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ABSTRACT

In this work, the first and second laws of thermodynamics were applied to conduct energy and
exergy evaluations of a novel integrated multi-effect distillation with thermal vapor compression
(MED-TVC) system for seawater desalination. In addition, the behavior of the MED-TVC system
was analyzed for various operating conditions such as the top brine temperature, the number of
effects, and the motive steam flow rate. The obtained results confirmed that the major causes of
irreversibilities in the MED-TVC system are the ejector and effects, which account for 45% and
37% of the total exergetic destruction, respectively. Moreover, the results of the energetic analysis
showed that maximum energy losses of about 42% occur in the condenser primarily due to heat
transfer over large temperature differences. Finally, the parametric study revealed that operating
the MED-TVC desalination system with reduced top brine temperature and motive steam flow is
highly recommended to improve the overall efficiency while increasing the number of effects is
particularly suitable for high system performance and productivity.
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1. Introduction

Seawater and brackish water desalination are among
the most interesting technologies for drinking-water sup-
ply in water-scarce and semi-arid regions. Currently, more
than 18.000 desalination plants operate in 150 countries pro-
ducing approximately 38 billion m*/y. By the year 2030, this
number is projected to increase to 54 billion m?/y, 40% more
compared to 2016. Although seawater desalination accounts
for about 59% of installed capacity worldwide, followed by
brackish water desalination accounting for 23% of global
desalination capacity, but the use of other water sources,
such as river water, and both domestic and industrial waste-
water has been steadily increasing. However, desalination
is a highly energy-intensive water treatment process that
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consumes at least 75.2 TWh/y, which is equivalent to around
0.4% of global electricity consumption. Most of the energy
required for desalination presently comes from fossil fuels
which are the major source of CO, emission. Presently,
globally installed desalination capacities are contributing
76 million tons of CO, annually and it is expected to grow to
218 million tons of CO, per year by 2040. Therefore, there is
aneed for new methods which limit environmental burdens
associated with the more conventional types of seawater
desalination techniques, and they must fulfill the growing
demand for potable water, simultaneously [1].

The commercial desalination technologies can be
divided into two main categories: thermally-driven methods
such as multi-effect desalination (MED), multistage flash

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.



R. Menasri et al. / Desalination and Water Treatment 246 (2022) 54—67 55

desalination (MSF) and adsorption cycles methods (AD),
and membrane separation processes such as reverse osmosis
(RO), and ultra/nano/ionic (UF/NF/IF) filtration. In addition,
there are different emerging technologies which are that are
under research or in commercialization stages including
forward osmosis (FO), membrane distillation (MD), capac-
itance deionization (CDI), gas hydrates (GH), freezing and
humidification dehumidification (HDH). Recently, hybrid-
ization trends of desalination technologies such as MED-AD,
MSF-MED and RO-MSF are evolving to improve processes
performance by overcoming conventional methods limita-
tions but also to maximize operational reliability and recov-
ery [2-4]. Among the available desalination techniques,
multi-effect distillation with thermal vapor compression
(MED-TVC) represents a promising alternative compared
to other well-established desalination systems because of
its improved efficiency, simplicity of operation and mainte-
nance, and economic viability [5,6].

The performance of thermal systems could be ther-
modynamically analyzed by applying energy and exergy
methodologies. The thermodynamic inefficiencies are eval-
uated using the energetic analysis method. However, this
methodology lacks significant information on losses and the
sites where they take place. The exergetic analysis approach
is widely regarded as a powerful tool for determining the
causes, locations, kinds, and importance of the thermody-
namic inefficiencies of a given system [7,8].

Hamed et al. [9] applied the exergetic analysis approach
to a four-stage MED-TVC desalination system situated in
the United Arab Emirates, based on real operating data.
The exergy losses have been assessed and compared with
those of other traditional desalination systems. The findings
revealed that the first effect and the ejector account for the
majority of exergetic destructions with about 39% and 17%,
respectively.

Al-Najem et al. [10] performed energetic and exergetic
analysis for two commercially available thermal desalination
systems (single and multi-effect TVC) installed by SIDEM
Company (France). The results showed that the thermo-com-
pressor and evaporators are the major sources of exergetic
destruction rate in the TVC system.

Alasfour et al. [11] carried out an energetic and exergetic
analysis of three distinct multi-effect TVC configurations.
In all configurations, the irreversibilities in the ther-
mo-compressor and evaporators were found to be the most
important causes of exergetic destruction. The thermal anal-
ysis also revealed that the first effect accounts for up to 50%
of the total effect’s exergetic destruction.

Choi et al. [12] analyzed the thermal performance of
four MED-TVC desalination systems with various capacities
provided by Hyundai Heavy Industries (HHI) Company
(Korea). The exergy losses in subsystems of every MED-TVC
system have been evaluated. According to their findings,
above 70% of the total exergetic destruction is attributed to
the TVC and the effects.

Sayyadi et al. [6] carried out thermodynamic and ther-
moeconomic optimization based on the exergy and eco-
nomic analysis of a typical MED-TVC system in order to
minimize the water production cost and maximizing the
exergetic efficiency. The results revealed that maximum
exergetic efficiency and minimum cost of water production

are obtained at a much higher value of the number of
effects. This was later confirmed by Esfahani et al. [13].

Benimar [14] evaluated and improved the performance
of three commercial MED-TVC systems with different capac-
ities based on energy and exergy analyses. The findings
indicated that the major part of the exergetic destruction
rate results in the steam ejector and the effects. Moreover,
the results indicated that the first effect is responsible for
around 46% of the total effects” exergetic destruction, which
decreases with an increasing number of effects.

Sadri et al. [15] analyzed and optimized a MED-TVC
system in the Tripoli plant (Libya) using the energy and
exergy approach. The results displayed that evaporators are
the major causes of exergetic destruction, whereas the first
effect is accounting for around 73% of the exergetic destruc-
tion rate of all the effects.

Eshoul et al. [16] performed exergy and economic
analyses of a MED-TVC system for various operating
parameters and configurations. According to the results,
the ejector and effects are the primary causes of exer-
getic destruction, accounting for around 40% and 35% of
the total exergetic destruction, respectively.

Elsayed et al. [17] developed an exergo-economic model
to simulate the performance of a MED-TVC system having
a variety of feed options. Their findings confirmed that 58%
of exergy destruction takes place in the TVC section and
could be much lower by decreasing the supplied pressure of
motive steam.

Khorshidi et al [18] presented exergetic analysis and
optimization of a MED-TVC system situated in the south
of Iran, based on a genetic algorithm. The exergetic anal-
ysis of the system indicated that more the 80% of the exer-
getic destruction takes place in the ejector and effects.
The optimization results showed that the distilled water
production could be improved by 16.62%, while the total
exergetic destruction rate was reduced to 3.58%.

Tontu et al. [19] analyzed a four-stage MED-TVC system
coupled with a thermal power plant situated in the eastern
part of Turkey by applying energy, exergy, and thermoeco-
nomic approaches and by considering different operat-
ing conditions. Their results revealed that approximately
45% of the total exergetic destruction rate belonged to the
thermo-compressor.

Recently, Cao et al. [20] performed energy and exergy
analyses of MED and MED-TVC desalination systems using
different group division techniques. The findings indi-
cated that the performance of the MED-TVC system could
be improved if the effects are distributed more uniformly
across effect groups. It is also found that exergetic efficiency
could be significantly enhanced by raising the suction effect
number.

In this paper, a novel scheme in which feedwater pre-
heater is integrated with the MED-TVC desalination sys-
tem is presented. This MED-TVC based scheme could
reduce the waste exergy from the production line, in the
global capacity of the desalination system. In addition,
energetic and exergetic analyses are accomplished for all
components within the MED-TVC system. Based on the
obtained thermal and exergy losses, an attempt is made
to minimize the losses and enhance the overall system
efficiency.
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Table 1

Mass and energy balance model equations [21,22]

Parameter Equation No
i T -T
Temperature difference across the AT = 1 (1)
effects n—-1
Temperature of compressed steam T. =T -AT 2)
Vapor temperature in the last effect T, =T,—BPE 3
BPE =X, [ B+CX, |x10” €)
Boiling point elevation (BPE) B=[671+(634x107 x T, )+ (9.74x107 x T?) | x 107 ®)
C= [22.238 +((959x107° xT, )+ (942 x10° xT2) | x 10 ©)
Cp=|:a+b><Tl+c><T12+d><Tf']><10’3 @)
a=4206.8 - (6.6197 x S)+(1.2288x 10 x §*) ®)
Heat capacity of water b=-1.1262+(54178x107 x §) - (22719x10* x §*) ©)
c=(1.2026x107) - (5.3566 x 10~ x §) +(1.8906 x10* x 5°) (10)
d=(6.8777x107)+(1.517 x10° x S) - (44268 x 10 x §°) (1)
-3892.7
Pressure of compressed vapors P =1000 x exp[Ts 7315 — 6776 + 9.5) (12)
—-3892.7
i P =1000x +9.5
Pressure of entrained vapors ov eXp( T _+273.15 42.6776 J (13)
Pﬂl
Expansion ratio (ER) ER = P (14)
P
Compression ratio (CR) CR= P (15)
R]'lg 0.015
Entrainment ratio (Ra) Ra =0.235—5 ER"™ (16)
. D
Entrained vapors flow rate e = 17)
Ra
Brine temperature in each effect T,,=T,,—-AT, i=12,.,n (18)
Vapor temperature in each effect Tm. =T -BPE (19)
Feed seawater flow rate in each r- E, i=1,2,..n 20)
effect "n
Vapor condensation temperature Tci = T, —BPE - ATP + ATt - ATC (21)
Latent heat of vaporization at steam 5 '_ 551 897149 - 2 407064037 x T +1.192217 x10° x T2 — 1.5863 10 x T° (22)

temperature

(Continued)
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Table 1 Continued
Parameter Equation No
Latent heat of distillate vapor A, =2501.897149 —2.407064037 x T, +1.192217 x 107 x Tf —~1.5863x 107 x Tf (23)
Latent heat of motive steam A,, =2501.897149 — 2.407064037 x T, +1.192217 x 107 x T:, —1.5863x107° x Tj (24)
B,=F -D, (25)
Mass balance in each effect
B,=F+B_,+D,,i=2,3..,n (26)
E
)(1 = E X Xf (27)
Brine salinity at the outlet of the i
effect
F B. .
Xi:EXXf+ leXH, i=2,3,....n (28)
1
D, = Z[(Dm +D, )1, ~FxC,(T,-T,)] (29)
1 ,
Di = fl:(DH + Di—l)}\‘i—l - Fz X Cp (Tz - Tf) - Bi—l x Cp (’I;'—l - T;)jl (30)
Vapor produced in the last effect D' =D C LT (31)
i i-17p 7\’
T =T, ,—NEA 32)
( - .)0.55
NEA, =33+ (33)
Distillate water flow rate D, = ZDi (34)
i=1
1939.4 +1.40562T —0.020752T> + 0.0023186T"°
Overall heat transfer coefficient u = 939.4+ 1405621, —0.0207521; +0.00 o1, (35)
! 1000
_ (Dm + Dev)ks 36
OGS oo
Heat transfer area in each effect
DA
A = L1 ,1=2,3,...... N (37)
Ui (Tc,z - 1)
Total heat transfer area A=A +A+. . +A = ZAl. (38)
i=1
. _ Dcxn
Cooling seawater flow rate @™o (T _T ) (39)
P\ f cw
p— DC}\‘YI
U, (LMTD) (40)
(LMTD) — M
Condenser heat transfer area R |: T T, :| (1)
In _on W
T‘r,n - Tf
U, =1.7194+32063x107°T, —-1.5971x10°T? +1.9918 x107 T (42)
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2. System description

A schematic of the proposed MED-TVC system is rep-
resented in Fig. 1. The most important components of the
desalination unit are the thermo-compressor (ejector), the
condenser, and the evaporators (effects). The motive steam
(D,) is introducted into the thermo-compressor at mod-
erate pressure and employed to compress a part of the
steam formed in the last effect. With the mass flow rate
(D, + D,,), the compressed vapor and expanded motive
steam exit the ejector and enter the first effect (heat source),
thus condensing and releasing their latent heat within the
tubes. Each evaporation effect is sprayed with pre-heated
feed saltwater, which flows down as a liquid layer. As a
result of motive steam condensation, the film is heated
to the boiling point, and a part of it is evaporated. A por-
tion of the condensate is returned to its source, while the
remainder is added to the desalinated water product.

The first effect’s produced vapor (D,) is fed to the sec-
ond effect, where it serves as a heat source. Then, the
heated brine from the first effect is transferred to the second
effect, which has a lower temperature and pressure. In the
second effect, the vapor (D,) is produced by flashing brine
(B,) and evaporated feed seawater (F,). After then, the pro-
cess is repeated for each effect. A fraction of the produced
vapor in the last effect is sucked by the thermo-compressor,
whereas the remaining part is condensed in the condenser,
warming the seawater to a higher temperature. The system
excess heat introduced by the hot motive steam into the
first effect is extracted using cooling seawater.

3. Modeling and system analysis

A mathematical model of the proposed MED-TVC
desalination system was developed using the first and sec-
ond laws of thermodynamics. In addition, the equations

for calculating the physical properties of seawater and heat
transfer coefficients are included.

The following assumptions and hypotheses have been
considered for simplifying the developed model:

* A steady-state process is assumed.

® The effects have the same temperature difference.
e In both effects, the feed-flow rate is constant.

¢ The distillate is salt-free.

¢ Thermodynamic losses have been studied.

* Anaverage pump efficiency of 75% is estimated.

3.1. Mass and energy balance model

For the evaluation of mass and energy conservation,
several unknown variables must be calculated. The details
of these variables and the thermodynamic losses of the
MED-TVC system, that is, boiling point elevation (BPE)
of brine, non-equilibrium allowances (NEA) in the flash-
ing boxes, temperature difference between the effects, and
condensation process, are described by the equations listed
in Table 1.

3.2. Exergy analysis

The total exergy rate can be divided into four major
parts: physical (E ), chemical (E,), kinetic (E, ), and poten-
tial (E_ ) exergies f23]. The general exergy balance is given by
the foflowing equation:

Ex:EPh+Ed1+Eke+EPe (43)

Kinetic and potential exergy terms may be excluded
based on the selected reference value. The general exergy rate
balance for open systems in steady-state is expressed as [24]:

L=
[y
sy
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Fig. 1. Schematic diagram of the proposed MED-TVC system.
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>Q [1 - ;:()J W, + e, - Yiine, —E, =0 (44)
j j i e

The Gouy-Stodola equation is used to determine the
exergy destroyed (irreversibility) caused by entropy gener-
ation as follows:

E,=T, (45)
The second law can be written as [25]:
S =Vire — m.e.+% (46)
g - e e - ii TO

where Sg is the rate of entropy generation during the process
associated with the irreversibilities; Qg represents the heat

transfer rate at reference temperature T; — denotes the
entropy transfer rate. 0

If the above heat transfer is neglected along with kinetic
and potential energies of the stream, the result is:

VVCV = Wu = Zmiei - chec - Tﬂsg (47)

The steady-flow components do not contribute to the
work performed during the process since their boundaries
are constant. By changing the entropy generation term S = 0,
the useful (reversible) work can be obtained. As a result,
Eq. (47) is expressed as follows:

VVrcv = Wu,max

=rin(e,—e,) (48)

The physical and chemical exergy values are determined

as:
E, =rie, =m[(h ~h)-T,(s, -s,)] (49)
Ech,w = mech = mz(‘ok (lu; - ugk) (50)

In these equations, the subscript (s) designed the initial
state, and the reference state is denoted by the subscript (0).
The chemical potential and mass fraction are denoted by (u)
and (w). The terms (e, and (e, ) stand for specific physical
and chemical exergy, respectively.

By the aid of Egs. (49) and (50), Eq. (51) is obtained as an
exergy formulation. The following equation may be used to
calculate the reversible work:

‘A/u,max = zExi - ZExe

The rate of irreversibility is equivalent to the loss of
exergy as follows:

Q)

I. = Wu,max - VVLI = ’I}JSX (52)
The pump’s internal power input may be written as:
W, =it h, =i h, (53)

The rate of irreversibility is:
I,= ZExi -y Ex,-W,

The reversible work related to heat transfer is equiv-
alent to the irreversibilities rate in effects, condenser, and
thermo-compressor. The expression is:

(54)

I- = mev - VVLI = V.vrev = Exi - zExe

i

(55)

There are three streams in the MED-TVC desalination
unit: seawater, pure water, and steam. Thermodynamic
properties of the considered fluids are calculated using
empirical models described in [26-31].

3.3. System performance

The performance of MED-TVC desalination systems is
usually evaluated using the following parameters:

3.3.1. Gain output ratio

The gain output ratio (GOR) is calculated by dividing the
total production of distilled water (D,) by the motive steam
supply flow rate (D).

Gor=D:
D

m

(56)

3.3.2. Specific heat consumption

The specific heat consumption is evaluated in terms of
the amount of thermal energy used by the system for produc-
ing 1 kg of distilled water.

(57)

3.3.3. Specific heat transfer area

The specific heat transfer area is defined as the sum of the
total effects area (A ) and the condenser’s heat transfer area
(A,) divided by the overall distillate production:

(58)

3.3.4. Exergy efficiency

The exergy efficiency of a system is the ratio between the
minimum work of separation and the fuel exergy:

n — Wmin
ex Ef

(59)

The minimum work of separation (W_, ) represents the
product exergy in the desalination process, while the fuel
exergy (E) is the thermal energy provided to the system.
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3.3.5. Universal performance ratio

The universal performance ratio (UPR) is a common
platform to evaluate the desalination processes based on
primary energy consumption [32,33]:

UPR = e?/aporatlve ene.rgy _ A,
primary energy input 3.6 X Q.

(60)

where Q.. is the standard primary energy calculated as:

PSE

Qpsg = [[(ldfn?) X (CFelec)] + (( k‘?’nﬁ‘* J X (CFth)ﬂ (61)

where CF and CF, are, respectively, the conversion fac-
tors for electricity and thermal input primary energy. The
kilo-watt hour per cubic meter (kWh/m?® is the specific
energy consumption in terms of electrical and thermal.

3.3.6. Thermodymanic limit

The thermodynamic limit (TL) is an ideal concept of
desalination with no entropy generation, and hence, the
system is independent as there is zero recovery. Depending
on the source of seawater, where the salinity may vary from
3.0% to 4.5% by weight, the specific energy consumption
is calculated to be in the range of 0.7 to 0.85 kWh/m?. The
TL that has a minimum work of typical seawater at ambi-
ent temperature and 3.5% concentration by weight of dis-
solved salts is about 0.78 kWh/m? or 2.8 kJ/kg as given by
the Gibbs equations As a result, the UPR theoretical limit
based on minimum separation work theory is 828 [34,35].

4. Results and discussion
4.1. Model validation

MATLAB software was employed for modeling the
MED-TVC desalination system. Accordingly, a series of
mathematical calculations have been performed based on
the design parameters previously described to order to
analyze the performance of the MED-TVC system under
different operating conditions. The thermodynamic char-
acteristics of saline water were calculated using the most
recent data available in the literature [36,37]. Model input
parameters and the output results are given in Table 2. The
validity of the developed model was tested by comparing
the obtained results with some available data from three
commercial desalination plants in literature, and a good
agreement is demonstrated (Table 3).

The overall exergy efficiency calculated for the MED-
TVC desalination system is very low (3.46%) as indicated
in Table 1. However, the obtained value is in the same order
of magnitude as those reported in the literature for other
MED-TVC units, ranging between 2.24% and 7% [39-42].
It should be noted that the main cause of the low exergy
efficiency of the MED-TVC process is associated with the
application of high-pressure motive steam in the TVC unit
to compress a portion of the last effect generated vapor to
the first effect [43]. Further studies demonstrated this can
be also attributed to other factors such as the efficiency of

Table 2
MED-TVC modeling input parameters and results

Parameter Value
Motive steam flow rate, kg/s 8.8
Motive steam pressure, kPa 230
Feed seawater temperature, K 314.5
Cooling water temperature, K 304.5
Feedwater salinity, ppm 46,000
Top brine temperature, K 333.1
Bottom brine temperature, K 318.4
Temperature difference, K 5.23
Entrainment ratio (Ra) 1.166
Expansion ratio (ER) 23.69
Compression ratio (CR) 2.77
Distillate production, kg/s 55.59
Gained output ratio (GOR) 6.31
Cooling water flow rate, kg/s 423.24
Specific heat consumption, kJ/kg 308.75
Specific heat transfer area, m*/kg/s 224.36
Exergetic efficiency, % 3.46
Standard primary energy, kWh/m? 5.3
Universal performance ratio (UPR) 102.2
UPR % of thermodynamic limit (TL) 12.34%

the thermal separation process, the larger number of com-
ponents, and the higher latent heat of vaporization because
of the low operating pressure within the effects [16].
However, the performance of the MED-TVC system could
be further enhanced by adding more heaters between the
desalination effects.

The UPR value of the MED-TVC desalination system is
found to be 102.2 which is much better compared to con-
ventional desalination processes such as MED (UPR = 88)
and RO (UPR = 86). This is mainly due to the use of TVC
process that enhances the heat transfer of film evaporation
on tube surfaces of MED and the low grade steam utili-
zation that has very small proportion in primary energy.
It should be noted that MSF processes performance is the
lowest (UPR = 60) because they consume high temperature
steam and high electricity that makes more share in primary
energy. Moreover, the obtained results show that the MED-
TVC system is operating of only at 12.34% of ideal or ther-
modynamic limit whereas the sustainable desalination can
be achieved by approaching 25%-30% of TL. This will be
only possible either by hybridization of different processes
or by innovative membrane materials such as aquaporins,
graphanes, etc. [32-35].

4.2. Energy and exergy analyses

Table 4 shows the characteristics and flow rates of
exergy in all streams. The ratio of exergetic destruction
for every component using a Grossman diagram is shown
in Fig. 2. As expected, the major exergy destruction occurs
both in MED-TVC effects and thermo-compressor account-
ing for 81.58% of the total exergetic destruction. Such high



R. Menasri et al. / Desalination and Water Treatment 246 (2022) 54—67 61

Table 3
Mathematical model comparison against three commercial plants with different sizes
Desalination plants Tripoli [38] Trapani [11] Umm AI-NAR [39]
Actual Model Actual Model Actual Model

Operating and design conditions

Number of effects 4 4 12 12 6 6
Motive pressure, kPa 2,300 2,300 4,500 4,500 2,500 2,500
Top brine temperature, K 333.1 333.1 335.2 335.2 334.8 334.8
Minimum brine temperature, K 318.4 318.4 310 310 315.8 315.8
Temperature drop per effect, K 49 49 2.3 2.3 3.74 3.74
Feed seawater temperature, K 314.5 314.5 308 308 313 313
Cooling seawater temperature, K 304.5 304.5 298 298 303 303
Motive steam flow rate, kg/s 8.8 8.8 6.25 6.25 10.6 x 2 10.6 x 2
TVC design
Entrainment ratio (Ra) 1.14 1.148 NA 1.86 1.36 1.29
Expansion ratio (ER) NA 240 730 703.83 NA 321.16
Compression ratio (CR) NA 2.73 4 43 NA 3.06
System performance
Distillate production, kg/s 57.8 55.7 105.2 111.93 184.4 205.75
Gain output ratio (GOR) 6.51 6.31 16.7 1791 8.6 9.07
Specific heat consumption, kJ/kg NA 299.54 NA 150.61 NA 294.9
Specific heat transfer area, m?/kg/s NA 237.7 NA 272.85 NA 398.25
Table 4

Exergetic flow rates and properties at different states in the MED-TVC system

Stream No  Mass flow rate (kg/s) Temp.(K)  Salinity (ppm) Enthalpy (kJ/kg) Entropy (kJ/kgK)  Exergy rate (MW)

1 425.50 334.50 46,000 125.4 0.4343 0.000
2 425.50 304.60 46,000 125.8 0.4356 0.002
3 425.50 314.50 46,000 165.4 0.5633 0.290
4 205.50 314.50 46,000 165.4 0.5633 0.140
5 220.00 314.50 46,000 165.4 0.5633 0.150
6 161.81 318.44 46,000 177.4 0.5947 0.283
7 161.81 318.43 70,000 177.2 0.5945 0.253
8 06.66 318.40 0 190.1 0.6435 0.020
9 58.18 323.94 0 213.3 0.7158 0.242
10 58.18 323.74 0 212.4 0.7133 0.240
11 51.52 32424 0 214.5 0.7197 0.218
12 08.80 338.00 0 272.1 0.8939 0.076
13 14.75 318.40 0 2583.7 8.1686 1.597
14 06.66 318.40 0 2583.7 8.1685 0.713
15 08.09 318.40 0 2583.7 8.1685 0.866
16 08.80 397.82 0 2713.3 7.1051 4.933
17 16.00 338.00 0 2618.2 7.8425 4.069
18 205.50 304.50 46,000 125.4 0.4343 0.000
19 161.81 304.50 70,000 122.6 0.4190 0.056
20 58.18 304.50 0 132.0 0.4565 0.112
21 08.80 304.50 0 132.0 0.4565 0.017

irreversibilities are mainly induced by the significant pres- The condenser represents the third contributor of exer-
sure of motive steam and the temperature gradient through  getic destruction because of heat transfer loss during the
the MED-TVC system, additionally to the heat transmission =~ condensation process. Exergy destruction rates are the
process in the effects associated with phase change [17]. lowest in output streams and pumps, respectively.
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Fig. 2. Exergy loss and flow (Grassmann) diagram for the MED-TVC system.

Exergy destruction and energy losses in the major com-
ponents of the MED-TVC system are presented in Fig. 3.
The results from energy analysis show that the energy loss
rate is much higher at the condensation section (878 kW).
These losses are associated with emissions at a very close
temperature to that of the environment. The thermo-com-
pressor is the second-highest source of energetic losses,
which is equivalent to 558 kW, due to heat loss and friction.
The water production section (effects) account for an
energy loss of 372 kW owing to the larger temperature dif-
ference through the effects, and the heat transfer between
steam and feedwater. The pumps have a low energy loss,
which represents 230 kW of the total energy of the system.

According to the exergy analysis, the largest irrevers-
ible losses in the MED-TVC desalination system take place
in the steam generation section (1,600 kW). This can be
explained by the irreversible heat transmission to feed water
for steam generation, water vapor condensation, and sea-
water vaporization. The condensation section (condenser) is
another significant source of irreversibilities with 1,270 kW
of exergetic destruction. The high-energy loss throughout
the process of condensation is related to the higher heat
transfer to cooling water. The third source of the exergetic
destruction is the thermo-compressor (1,170 kW), resulting
from energy losses by heat transmission added to mixing
and expansion processes. The lowest exergetic destruction
rate occurred in the pumps, which equals 220 kW.

4.3. Parametric study
4.3.1. Top brine temperature (TBT)

The top brine temperature (TBT) is a key factor for thermal
desalination systems because it determines the quan-
tity of thermal energy required to operate the MED-TVC
process [44]. The effect of TBT on exergy efficiency is shown
in Fig. 4. As seen in this figure, the exergy efficiency and
the minimum work of separation decrease with higher
TBT values because of the increased flow rate of heating
steam. Hence, low-temperature vapor could be employed to
improve exergy efficiency.

Fig. 5 represents the energetic losses of the components
of the MED-TVC system as a function of TBT. It can be seen
that energy losses in effects rise with increasing TBT, due to

a5

40

35 ¢

30 4

25 1 M Exergy Loss (%)

20 M Energy Loss (%)
15 4

10

Effects

Ejector Condenser Pumps

Fig. 3. Comparison of sectional energy and exergy losses within
the MED-TVC system.
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Fig. 4. Influence of the top brine temperature on exergetic effi-
ciency and minimum work of separation.

the increased temperature difference which increases sen-
sible heat of the feed stream rising heat transfer. However,
the energy losses of the condenser and the thermo-compres-
sor decrease with the increase of TBT. This is mainly due to
the rise in the amount of steam produced in the last effect
and the increase in entrainment ratio, which decreases the
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Fig. 5. Influence of the top brine temperature on energetic losses
of the components.

entrained vapor and the amount of steam being generated
to the condenser, resulting in a reduction in the heat transfer
rate.

Fig. 6 shows component exergetic losses as a function of
top brine temperature. This figure reveals that exergy losses
in the effects rise with the increase in TBT because of the use
of low waste exergy. Exergetic losses in the condenser and the
thermo-compressor decrease with increasing TBT due to the
decrease in exergy produced in the last effect, which reduces
the amount of exergy generated in these components.

Fig. 7 represents the impact of top brine temperature
on total energetic and exergetic losses of the MED-TVC sys-
tem. As shown in the figure, the total energy loss increases
by 12.27% while the total exergy loss decreases by 12.82%
for TBT ranging from 55°C to 65°C. This is mainly due to
the increase in thermodynamic losses in the effects and the
decrease in the thermo-compressor exergy destruction.

4.3.2. Number of effects

The number of effects is often regarded as one of the most
relevant variables influencing the performance of MED-TVC
processes [45]. The effect of the number of effects is shown
in Fig. 8. It can be seen that the exergetic efficiency of the
MED-TVC desalination system is greater with a larger num-
ber of effects because of the increased use of waste exergy,
as indicated by the rise in the minimum work of separation
in the same figure. The exergy efficiency increased by about
54.49% as the number of effects varies from 4 to 10. In other
words, despite the reducing irreversibility of the effects, the
overall exergy destruction decreases as the number of effects
gets higher.

Fig. 9 shows the evolution of energy losses of the com-
ponents with the number of effects. As observed, the
energy losses of the steam ejector rise as the number of
effects grow because of the reduction in the entrainment
ratio which increases the entrainment flow rate generated
to the thermo-compressor. There is also a decrease in the
condenser losses as the heat load transferred to the con-
denser is decreased. By expanding the number of effects,
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Fig. 6. Influence of the top brine temperature on exergetic losses

of the components.
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Fig. 7. Influence of the top brine temperature on total energetic
and exergetic losses.
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energy losses in effects are reduced owing to a drop in the
heat transmission rate induced by a rise in the temperature
gradient.

The dependence of exergeticlosses of the MED-TVC com-
ponents on the number of effects is depicted in Fig. 10. It is
found that, for a large number of effects, the exergetic losses
in the effects decrease due to the high level of waste exergy.
In addition, the exergetic losses in the condenser decrease as
the amount of exergy transferred to the condenser decreases.
However, the thermo-compressor exergy losses increase
when the number of effects gets higher owing to the largest
exergy destruction generated in the thermo-compressor.

Fig. 11 represents the impact of the number of effects
on total exergetic and energetic losses of the MED-TVC
system. As described in this figure, when the number of
effects upgraded from 4 to 10, the rates of exergy and energy
losses dropped down to values of about 17.52% and 27.4%
respectively.

4.3.3. Motive steam flow rate

Motive steam flow rate has a major impact on the capac-
ity and performance of thermal desalination units. The effect
of flow rate variation on exergetic efficiency is shown in
Fig. 12. It can be observed that a larger flow rate of motive
steam results in a decrease of the exergetic efficiency. This is
induced by the increase in the heating stream’s flow exergy
and the use of low-exergy waste, leading to a slight increase
in the minimum work of separation.

Fig. 13 illustrates the change in energy losses of the
MED-TVC system components with the motive steam flow
rate. The findings show that the energy losses in the effects
decrease with increased flow rate prior to the rise in the
amount of water evaporated from feedwater which increases
the water production in the effects and decreases the out-
put stream. Energy losses in the thermo-compressor and
condenser increase with increasing motive steam flow rate
resulting from the increase in vapor production at the last
effect for a constant entrainment ratio. This consequently
increases the amount of steam generated to the condenser
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Fig. 13. Influence of the motive steam flow rate on energetic
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and the thermo-compressor leading to an improved rate of
heat transmission.

The exergetic losses of the components in terms of
motive steam flow rate are illustrated in Fig. 14. It is found
that for a high flow of motive steam, the exergy losses
within the effects increase due to low use of the exergy
waste associated with the increase in heating exergy of the
MED-TVC system.

Fig. 15 represents the influence of motive steam flow
rate on the MED-TVC desalination system’s total exergy and
energy losses. As shown in this figure, the values of energy
and exergy losses increased by 11.68% and 12.47%, respec-
tively, as the flow rate increased from 6 to 10 kg/s.

5. Conclusion

In this paper, energy and exergy analyses of a novel
MED-TVC desalination system have been performed. The
obtained results showed that the MED-TVC system has a
very low exergy efficiency value (3.46%) because high-pres-
sure motive steam is employed to drive a portion of the
last effect vapor back to the first effect. However, the MED-
TVC system performance could be further enhanced by
adding more heaters between the effects. The results also
confirmed that the MED-TVC process is operating at only
12.34% of thermodynamic limit of UPR which is unsus-
tainable for future desalinated water supplies, and hence
there is much opportunity to improve the desalination
system performance to achieve UPR 25%-30% by hybrid-
izing the existing processes and the development of better
materials.

The results from the energetic analysis revealed that the
main source of energy losses is the condenser, which is fol-
lowed by the ejector and effects. While from an exergetic
viewpoint, the thermo-compressor has the highest level
of irreversibilities, which represents over 82% of the total
exergetic destruction. Therefore, it is necessary to pay close
attention to these components for improving the MED-TVC
system performance.
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Fig. 14. Influence of the motive steam flow rate on exergetic
losses of the components.
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Fig. 15. Influence of the motive steam flow rate on total exergetic
and energetic losses.

Besides, the effect of different operating parameters
has been investigated and the following points can be
concluded:

* Increasing the top brine temperature will decrease both
the exergy efficiency and the minimum work of separa-
tion because of the increase in vapor pressure. Therefore,
larger amount of motive steam is needed to compress
the vapor at the higher pressure.

¢ The minimum work of separation increase as the number
of effects increased owing to a larger production of dis-
tilled water, whereas the performance of the MED-TVC
desalination system is improved.

* An increase in the flow rate of motive steam results in a
reduction in the exergy efficiency and a slight increase
in the minimum work of separation. This is due to the
increase in the quantity of entrained vapor for a constant
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entrainment ratio, resulting in the generation of more
vapor and, hence, a higher exergy flow rate for heat
production.

Based on these conclusions, the design and performance

of the MED-TVC desalination system could be enhanced
by considering different options to optimize the operating
parameters of current designs. However, any increase in
thermodynamic efficiency has, in general, an economic and
environmental impact. It will be the purpose of the second
part of the present research, including exergoeconomic and
exergo-environmental optimization.

References

(1

(2]

(3]

[4]

)

(6]

[7]

(8]

191

[10]

[11]

[12]

[13]

[14]

[13]

M.W. Shahzad, M. Burhan, L. Ang, K.C. Ng, Energy-water-
environment nexus underpinning future desalination
sustainability, Desalination, 413 (2017) 52-64.

M.W. Shahzad, M. Burhan, K.C. Ng, Pushing desalination
recovery to the maximum limit: membrane and thermal
processes integration, Desalination, 416 (2017) 54—64.

K.C. Ng, K. Thu, S.J. Oh, L. Ang, M.W. Shahzad, A.B. Ismail,
Recentdevelopmentsin thermally-driven seawater desalination:
energy efficiency improvement by hybridization of the MED
and AD cycles, Desalination, 356 (2015) 255-270.

M.W. Shahzad, K.C. Ng, K. Thu, B.B. Saha, W.G. Chun, Multi
effect desalination and adsorption desalination (MEDAD):
a hybrid desalination method, Appl. Therm. Eng., 72 (2014)
289-297.

1.S. Al-Mutaz, 1. Wazeer, Current status and future directions
of MED-TVC desalination technology, Desal. Water Treat.,
55 (2015) 1-9.

H. Sayyaadi, A. Saffari, A. Mahmoodian, Various approaches
in optimization of multi-effects distillation desalination systems
using a hybrid meta-heuristic optimization tool, Desalination,
254 (2010) 138-148.

H. Ghaebi, MH. Saidi, P. Ahmadi, Exergoeconomic
optimization of a trigeneration system for heating, cooling and
power production purpose based on TRR method and using
evolutionary algorithm, Appl. Therm. Eng., 36 (2012) 113-125.
S. Naemi, M. Saffar-Avval, S.B. Kalhori, Z. Mansoori, Optimum
design of dual pressure heat recovery steam generator using
non-dimensional parameters based on thermodynamic and
thermoeconomic approaches, Appl. Therm. Eng., 52 (2013)
371-384.

O.A. Hamed, A.M. Zamamiri, S. Aly, N. Lior, Thermal perfor-
mance and exergy analysis of a thermal vapor compression
desalination system, Energy Convers. Manage., 37 (1996) 379-387.
N.M. Al-Najem, M.A. Darwish, F.A. Youssef, Thermovapor
compression desalters: energy and availability —analysis
of single-and multi-effect systems, Desalination, 110 (1997)
223-238.

F.N. Alasfour, M.A. Darwish, A.O. Bin Amer, Thermal analysis of
ME—TVC+MEE desalination systems, Desalination, 174 (2005)
39-61.

H.-S. Choi, T-J. Lee, Y.-G. Kim, S.-L. Song, Performance
improvement of multiple-effect distiller with thermal vapor
compression system by exergy analysis, Desalination, 182 (2005)
239-249.

I. Janghorban, Esfahani, A. Ataei, K.V. Shetty, T.S. Oh,
J.H. Park, C.K. Yoo, Modeling and genetic algorithm-based
multi-objective optimization of the MED-TVC desalination
system, Desalination, 292 (2012) 87-104.

A. Binamer, Second law and sensitivity analysis of large
ME-TVC desalination units, Desal. Water Treat., 53 (2015)
1234-1245.

S. Sadri, R. Haghighi Khoshkhoo, M. Ameri, Multi-objective
optimization of the MED-TVC system with exergetic and heat
transfer analysis, Energy Equipsys, 5 (2017) 419-430.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

N. Eshoul, A. Almutairi, R. Lamidi, H. Alhajeri, A. Alenezi,
Energetic, exergetic, and economic analysis of MED-TVC
Water desalination plant with and without preheating, Water,
10 (2018) 1-17.

M.L. Elsayed, O. Mesalhy, R.H. Mohammed, L.C. Chow, Exergy
and thermo-economic analysis for MED-TVC desalination
systems, Desalination, 447 (2018) 29-42.

J. Khorshidi, N.S. Pour, T. Zarei, Exergy analysis and
optimization of multi-effect distillation with thermal vapor
compression system of Bandar Abbas Thermal Power Plant
using genetic algorithm, Iran. J. Sci. Technol., 43 (2019) 13-24.
M. Tontu, B. Sahin, M. Bilgili, An evaluation of multi-effect
desalination with a thermal vapor compression system in terms
of thermo-economics, Int. J. Exergy, 30 (2019) 126-138.

C. Cao, L. Xie, S. Xu, Y. Du, Exergy analysis and optimization
of MED-TVC system with different effect group divisions,
Desalination, 500 (2021) 114891, doi: 10.1016/j.desal.2020.114891.
H.M. Ettouney, H. El-Dessouky, Fundamentals of Salt Water
Desalination, Kuwait University, Elsevier Science, Amsterdam,
2002.

H. Sayyaadi, A. Saffari, Thermoeconomic optimization of multi-
effect distillation desalination systems, Appl. Energy, 87 (2010)
1122-1133.

A. Almutairi, P. Pilidis, N. Al-Mutawa, M. Al-Weshahi, Energetic
and exergetic analysis of cogeneration power combined cycle
ad ME-TVC-MED water desalination plant: Part-1 operation
and performance, Appl. Therm. Eng., 103 (2016) 77-91.

R. Terzi, Application of Exergy Analysis to Energy Systems,
Application of Exergy, Tolga Taner, IntechOpen, London, UK,
2018.

M.H. Sharqawy, ]. H. Lienhard V, S.M. Zubair, Thermophysical
properties of seawater: a review of existing correlations and
data, Desal. Water Treat., 16 (2010) 354-380.

International Association for the Properties of Water and Steam,
Release on the IAPWS Formulation for the Thermodynamic
Properties of Seawater, 2008.

H. Preston-Thomas, The international temperature scale of
1990, Metrologia, 27 (1990) 3-10.

J.D. Isdale, R. Morris, Physical properties of seawater solutions:
density, Desalination, 10 (1972) 329-339.

EJ. Millero, A. Poisson, International one-atmosphere equation
of state of seawater, Deep-Sea Res., 28A (1981) 625-629.
International Association for the Properties of Water and
Steam, Release on the IAPWS Formulation 1995 for the
Thermodynamic Properties of Ordinary Water Substance for
General and Scientific Use, 1996.

M.H. Sharqawy, J.H. Lienhard V, SM. Zubair, On exergy
calculations of seawater with applications in desalination
systems, Int. J. Therm. Sci., 50 (2011) 187-196.

K.C. Ng, M. Burhan, Q. Chen, D. Ybyraiykul, F.H. Akhtar,
M. Kumja, RW. Field, M.W. Shahzad, A thermodynamic
platform for evaluating the energy efficiency of combined
power generation and desalination plants, NPJ Clean Water,
4-1(2021) 1-10.

M.W. Shahzad, M. Burhan, K.C. Ng, A standard primary energy
approach for comparing desalination processes, NPJ Clean
Water, 1 (2019) 1-7.

K.C. Ng, M.W. Shahzad, H.S. Son, O.A. Hamed, An exergy
approach to efficiency evaluation of desalination, Appl. Phys.
Lett., 110 (2017) 184101, doi: 10.1063/1.4982628.

M.W. Shahzad, M. Burhan, H.S. Son, SJ. Oh, K.C. Ng,
Desalination processes evaluation at common platform: a
universal performance ratio (UPR) method, Appl. Therm. Eng.,
134 (2018) 62-67.

M.H. Sharqawy, J.H. Lienhard V, SM. Zubair, Erratum to
thermophysical properties of seawater: a review of existing
correlations and data, Desal. Water Treat., 29 (2011) 355-355.
M.M. Ashour, Steady-state analysis of the Tripoli West LT-HT-
MED plant, Desalination, 152 (2003) 191-194.

C. Temstet, G. Canton, J. Laborie, A. Durante, A large high-
performance MED plant in Sicily, Desalination, 105 (1996)
109-114.



[39]

[40]

[41]

[42]

R. Menasri et al. / Desalination and Water Treatment 246 (2022) 54—67

I. Baniasad Askari, M. Ameri, Thermodynamic analysis of
multi-effect desalination unit with thermal vapor compression
feed by different motive steam pressures, Desal. Water Treat.,
184 (2020) 57-71.

F. Alamolhoda, R. KouhiKamali, M. Asgari, Parametric
simulation of MED-TVC units in operation, Desal. Water Treat.,
57 (2016) 246-260.

H. Fathia, K. Tahar, B.Y. Ali, B.B. Ammar, Exergoeconomic
optimization of a double effect desalination unit used in an
industrial steam power plant, Desalination, 438 (2018) 63-82.
A.M. Abusorrah, F. Mebarek-Oudina, A. Ahmadian, D. Baleanu,
Modeling of a MED-TVC desalination system by considering
the effects of nanoparticles: energetic and exergetic analysis,
J. Therm. Anal. Calorim., 144 (2021) 2675-2687.

[43]

[44]

[45]

67

G.P. Narayan, M.G.S. John, SM. Zubair, ] H. Lienhard V,
Thermal design of the humidification dehumidification
desalination system: an experimental investigation, Int. ]. Heat
Mass Transfer, 58 (2013) 740-748.

Y. Roy, G.P. Thiel, M.A. Antar, ].H. Lienhard V, The effect of
increased top brine temperature on the performance and design
of OT-MSF using a case study, Desalination, 412 (2017) 32-38.
K.H. Mistry, M.A. Antar, ]. H. Lienhard V, An improved model
for multiple effect distillation, Desal. Water Treat., 51 (2013)
807-821.



	_Hlk80627989

