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ABSTRACT

Seawater desalination stands as an increasingly indispensable solution to address global water scarcity issues.
This study conducts a thorough exergoenvironmental analysis of a multi-effect distillation with thermal vapor
compression (MED-TVC) system, a highly promising desalination technology. The MED-TVC system presents
an energy-efficient approach to desalination by harnessing waste heat sources and incorporating thermal vapor
compression. The primary objective of this research is to assess the system’s thermodynamic efficiency and
environmental impact, considering both energy and exergy aspects. The investigation delves into the intricacies of
energy and exergy losses within the MED-TVC process, providing a holistic understanding of its performance. By
scrutinizing the distribution and sources of exergy destruction, the study identifies specific areas for enhancement
in the system’s design and operation, thereby elevating its overall sustainability. Moreover, the exergoenvironmental
analysis quantifies the environmental impact, offering vital insights into the sustainability of seawater desalination
technologies. The results underscore the significance of every component in the MED-TVC system for its exer-
goenvironmental performance. Notably, the thermal vapor compressor emerges as pivotal due to its direct impact
on energy efficiency, exergy losses, and the environmental footprint of the process. Consequently, optimizing this
particular component becomes imperative for achieving a more sustainable and efficient desalination system.
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Nomenclature

Ḃ Environmental impact rate (Pts/h)
B Environmental impact per unit of exergy (Pts/GJ)
Bm Environmental impact associated with the production of material components (steel)

exergy (Pts/kg)
Ė Exergy rate (kW)
F Environmental factor (%)
ṁ Mass flow rate (kg/s)
N Annual operating hours (h)
N Lifetime (yr)
T Temperature (°C)
Ẇ Minimum separation work (kW)
Ẏ Component-related environmental impact rate associated with LCA (Pts/h)
Y Environmental impact of the component (Pts)

Greek symbols

η Efficiency
ρ Density
δ Thickness

Subscripts

1,2, . . . ..,i System state points
B Brine
con Condenser
D Destruction
ef Effect
elec Electricity
ex Exergy
F Fuel
in Inlet
j jth stream
k kth component
min Minimum
p Pump
out Outlet

Abbreviations

EIGW Environmental impact of generated water
GA Genetic algorithm
MEB Multi effect boiling
MED Multi effect distillation
MSF Multi-stage flash
MVC Mechanical vapor compression
RO Reverse osmosis
TVC Thermal vapor compression
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Highlights

• Modeling and optimizing a multi-effect desalination system with thermal vapor compression
are carried out.

• Exergoenvironmental analysis and multi-objective optimization are performed.

• Sensitivity analysis of effective parameters on the system performance is investigated.

• Significant improvements in both exergy efficiency and environmental impact are obtained.

1 Introduction

Desalination technologies have emerged as a vital solution to address the ever-growing global
demand for freshwater. They play a central role in satisfying the water needs of both residents and
industries, providing essential potable water and strengthening economic activities. As the adoption
of desalination systems continues increasing worldwide, it has become imperative to assess their
environmental impact as well as their energy and economic performance. In this context, different
desalination technologies, including membrane and thermal techniques, are widely used [1,2].

Desalination systems are typically designed and optimized with a primary focus on energy and
economic aspects, with exergy-based methods effectively facilitating the evaluation and enhancement
of their performance. Among these technologies, Multi-Effect Desalination with Thermal Vapor
Compression (MED-TVC) has garnered considerable attention due to its remarkable energy efficiency,
simplicity, utilization of low-level thermal resources, and economic durability [3,4].

In comparing the MED-TVC system to the traditional seawater desalination methods in terms of
energy efficiency, several factors come into play. MED-TVC systems typically exhibit higher thermal
efficiency compared to traditional methods like Multi-Stage Flash (MSF) distillation or Reverse
Osmosis (RO). This is due to their effective utilization of latent heat of vaporization by recycling it
within the system, resulting in reduced energy consumption per unit of water produced. Furthermore,
the integration of mechanical vapor compression in MED-TVC systems enhances the distillation
process efficiency by compressing the vapor to higher temperature and pressure, thereby reducing the
energy required for subsequent heating stages [5].

Additionally, MED-TVC systems can often maintain high efficiency across a wide range of
capacities, making them suitable for decentralized or smaller-scale desalination applications where
traditional methods may be less viable. Moreover, the integration of heat recovery mechanisms in
MED-TVC systems allows for the capture and reuse of waste heat generated during the desalination
process, further improving energy efficiency and reducing overall operating costs. Finally, while energy
efficiency is crucial, it is also essential to consider the environmental impact. MED-TVC systems
typically have lower carbon footprints compared to traditional methods, particularly if renewable
energy sources are utilized for heat generation [6].

Numerous studies have investigated the MED-TVC performances through exergy analysis,
which exposed critical information about the sources of exergy destruction within these systems.
Rostami et al. [7] have explored the utilization of waste heat from wind turbines to drive a Multi-
Effect Distillation Mechanical Vapor Compression (MED-MVC) desalination unit. This innovative
approach aims to overcome challenges MED-TVC systems typically have lower carbon footprints
compared to traditional methods, particularly if renewable energy sources are utilized for heat
generation.
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Related to high specific work consumption (SWC) when desalinating seawater from the waste heat
of wind turbine generators. The MED-MVC unit, in this case, efficiently recovers brine rejected from
a humidification-dehumidification (HDH) desalination unit, demonstrating promising results such as
a significant decrease in SWC and an 18% increase in freshwater production at all wind speeds.

Hamed et al. [8] conducted an exergy analysis comparing a TVC system with conventional
Multi-Effect Boiling (MEB) and mechanical vapor compression (MVC) systems. Among the three
systems, the lowest exergy destruction was from the TVC unit. However, significant exergy destruction
occurred within both the first effect and the thermo compressor integrated into the TVC system.
Alasfour et al. [9] performed a parametric study on MED-TVC desalination systems. Their analysis
showed that steam ejectors and evaporators were the primary sources of exergy destruction across three
configurations. Lowering the top brine temperature led to a reduction in both exergy destruction and
thermal energy consumption.

Energy and exergy analyses were conducted on a MED-TVC system, as performed by
Choi et al. [10]. They found that the TVC and effects had the highest exergy losses. Binamer
[11] conducted a comprehensive analysis of a MED-TVC system. They found that the first effect
contributed significantly to exergy destruction. Expanding the number of effects and operating at
lower brine temperatures notably reduced specific exergy destruction.

A mathematical model for predicting and optimizing the exergy efficiency of a multi-effect
desalination system with thermal vapor compression was developed by Sadri et al. [12]. Their findings
emphasized the importance of evaporators, identifying them as the main sources of exergy destruction.
Menasri et al. [13] introduced a MED-TVC system model, employing comprehensive energy and
exergy analyses. Their results highlighted that exergy destruction primarily occurred in the ejector and
evaporators. They recommended operating at lower brine temperatures and reduced motive steam flow
rates for improved overall efficiency. Abusorrah et al. [14] conducted energetic and exergetic analyses
of multi-effect desalination using thermal vapor compression, highlighting the thermo-compressor’s
high exergy destruction. Increasing effects and motive steam pressure improved some performance
parameters but heightened irreversibility.

Almutairi et al. [15] developed a cogeneration plant model integrating a combined cycle power
plant and a MED-TVC desalination system. Gas turbine engines and desalination unit effects were
identified as the major sources of irreversibility. Al-Najem et al. [16] detailed advancements in thermal
vapor compression (TVC) systems by Sidem (France), increasing interest in smaller capacity desali-
nation plants due to reduced energy consumption, simpler water treatment, and cost-effectiveness. A
parametric analysis using thermodynamics identified system deficiencies and potential improvement
methods. Recent research has focused on assessing the economic efficiency of MED-TVC desalination
systems through the application of the exergoeconomic approach.

Samaké et al. [17] performed an exergoeconomic evaluation on a multi-effect desalination system
that employed ejector vapor compression. The study consistently demonstrated that increasing the
number of effects in both forward and parallel/cross configurations resulted in higher total required
investment and elevated unit costs for producing fresh water. Elsayed et al. [18] investigated the exer-
goeconomic performances of various feed configurations within a MED-TVC desalination system,
focusing on economic factors such as cost index, interest rate, and electricity cost. Their findings
highlighted the parallel cross feed (PCF) configuration as the most cost-efficient with a production
cost of 2.09 USD/m3.
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Additionally, Elsayed et al. [19] developed an exergoeconomic model for a MED-MVC integrated
multi-effect desalination plant, revealing a total water price of 1.63 USD/m3. Fergani et al. [20]
conducted an exergoeconomic assessment of an MED-TVC desalination system, focusing on the
economic effectiveness of the parallel/cross feed configuration. Their approach involved utilizing
a numerical model to evaluate how operational parameters influenced the total water price. Their
findings indicated a cost of 1.73 USD/m3 for producing distilled water, based on a production rate of
55.20 kg/s. The MED effects were identified as the most crucial component from an exergoeconomic
standpoint. These findings highlighted the imperative need to optimize these components for achieving
cost-effective desalination.

In contrast to the numerous studies exploring the performance of MED-TVC systems through
exergy analysis, Vojdani et al. [21] proposed an innovative integrated energy system integrating a
multi-effect desalination unit (MED) with a solid oxide fuel cell (SOFC) and a gas turbine (GT).
The study investigated the system’s performance from energy, exergy, economic, and environmental
perspectives. The proposed system demonstrates a remarkable 6.5% enhancement in system power
generation, 8.42% improvement in exergy efficiency, and a 5.8% reduction in normalized emission
compared to the standalone SOFC-GT system.

Additionally, the study conducted by Modabber et al. [22] on a trigeneration system in Qeshm
Island serves as a practical case, evaluating the potentials and proposing diverse scenarios to enhance
the performance of a system comprising gas turbine units, heat recovery steam generators, and MED-
TVC desalination units. The work explores innovative schemes, such as integrating inlet air cooling
systems and coupling existing MED desalination units with reverse osmosis (RO) systems, leveraging
solar thermal collector fields for improved system efficiency using advanced exergy, exergoeconomic,
and exergoenvironmental analyses.

It is essential to emphasize that MED-TVC has not been studied in detail in previous works,
because it was considered as part of a larger systems rather than being the focal point of investigation.
This research addresses this gap by providing an in-depth analysis specifically dedicated to the MED-
TVC desalination system, contributing valuable insights to the field. From the concise overview, it
is evident that exergy-based analyses offer promising avenues for evaluation. However, there have
been few publications exploring the application of exergoeconomic analysis specifically within MED-
TVC systems. Numerous studies have investigated the MED-TVC systems’ performance employing
the exergy analysis methodology, which has pinpointed components such as the thermo-compressor
and evaporators as primary contributors to exergy destruction. However, a comprehensive analysis of
the environmental implications of these systems, through an exergoenvironmental perspective, remains
relatively underexplored. Furthermore, to the best of the authors’ knowledge, there are no published
works conducting exergoenvironmental analysis for MED-TVC systems.

The aim of the present work is to perform an exergoenvironmental analysis for a MED-TVC
desalination system to estimate the environmental impact of the system’s operation and identify the
components that contribute the most to its environmental footprint. Analyzing the system’s environ-
mental performance offers decision-makers valuable insights to optimize efficiency and concurrently
minimize the environmental impact. Additionally, a parametric study will be performed to evaluate
the influence of key process parameters, such as top brine temperature, seawater temperature, motive
steam flow rate, and the number of effects, on the environmental impact of the fresh water produced.
A multi-objective optimization will then be carried out to define the optimum design conditions of the
MED-TVC system.
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This study introduces innovative advancements in seawater desalination through the exploration
of a MED-TVC system. The research uniquely combines an energy-efficient approach with a com-
prehensive exergoenvironmental analysis, evaluating both energy and exergy aspects. Notably, the
study identifies specific areas for improvement in the MED-TVC system’s design and operation by
scrutinizing the distribution and sources of exergy destruction. The quantification of environmental
impact provides crucial insights for assessing the sustainability of seawater desalination technologies.
Significantly, the research highlights the pivotal role of the thermal vapor compressor in influencing
energy efficiency, exergy losses, and environmental impact within the MED-TVC system, underscoring
the need for targeted optimization to enhance overall sustainability and efficiency. In summary,
this study contributes significantly to advancing our understanding and optimization of seawater
desalination processes.

2 System Description and Modeling

Fig. 1 illustrates the schematic of the MED system integrated with the TVC unit, comprising four
effects (evaporators), a steam ejector (thermos-compressor), a condenser, and pumps designated for
managing seawater, brine, and distillate. In our study, we have opted for the PCF feed configuration
in the MED-TVC desalination system. Seawater cools distillate in the condenser which increases the
seawater feed temperature. The seawater leaving the condenser splits into two streams: one returns to
the tank, the other is divided into four parts for the effects. Motive steam mixes with entrained steam
in the ejector, compressing the combined vapor to fulfill the first thermal requirement. A portion of
this vapor heats seawater in the condenser, producing distillate.

Vapor from each effect moves to the next sequentially, while brine from each effect is directed
to the subsequent ones until discharge as brine from the last effect. Condensate steam is split into
two parts with one part feeding the steam cycle of a steam power plant, while the other joining
the collected streams in the fresh water line. The system was analyzed through thermodynamic
modeling in MATLAB software, employing mass, energy, and exergy equations and considering
certain assumptions including: the system functions under steady-state conditions; the effects maintain
a uniform temperature difference and a consistent feed-flow rate; both the distillate and vapor are
devoid of salt, and an average pump efficiency of 75% was assumed. It should be noted that the authors
have previously provided an extensive explanation about the calculation of seawater properties such
as enthalpy, entropy, chemical potential, and density. We also presented and validated the developed
thermodynamic model of the combined cycle in the MED-TVC desalination system in our prior work
[13,20], therefore, this part of research is not reported here.
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Figure 1: Schematic diagram of the MED-TVC desalination system [20]

3 Exergoenvironmental Analysis and Methodology

The exergoenvironmental analysis involves assessing the environmental impacts of different
components within a specific system, along with identifying the sources of these impacts. This
approach integrates exergy analysis with a comprehensive environmental impact evaluation technique.
To evaluate the environmental impacts of system components and their associated inputs, a thorough
life cycle assessment (LCA) is conducted. In this study, the Eco-indicator 99 [23] method is chosen due
to its extensive use.

The exergoenvironmental evaluation follows a similar allocation approach to the exergoeconomic
evaluation, where environmental impact results are allocated to the exergy streams of the system. This
allocation process parallels the one used in exergoeconomic evaluations for assigning costs to exergy
streams [24]. Detailed in Table 1 are the balance equations for environmental impact rates formulated
for operational MED-TVC unit. These equations are very similar to the exergetic cost rate equations
presented in [20] for the same MED-TVC system, with the substitution of cost-related terms with
terms related to environmental impact.

Table 1: Environmental impact rate balance equations for the MED-TVC system

Environmental impact rate balances Auxiliary equations

TVC Ḃ6 + Ḃ7 + ẎTVC = Ḃ8

Y = 0.001 × 33.96 ×
√

(0.5992 × NS)
3.056 × bm

Effect 1 Ḃ8 + Ḃ25 + ẎEf 1 = Ḃ9 + Ḃ15 + Ḃ20

Y = A × ρsteel × δ × bm

Ḃ8

Ė8

= Ḃ20

Ė20

,
Ḃ15

Ė15

= Ḃ25

Ė25

(Continued)
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Table 1 (continued)

Environmental impact rate balances Auxiliary equations

Effect 2 Ḃ9 + Ḃ15 + Ḃ26 + ẎEf 2 = Ḃ10 + Ḃ16 + Ḃ21

Y = A × ρsteel × δ × bm

Ḃ9

Ė9

= Ḃ21

Ė21

,
Ḃ16

Ė16

= Ḃ26

Ė26

Effect 3 Ḃ10 + Ḃ16 + Ḃ27 + ẎEf 3 = Ḃ11 + Ḃ17 + Ḃ22

Y = A × ρsteel × δ × bm

Ḃ10

Ė10

= Ḃ22

Ė22

,
Ḃ17

Ė17

= Ḃ27

Ė27

Effect 4 Ḃ11 + Ḃ17 + Ḃ28 + ẎEf 4 = Ḃ12 + Ḃ18 + Ḃ23

Y = A × ρsteel × δ × bm

Ḃ11

Ė11

= Ḃ23

Ė23

,
Ḃ18

Ė18

= Ḃ28

Ė28

Condenser Ḃ2 + Ḃ13 + ẎCon = Ḃ3 + Ḃ14

Y = A × ρsteel × δ × bm

Ḃ13

Ė13

= Ḃ14

Ė14

PumpSW Ḃ1 + Ḃsw + Ẏswp = Ḃ2

Y = 0.061 × W 0.95 × bm
Ḃsw = Ḃelec

b1 = 0
PumpP Ḃ29 + Ḃp + Ẏpp = Ḃ30

Y = 0.061 × W 0.95 × bm
Ḃp = Ḃelec

PumpCond Ḃ31 + ḂCond + ẎCond = Ḃ32

Y = 0.061 × W 0.95 × bm
ḂCond = Ḃelec

PumpB Ḃ18 + ḂB + ẎBp = Ḃ19

Y = 0.061 × W 0.95 × bm
ḂB = Ḃelec

The environmental impact of each system component can be expressed as a balance:
∑

Ḃout,k =
∑

Ḃin,k + Ẏk (1)

Ḃj = bjĖj (2)

where Ḃ is the environmental impact rate, b is the specific environmental impact per unit of exergy
and Ė is the exergy rate. Ẏ is the environmental impacts rates associated with the life cycle of the
component, defined as:

Ẏk = Yk

nN
(3)

where Yk, n and N represent the environmental impact of a given component, lifetime, and the
total annual operating hours, respectively. Here the environmental impact associated with the system
components is estimated for the construction life cycle phase.

The equations of environmental impact (Yk), which is a function of weigh and material of the
components, are given in Table 1. It is important to note that these equations are based on the
methodologies outlined in [22,25].

Exergoenvironmental analysis provides several key factors that play a significant role in developing
strategies to enhance system environmental performance, such as:

• Environmental impact of exergy destruction [24]:
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ḂD,k = bF ,kĖD,k (4)

• Exergoenvironmental factor:

fk = Ẏk

Ẏk + ḂD,k

(5)

4 Multi-Objective Optimization

The MED-TVC presents a complex scenario with multiple conflicting objectives. Maximizing
exergy efficiency and minimizing the environmental impact of produced water are paramount objec-
tives. These objectives are addressed through a multi-objective optimization framework aimed at
determining optimal design parameters and operational conditions.

In this study, a genetic algorithm (GA) implemented in MATLAB 2018b, is employed. This GA
leverages selection, crossover, and mutation rules to iteratively evolve the population of solutions
[26]. The optimization approach relies on the principles of Pareto optimality and dominance. By
considering the trade-offs between exergy efficiency and environmental impact, the GA aims to
generate solutions that form the Pareto front, showcasing the optimal compromises between the
conflicting objectives.

The choice of objective functions and decision variables significantly influences the optimal
conditions within the MED-TVC system. Exergy efficiency and the environmental impact of generated
water are selected as objective functions. These objective functions can be expressed as:

• Exergy efficiency: the ratio between the minimum separation work (Ẇmin) and the fuel exergy
(ĖF ) [12].

ηex = Ẇmin

ĖF

(6)

• Environmental impact of generated water: the ratio between the sum of the environmental impact
of outgoing water streams from the desalination unit and the quantity of desalinated water.

EIGW = Ḃ4 + Ḃ19 + Ḃ30 + Ḃ32

ṁ30 × 3.6
(7)

Additionally, specific decision variables are chosen for optimizing the MED-TVC system and they
are top brine temperature, seawater temperature, and motive steam flow.

5 Results and Discussion
5.1 Exergoenvironmental Analysis

This section presents the results obtained from evaluating the environmental impacts of the MED-
TVC unit. This evaluation is based on the comprehensive exergy analysis documented in [20]. The
principal input parameters and their values used for modeling the MED-TVC system are detailed
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in Table 2. The integrity of the MED-TVC system’s thermodynamic model was confirmed through
validation in our previous paper [20] using the data reported by Sadri et al. [12].

Table 2: Main parameters and their values used for simulation

Parameter Value

Cooling seawater temperature (°C) 31.5
Feed seawater temperature (°C) 41.5
Top brine temperature (°C) 60.5
Motive pressure (kPa) 230
Motive steam flow rate (kg/s) 8.8
Number of effects 4
System lifetime (yr) 20
Annual system operating hours (h) 7884
Environmental impact associated with the electricity
generation mix (belect) (mPts/kWh)

22a

Environmental impact of heat (b6) (mPts/MJ) 5a

Note: a Adopted from [23].

The exergoenvironmental characteristics with the exergy values at each state point of the MED-
TVC unit are presented in Table 3 based on the formulations provided for environmental impact rates
in Table 2, indicating a value of 14.13 Pts/h for the environmental impact of the produced fresh water.

Table 3: Exergy flow rates and exergoenvironmental characteristics for the MED-TVC system

State E (kW) B (Pts/h) B (Pts/GJ) State E (kW) B (Pts/h) b (Pts/GJ)

1 0 0 0 17 409.6 66.250 44.928
2 20.2 4.614 63.441 18 380.1 61.574 44.998
3 308.9 4.996 4.492 19 410.3 63.329 42.874
4 149.2 2.413 4.492 20 143.8 5.433 10.494
5 159.7 25.833 44.933 21 100.9 3.693 10.166
6 4933 58.616 3.3006 22 73.3 2.878 10.906
7 866.6 95.100 30.483 23 55.2 2.674 13.456
8 4069 153.750 10.496 24 68.9 2.603 10.494
9 3103 113.700 10.178 25 39.9 6.458 44.959
10 2457 96.504 10.910 26 39.9 6.458 44.959
11 1958 94.902 13.463 27 39.9 6.458 44.959
12 1528 103.370 18.791 28 39.9 6.458 44.959
13 690 46.664 18.785 29 305.2 13.185 12.000
14 19.7 1.334 18.809 30 307.6 14.131 12.760
15 250 41.083 45.647 31 74.9 2.814 10.436
16 377.5 61.057 44.927 32 75.4 2.957 10.894
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Fig. 2 illustrates the environmental impact rates associated with the exergy destruction rates and
their proportional contributions for each component of the MED-TVC system. It can be seen that the
significant environmental impacts associated with exergy destruction are notably prominent within
the condenser (22%) followed by the individual effects, namely effect 1 through effect 4, that exhibit
distinct environmental impact, with effect 1 and effect 4 representing 20% and 18%, respectively,
followed by effect 2 and effect 3 both at 14%, due to their significant exergy destruction. The thermo-
compressor accounts for 8% of this impact, while the pumps show notably lower contribution in
comparison.

(a)

(b)

Figure 2: (a) Environmental impact rates associated with the exergy destruction and (b) Proportional
contribution of each component in percentages

In Fig. 3, the component-related environmental impact rates and their percentage-wise contribu-
tion for each component of the MED-TVC system are illustrated. According to the obtained results,
the thermos-compressor demonstrates the highest component-associated environmental impact rate of
24%, followed by the condenser registering environmental impact rate of 18%, while the seawater pump
accounts for 14% of the environmental impact. Moreover, effect 1 to effect 4 contribute significantly
at 8%, 9%, 9%, and 9%, respectively, reflecting their collective impact on the system’s environmental
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impact. Additionally, considering the operational components, the product pump accounts for 3%,
while other pumps collectively contribute 1% to the system’s environmental impact.

(a)

(b)

Figure 3: Component-related environmental impact rates (a) and their percentage (b)

Fig. 4 presents the exergoenvironmental factor (f ) of the components. It can be seen that for
all components, the value of f is lower than 30% which means that the environmental impact
resulting from exergy destruction is the dominant source for environmental impact [20], so enhancing
environmental performance should focus on minimizing thermodynamic inefficiencies.
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Figure 4: Exergoenvironmental factor of system components

5.2 Parametric Study
Parametric study is carried out to explore the effects of different variables on the environmental

impact of generated water (EIGW) in the MED-TVC system. The principal parameters examined
include top brine temperature, seawater temperature, motive steam flow, and effect number. It is worth
noting that the effect of these parameters on exergy efficiency has been previously studied in detail, as
documented in article [13].

Fig. 5 illustrates the variation of the environmental effect of generated fresh water with the
top brine temperature. As shown in this figure, the environmental impact monotonically rises with
the increase of the top brine temperature, the progression from 55°C to 65°C demonstrates a
proportional increase in the environmental impact, as reflected in the values transitioning from 382 to
557.14 mPts/m3.

Figure 5: Effect of top brine temperature on the environmental impact of distilled water



14 FHMT, 2024

Fig. 6 presents the environmental impact of generated fresh water vs. the seawater temperature. It
shows that the environmental impact decreases with increasing the seawater temperature. The effect
of the motive steam flowrate on the values of the environmental impact of generated fresh water is
indicated in Fig. 7. The figure shows that as the motive steam flowrate increases, the environmental
impact decreases. In Fig. 8, the variation of the environmental impact of generated fresh water with the
number of effects is illustrated. As the number of effects increases the environmental impact decreases.

Figure 6: Effect of cooling seawater temperature on the environmental impact of distilled water

Figure 7: Effect of motive steam flow rate on the environmental impact of distilled water

5.3 Optimization Results
Fig. 9 illustrates the Pareto front solution delineating the relationship between objective functions

in the multi-objective optimization of the MED-TVC plant. The graphical representation vividly
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portrays the trade-off between the two objectives, resulting in the distinct Pareto front curve. As it
can be observed in Fig. 9, the Pareto front curve represents three key optimal points that are selected
based on different preference criteria: points A and B illustrate scenarios similar to single-objective
function optimization, whereas point C represents the best compromise solution determined through
fuzzy-based mechanism [27].

Figure 8: Influence of the number of effects on the environmental impact of distilled water

Figure 9: Pareto optimal front from multi-objective optimization of MED-TVC plant

Table 4 displays the objective function values and decision variable values corresponding to Pareto
points A, B, and C, as well as the base case values. Point A exhibits the highest exergetic efficiency at
6.92% with an environmental impact of 560.6 mPts/m3. Point B, on the other hand, displays the best
environmental impact at 376.1 mPts/m3 but with a slightly lower exergetic efficiency of 5.08%. Point
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C seems to strike a balance between the two objectives, showing an exergetic efficiency of 6.6% and an
impact of 406.3 mPts/m3.

Comparing these optimized points to the base case, where the exergetic efficiency was 3.46%
and the environmental impact at 475.9 mPts/m3, it is evident that the optimization process has made
significant improvements. Point A more than doubles the base case exergy efficiency while marginally
increases the environmental impact. On the other hand, point B shows a remarkable reduction in
environmental impact (26.5%) at the cost of a moderate decrease in exergy efficiency compared to
the base case. Point C appears to be a promising compromise, providing a substantial increase in
exergy efficiency (47.5%) compared to the base case while maintaining a reasonable reduction in
environmental impact (17.1%).

Table 4: MED-TVC design parameters for the base case and under optimization

Optimum design Base case [11] Point A Point B Point C

ηex (%) 3.46 6.91 5.08 6.60
EIGW (mPts/m3) 475.9 560.6 376.1 406.3
Top brine T (°C) 60.1 62.3 55.02 55.9
Cooling seawater T (°C) 31.5 32.9 33 32.8
Motive steam ṁ (kg/s) 8.8 6.0 7.9 6.0

6 Conclusion

In this study, for the first time, exergoenvironmental analysis is applied to a parallel/cross MED-
TVC desalination system. Subsequently, a comprehensive parametric study is conducted to investigate
the impacts of various parameters on the system’s performance. Moreover, a multi-objective opti-
mization strategy is implemented to enhance the system’s efficiency while considering environmental
impact. According to the analysis, the following conclusions can be drawn:

• The TVC unit, effects, and condenser are identified as having the highest environmental impact
among all system components. This underscores the importance of targeted optimization in
these areas for overall sustainability improvement.

• Notably, our findings reveal that the environmental impact resulting from exergy destruction
within all components of the MED-TVC plant is significantly greater than the component-
related environmental impact. This insight emphasizes the potential for lowering the overall
environmental impact by reducing exergy destruction within these components.

• The top brine temperature, seawater temperature, motive steam flow rate, and the number of
effects, are identified as influential factors shaping the exergoenvironmental performance of
the MED-TVC system. Understanding the impact of these parameters is critical for informed
decision-making in system design and operation.

• Through the multi-objective optimization approach, our study achieves significant improve-
ments in both exergy efficiency and environmental performance when compared with the base
case of the MED-TVC system; with Pareto points A, B, and C in Fig. 9 exhibiting, respectively,
exergetic efficiencies of 6.92%, 5.08%, and 6.6%, as well as environmental impacts of 560.6,
376.1, and 406.3 mPts/m3, representing significant advancements compared to the base case
values of 3.46% exergetic efficiency and 475.9 mPts/m3 environmental impact. This signifies the
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practical benefits of considering environmental impact alongside efficiency in the optimization
process.

Finally, the integration of exergoenvironmental analysis and the application of a multi-objective
optimization framework constitute innovative contributions to the study of MED-TVC desalination
systems. It is recommended that future works should not only continue to explore these novel
methodologies but also incorporate dynamic studies. This dynamic perspective is crucial for adapting
desalination systems to diverse operating conditions, ensuring an efficient response in real-world
scenarios. This comprehensive approach will guide advancements in sustainable desalination technolo-
gies, fostering a more adaptable and environmentally conscious future for water resource management.
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