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Abstract

This study reviews the efforts made regarding thermal desalination systems, focusing on the exergetic aspect. Each plant has
a component, which limits the magnitude of thermal energy improvement; however, the target should be an effort to minimize
the exergy destruction. It was found that all stand-alone systems required modification or integration with other desalination
plants due to their low exergy efficiency. Furthermore, the exergy-destructive components in humidification—dehumidification
(HDH) systems as a domestic desalination process, in poly-generation systems by the ability of freshwater production and
energy generation, and in combined cooling—heating—power (e.g., MEE-CCPP) cycles as the recent desalination technologies
were introduced. The exergy efficiency of a desalination plant increased by coupling to a solid oxide fuel cell or heat pump,
using surplus low-pressure or makeup steam and optimization of the effect and stage numbers. Designing a poly-generation
system capable of producing power, desalinated water, as well as liquefied natural gas heating/cooling could improve the
system exergetically. Desalination systems were found to benefit from increasing the evaporation temperature caused by
a Rankine cycle. Coupling the HDH system to a reverse osmosis unit or thermo-compressor vapor compression—reverse
osmosis plant was found to improve the system performance exergetically.
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HP Heat pump Vv Velocity (m/s)

HRSG  Heat recovery steam generator v Specific volume (m’/kg)

M Mixer w Work transfer rate (W)

MD Membrane distillation w Salinity (kg/kg)

ME Multi-effect xX Fraction of species

MEE Multi-effect evaporation z Altitude of the stream above the sea level (m)
MS Multistage

MSF Multistage flash

MVC Mechanical vapor compression
OACW  Open-air/close water

OAOW  Open-air/open water

ORC Organic Rankine cycle

OT Once through

PF Parallel flow

P/CF Parallel/cross-feed

PRO Pressure-retarded osmosis
PSA Plataforma solar de almeriia
RC Rankine cycle

RED Reverse electrodialysis

RO Reverse osmosis

SHC Specific heat consumption
SOFC  Solid oxide fuel cell

SEC Specific energy consumption
STIG Steam-injected gas turbine
TBT Top brine temperature

TVC Thermo-compressor vapor compression

vC Vapor compression
VCHP  Vapor compression heat pump

VHDH Vacuum humidification—dehumidification

WGC Waste gas chimney

ZEDS  Zero-emission desalination system

ZLD Zero liquid discharge

List of symbols

Enthalpy coefficient

Entropy coefficient

Exergy (J)

Specific exergy (J/kg)

Gibbs free energy (J)

Specific Gibbs free energy (J/kg)
Gravity (m/s?)

Irreversibility (J)

Mass flow rate (kg/s)
Pressure (Pa)

Heat (J)

Heat transfer rate (W)

Gas constant (J/molK)
Entropy (J/K)

Specific heat (J/kgK)

Specific entropy (J/kgK)
Temperature (K)

Internal energy (J)

Specific internal energy (J/kg)
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Greek symbols

A Difference

n Efficiency

u Chemical potential (J/kg)
Subscript

0 Reference or ambient state
00 Dead state

e Energy

gen Generation

i Counter

in Incoming flow

out Outcoming energy/exergy/stream flow
r Room or ambient condition
S Salinity

SW Saline water
Introduction

Energy and water mainly affect the environment, social
health and progress plans. Although many countries suffer
from drinkable water scarcity, they mostly benefit from
renewable or fossil fuel energy sources. Therefore, energy-
efficient desalination technologies and devices should be
developed to overcome the water shortage while meeting
energy-saving requirements (Vadalia et al. 2014). Dur-
ing a process, the energy form simultaneously changes in
quantity and quality (Ranjan and Kaushik 2013). Thermo-
dynamic analysis of energy-consuming plants is a well-
established tool for energy conservation in terms of quality
and quantity.

Several desalination technologies have significantly
developed in recent years and are expected to develop in
the coming years from energetic, exergetic and economic
viewpoints. Thermal desalination technologies involving
phase change process include multistage flash (MSF),
vapor compression (VC), multi-effect evaporation (MEE)
and humidification—dehumidification (HDH) desalination
processes (Li et al. 2013).

The energy efficiency of desalination plants is rated
based on metrics such as specific energy or heat con-
sumption (SEC/SHC), gained output ratio (GOR), sec-
ond law efficiency and exergy efficiency (Altmann et al.
2019). The minimum work requirement for each distil-
lation process depends on the properties of the outlet
and inlet streams. An actual distillation process requires
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a greater work input because of irreversibility (Cerci
2002). The minimization of exergy destruction is neces-
sary to determine the operating conditions with optimum
performance.

In this paper, the exergetic studies have been started
through stand-alone thermal desalination plants (MSF
(Slesarenko and Shtim, 1987), MEE (Guo et al. 2021),
HDH (Alkhulaifi et al. 2021), VC (Farahat et al. 2021))
and continued with an investigation of integrated sys-
tems (MEE-VC (Rostamzadeh 2021), MEE-TVC-reverse
osmosis unit (Shakib et al. 2021), desalination unit cou-
pled to a heat pump (Lawal et al. 2018), and the exergy
efficiency and exergy-destructive components were
introduced. The exergy-destructive components in HDH
system as a domestic desalination process, in poly-gen-
eration systems by the ability of freshwater production
and energy generation, and in combined cooling—heat-
ing—power (e.g., MEE-CCPP) cycles as the recent desali-
nation technologies are also presented for the first time
in this paper (Kerme et al. 2020). In other published
reviews, stand-alone desalination systems are reviewed
exergetically (Gude 2018; Jamil et al. 2020). All pro-
posed strategies are for energy recovery as well as the
exergy efficiency optimization of the hybrid system.
Heat recovery from hot distillate (Abid et al. 2021), using
waste heat from industrial plants (Rafat and Babaelahi
2020) and using renewable energy sources (Omidi et al.
2020) are highly recommended in researches.

Methodology

Thermodynamic analysis is a well-known method for the
characterization and energy/exergy optimization of a sys-
tem. Desalination systems can be compared in terms of SEC
which is defined by the ratio of desalination rate to input
electrical energy. It is clear that the system performance
improves when producing more freshwater while using less
electrical energy. Exergy analysis evaluates how efficiently
energy is used in a plant. Energy sources (regardless of
being renewable or not) should be utilized through effec-
tive equipment during their end-use. To achieve energetic
performance enhancement, a comprehensive understanding
of the components’ performance and overall system per-
formance (freshwater productivity and energy consump-
tion), an exergy-based approach is proposed to be used for
a desalination process (Rahimi-Ahar et al. 2018). It means
that exergy efficiency reveals more useful information than
specific energy consumption. Many studies focused on such
analysis for desalination processes, which are discussed in
the next sections.

Exergy has the characteristic that it is conserved only
when all processes of the system and the environment are

reversible. The irreversibility in any real process leads to
exergy consumption or destruction. The exergy consump-
tion during a process is proportional to the entropy created
due to the irreversibility associated with the process. When
an exergy analysis is conducted on a desalination plant, the
thermodynamic imperfections can be quantified as exergy
destruction, which is wasted work or wasted potential for
the production of work. Similar to energy, exergy can be
transported or transferred across the boundary of a system
(Dincer and Cengel 2001). The exergy technique associates
each parameter with its exergy components: chemical, physi-
cal, kinetic and potential.

The quality of energy is measured by exergy which is
inevitably destroyed in a real process. The second law states
that a part of the exergy entering any thermal system by
electricity, fuel or flowing streams of the matter is destroyed
(energy degradation) within the system due to irreversibility.
Therefore, the exergy flow into the system is always greater
than that out of the system. The rate of exergy destruction
(i.e., the difference between the inlet and outlet exergy con-
tents) is called irreversibility (Dincer and Rosen 2012). The
exergy balance of a system at steady state, in a control vol-
ume with inlet and outlet streams, due to the mass, energy,
shaft work and electricity transfer, is described in Eq. 1
(Shukuya and Hammache 2002). The irreversibility rate is
calculated via the Gouy—Stodola relation using the product
of the entropy generation rate for all systems participating
in the process and the temperature of the environment (see
Eq. 2) (Kotas 1995).

Equations 3 and 4 calculate the exergy contents due to the
stream flowing into and out of the system, respectively. The
flow of exergy associated with heat transfer (Q) is denoted
by Ex and can be expressed as Eq. 5 (Mastani 'J oybari et al.

heat
2013). The exergy transfer associated with heat transfer

depends on the temperature level at which it occurs in rela-
tion to the temperature of the environment. The total exergy
can be broken into chemical, physical, kinetical and potential
components (see Eq. 6). The physical and chemical exergies
have been separated to enable the calculation of exergy val-
ues using standard chemical exergy tables. The potential and
kinetic energies related to a stream of substance are fully
convertible to work; hence, they are equal to potential and
kinetic exergies, respectively (Egs. 7, 8). Mostly the exergy
analysis of a seawater desalination unit can be modeled by
considering a mixture of solid sodium chloride and liquid
water (Sharqawy et al. 2011).

Exyy + Expeye = Exqye + Exgopc + 1 1)

out

@ Springer



1338

Z. Rahimi-Ahar, M. S. Hatamipour

I= T()Sgen = TO(Zmoutsoul - Zminsin - Zr %) @)

Exin = Z minexin (3)

Exou[ = z mout exout (4‘)

: ’ T, ’ T,
Exheat =err <1 - TO> - Zl.Qr <1 - F()) )
r/ in out

ex = exphysical + €X chemical + €Xkinetic + expatem‘ial (6)
€Xpotential — g(Z - ZO) @)
V2-v2
0
€Xyinetic = ) (8)

The exergy of a substance consists of a physical part

Any chemical substance has a chemical energy content
in terms of its chemical potential along with its chemical
exergy (Sato 2004). The chemical exergy determines the
maximum work achieved when the concentration of each
substance in the system is taken from the reference state
(denoted by the subscript 00) up to the dead state. Chemical
exergy is calculated in the processes involving heat trans-
fer and exchange of substances only with the environment
(Kotas 1995). The chemical exergy is formulated as:

n

i Hoo.iWs = (i = Hoo )Ws (12)

€Xchemical —

where y; and py; are the chemical potentials of compo-
nent i at (T, Pyg, w,) and (T, Pyg, Wio), respectively (Al-
Weshabhi et al. 2013). The chemical part becomes in terms
of mole fraction as:

€Xchemical — RTO Z Xiln(Xi/XiO) (13)

The chemical potential of seawater is calculated by dif-
ferentiating the Gibbs function as:

!

and a chemical part. The latter is attributed to the chemical U = Gy, =g +(-w )0G W (14)
s sw N

formation of the substance in the standard state from the om ow

exergy reference level substance in the environment. On the

other hapd, the physical part of exergy is attriputed .to. the G,sw =h,, — (T +273.15)s,, (15)
changes in temperature, pressure and concentration (mixing)

Ry, = bywy + byw® + byw + byw* + (bsT + beT? + by T)w, + bgw > T + byw’T + bygw *T? (16)
Sgp = CWs + w2+ 3w+ egw b+ (e5T + 6T + c,THw, + cgw 2T + cow T + c1gw, > T? a7

of the substances. Physical exergy (Eq. 9) is equivalent to
the maximum work obtained when flow rate or pressure and
temperature of the system moves from a certain thermody-
namic state to the reference state (denoted by the subscript
0) with no change in concentration.

€Xphysical — U — Up + PO(V - VO) - TO(S - SO) )

For a perfect gas and solid/liquid (compressible substance
assumption) mixture, the physical exergy is calculated by
Egs. (10) and (11), respectively (Tiwari and Sahota 2018):

T P
€Xphysical — Cl(T - TO) - TOI”F] + RTOZ”]T (10)
0 0

T
€Xphysical = CI(T - TO) - TolnFO] +v(P - PO) (11)
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In the literature, several expressions have been defined to
quantify the exergy performance of a process, two of which
are presented here. An efficiency based on total exergy
accounts for thermodynamic losses (referred to as irrevers-
ibility) in the processes, such as the ones caused by heat
transfer, chemical reaction, mixing and unrestricted expan-
sion. The first definition (Eq. 18) called the degree of perfec-
tion was introduced by Szargut et al. (1988):

_ Exuseful.products

€ (18)

Exf eeding

The second expression is used in the analysis of thermal
processes as:

ExUsef ul
£ =

19)

ExDriving
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Fig. 1 An exergetic view of a
desalination plant (Spiegler and
El-Sayed 2001)
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Thermodynamic analysis of different thermal desalination
units based on energy as well as exergy can be categorized
as:

e MSF, MEE, VC and HDH systems are studied exergeti-
cally.

e These thermal desalination processes are hybridized with
each other or other non-thermal desalination technologies
such as reverse osmosis (RO) or membrane distillation
(MD).

e The heat pump (HP) or Rankine cycle (RC) also can be
coupled to desalination plants to increase productivity
and improve their exergetic performance.

Process optimization is achieved by finding the optimal
operating conditions and modifying the components, hence
decreasing the exergy destruction.

For desalination plants, Spiegler and El-Sayed (2001)
proposed an approach to allocating the minimum work of
separation as the exergy of the produced brine and fresh-
water. This approach is presented in Fig. 1 (Spiegler and
El-Sayed 2001).

Consider a simple black-box separator model for a desali-
nation system. The required work for separation entering the
system is denoted by W, and the heat transfer into the sys-
tem is Q. Stream feedwater is the incoming seawater; stream
desalinated is a product, while another outlet stream is the
concentrated reject brine. Product and reject streams may

]éXheat = Zér[l = %]
r r

Thermal energy reservoirs
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T

Surface control
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Output of matter

System control region — EXout
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exit the desalination system at temperatures different from
the ambient conditions. The exergy associated with these
streams could be used to produce some work that would off-
set the required work of separation. However, if the exergy
associated with thermal disequilibrium is not harnessed in
this way, but simply discarded, entropy is generated as the
streams are brought to the thermal equilibrium with the
environment. Similarly, pressure disequilibrium results in
additional entropy generation. Differences in concentration
between various streams represent a chemical disequilibrium
that could be used to produce additional work. However,
since the purpose of the desalination plant is to split a sin-
gle stream into two streams of different concentrations, the
outlet streams are not brought to chemical equilibrium with
the environment. The inlet exergies are the exergy content
of the inlet saline water (via its mass flow rate, physical
and chemical exergy contents) and the heat exergy (gener-
ated by electrical or renewable energy sources) while the
outlet exergies are the exergy consumed by the pump(s)
and compressor(s) and the exergy content of the produced
freshwater and concentrated brine (Zhou et al. 2020). The
exergy transfer associated with work is equal to the work.
The exergy efficiency of the desalination plant is defined
using Eq. 20 (Shukuya and Hammache 2002).

ExPower + ExFreshwater + ExBrine + (Exheat)out

— ZExexit —
Z Exinlet

output

Z(Exchemical + Exphysical)Fcedstream + (Exheat)in
(20)

n

@ Springer



1340

Z. Rahimi-Ahar, M. S. Hatamipour

Fig.2 Schematic representation
of an MSF desalination system
(Woldai 2016)
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Exergy analysis of thermal desalination
processes

Simultaneous energy, exergy and exergoeconomic stud-
ies provide a thorough analysis to have a profound under-
standing of the energy consumption, irreversibility and cost
related to the irreversibility of each cycle, leading to process
optimization.

Multistage flash desalination

The MSF desalination plants supply freshwater to many
areas. Figure 2 shows the schematic diagram of an MSF
desalination system. According to the figure, the seawater
is heated by steam in the first stage which then flows into a
series of stages. The pressure decreases in the succeeding
stages, and the driving force for evaporation rises through
differential pressure between the stages. The unevaporated
seawater in the first stage moves into the second stage and
this procedure continues until the last stage. The released
vapor generates the desalinated water, while its condensa-
tion enthalpy is simultaneously transferred to the entering
seawater (Rahimi-Ahar et al. 2020a).

An MSF plant includes brine heating followed by flash
distillation in several stages to recover the heat. Once
through (OT), simple mixer (M) and brine recirculation
(BR) designs have been proposed (Mussati et al 2004). In the
MSEF-OT design, the total brine passes once through the pro-
cess, while in the MSF-M design, part of the concentrated
brine is mixed with the incoming feedwater. In the MSF-BR
design, the seawater mixes with the brine leaving the last
stage. Among the three proposed designs, the MSF-OT is
the simplest one, while the MSF-BR is the most efficient
design (Bandi et al. 2016). The performance is improved by
recovering the released heat from the distillate in the MSF
stages and increasing the temperature of makeup seawater
(Al-weshahi et al. 2014). Most of the exergy exiting the early

@ Springer

Second stage Third stage

stages is destroyed in the vacuum system by subsequent mix-
ing with stages at lower temperatures. Hence, distillate water
recovery from the early stages and utilizing its exergy for
another process such as MEE, district heating or organic
Rankine cycle (ORC) could improve the second law effi-
ciency of the MSF process (Ghaffour et al. 2015). The high
feed temperature in the summer reduces the evaporation
rate of any MSF plant and hence its freshwater productiv-
ity (Alhazmy 2014). To address this, a cooler and a mixing
chamber at the feed path could be installed; however, this
could increase the freshwater production cost.

Exergy analysis of an MSF system (capacity of
3800 m?/h) was conducted using IPSEpro software (Al-
Weshabhi et al. 2013). The exergy inlet to the unit was the
summation of the pump work and heating steam, while the
output minimum separation work was the sum of the distil-
late and drained brine relative to the exergy of the cooling
water. The overall exergy efficiency of 5.8% was reported.
From 64% of the destructed exergy in the evaporator, 54%
and 10% were related to the heat recovery in stages 1 to 16
and the heat rejection in stages 17-19, respectively. Moreo-
ver, 4%, 17% and 13% of exergy destructions were asso-
ciated with the brine heater, pumps and stream disposal,
respectively. Furthermore, the study confirmed that the low-
est exergy destruction occurred in the first stage, augmented
gradually in the heat recovery stages and sharply in the heat
rejection stages, showing that exergy destruction increases
from the high-temperature stages to the low-temperature
ones. Through the heat recovery from the distillate, the unit
exergy efficiency increased up to an almost acceptable value
of 14%.

Different MSF units (capacity of 11,365-34,095 m3/d)
designed by Saline Water Conversion Corporation were
characterized exergetically by Hamed et al. (2000). The
number of stages varied between 16 and 34, while the oper-
ating top brine temperature (TBT) varied in the range of
90-115 °C. The specific exergy destructions were dependent
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upon the specific condensing area, TBT and number of
stages. The system which operated at a high TBT and high
flash stage number had low exergy destruction. Conversely,
in the system with high TBT and low condensing area, the
exergy destruction was high. For all studied systems, the
majority of exergy destruction occurred in the heat recovery
section (more than half), followed by the heat rejection sec-
tion, brine heater and leaving streams.

The exergy destruction in an MSF plant located in Yanbu,
Saudi Arabia, was determined through a non-iterative code
in MATLAB by Al Ghamdi and Mustafa (2016). The major
exergy destruction of ~75% occurred in the heat recovery
section. By increasing the stage number from 25 to 31, the
exergy destruction decreased from 75 to 69%. It means that it
was reasonable to operate the system for more than 25 stages
in the peak load. The exergy destruction values in the heat
rejection section with 3 and 25 stages were 20% and 75%,
respectively. Hence, removing the heat rejection section and
increasing the number of stages in the heat recovery section
were recommended. The overall second law efficiencies of
2.8% and 3.2% were calculated at peak and normal loads,
respectively. The second law efficiency could be improved
by reducing the inlet exergy to the system and controlling
the exergy destructions during operation. To improve the
system performance exergetically, recycling brine into the
mixing tank instead of the last stage of the heat recovery
section, eliminating the flow and temperature control of sea-
water intake, coupling the preheater tubes to the heat recov-
ery section for continuous feedwater flow and using a low
capacity pump for intake seawater were recommended. It
was concluded that the MSF-M design was a practical option
to lower the exergy destruction compared to the MSF-OT
design. Removing the heat recovery section and increasing
the number of stages by either converting it to MSF-BR or
MSF-M design can be the best idea for MSF design.

Exergy analysis of an MSF process using the developed
visual design and package was carried out by Nafey et al.
(2006a). Using this developed package, an exergy efficiency

Fig.3 Schematic representation
of an MEE desalination system

of 1.87% was obtained. The results indicated that the desu-
perheater and pumps had low exergy efficiency while the
highest irreversibility occurred in the flash chambers. The
exergy input to the system was decreased by load reduc-
tion due to a decrease in steam consumption and pumping
power. Reducing the MSF capacity lowered the exergy of the
distillate due to the decrease in the product flow rate. The
decrease in exergy efficiency with the capacity reduction
indicated that the exergy output was dominant. It means an
MSF system benefited from increasing the system capacity
while decreasing the exergy input; this aim can be obtained
by increasing the flash stage number.

Exergy destructions in three MSF plants with 16, 19 and
22 stages and capacities of 194,170 m’/d, 181,818 m*/d and
940,000 m>/d, respectively, conducted by Al-Sulaiman and
Ismail (1995). The results revealed that the proposed MSF
plants were highly exergy-destructive with exergy efficien-
cies in the range of 1.12-10.38%. The brine heaters con-
sumed about 13-29% of the total exergy. It was concluded
that the TBT was proportional to the exergy destruction in
all plants. The exergy contents were very sensitive to tem-
perature variation and water salinity. A smaller temperature
difference between the flashing chambers decreased the
exergy destruction. A reduction in temperature difference
was achieved by increasing the size of the last stages to com-
pensate for the reduction in vapor density (increase in its
velocity) to increase the entrainment of brine droplets. It
means that for a given finite temperature difference, using
more stages and increasing the size of the last stages resulted
in a higher exergy efficiency.

An exergy analysis on an MSF (0.871 x 10° m*/d) unit
was conducted by actual operation data (Kahraman and Cen-
gel 2005). The highest exergy destruction of ~ 78% occurred
within the MSF, indicating that the flashing process itself
was highly inefficient. The exergy destruction was decreased
by increasing the number of flashing stages. Among the
components, the performance of motors and pumps with an
exergy destruction contribution of 5.3% could be improved

Feed saline water

(Rahimi and Chua 2017) Effect 1 Effect 2 Effect N
Preheate{/v\/\/ : MA 1
===+ ====1 | Cooling water
L g il 7
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using more efficient types. A low second law efficiency of
4.2% confirmed that there were opportunities in the plant
to lower the exergy destruction rate. Burning fuel imposed
a high amount of additional exergy destruction. Exergy
efficiency enhancement could be achieved by designing
cogeneration with an electricity generating plant, using high-
temperature steam and using the heat exchanger of the MSF
plant as a condenser.

Multi-effect evaporation

Generally, MEE is used for medium-scale to large-scale (less
than 0.015 x 10% up to 0.025 x 10® m*/d) desalinate water
production plants. Such plants are comprised of a series of
evaporators in which evaporation occurs due to recovering
the enthalpy of phase change. The generated vapor in the first
effect (evaporator) moves to the second effect to evaporate
part of the saline water leaving the first effect. The produced
vapor flows to the third effect due to the lower pressure com-
pared to the previous effects. This process continues to the
last effect, where the vapor flows to the condenser (Messineo
and Marchese 2008). The enthalpy of phase change of the
produced vapors in the previous effects is used for the next
effect (Ghaffour et al. 2015). There are different feeding con-
figurations of MEE plants such as backward feed (MEE-BF),
parallel flow (MEE-PF), parallel/cross-feed (MEE-P/CF),
forward feed (MEE-FF) and forward feed with heater (MEE-
FFH). Among them, MEE-FFH and MEE-PF were found to
be more efficient (Elsayed et al. 2018a). The schematic of
an MEE system is presented in Fig. 3.

The work potential of the recovered energy in an MEE
plant operating at low pressure was studied by Sundari
et al. (2013). Exergetic analysis was performed at evapo-
rator pressures in the range of 1.3-2.3 kPa. It was proved
that the flow exergy of a control volume might have a neg-
ative or positive value depending on the evaporator pres-
sure. Once the pressure and temperature were equal to the
dead state, the exergy was positive. When the temperature
was higher or lower than this dead state, the exergy was
also positive. The flow stream could be expanded via a
turbine and could produce work resulting in positive flow
exergy (P> Py). This work could be utilized to compress
the flow stream via a compressor causing negative flow
exergy (P < P,). The highest exergy destruction occurred
in the evaporator followed by the condenser. This system
with an exergy efficiency of ~3% was comparable with the
MSF and HDH processes with exergy efficiencies of 4%
and 5.7%, respectively.

Thermodynamic analysis of an MEE system integrated
into a utility steam network demonstrated that utilizing
steam from a medium-pressure source resulted in the maxi-
mum freshwater production rate while using steam from a
low-pressure source caused the highest exergy efficiency.

@ Springer

In three-effect and eight-effect MEE units, changing the
compression ratio from 2 to 5 decreased the exergy effi-
ciency by 50% and 54%, respectively. It means that an MEE
system with more effects was sensitive to the compression
ratio and higher pressure eased the energy recovery; hence,
freshwater productivity was enhanced. In addition, increas-
ing the effect number reduced the temperature difference
between the effects as well as between each effect and heat
exchanger, lowering the exergy destruction. Increasing the
pressure ratio from the first to the last effect resulted in a
higher-temperature difference between the effects, increasing
the exergy destruction (Salimi et al. 2018).

An MEE process was optimized via a thermo-economic-
aided technique using pinch-based plant retrofit by Piacen-
tino and Cardona (2010). The process was optimized through
a creative structure for the effects, reflecting the interac-
tions among exergy flows. While the temperature difference
between two consecutive effects increased, the preheaters
and the heat exchanges became the main sources of irrevers-
ibility. Neglecting flashing at brine inlet, cascade heating and
limiting exergy destruction at the preheaters were proposed
for process optimization. Auxiliary systems such as a heater
can be used whenever the temperature difference between
two consecutive effects increases. Moreover, a higher heat
source temperature should be used to greatly improve spray
evaporation and reduce the size of the evaporator.

El-Nashar and Al-Baghdadi developed an MEE system
based on exergy destruction (El-Nashar and Al-Baghdadi
1998). Based on measured data, the discharge streams of
distillate, brine and seawater accounted for the highest
destruction (34.9% of the total), followed by the vacuum
pump (30% of the total). Exergy destruction due to pres-
sure drop and heat transfer in the preheaters, last condenser,
brine flashing chamber and distillate between the succes-
sive effects accounted for the significant exergy destruction
contribution in the evaporator (10.8%). The first effect was
responsible for a large amount of irreversibility due to the
high heat transfer, but it was reduced when using steam as
the heating agent.

Khalilzadeh and Hossein Nezhad designed an MEE sys-
tem using the waste heat released by a wind turbine (Khal-
ilzadeh and Nezhad 2018). The highest exergy destruction
was associated with the second effect. Recycling the waste
heat increased the exergy efficiency by 7.34%. The MEE unit
and overall exergy efficiencies were 10.92% and 0.085%,
respectively. The first preheater of the desalination unit and
the first effect had the lowest and highest exergy efficiencies,
respectively.

A parametric study of an MEE system was conducted
at CIEMAT-Plataforma Solar de Almeriia (PSA) (Carballo
et al. 2018). It was found that the main source of exergy
consumption was different from the main source of energy
consumption. The outlet water stream from the evaporator
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was used by the heat source in the PSA facility. This stream
returned to the inlet water stream into the evaporator. There-
fore, it did not represent a significant energy consumption
while the maximum exergy destruction occurred in the
evaporator.

The heat released from the liquid fuel production process
of natural gas was applied using Fischer—Tropsch synthesis
for a cogeneration process (Shariati et al. 2019). The inte-
grated structure had an overall exergy efficiency of 79.53%.
The maximum exergy destruction ratio of 31.4% occurred
in the reforming reactors. The heat exchanger and expansion
valve achieved exergy efficiency values of about 98.5% and
49.1%, respectively. The lowest exergy efficiency of 1.86%
occurred in the MEE system. Integration of spray evapora-
tion and MEE achieved zero liquid discharge (ZLD). The
highest exergy destruction about 68% occurred in the evapo-
ration tank. The useful exergy efficiency was 1.13%, and a
large amount of excess exergy was wasted in the process of
achieving ZLD (Guo et al. 2021). Notably, different from
the conventional MEE systems, the spray evaporation-MEE
system achieved better performance with fewer effects due
to the highest exergy destruction in the spray evaporator.

Vapor compression

In the VC process, the saline water boils whose generated
vapor condenses via compression, producing the desalinated
water. Unlike the MSF and MEE processes, where the ther-
mal energy of the brine is degraded, it is upgraded to evapo-
rate more brine in the VC process. VC units are comprised
of a mechanical vapor compressor or thermo-compressor,

Compressor
| W
Vapor
N
| )
j | N <4m
Evaporator U Saline water
Fresh water Brine

Fig.4 Schematic representation of a VC desalination system (Sena-
tore 1979)

evaporator, condenser, preheaters, brine and product pumps
(Messineo and Marchese 2008). The VC suffers from scale
formation in the boiler. Moreover, it is not appropriate for
places with large-scale low-grade energy. Therefore, com-
bining VC with MSF or MEE systems contributes to more
energy utilization (Zheng 2017). The schematic representa-
tion of a VC desalination system is presented in Fig. 4.

The main role of ejector performance on exergy efficiency
in VC desalination systems shows why the ejector design
improvement has been ongoing (Tang et al. 2018).

Jamil and Zubair (2017) presented an exergy-based analy-
sis of each component used in a forward feed-mechanical
vapor compression (FF-MVC) system to highlight the contri-
bution of each component to the overall exergy destruction.
The evaporators had ~95% exergy destruction accounting
for the highest amount because of high operating tempera-
ture and phase change heat transfer. Their exergy destruc-
tion decreased as the stage number was increased owing to
a reduction in the amount of distillate and heat load in each
evaporator, therefore decreasing the temperature drop which
in turn reduced the exergy destruction. The distillate, pumps
and brine preheater had the maximum exergy destruction
contribution values of 3.6%, 1% and 0.8%, respectively. An
MVC plant with nano-filtration pretreatment was developed
in which the required electrical and thermal energies were
generated by the PV panel and parabolic trough collectors.
The improvement in exergy efficiency was 153.7%, 56.3%,
32.6% and 27% compared with MEE-MVC and conventional
VC, FF-ME-MVC and RO systems, respectively. The PV
panel and solar collector had the highest shares in exergy
destruction at 85.79% and 69.53%, respectively. The salt
rejection and recovery ratio were the most important param-
eters to augment the exergy efficiency (Farahat et al. 2021).
A VC flash desalination process was studied based on exergy
analysis by Jin et al. (2014). They found that the exergy
destruction by the flash tank was the highest followed by
the heat exchanger, compressor and auxiliary electric heater.
The exergetic performance of the process was improved by
increasing the areas of the heaters and heat exchangers,
increasing the flash tank volume and using a high-efficiency
heat exchanger. Using a high-efficiency compressor with a
low compression ratio was also recommended for process
enhancement.

The performance of a four-effect thermo-compressor
vapor compression (TVC) system was analyzed by Hamed
et al. (1996). The TVC had the least exergy destruction rate
among its counterparts, most of which occurred in the first
effect and thermo-compressor. Increasing the entrainment
ratio of the thermo-compressor and the number of effects,
as well as reducing the TBT and heating steam temperature
significantly increased the exergy efficiency. For all three
investigated systems, the maximum exergy destruction was
related to the first effect, due to the high temperature of the

@ Springer



1344

Z. Rahimi-Ahar, M. S. Hatamipour

consumed steam providing heat to the first effect. The mass
and heat transfer in high exergy-destructive components
should be studied in more detail to clarify the inner-mixing
process and its effect on the entrainment ratio.

The performance of a TVC system was improved by
integrating a spray-assisted desalination unit (Chen et al.
2019). The steam jet ejector was the main source of irre-
versibility, accounting for above 40% of the total exergy
destruction. The process was enhanced at a higher number
of stages, a lower motive steam pressure and a medium
value of the cooling water flow rate. Other main sources
of exergy destruction were the condensers, evaporators and
heat exchangers. This result differed from that of a spray-
assisted system, where the condenser was the major source
of irreversibility. The integrated system had the minimum
exergy destruction rate when the vapor was entrained from
the third evaporator (due to its minimum irreversibility),
leading to higher irreversibility in the VC and making the
third stage the best location for vapor entrainment. The sys-
tem became more exergy-destructive when the motive steam
pressure was increased.

Various operating parameters of a freezing unit working
on a reversed VC cycle were exergetically analyzed by Abd
Elrahman et al. (2020). The results showed that recycling
larger quantities of the discharged brine was more effec-
tive owing to the increase in the thermal efficiency of the
operating cycle. A part of the brine should be recycled and
mixed with the feedwater to reduce the exergy destruction.
The compressor followed by the expansion valve, reversed
condensers and evaporator had the highest second law effi-
ciency. Chung et al. (2017) proposed a ZLD process contain-
ing an MVC for brine concentration and an MEE for crystal-
lization. A salinity-gradient power production technology
such as pressure-retarded osmosis (PRO) could be used due
to its higher energy density. The second law efficiency of
the evaporator increased by ~70% as the heating source tem-
perature was reduced from 100 °C to 80 °C. The minimum

Fig.5 Schematic representation
of an HDH desalination system
(Rahimi-Ahar et al. 2020a)

Sunlight

Solar water heater

required work in the proposed process was reduced by uti-
lizing a low-grade energy source, decreasing the top tem-
perature by an increase in the heat exchanger area, brine
management using the generated power via a PRO and brine
mixing with a feed with low salinity. A zero-emission desali-
nation system (ZEDS), including a single-stage as well as
a multistage (MS) MVC process, was introduced by Han
et al. (2017). The results showed that the MS-ZEDS could
decrease the compressor power consumption compared to
the single-stage one. It was found that increasing the inter-
mediary concentration at the outlet of the first stage mini-
mized the exergy destruction.

Humidification-dehumidification

HDH is a small-scale thermal-based desalination technique
in which humidification and dehumidification procedures
are carried out in a humidifier and a condenser, respec-
tively. The open-air/open water (OAOW), open-air/close
water (OACW), close air/close water (CACW) and close air/
open water (CAOW) configurations have been introduced.
The closed cycles of air and water recover energy from the
HDH system. However, for the closed water cycles, the
scale formation and brine recirculation percentage should
be considered. Water and air heating are the usual strategies
for accelerating the evaporation rate (Yildirim and Solmus,
2014). HDH system has better exergy efficiency in dry air
environment compared to humid air environment (Aziz et al.
2022). The schematic representation of a water-heated HDH
system is illustrated in Fig. 5.

The separation of water vapor from the air is an irre-
versible process, resulting in exergy destruction, which can
be calculated. Increasing the inlet air temperature into the
dehumidifier decreases the latent heat of vapor condensa-
tion, lowering the energy required to condense the unit mass
of desalinated water. For the initial water temperature of
30 °C, about 12.7 kWh of energy per ton of desalinated

:

Dehumidifier

Humidifier

Separator|
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water is required, which is about 10 times higher than the
minimum work required for the flash operation. It proves that
the energy recovery process is essentially required for HDH
systems to enhance their thermal efficiency (Zheng 2017). It
can be deduced from the literature that the minimum amount
of work required for seawater desalination should be esti-
mated for various saline water concentrations (Zheng 2017).
Notably, the evaporation work is almost linearly proportional
to the salt mass concentration. Wu et al. (2017) proved that a
higher feed salinity increases the minimum work.

Many scholars have thermodynamically analyzed some
HDH plants which are summarized in this section. For
instance, a solar-assisted HDH unit was exergetically studied
by Elhaj and Yassin (2013). It was revealed that the humidi-
fier exergy efficiency increased by increasing the air-to-water
mass ratio and reducing the outlet air temperature. At low air
temperatures, no noticeable impact on the humidifier exergy
efficiency was concluded when changing the air-to-water
mass ratio, while at air temperatures above 60 °C, the effi-
ciency increased. Besides, the condenser exergy efficiency
was increased with the increase in the outlet air temper-
ature from the humidifier and the mass ratio. It was due
to an increase in the energy loss to the environment. In a
2-stage HDH system with different cooling media (normal
and chilled water), for a high water flow rate, an increase in
air temperature increased the second law efficiency up to a
certain value beyond which it started to decrease (Chiran-
jeevi and Srinivas 2016). A reverse trend was observed for a
low water flow rate. In a waste-driven HDH process, similar
results were concluded (He et al. 2016).

Ashrafizadeh et al. (2012) described a new technique
for exergy analysis of HDH systems entitled the driving
force approach using the sink—source concept. It was con-
cluded that the mass transfer phenomenon did not have
a significant influence on the exergy destructions of the
air- and water-heated HDH systems while the flow rate of
the unheated stream and the highest process temperature
played the main roles in the overall exergy destruction.
It was observed that ~90% of the overall loss was related
to the heater and no exergy destruction occurred due to
the mass transfer across the desalination processes. The
heater followed by the dehumidifier and humidifier was the
largest irreversibility sources. Higher air flow rates led to
more heater load, increasing the exergy destruction. The
large exergy destruction via the solar collector and rejected
brine in the solar HDH process could be decreased by
insulation, heater optimization and reusing the rejected
water (Hou et al. 2007). Muthusamy and Srithar (2017)
studied an HDH system to save the input power by modify-
ing its components. The air heater was equipped with two
types of inserts. The usage of inserts increased the outlet
air temperature from the heater and humidifier, improv-
ing the humid air generation and exergy efficiency. The

exergy efficiency of the air heater was gradually enhanced
by decreasing the pitch ratio, increasing the orientation
angle for the circular insert and using the divergent type
for two other inserts. As the water heater followed by the
humidifier, dehumidifier and air heater had the lowest
highest exergy efficiency, they should be considered in the
same order to enhance the system's exergetic performance.

An HDH system using solar energy to provide ther-
mal, as well as electrical energy was proposed by Deniz
and Cinar (2016). The highest exergy efficiency value
of 1.87% was achieved. The maximum daily exergy and
energy efficiencies were decreased near the sunset time
because of using the energy stored earlier. Exergy destruc-
tion in the solar air and water heaters occurred through
the glass covers as well as the bottom and sidewalls of the
PV panel. The exergy destruction by heaters was contrari-
wise proportional to the ambient temperature while exergy
destruction from the PV panel increased by increasing the
ambient temperature. The most critical component of the
proposed plant was the condenser where the humid air
temperature was decreased to completely condense the
moisture. The exergy of the PV panel reduced during the
daytime because of the increase in its back-surface tem-
perature, depending on the ambient condition.

A mathematical model of an air-heated HDH system
was developed by Nematollahi et al. (2013). At a constant
humidifier volume, the exergy efficiency could reach its
maximum when a shorter humidifier with a larger diameter
was designed. Increasing the humidifier diameter reduced
the outlet air humidity as well as outlet air and brine tem-
peratures from the humidifier due to the dependency of
the mass and heat transfer coefficients on the humidifier
diameter. The air exergy through convective heat transfer
significantly increased from the top to the bottom of the
humidifier in accordance with its temperature rise.

Exergy analysis was conducted on a variable pressure
HDH system, indicating that the compressor and throttle
valve improved the dehumidification and humidification
processes, respectively (Sharqawy et al. 2017). It was found
that increasing the dehumidifier-to-humidifier pressure ratio
increased the exergy destruction, whereas the top feed tem-
perature did not affect the irreversibility up to 60 °C. The
pressure ratio of 1.33 and the humidifier and dehumidifier
effectiveness values of 0.8 resulted in the lowest specific
exergy destruction. Rahimi-Ahar et al. (2020b) exergeti-
cally analyzed a vacuum humidification—dehumidification
(VHDH) system. The majority of irreversibility was found
to be caused by the vacuum pump. In their previous study
(Rahimi-Ahar et al. 2018), it was concluded that the VHDH
system benefited from lower humidifier pressures from the
freshwater productivity viewpoint, while in terms of exergy
the pressure reduction increased the irreversibility. Simul-
taneous theoretical and experimental studies confirmed that
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freshwater productivity, as well as energy and exergy effi-
ciencies, could all be the deciding factors for the determina-
tion of desired values of parameters achieved, respectively.

An ultrasonic humidifier was used in an HDH system
by Feng et al. (2018). It was concluded that higher relative
humidity values decreased the exergy destruction. Increasing
the relative humidity up to 60%, the exergy destructions of
ultrasonic and steam systems were 0.28 kJ/kg and 0.34 kJ/
kg, respectively. It was due to the high exergy content of
the humid air at high relative humidity, leading to more
irreversibility. The ultrasonic humidifier had superior per-
formance to the steam system based on energy saving and
exergy efficiency. The total irreversibility in the ultrasonic
humidification (isenthalpic process) was lower than in the
steam-based system (isothermal process). Using the fogging

Flue gases to air

e

Steam outlet

to nozzles in an HDH plant impacted the system perfor-
mance positively in terms of improving the exergy efficiency
due to higher condensation and evaporation rates and recov-
ered energy (Alrbai et al. 2022). A lack of information was
found in the exergy analysis of an HDH system containing
a bubble column humidifier and dehumidifier. As bubble
column-assisted HDH systems provide enhanced heat and
mass transfer, their exergy analysis would reveal interesting
results against ranking the exergy-destructive components.

Hybrid and cogeneration desalination systems
Three layouts of a hybrid thermal desalination system

(capacity of 0.04 million m?/d) containing waste gas
chimney (WGC), gas turbine cycle (GTC) and ORC were
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investigated by Sharaf and Soliman (2017). These layouts
were designed as WGC-MSF-MEE, WGC-MSF-MEE-ORC
and WGC-MSF-GTC. Using waste gases instead of natural
gas saved 1136 $/h. The third layout had noteworthy results
by achieving an exergy efficiency of 62.7% due to its high
power generation. The generator, MEE, MSF and com-
bustion chamber recorded substantial exergy destructions.
WGC-MEE-GTC-ORC system can be arranged as shown in
Fig. 6. By replacing the MSF unit instead of the MEE plant
in the hybrid system, the freshwater productivity and exergy
efficiency was improved.

An MSF-MVC process proposed by Alasfour and Abdul-
rahim showed that by increasing the temperature drop
across the stages, the SEC and exergy destruction increased
while the distillate water production decreased (Alasfour
and Abdulrahim 2011). Using pinch technology and heat
recovery to compensate for the temperature drop solve this
problem. The highest exergy destruction belonged to the
evaporator and then the compressor. The results showed
that at the brine temperature of 70 °C and TBT of 90 °C, the
exergy destruction in the evaporator was 2.5 times higher
than that in the compressor. This value was reduced as the
brine temperature of MVC was increased. An MEE-MVC
plant (capacity of 1500 m*/d) was investigated by Elsayed
et al. (2019). The maximum second law efficiency of 2.8%
was achieved in which the evaporator and MVC units were
in charge of about 52% and 39% of the total exergy destruc-
tion, respectively (similar to the MSF-MVC process). The
high values of exergy destruction in the evaporators con-
firmed that the evaporation was highly inefficient, requiring
modification. It was concluded that thermal performance
was enhanced while the number of desalination stages was
32 and 25 for MSF and MSF-TVC systems, respectively
(Tayyeban et al. 2022). Increasing the number of effects

Fig.7 Schematic of MEE-TVC
desalination system

from 1 to 6 reduced the SEC by 39% while increasing the
second law efficiency by 70%. A photothermal system as a
cost-effective, well-designed and high-efficiency evapora-
tor solves this problem. It utilizes solar energy for energy
conservation and desalination. This system can effectively
and quickly generate steam when light absorbance enhances
by special microstructures and materials (Lin et al 2022;
Su et al. 2022). An MEE-TVC system (capacity of 2200
L/h) was designed by Kariman et al. (2019) in which the
device was powered by electricity to evaporate wastewater.
The results indicated that the central heat exchanger and
boiler had high exergy destruction contributions. Working
at the highest temperature led to the highest irreversibility in
the heat exchanger. An MEE-TVC system was developed by
Hyundai Heavy Industries (capacity of 4546-20,000 m*/d)
and its thermal performance was evaluated thermodynami-
cally (Lee and Song 2005). A high exergy efficiency was
achieved due to the lower energy consumption or the low-
pressure motive stream needed for the TVC.

Different MEE-VC techniques (capacity of 4545 m*/d)
were thermionically evaluated by Sharaf et al. (2011). Two
layouts of solar power cycles were considered to run the
MEE-PF-VC plants. The minimum total solar field area
of 14 m? led to the lowest overall exergy degradation rate,
which was obtained at the minimum compression ratio.
The effect of suction pressure on exergy destruction was
investigated at a constant motive steam pressure in an
MEE-VC plant (Zhou et al. 2019). Despite the low motive
steam consumption, its exergy content increased at higher
motive steam pressures, increasing the exergy destruction.
In the investigated process, about half of the overall exergy
destruction was related to the TVC and desuperheater, while
11% was attributed to the condenser and the first effect. The
exergy destruction in TVC varied with the suction location
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due to the differences between the quality of suction and
motive steams. Using simulators for finding the best location
can be proposed. ME-TVC, ME-TVC-MEE and ME-TVC
with regenerative feed heaters (ME-TVC, FH) processes
were exergetically analyzed by Alasfour et al. (2005). The
steam ejector and evaporators were the main sources of irre-
versibility in all layouts. The reason was using high motive
steam of the boiler at high temperature and pressure, increas-
ing the discharge enthalpy into the first effect, causing a
high destructive rate. High exergy destruction in the steam
jet ejector was due to mixing, compression and expansion
processes in the throat, nozzle and diffuser, respectively. The
lowest exergy destruction was achieved in the second layout
due to more heat recovery from the leaving stream using
a regenerative feed heater, which reduced the irreversibil-
ity. For all layouts, increasing the motive steam pressure
meaningfully increased the specific exergy destruction in
the evaporators, ejector, condenser and leaving streams. A
ME-TVC system was integrated into a gas turbine (GT) plant
through heat recovery steam generator (HRSG) (Shakib
et al. 2012). The main exergy-destructive components were
the evaporator of HRSG, the steam jet ejector and econo-
mizer while the ME-TVC effects had the minimum exergy
destruction.

A pressurized water reactor power plant was coupled to
an MEE-TVC unit by Ansari et al. (2010). A schematic of
the MEE-TVC process is shown in Fig. 7. The highest irre-
versibility occurred in the reactor followed by the steam gen-
erator, while the lowest value belonged to the moisture sepa-
rator. The reactor had the maximum irreversibility owing
to a very high destruction rate of the fission process and
wasting about half of the fuel exergy. The performance of a
ME-TVC system using an evaporative gas turbine (EvGT)
was compared with a ME-TVC using a steam-injected gas
turbine (STIG) by Wang and Lior (2007). Although the heat
recovery in the HRSG by the motive steam/water at differ-
ent pressures was similar, a higher pressure caused a more
exergy-efficient heat transfer process. The enhanced exergy
utilization in the HRSG was sufficient to compensate for the
increased exergy consumption in the ME-TVC unit at high
pressure. A system containing an ejector refrigeration cycle,
MEE and gas combustion unit was developed by Saharkhiz
et al. (2021). The wasted heat of the cycle provided the
required heat to the desalination units. Using waste heat of
each component for running a process or heating an appro-
priate stream should be considered in all hybrid desalination
processes. The overall exergy efficiency of the system was
estimated at 65.92%. The reactors (43.37%), heat exchang-
ers (26.76%) and throttle valves (10.58%) had the highest
contribution to exergy destruction in the combined system.

The exergy analysis of a solar—geothermal poly-genera-
tion plant was conducted using a dynamic simulation model
by Calise et al. (2016). The system was equipped with an
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ORC fueled by a geothermal energy source and a para-
bolic trough collector. The results showed that the exergy
efficiency varied between 40 and 50% during the thermal
recovery mode and in the range of 16-20% during the cool-
ing mode. The exergy analysis of the MEE plant coupled
with the Rankine cycle (RC) showed that the highest exergy
destruction belonged to the MEE and air-cooled condenser.
Coupling the RC to the MEE system increased the turbine’s
exhaust stream exergy, increasing the exergy destruction in
the MEE and air-cooled condenser after the turbine. The
results indicated that the exergy contribution of the throt-
tle valve increased at the plant part load operation, and the
destructed exergy was higher whenever the ambient temper-
ature was low (Mata-torres et al. 2019). Therefore, full-load
operation and using a renewable energy driven air heater
could be helpful.

An MEE combined with a reverse electrodialysis heat
engine (MEE-RED) was studied exergetically by Hu
et al. (2019). The RED, condenser and preheater units
by accounting for~60% of the overall exergy destruc-
tion were the main sources of irreversibility. The overall
exergy efficiency of the system was 4.7%. Investigating
a 6-effect MEE-membrane desalination plant (MEE-MD)
with a capacity of 165,600 kg/d based on exergy destruc-
tion revealed the major extent of generated entropy (Farsi
and Dincer 2019). The condenser of the MEE unit and
the membrane module of the MD was the most exergy-
destructive components. The high flow rate of the cooling
water within the condenser with a low pipe wall thickness
and small pore size (resulting in diffusional mass trans-
fer resistance) of the membrane structure increased the
irreversibility. An MEE-RO system (desalination capacity
10,304.3 m*/d) using GT was designed by Mokhtari et al.
(2016). Exergy was mostly destructed in the combustion
chamber due to the entropy generation. HRSG and MEE
were the next exergy-destructive components due to the
high-temperature difference between the output and input
flows. The thermodynamic study of a solar-assisted MEE-
ORC-RO arrangement showed the most exergy-destructive
component was the solar collector. An increase in the solar
radiation intensity and collector length led to an increase
in exergy destruction (Naminezhad and Mehregan 2022).

A heating, cooling, power and MEE system based on
solid oxide fuel cell (SOFC)/GT was investigated through
conventional and advanced exergy analyses. The exergy
destruction was split into unavoidable/avoidable and exog-
enous/endogenous components to explore the real poten-
tial of exergy performance. The highest exergy destruc-
tion occurred in the burner, fuel cell and MEE system,
accounting for 20.08%, 12.99% and 12.91%, respectively.
The results indicated that the main exergy destructions
were of endogenous type by the inverter, turbine and com-
pressor. The exergy efficiency obtained via conventional
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Fig.8 Schematic of an MEE-TVC system integrated to fuel cell and gas turbine (You et al. 2020)

exergy investigation was lower than the advanced one due
to a more detailed exergetic analysis of the process and
components by advance approach. The first evaporator and
MEE-TVC unit had the lowest potential for reducing the
exergy destruction due to their low avoidable endogenous
parts (You et al. 2020). A hybrid multi-generation system
operated by a SOFC was proposed by Ghaebi and Ahmadi
(2020). Figure 8 shows the schematic of an MEE-TVC
desalination system integrated into the SOFC and GT. The
system achieved an exergy efficiency of 63.04% where the
fuel cell stack, afterburner, steam generator, compressor
and pumps were recognized as the most to least exergy-
destructive components. A higher exergy efficiency was
attained by an increment in the inlet temperature of the
fuel cell and compression ratio or by a decrease in the
current density and pressure of the generator.

An HDH-HP system was proposed by Anand and Muru-
gavelh (2020). The highest to lowest exergy destruction
occurred in the evaporator, compressor, expansion device
and condenser. Reducing the evaporator temperature and
increasing the condenser temperature of the VC unit resulted
in high exergy destruction due to the high-temperature dif-
ference between the environment and components. In the
proposed system, the temperature difference between the
evaporator and its hot humid air inlet was high, leading to
its high exergy destruction. The compressor was the second
largest exergy-destructive component, which was relatively
lower than the air-cooled VC system. This was due to the
reduced condensing temperature leading to a lower pressure
ratio. Exergy analysis of a TVC-HDH-RO system (Fig. 9)
was discussed by Al-Sulaiman et al. (2013). It was revealed
that the highest exergy destruction occurred in the TVC
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Fig.9 Schematics of the bubble
column and helical humidifiers,
and TVC-HDH-RO system (
Al-Sulaiman et al. 2013)
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unit followed by the dehumidifier. The exergy efficiency of
the system decreased as the steam pressure increased due
to an increase in the energy flowing into the system. The
total specific exergy destruction decreased by 130.7% as the
expander efficiency increased from 40 to 90%.

Two layouts (i.e., series and parallel) of a geothermal-
driven HDH-ORC system were investigated by Kolahi et al.
(2020). Since the series layout produced higher output work,
its exergy efficiency was greater than the parallel layout. In
four cogeneration layouts of an ORC-HDH system investi-
gated by Ariyanfar et al. (2016), the ORC with toluene had
the highest energy and exergy efficiencies while the ORC
with n-heptane as the working fluid had the highest cooling
outlet temperature.

Thermodynamic analysis of three brine-recycled HDH
systems with ZLD operation was investigated by Ghof-
rani and Moosavi (2020b). The compressor efficiency had
a substantial influence on the irreversibility of the com-
pressor and condenser. Reducing the compressor efficiency
increased its irreversibility (owing to the higher power
consumption) as well as the condenser exergy destruc-
tion (due to the higher power rejection to the ambient
from the auxiliary condenser cooler). Later, they tried to
decrease the water production cost of the conventional
ZLD processes via an HDH-MEE-VC system (Ghofrani
and Moosavi 2020a). To this end, 4 to 8 effects and 1
to 3 stages were considered for the MEE unit and the
HDH system, respectively. More than half of the specific
exergy destruction of the proposed system belonged to
the thermo-compressors. Increasing the number of stages
in the HDH system reduced the irreversibility; hence,
the specific exergy destruction of all components of the
HDH system decreased. Using bubble column humidifier
due to its higher mass and heat transfer coefficients com-
pared to other humidifiers (i.e., packed bed, spray tower,
wet wall towers) can be proposed for HDH systems. The
MEE condenser and the second thermo-compressor in the
MEE-TVC/single-stage HDH plant had the minimum and
maximum specific exergy destruction share, respectively.
Figure 9 shows the schematic of the hybrid TVC-HDH-RO
plant, and bubble column and helical humidifiers.

Performance comparison of the stand-alone
and hybrid desalination processes

The performance indicators for several desalination plants
are tabulated in Table 1. It is interpreted from this table
that the MEE, HDH, MSF, VC and hybrid desalination
systems can achieve an exergy efficiency that varies from
1.31% in an MSF-MEE system to 91.12% in a poly-gener-
ation system consisting of MEE, ammonia—water absorp-
tion and multi-refrigerant refrigeration systems. Notably,

the exergetic efficiency should be used to compare the per-
formance of similar components operating under similar
conditions in the same or different systems. Different feed
saline water and produced freshwater qualities, reference
environments, inlet and outlet exergy fluxes, and equa-
tions for exergy efficiency calculation affect the overall
exergy efficiency. These items cause one observe over-
all exergy efficiency in an extended range. For the com-
parison of dissimilar components, the only variable that
should be used is the exergy destruction ratio. Hence, it
is recommended to use the rates of exergy destruction to
characterize the performance of system components con-
sidering the inefficiencies of the remaining system com-
ponents. Furthermore, little attention has been given in
some exergy analyses to the structure of the system and the
mutual interdependencies among its components. Future
studies using exergetic and exergoeconomic variables need
to focus more on the mutual interdependencies among the
components of a thermal system and on the calculation of
the unavoidable exergy destruction for each component of
a desalination system (Tsatsaronis 1999; Tsatsaronis and
Cziesla 2004).

All stand-alone systems required modification or inte-
gration with other desalination plants due to their low
exergy efficiency. The exergy efficiency of a desalination
plant increased by coupling to a SOFC or HP, using sur-
plus low-pressure steam or makeup steam and optimizing
the effect and stage numbers. Designing a poly-generation
system capable of producing power, desalinated water, liq-
uefied natural gas (LNG), and heating and cooling effects
could improve the system exergetically. The desalination
systems benefit from an increased evaporation temperature
using an RC cycle. HDH systems as a small-scale desali-
nation system can be modified by coupling to a RO unit.

The best system can be selected among the described
systems in terms of power consumption, freshwater pro-
duction cost, GOR, freshwater productivity and exergy
cost. The poly-generation system consisting of MEE,
absorption and refrigeration systems with the capabil-
ity of LNG production as well as MEE-TVC coupled
with SOFC-GT can be good candidates to be further
investigated.

Conclusion

The exergy analysis or entropy generation studies indicate
the irreversibility of a process and its components which
can optimize the system for efficient energy utilization.
The minimization of exergy destruction and entropy gen-
eration is necessary to determine the operating conditions
for optimum performance. A wide literature is available
regarding different thermal desalination units individually
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or integrated with different systems. Such information is
beneficial to identify the components which have room
for modification of design and operational conditions to
enhance the total exergy efficiency.

The following main conclusions have been drawn:

e In an MSF system, heat recovery and heat rejection
stages, brine heater, leaving streams and pumps pos-
sessed the highest to lowest exergy destruction. Operat-
ing at a high TBT and flash stage number was recom-
mended to improve the system performance.

e In an MEE process, the preheaters and heat exchanges
were the main sources of irreversibility. Increasing
temperature difference between the effects reduced
the exergy destruction. The maximum second law effi-
ciency was related to the P/CF followed by the FF, BF
and PF configurations. Using waste heat and cascade
heating was recommended.

e In the VC process, the evaporators and compressor
shared the highest amount of exergy destruction. The
distillate, pumps and brine preheater had the next
rankings in terms of exergy destruction. Increasing
the entrainment ratio of thermo-compressors and the
number of effects, using a high-efficiency compressor
with a low compression ratio and reducing the TBT
and heating steam temperature increased the exergy
efficiency in the VC process. Selecting a flash tank
with a large volume in a VC flash desalination system,
increasing the areas of the heaters and heat exchangers
or using a high-efficiency heat exchanger, the exergetic
performance of this process improved.

e In HDH systems, in a constant humidifier volume, the
exergy efficiency could reach its highest value when a
shorter humidifier with a larger diameter was designed.
The lowest irreversible system loss occurred at an opti-
mum value of the dry air mass flow rate. Increasing the
dehumidifier-to-humidifier pressure ratio and decreas-
ing the humidifier pressure in the variable pressure
HDH system increased the exergy destruction. The
highest exergy destruction occurred in the solar col-
lector and rejected brine followed by the evaporator,
compressor, expansion device and condenser.

e The MSF-MEE process could be modified to WGC-
MSF-MEE-ORC to achieve higher exergy efficiency.

e In the MEE-TVC process, the major cause of exergy
destruction was the TVC plant. In the reactor power
plant coupled to an MEE-TVC, the highest irrevers-
ibility occurred in the reactor followed by the steam
generator while the lowest value belonged to the mois-
ture separator.

e In the GT-MEE-RO process, the highest to lowest
exergy destruction occurred in the combustion cham-
ber, HRSG and MEE units. In the TVC-MEE-CCPP

system, the GT engines produced the greatest useful
work while they were the major sources of irrevers-
ibility.

e In the MEE-MD process, the condenser of the MEE
unit and the membrane module of MD was the most
exergy-destructive elements. The high flow rate of the
cooling water within the condenser as well as the thin
thickness and the small pore size of the membrane
structure led to high irreversibility.

e In the MEE-RED process, the RED, condenser and pre-
heater were the main sources of irreversibility while in
the MEE-TVC process using HRSG, the main sources
of exergy destruction were the MEE plant, generator
and ejector. In the ME-TVC-HRSG cycle, the main
exergy-destructive components were the evaporator of
the HRSG, the steam jet ejector and the economizer
while in the ME-TVC system, the effects had the mini-
mum exergy destruction.

Overall, it can be concluded that an idealized thermody-
namic analysis of thermal desalination systems should be
conducted. Exergy analysis confirmed that all stand-alone
systems required modification or integration with other
desalination plants due to their low exergy efficiency. The
exergy efficiency of a desalination plant increased mean-
ingfully by coupling to SOFC or ACHP, AD, RO, ABHP,
using surplus low-pressure steam or makeup steam and
optimizing the effect and stage numbers. Designing a poly-
generation system capable of producing power, desalinated
water and LNG as well as heating and cooling effects
could improve the system exergetically. The desalination
systems benefit from increasing the evaporation tempera-
ture using an RC cycle. Coupling the HDH process to an
RO unit or TVC-RO plant, and using helical and bubble
column humidifiers were also recommended to improve
the system performance exergetically.
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