the vapor actual temperature in the effect. However, only saturation temperature is considered for
simplicity as the superheat portion is negligible if compared to the latent heat.

3.1.2 Effects 2 and 3

Effects include a flashing process as brine at saturated condition following the first effect. They enter
them and the system is exposed to a lower pressure. The flow rate of the generated amount is My g ;

MBaut,i—l
Myrg, Xout.i-1 T Tyren.i
¥y
Y 1
) M M M M 1
|
(1—ag-1 )Mr;— Tvi Tysati : » (1 _Tai WMz,
T. ) > ] 1 Vsat.i
Vsat,i—1 0 1
1 |1
[
Mg i1 < ]
Mg
Tp‘r‘eh,Hl
Mpout, l @Mr;
Xaut,i
Figure 3. The sketch of Effect I, where i =2,3.
Mass and salinity balances on effect and flash box are stated as follows:
Mpgouti-1 + Myrpi = Mr; + Mpoye i, (10)
Mr; = Mp; + Mypp; + Mypg,;, (11)
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(A —ai-)Mr; 1+ Mpg; 4 + aiMy; = Mypg; + Mpg;, (12)
MBout,i—l Xout,i—l = MBout,L‘ Xout,i- (13)
The energy balance on the effect, flash box and preheater are given by,
(I —ai—)Mr;_1hegi1 + Mypgihy; + Mpoyei—1hpouti-1

= (1 - a)Mrihy; + a;Mrihy; (14)
+MBout,ihBout,i + MFCppreh,i(Tpreh,i - Tpreh,i+1)'

1- @i )Mri_1hp; 1+ Mpg;_1hp; 1+ aiMypih; = Mygghy; + Mpg by, (15)

MFCppreh ,i(Tpreh A Tpreh ,L'+1) = aiMT,ihfg,i' (16)

Effect temperatures are given as follows:

T; = Tysqr; + BPE;, a7

Ty; =T, (18)
Trg; = T; + NEA;, (19)
NEA; = —33(‘;“)0'55, (20)

Vi
where Trg ; is the temperature of brine directly at the effect’s inlet due to the flashing process and it is

higher than the effect’s temperature by the non-equilibrium allowance NEA; [19]. AT; is the temperature
difference between two successive effects.

The flash process is stated as,
Myeg,ihsgsw,i = Mpouti-1Cpre,i(Ti—1 — Trg i), (21)

where hg gy ; is the latent heat of seawater, Cy, g ; is the specific heat capacity of seawater at the average
temperature between T;_jand Trg ; .

3.1.3 Effect 4 and Condenser

In the model introduced by Delgado et al., [16], the last effect does not include a preheater as the
condenser will act as one, beside condensing last effect’s steam. Here the condenser is reduced and used
as a preheater as most steam will be redirected to the compressor. The mass and salinity balances on the
effect, flash box and condenser are as following:

Mpout,3s + Myppa = (1 — ay)Mr 4 + Mpoyr a, (22)
Mz4 = Mp 4 + Mypp s + Myrg,a, (23)

(1 —az)Mr3 + Mpps + My cona = Myrpa + Mppa, (24)
Mpout,3 Xout3 = Mpout,a Xoutar (25)

My comp = (1 — a)Mr 4 — My cona, (26)
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MCycle = MFB,4 — Mpist, (27)

where My comyp is the amount of steam redirected back to the compressor, My conq is the amount
condensed and used for preheating in the condenser. M, is the amount of freshwater sent back to the

solar cycle for mass conservation and Mp;; is the extracted useful amount. The energy balance on the
effect, flash box and condenser are explained by,

(1 - a3)MT,3hfg,3 + MVFB,4-hV,4 + MBout,ShBout,S

(28)
= MT,4hV,4- + MBoutAhBoutA-’
(1 — ag)Myzh, 3 + Mpgsh; 3 + My conghra = Myppahy s + Mpp ahy 4, (29)
MV,Condhfg,4 = MFCp,SWin(TF - TSW,L‘n)- (30)
The effect temperatures are given by,
T, = TVsat,4 + BPE,, (31)
Tya =Ty, (32)
TFEA- = T4 + NEA4_, (33)
0.55
NEA, = 24w (4)
Ty,a
The flash process is defined by,
MVFE,4hfgSW,4 = MBout,3CpFE,4(T3 - TFE,4)- (35)
MBoutS
MVFBA Xout,3 TF A
| ¢ A
L : Mr,4 Mvacgmp
1 TVsatJdL
(1—a3)Mygs Ty4 Tvsata : '.
Tysata 0 1 |
] |
MV,Cond
y
Mg

Y

M V.Cond |

T

Figure 4. The sketch of Effect 4 and the condenser.

3

The heat transfer equations for the effects, preheaters and condenser are defined as following. The
overall heat transfer coefficient for the effects following Ref. [20] is given by,

U,; = 1.9695 + 1.2057x102T; — 8.5989x1075T

36
+2.5651x107 7T, (36)
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The overall heat transfer coefficient for the condenser after Ref. [20] and for the preheaters after Ref.
[16] are as follows,

U, = 1.7194 + 3.2063x10 3 Ty50¢ 4 + 1.5971x107 5T 5 4 — 1.9918x107 7 T p 4 (37)

Effect 1 is defined as,

Q, = A1Ue,1(Ts - T1)' 38
Effects 2:4 are defined as,
Qi = AiUei(Tysari-1 — Ti)- 39
Preheaters 1:3 are defined as,
— _ TprEh,i_Tpreb,i+1
Qpreh,i =A preh,i Upreh,iLMTD preh,i — preh,iApreh,i m' (40 )
ln( TVsat,i_Tpreb,i >

Condenser definition is given by,

Tr=Tsw,in
=A,U.LMTD, = U A, ——F—=F——
Qc c Uc c Uc c In (41)

(TVsat,4 ~Tsw,in )
Tysata~TF

The compressor work is defined by,

WComp = (MV,Comp + MV,Solar)(hSup,S - hv,4)f (4'2)
_ Pgqr at Ts
Tcomp = Psar at Tysaes’ (43)

where My 514, 1S the amount of steam provided through the solar field, hg,,,, s is the actual enthalpy at
compressor outlet, h,, , is the enthalpy of redirected steam from last effect and the solar field.

Mg = MV,Comp + My soiar (44)

where Mg is the total heating steam flow rate. The MED-MVC performance parameters are given by,

4 3
__ =1 Ai+Xi—1 Apreh,itAc

Mpist

sA

(#5)

Here, sA is the specific area in m?/kgpist and it is used to compare systems of different features as it is a
measure of how much heat transfer area is required and consequently, the cost.

Weomp 1000

SPC = — 46
Mpise 3600 (46)

The SPC is the specific power consumption in kWh/m? and given by,

96



MDisthfg,4

(#47)

PRuMED-mve = -
Mgshgg s+Wcomp/Mthermal

PRyvep—mvc 1S the performance ratio [21] and niermar 1S @verage thermal power stations efficiency
which is used here to give a better indication by transforming high grade electricity into primary energy
[22,23].

3.2 Storage Tanks and Flash Box

The flash box is used to generate low pressure and temperature steam to assist in MED-MVC operation.
First, the required output amount is calculated from MED-MVC solution, My 5,4, then flash box input
flow rate is specified. The flash box is kept at a pressure equal to last effect’s pressure. The formulation
is given by,

(48)

7
hy out—hLout

Myotwater = My sotar/%, “9)

where My twater 1S the required flowrate from the hot water tank and x is the ratio of output vapor to
the inlet flow rate.

The hot water tank is designed to provide constant flow rate and keep the system working for a specified

number of days in addition to compensating for fluctuating solar radiation. The capacity of the tank is
calculated as follows,

ETank = QPVTNhrs/dayNdays 1000 x 3600, (50)

Mrank = ETank/(Cp (Twotrank — Tcotarank))s 51)

where Qpyr is the required solar thermal power in KW, Tcorarank, TrotTank @re fixed temperatures and
Mrank 1S the total hot water amount in the hot tank in kg.

3.3 PVT Solar Field

A simplified model is implemented to find the main output parameters of the PVT panels with
simplifying assumptions following Ref. [24]. The electricity production from Ref. [25] is given by,

Nelectrical = nnominal[l = B(Tpyr — TS.C.)]I 52)

Petectricat = Netectricar * Gt * Apyr, 53)

Where 1,0minat 1S the nominal electrical efficiency at standard conditions of G, = 1000 W/m? and
Tsc. = 25 °C, parallel with Ref. [26], B is the power temperature coefficient which accounts for the
decrease in efficiency due to higher temperatures. Tpy is the panel surface temperature. Thermal energy
balance is defined as,

NthermatGeApyr = mWCP,W(TW,out - TW,in)l 54)

Pele,net = Pelectrical - WComp/ (55)
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where 1:hermar 1S the thermal efficiency, ag is the optical efficiency, ai, a; are heat loss coefficients
which are different for each PVT model, Ty, 4y is the average temperature of the cooling water in and
out, Ty, is the surrounding temperature. PRgyeran IS the system overall performance ratio calculated
the same way as Eq. (47):

_ MDisthfg,4 + Pele,net/nthermal

PROverall - P : (56)
Solar

The mathematical model is a set of non-linear equations that is solved using MatLab. First, the model is
solved for the design point. Then, overall system performance changes with changing main parameters
are investigated.

4. RESULTS AND DISCUSSION
4.1 Model Validation

The main MED model is validated against that one by Delgado et al., [16] in Table 1, with the same
layout and arrangement and same input conditions of the following: Distillate output 1 kg/s, input steam
is saturated at 70 °C, inlet seawater temperature is 25 °C, inlet salinity is 42000 ppm, output salinity is
70000 ppm, last effect’s temperature is 40 °C, terminal temperature difference in the first preheater is 5
°C, and increase in temperature across condenser is 10 °C.

Further simplifications are considered as follows: No pressure or saturation temperature losses in the
demister and connecting lines, the superheat portion is neglected in the effects and preheaters. In
addition, only 4 effects are studied, which is suitable for small-scale applications. Validation is presented
in Table 1. An acceptable agreement is fulfilled. The combined MED-MVC system was tested for the
validation with 63.36 m%h distillate production and 62.5 °C heating steam temperature. The calculated
performance ratio is 3.1744, which is comparable to 3.19 according to the study of Elsayed et al., [22].
The specific power consumption of the 2 effect MVC with makeup steam by Ref. [21] is 9.4 KWh/m?
which is close to the 9.7 kWh/m? for 4 effects here at 55 °C heating steam saturation temperature.

Table 1. The validation.

4 Effects (after [16])  Present Model % Error

GOR 3.543 3.520 0.649
SA 189.130 188.480 0.344
AT, 7.040 7.255 3.054
AT, 5 7.126 7.277 2.119
AT;, 7.237 7.366 1.783
ATpren 12 7.222 7.369 2.035
ATpren 2,3 7.370 7.339 0.421
ATpreh 3,cond 7.592 7.189 5.308
oy 0.118 0.124 5.085
, 0.121 0.126 4.132
s 0.125 0.126 0.800
TTD pren 5.182 5.000 0.000
TTD prens 5.429 5.114 1.312
Mp 0.259 5.176 4.660
Mp,, 0.233 0.262 1.158
Mp 3 0.229 0.233 0.000
Mp 4 0.226 0.227 0.873
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4.2 Input Data

The solar radiation data for Alexandria, Egypt are collected from Meteonorm software. The annual
average global radiation on 30° inclined surface for that location is 622 W/m? and average sunshine
hours is 8.99 hrs. These values are used as a design point. A commercial PVT model from DualSun,
France is used with characteristics presented in Table 2. Solar field sizing is based on the thermal energy
requirements of the desalination unit. No consideration has been given to electrical load as the system
is connected to the grid and the main purpose is to recover low grade heat.

Table 2. PVT model characteristics.

Electrical Thermal

Nominal power 400 W Thermal power 660 Win/m?

Module efficiency 21.3% Collector area 1,876 m?

Power temperature coefficient -0.34 %/°K Non-insulated  Insulated
Stagnation temperature  80°C 90°C
Optical efficiency ag 63.3 % 62.1 %
Coefficient a; 11.5 W/K/m? 7.4 W/K/m?
Coefficient a; 0 W/(m2.K?) 0 W/(m2.K?)

The following input data are applied: For the MED-MVC, distillate output is fixed at 10 m®day in 9
hours of operation, seawater inlet temperature and salinity are 25 °C and 42000 ppm, respectively. The
last effect’s temperature and salinity are 40 °C and 70000 ppm, respectively. In addition, the compressor
efficiency is assumed to be 90% in this respect. The flash box saturation temperature is made equal to
last effect’s temperature. Hot water storage tank is designed to provide energy for 2 days with no solar
power input. Its temperature is fixed at 55 °C which is suitable for the chosen PVT model, cold tank
temperature is fixed at flash box temperature. The PVT model is assumed to provide a fixed temperature
of 55 °C by changing the water flowrate.

4.3 System Power

Fig. 5 shows that the required solar thermal energy is 39.166 kW, which is more than 3 times the
compressor power at T=55 °C. The solar field is sized according to the required thermal power and the
compressor power at this design point is taking up 50.9% of the generated electric power of the PVT
field. At this point, the portion of the solar vapor is almost 20% of the total heating steam. Elevating the
temperature to 60 °C decreases the required thermal power by 6.3% due to the decline in the required
solar vapor flowrate, and increases compressor work by 33.6%. This large jump causes the power
consumption to increase by 21.7% to reach a value of 72.6% of the total electric power of the filed. The
same trend keeps going until a maximum point is reached at 65 °C, where the produced solar electric
power is nearly sufficient to power the compressor with no extra production.
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Figure 5. Compressor power, solar thermal and electrical power changes with temperature.

This happens because the increase in saturation temperature increases the pressure ratio of the
compressor and consequently, power consumption. At the same time, the flowrate of the solar vapor
required decreases due to more vapor being generated inside effects and same amount of distillate is
extracted (Fig. 6).

B Vapor Back from Last Effect B Vapor from Solar System

100%
95%
90%
85%
80%
75%
70%
65%
60%

55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70
Heating Steam Temperature

Figure 6. Vapor from solar system against vapor from last effect at the inlet of the compressor.
4.4 System Performance
Lower temperature operation means that higher specific area is required and consequently the system
initial cost would be higher. On the other hand, lower temperatures result in lower specific energy

consumption and lower operating costs. As shown in Fig. 7, rising the temperature from 55 °C to 70 °C
nearly halves the specific area and doubles specific power consumption.
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Figure 7. MED-MVC performance parameters with the heating steam saturation temperature.

The MED-MVC performance ratio decreases with increasing temperature due to the gradual increasing
compressor power with distillate output kept constant and heating steam flowrate declining slightly,
3.08% between 55 and 70 °C. On the whole, the performance ratio of the entire system climbs up with
rising temperature but very slowly due to two opposing effects: The first one is lower field size and
consequently lower insolation and higher PR. The second one is the decrease in electricity output which
causes lower PR, Fig. 8.

10 +

—PR (of MED-MVC)
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)
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Figure 8. The performance ratio of the MED-MVC and the overall system trend with saturation temperature of
heating steam.
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Figure 9. The system performance on the 21st of June in Alexandria, Egypt.

Furthermore, the system is tested for a typical day of summer, 21 June in Alexandria, Egypt. Hourly
solar radiation data are extracted from PVSYST software. Hot water tank is designed to operate the
system individually for 2 days of no sunlight. Heating steam saturation temperature is taken as 55 °C
for better harnessing of solar thermal power. For normal operation, the system starts, when sun radiation
is enough for positive thermal efficiency, generated is more than losses, then, the tank discharges for
some hours till sun radiation is strong enough to power the system. After that, the tank charges and the
system works simultaneously. The system performance is shown in Fig. 9. Volume of the tank is
enlarged by a factor of 1.5 to accommodate further filling during the day and is guaranteed to reach its
initial water capacity with an increase of 5% at the end of the day. Then, the system is stopped as
depicted in Fig. 10.
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Figure 10. Storage tank charge/discharge curve with global incident solar radiation on 21st of June, Alexandria,
Egypt.

The solar field is composed of 95 collectors and total freshwater production is 11.1 m3, this is justified
by the fact that average radiation during operation hours in that day is 690.11 W/m?, which is larger than
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the design value of 622 W/m?, thereby the system works for extra hours. Thermal energy harnessed is
420.34 kWh, Net electricity to the grid is 136.11 kWh.

5. CONCLUSION

A multi-effect distillation system with mechanical vapor compression was designed to run by the
thermal and electrical power of photovoltaic/thermal collectors. The solar field has been sized based on
the required thermal energy of the desalination system for the weather conditions of Alexandria, Egypt.
Produced electricity is used to power the compressor and the excess is injected into the grid. The main
findings are as follows:

1) Multi-effect distillation with mechanical vapor compression desalination system can be
powered effectively by low temperature photovoltaic thermal collectors from energy
perspective.

2) Heating steam saturation temperature has a significant impact on the compressor
power, the thermal power requirements and the overall performance of the system.
Elevating heating steam saturation temperature from 55 °C to 70 °C nearly halves the
specific heat transfer area and doubles specific power consumption.

3) The overall performance of the system is enhanced by rising steam temperature until
the overall produced power is consumed by the desalination system at 65 °C.
Afterwhich, the system performance declines.

4) The required hot water storage capacity is large compared to the freshwater output due
to utilization of sensible heat energy storage at relatively low temperature differences.

In the future, an investigation of the best matching conditions between the desalination system and the
PVT system can enhance performance. Besides, the utilization of latent heat energy storage can greatly
reduce storage capacity required.
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