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ABSTRACT 

Water and energy are two of the most vital resources for the socio-economic development and 

sustenance of humanity on earth. Desalination of seawater has been practiced for some decades 

and is a well-established means of water supply. However, this process consumes large amounts 

of energy and the global energy supply is also faced with some challenges. In this research, multi-

effect desalination (MED) has been selected due to lower cost, lower operating temperature and 

efficient in terms of primary energy and electricity consumption compared to other thermal 

desalination systems. The motivation for this research is to address thermo-economics and 

dynamic behavior of different MED feed configurations with/without vapor compression (VC). A 

new formulation for the steady-state models was developed to simulate different MED systems. 

Adding a thermal vapor compressor (TVC) or mechanical vapor compression (MVC) unit to the 

MED system is also studied to show the advantage of this type of integration. For MED-TVC 

systems, results indicate that the parallel cross feed (PCF) configuration has better performance 

characteristics than other configurations. A similar study of MED-MVC systems indicates that the 

PCF and forward feed (FF) configurations require less work to achieve equal distillate production. 

Reducing the steam temperature supplied by the MVC unit leads to an increase in second law 

efficiency and a decrease in specific power consumption (SPC) and total water price.  

Following the fact that the MED may be exposed to fluctuations (disturbances) in input parameters 

during operation. Therefore, there is a requirement to analyze their transient behavior. In the 

current study, the dynamic model is developed based on solving the basic conservation equations 

of mass, energy, and salt. In the case of heat source disturbance, MED plants operating in the 

backward feed (BF) may be exposed to shut down due to flooding in the first effect. For all applied 
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disturbances, the change in the brine level is the slowest compared to the changes in vapor 

temperature, and brine and vapor flow rates. For MED-TVC, it is recommended to limit the 

seawater cooling flow rate reduction to under 12% of the steady-state value to avoid dryout in the 

evaporators. A reduction in the motive steam flow rate and cooling seawater temperature of more 

than 20% and 35% of steady-state values, respectively, may lead to flooding in evaporators and 

plant shutdown. Simultaneous combinations of two different disturbances with opposing effects 

have only a modest effect on plant operation and they can be used to control and mitigate the 

flooding/drying effects caused by the disturbances. For the MED-MVC, the compressor work 

reduction could lead to plant shutdown, while a reduction in the seawater temperature will lead to 

a reduction in plant production and an increase in SPC. 
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CHAPTER 1 INTRODUCTION  

1.1 Introductory Background 

Energy and water are two of the most vital resources for the socio-economic development and 

sustenance of humanity on earth. However, despite progress towards the UN millennium 

development goal, about 768 million people in the world still lack access to improved (safe) 

drinking water, and over 2 billion people suffer inadequate supply [1]. Salinity in water resources 

(both surface/sea and groundwater) contributes greatly to the freshwater shortfall and affects 

agricultural yields. Desalination of saline water to recover fresh water has been practiced for 

several decades and is a well-established means of water supply in many countries, most notably 

Saudi Arabia, United Arab Emirates and Kuwait in the Middle East [2]. The global capacity of 

desalination plants has been increasing steadily since the early 1970's, and was over 25 million 

m3/day by the year 2000 [3], and is now over 90 million m3/day [4]. Although seawater 

desalination projects seem to have attracted much attention, the number of brackish desalination 

projects is increasing at a more rapid rate. Desalination processes consume large amounts of 

energy; however, the global energy supply is also faced with a number of challenges. 

Virtually all work done by humans on the planet requires some form of energy, and in most cases 

involves the conversion of the available form of energy into the desired form. Presently, fossil fuel 

is the primary source of energy on the planet, accounting for about 82% (Oil 31.5%, Gas 21.3%, 

and Coal 28.8%) of the global energy demand, with other sources including Nuclear and 

Renewables accounting for the remaining fraction. Humanityôs strong dependence on fossil fuels 

for energy has eventually given rise to a global energy challenge which stands to threaten the future 

of the global energy supply. These challenges include rising energy cost, increasing demand, 

energy security and concerns for climate change due to energy-related pollutions. The Earth is said 
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to have a finite quantity of fossil fuels which will eventually be depleted at some point; analysts 

have predicted a depletion time of about 35 to 110 years [5]. Yet, about 1.3 billion people (a quarter 

of the worldôs population) have no access to electricity, and another 1 billion only have unreliable 

and intermittent supply [6]. 

1.2 Thermodynamics of Desalination 

Desalination requires a minimum amount of work, intrinsic to saline solution properties and not 

specific desalination methods [7]. Desalination can be thought of as physically separating pure 

water from dissolved ions in solution (water being the solvent). Minimum work required to 

separate pure water from solution is the reversible portion of energy exerted to overcome chemical 

potential between dissolved ions and water. Desalination minimum work is a theoretical lower 

limit, unachievable by real-world processes. However, by examining desalination thermodynamics 

and establishing theoretical limits, the following conclusions can be made: (1) Desalination 

requires thermodynamic work, (2) Minimum required work is a function of salinity and 

temperature, unrelated to particular desalination methods, and unachievable: some loss will occur 

and (3) Help in selection of the best desalination method [7]. 

A generalized equation (1) for the least energy of separation assuming reversible behavior is 

proposed by Mistry and Lienhard [8] based on arbitrary desalination technologies as shown in 

Figure 1. The right-hand side (RHS) of the equation represents the least amount of exergy required 

to separate the input process streams into output streams of different chemical compositions. For 

a desalination process, a feed stream is divided into a low salinity product and a high salinity 

concentrate.  
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Figure 1 Generic model for desalination. 

ὡ ρ
Ὕ

Ὕ
ὗ ά‚ӶὝȟὖȟὔ άὫӶὝȟὖȟὔ    

(1) 

Some chemical separation processes are powered by work only. Examples of work-driven 

desalination systems include RO, mechanical vapor compression (MVC), and electrodialysis 

(ED).  Simplifying Equation (1), with only work input and heat transfer from the environment, 

yields the definition of the least work of separation Equation (2): 

ὡάὭὲ

άὴ
Ὣ
ὴ
Ὣ
ὧ

ρ


Ὣ
Ὢ
Ὣ
ὧ

 
(2) 

Where the subscripts c, p and f represent rejected concentrate brine, produced fresh water and feed 

seawater (35,000 ppm), and g is the specific Gibbs energy and  is the recovery rate. Minimum 

work for separation for various feed salinities and recovery ratios at a constant temperature of 25 

ºC, shows in Figure 2 that higher salt concentration and higher recovery rate require higher energy 

consumption. Based on the above equations, at standard seawater (35,000 ppm) with 50% 

recovery, the reversible process requires 3.93 kJ/kg. The current well designed seawater Reverse 

Osmosis (RO) systems or controlled pilot scale plants energy consumption can be as low as ~7.92 



4 

 

kJ/kg, which is two times the minimum required theoretical value. Considering pretreatment, 

posttreatment or other factors such as membrane fouling, pipe friction losses, pump efficiency, 

there is only about a 20% improvement possible [9]. The least work of separation is a strong 

function of feed salinity and recovery ratio, and a weak function of the product salinity (for 

typically low product salinities). 

 

Figure 2 Least work of separation as a function of feed salinity and recovery ratio. 

Let us consider a phase-change desalination process to explain the advantage of low-temperature 

desalination. Using generic phase-change desalination process shown in Figure 1 and based on the 

first law of thermodynamics, the recovery rate of this process could be expressed by Equation (3): 

ά

ά

ὗ ὗ
ά

Ὤ Ὤ

Ὤ Ὤ Ὤ
  

(3) 

where hp, hc, hf are the specific enthalpy of fresh water vapor, concentrated brine and feed seawater 

respectively, and Ὤ  is the latent heat at the evaporation temperature. Heat losses ὗ

ὟὃὝ Ὕ  and rejected heat transfer ὗ άὧὬ  If we define the specific energy 

consumption for a general desalination process as ὗ άϳ  , assume the feed seawater is at 25°C 
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and the final products have the same temperature for a given energy input, Qi. The results shown 

in Figure 3a, for a Qi of 1,000 kJ/hr and UA = 0.8 J/s.K indicate that for a given feed rate, higher 

production rate is possible at lower temperature. The relationship between the recovery rate  and 

the specific energy consumption (kJ/kg of freshwater produced) at various evaporation 

temperatures is shown in Figure 3b assuming ambient temperature of 25 °C. This plot shows that 

lower the evaporation temperature, lower is the specific energy requirement for a desired recovery. 

The thermodynamic benefits of low-temperature desalination using low-grade heat source can be 

recognized from Figure 3 as it offers higher productivity and lowers energy consumption.  Thus, 

phase change desalination has to be done at the lowest temperature possible to maximize the 

recovery and minimize the specific energy requirement. Apart from the above thermodynamic 

advantages, low-temperature desalination systems can benefit from the following practical 

considerations [10]: Low energy costs, Low corrosion rates, Flexibility, Minimal scaling rates, and 

High-purity distillate. 

 

Figure 3 a) Product as a function of feed rate and evaporation temperature at fixed heat input, b) 

Specific energy as a function of recovery rate and evaporation temperature. 
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1.3 Aim and Objectives 

The aim of the research reported here was to investigate the impact of operational and design 

parameters on the performance of multi-effect desalination (MED) and draw conclusions on its 

economic viability. This aim was achieved by meeting the following objectives: 

1 Develop a validated steady-state thermodynamic cycle model that allows rapid estimation of 

performance for MED operating under different configurations as a function of the process 

heat source temperatures, heat source flow rate, seawater feed concentration, and cooling 

seawater flow rate. 

2 Develop a validated dynamic model that allows performance prediction of different types and 

configurations of MED as a function of process conditions, including operating times and plant 

location. 

3 Use the models developed above to elucidate the effect of input process parameters on the 

performance of MED and draw conclusions on the range of conditions where MED is likely to 

be economically viable. 

1.4 Details of the Publications  

Up to now, the outcomes of the current dissertation have been reported in the form of six papers 

published in international journals. In addition, two peer reviewed conference papers have also 

been published. In this section, the aims and objectives of each individual journal paper and how 

they link together with the global objectives of this dissertation are described. 

The current research is divided into four main stages: 1. Steady state model development and 

detailed thermodynamic analysis for the performance of MED (for objectives 1 and 3), 2. Possible 

thermodynamic and economic comparison between different MED configurations (objective 3), 
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3. Steady-state model validation and possible MED system combined with vapor compression 

(VC) units (for objectives 1 and 3), and 4. Dynamic model development and validation of MED 

systems (for objectives 2 and 3). The papers included in this dissertation (in the final publication 

format) have been chosen to best describe the progression of the research, which includes both 

steady-state and dynamic model development of conventional MED and MED integrated to VC 

units, and the elucidation of the effect of process parameters on the performance of MED using 

validated models. In addition, summaries of the aims and approach for each article are provided 

below. 

1.4.1. Exergy and thermo-economic analysis for MED systems 

Ch.3 Exergy and thermo-economic analysis for MED-TVC systems 

(Published in Desalination Journal Vol. 447, pp. 29-42, 2018) 

The aim of this paper was to study the factors that influence the performance of MED-TVC 

systems using thermodynamic and exergo-economic models. This aim was achieved by meeting 

the following objectives: 

¶ to develop a model that contribute on process design, performance analysis, and exergo-

economic studies with different feed configuration of the MED systems integrated to the 

TVC unit. 

¶ to estimate the fresh water productivity cost based on exergy analysis and to identify the 

cost concentrated components.   

¶ to elucidate the effect of operational parameters on the proposed system performance. 

Ch.4 Process performance modeling for MED-MVC systems: Exergy and thermo-economic analysis 

approach 
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(Published in Energy Journal Vol. 166, pp. 552-568, 2019) 

The aim of this paper was to enumerate all possible configurations of MED-MVC, analyze and 

compare their performance using thermodynamic and exergo-economic models. This aim was 

achieved by meeting the following objectives: 

¶ to enumerate all possible thermodynamic cycles of MED-MVC at various operational and 

design conditions and describe their operational processes in details, 

¶ to determine and compare the relative performance of various types of MED-MVC systems 

in terms of specific energy consumption and fresh water productivity cost using 

mathematical model. 

1.4.2. Dynamic model development and validation for MED systems 

Ch.5 Transient Performance of MED Processes with Different Feed Configurations  

(Published in Desalination Journal Vol. 438, pp. 37-53, 2018) 

The aim of this paper was to develop a validated dynamic model that allows prediction of MED 

performance and transient behavior as a function of process conditions. This aim was achieved by 

meeting the following objectives: 

¶ to develop a general multi-system dynamic mathematical model, which incorporates 

transient mass, salt and energy transfer processes in evaporators units. 

¶ to understand their transient behavior under changes or fluctuations in three main input 

parameters, namely the motive steam flow rate, cooling seawater flow rate and cooling 

seawater temperature. 
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¶ to pinpoint the most reliable configuration in terms of steady-state operation and dynamic 

response. 

 

Ch.6 Effect of disturbances on MED-TVC plant characteristics: Dynamic modeling and simulation 

(Published in Desalination Journal Vol. 443, pp. 99-109, 2018) 

The aim of this paper was to further improve and apply the dynamic model developed in Ch.5 to 

study the behavior of a parallel/cross feed of MED-TVC system. This aim was achieved by 

meeting the following objectives: 

¶ to explain the physics behind the transient behavior of a MED-TVC system subject to 

external disturbances. 

¶ to define the sensitivivity of MED-TVC system to the applied disturbances and fluctuations 

in the input parameters compared to stand alone MED. 

¶ to determine the effect of change in feed seawater salinity on plant operation. 

Ch.7 Effect of Input Parameters Intensity and Duration on Dynamic Performance of MED-TVC Plant  

(Published in Applied Thermal Engineering Journal Vol. 139, pp. 210-221, 2018) 

The aim of this paper was to define the critical limits for the fluctuations of the input parameters 

to avoid plant shutdown due to flooding or dry out of MED-TVC system. This aim was achieved 

by meeting the following objectives: 

¶ to investigate the plant behavior and performance under various intensity and duration of 

disturbances introduced in the main operational parameters  
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¶ to study the effects of simultaneous combinations of two different disturbances in assisting 

and opposing effects direction.  

Ch.8 Transient and Thermo-Economic Analysis of MED-MVC Desalination Process 

(Published in Energy Journal Vol. 167, pp. 283-269, 2019) 

The aim of this paper was to further extend the model developed in Ch.5 to study the transient 

behavior of MED-MVC desalination system. Also, to enumerate all possible configurations of 

MED-MVC, analyze and compare their performance using thermodynamic and exergo-economic 

models. This aim was achieved by meeting the following objectives: 

¶ to modify and customize the previous model to track the behavior of four effects, two 

preheaters and a mechanical compressor unit.  

¶ enumerate all possible thermodynamic cycles of MED-MVC at various operational and 

design conditions and describe their operational processes in details, 

¶ to determine and compare the relative performance parameters of MED-MVC system 

under changes in the input operating parameters. 

The remaining three chapters in the dissertation are explained as follow; Chapter 1; expresses an 

introduction and the generic energy requirement for desalination method followed by motivations 

and objectives of the research. Chapter 2; an extended introduction review of the different 

commercial available desalination methods and current research desalination method selection 

criteria. Finally, chapter 9 shows the comprehensive Ph.D. research conclusion and the suggested 

future work. The contents of each chapter are summarized as follows. 
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CHAPTER 2 DESALINATION SYSTEMS  

The purpose of this chapter is to provide a general overview into issues relating to energy and 

freshwater production using desalination to identify the gaps in the knowledge. Furthermore, the 

chapter address the different available desalination methods and the define the most common one. 

Detailed explanation about the major three commercial desalination methods are provided and 

method for the preferred desalination method (MED) is discussed. More detailed investigations 

into specific area of MED are contained in the introduction section of each of the journal 

publications that make up the subsequent chapters. 

2.1 Global water availability challenges 

The total amount of water on Earth composed of 97.5% as seawater and the remaining 2.5% as 

freshwater. A remarkable 80% of the freshwater is frozen in glaciers so that only 0.5% of the total 

amount available is found in lakes, rivers and aquifers. Freshwater differs substantially from 

seawater by the salt content. The salinity of water is usually expressed in terms of its total dissolved 

solids (TDS). Based on the salt concentration, Figure 4 shows a very simple classification of 

natural water based on its saline content. Typical seawater compositions (average salinity 35, 000 

ppm) are given in Figure 4. According to the WHO, water is considered good for drinking at a 

TDS level of less than 500 ppm [11].  
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Figure 4 . Standard seawater composition. 

Table 1 Water classification based on salinity content 

2.2 Alternative energy source(s) 

The energy challenges have fostered growing interest in sustainable alternatives or renewable 

energy sources such as wind, solar, geothermal, biomass and waste heat [12]. Presently, renewable 

energy sources account for less than 15% of the global energy supply, of which biomass is a 

significant contributor. However, solar has recorded the fastest growth, and have been projected 

to possibly become the worldôs second-largest source of power generation [13]. 

Studies have already shown that renewable heat sources have the potential of meeting the global 

energy demand several times over [14]. For instance, of these energy sources, biomass is an old 

and well-known energy source; it has the advantage of continuity over the intermittence of other 

energy sources like solar[15]. On the other hand, solar energy has the highest capacity [16]. It 

stands out as a potential solution for meeting the global energy demand, the annual fraction of the 

Type Total dissolved solids (TDS) Note 

Freshwater <  1,500 Variable composition 

Brackish water 1,500 ï 10,000 Variable composition 

Saltwater >  10,000 Variable composition 

Seawater 10,000 ï 45,000 Fixed composition 

Standard seawater 35,000 Fixed composition 
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sunôs energy striking the earth is about 3.9*106 exajoules (EJ), but considering technical 

constraints (including conversion efficiencies), only about 1600 EJ can be harvested [14] which is 

still over 3 times the global energy need. Thus, the solar energy resource is abundant and could 

meet the global energy demand, but its widespread adoption is not yet economically competitive. 

Nevertheless, it is viable and most suited for decentralized applications in remote or isolated 

regions of the world with high solar insolation. 

Besides the natural renewable thermal sources, the potential of exploiting waste heat from existing 

thermal processes (including industrial processes and internal combustion engines) that would 

otherwise be wasted have also been considered promising [17]. This is achievable, as between 20 

to 50% of the energy input to these processes are discharged (lost) as waste heat [18]. For example, 

in the US industries, this equates to about 5 ï 13 EJ of waste heat, according to the US Department 

of Energy (DOE). In the face of the global energy challenges, waste heat recovery offers a viable 

means of reducing the effect of the energy challenges for industrial facilities by increasing energy 

production. 

2.3 Renewable energy powered desalination 

Water is essential to life and the importance of supplying potable water can hardly be overstressed. 

Man has been dependent on rivers, lakes and underground water reservoirs for fresh water 

requirements in domestic life, agriculture and industry. However, rapid industrial growth and the 

population explosion all over the world have resulted in a large escalation of demand for fresh 

water. Added to this is the problem of pollution of rivers and lakes by industrial wastes and the 

large amounts of sewage discharged. The only nearly inexhaustible sources of water are the oceans. 
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Their main drawback, however, is their high salinity. It would be attractive to tackle the water-

shortage problem with desalination of this water. 

Over the years, there have been a number of studies on alternative energy (especially solar) driven 

desalination technologies [19]. Desalination can be achieved by using several techniques which 

may be classified based on what is extracted from seawater, as well as the type of separation 

process adopted as shown in Figure 5a. The processes are further grouped as follows, phase-change 

or thermal processes; and membrane or single-phase processes. Another classification based on 

renewable energy type is shown in Figure 5b. A membrane process (reverse osmosis (RO) and 

forward-osmosis (FO)) involves passing water through a barrier (a membrane) to remove certain 

substances. Thermal processes (multi -stage flash (MSF); multi-effect distillation (MED); solar still 

(ST); humidification-dehumidification (HDH); passive vacuum desalination (PVD); membrane 

distillation (MD); freezing-melting (FM); thermal vapor compressor (TVC); mechanical vapor 

compressor (MVC); absorption vapor compression desalination (ABVC); and adsorption vapor 

compression desalination (ADVC)) produce pure water by bringing a saltwater solution to its 

saturation temperature, further heated to form water vapor, which can be condensed and collected 

as clean, salt-free liquid water. 
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Figure 5 Desalination process grouped by a) extracted substance b) renewable energy used. 

Processes for extracting salt such as electrodialysis (ED), ion exchange (IE) and capacitive 

deionization (CDI) are normally used in brackish water desalination but not seawater desalination. 

Among all of the above-mentioned desalination processes, MSF, MED, RO and ED account for 

about 95% of the global desalination capacity, as shown in Figure 6 [4].  

 

Figure 6 Worldwide desalination capacities. 

2.4 Desalination method selection 

Cost-effective desalination, especially solar-powered desalination technology, can play an 

important role in helping to solve the water supply problems of many regions of the world. As 
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illustrated in Figure 7a, RO, which is the biggest desalination process internationally in terms of 

capacity, requires only electricity from PV or mechanical energy from a solar pond or collector 

through a heat engine such as a sterling engine or a Rankine engine, [20]. RO requires extensive 

water pretreatment but is energy efficient compared to phase change thermal processes, and part 

of the consumed mechanical energy can be reclaimed from the rejected concentrated brine with a 

suitable energy recovery device such as a pressure exchanger. Osmosis is a natural phenomenon 

in which water passes through a membrane from the lower salt concentration side to the higher 

salt concentration side. To reverse the flow of water, a pressure larger than the osmotic pressure 

must be applied. Seawater pressure must be higher than the natural osmotic pressure, typically 

2500 kPa, but is kept below the membrane tolerance pressure, typically between 6000 and 8000 

kPa, forcing pure water molecules through the RO membrane pores to the freshwater side. 

Freshwater is collected while the concentrated brine is rejected. Among the reported solar assisted 

RO, PV driven RO and solar thermal heat engine driven RO is the most widely studied. 

Solar thermal assisted RO System differs from PV-RO plants which are almost commercially 

available in small-scale and compact plants. Some researchers have studied the application of solar 

thermal energy for desalination coupled with the reverse seawater osmosis through power cycle 

such as organic Rankine cycle (ORC) [21, 22]. The advantage of combining an ORC with a 

desalination system is that the seawater provides a heat sink for the ORC condenser while at the 

same time it is preheated to increase the RO membrane permeability, leading to reduced power 

consumption. A single ORC with R245fa as the working fluid was pointed out by [23]to have a 

higher efficiency than the cascade system studied by Kosmadakis et al. [22] when operating 

between the same two temperatures. In addition to that, Tchanche et al. [24] pointed out that the 
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integration of different devices is not significantly rewarded with an efficiency gain; therefore, it 

is preferable to keep the configuration of the ORC simple when designing an ORC-RO system. 

 

Figure 7 Schematic of solar-assisted RO, MSF and MED systems 

In an MSF process, as shown in Figure 7b seawater moves through a sequence of vacuumed 

reactors called stages that are held at successively lower pressures where seawater is preheated. 

External heat is supplied to heat the preheated seawater above its saturation temperature. Seawater 

is then successively passed from one stage to the next in which a small amount of water flashes to 

steam in each stage and the remaining brine flows to the next stage for further flashing. The flashed 

steam is condensed and collected as fresh water after removing the latent heat of condensation, to 

preheat the entering seawater at each stage. MSF is used in large-scale cogeneration power plants 
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because it can use low-quality steam rejected from power cycles as the heat source [25, 26]. Some 

researchers claim that MSF is not as thermally efficient as MED [27]. Others do not see any clear 

advantages in the thermodynamics between the MED and MSF processes, except that thermal 

losses are higher in the MSF than in the MED, due to its higher operating temperature [28]. In 

general, MSF series-connected stages require precise pressure and temperature control and some 

transient time is needed to establish the normal running operation of the plant. Since the solar heat 

source is intermittent, an effective thermal storage system ( i.e. a storage tank), can be used for 

thermal buffering [28]. MSF uses the seawater feed as the coolant which means that MSF uses 

sensible heat to recover the latent heat from the distilled water. Therefore MSF requires large 

amounts of seawater recirculating within the system and consumes more electricity than a MED 

process which is a thermal process has a lower energy consumption compared to MSF (half of 

MSF pumping power) [29]. 

MED may be operated in four configurations: forward-feed FF, backward feed BF, parallel feed 

and parallel/cross feed PF. Figure 7c shows the schematic of parallel feed MED, in which seawater 

is delivered to a sequence of successively low-pressure vessels, called effects. The external heat is 

supplied to the first effect and the generated vapor of the previous effect supplies its latent heat of 

condensation to the next effect. Unlike MSF which recovers latent heat from the vapor by the 

sensible heating of the seawater, MED systems reuse latent heat to vaporize the seawater. The 

specific heat capacity of water is approximately 4 kJ/kg·K while the latent heat of vaporization is 

approximately 2300 kJ/kg. Therefore MED systems normally have 2-14 effects while MSF 

systems have more than 20 stages. MED systems use falling film horizontal tube 

evaporator/condensers for high heat transfer efficiency [30]; operate with a relatively low top brine 

temperature (usually lower than 75°C) to reduce scale formation and corrosion [31]; and can be 
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combined with vapor compressors to improve the overall efficiency [32, 33]. The combination of 

economic costs and low energy consumption, together with the inherent durability of the low-

temperature MED, avoid the necessity of comprehensive seawater pretreatment (such as with RO 

plants) and make the MED process one of the best candidates for safe and durable large capacity 

desalination [34]. Compared to MSF, MED has high overall efficiency, high heat transfer 

coefficient, relative independent stages and less water recycling [35]. However, to lower the 

energy consumption, MED needs a large surface area of evaporators to reduce the temperature 

difference of adjacent stages, some research has shown that when operating with high-pressure 

steam, MED consumed more energy than MSF [28]. 

Vapor Compression (VC) Desalination units are generally used for small or medium scale [36, 37] 

applications and they are normally combined with other thermal processes [32, 33, 38]. There are 

four basic types of vapor compression applications in desalination processes [37]. These include 

thermal vapor compressor (TVC), mechanical vapor compressor (MVC), adsorption (ADVC) and 

absorption (ABVC) [32] as shown in Figure 8. TVC could be used with MED or MSF in different 

sizes of commercial desalination plants [39, 40], in which the steam compression is carried out by 

an ejector and the vapor from the last effect of the MED process is carried by a motive stream back 

to the first effect. MVC is widely studied and used because of its simplicity and relatively low 

energy consumption [41, 42]. The bottoming condenser is eliminated because the entire vapor 

formed in the last stage is routed to the mechanical vapor compressor, where it is compressed to 

the desired temperature and pressure to recover heat in the rejected brine and distillate product 

streams[43]. ABVC [44, 45] absorbs the last effect vapor through LiBr-water and discharges steam 

for use by the first effect; while ADVC [46, 47] uses zeolite-water or other pairs to recover vapor 

from the last effect MED and generate high-temperature steam through a desorber bed. ABVC and 
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ADVC are regarded to have a higher potential for applications in desalination than TVC and MVC 

[32, 47-50]; however, at present there are no commercial applications. For instance, adsorption-

based desalination technology can handle feed water with high salinity (up to 67,000ppm) and 

produce low salinity water (10ppm) with minimum running cost (0.2$/m3) as reported in [51]. 

 

Figure 8 Schematic of different vapor compression process used in desalination. 

All vapor compression-combined thermal desalination systems recover the low-temperature vapor 

from certain parts of the MED/MSF system and convert it to higher temperature vapor to improve 

the system efficiency [32]. Furthermore, since low-temperature vapor could be recovered, the 

whole desalination system needs less cooling water and consumes less electricity. The differences 

among various VC based systems are that (1) MVCs use electricity as energy source (Figure 9) 

and could be used as stand-alone desalination systems; (2) TVCs use higher temperature and 

pressure (>200kPa) steam; (3) ABVC and ADVC use either higher temperature steam or other 

heat sources in the absorption/adsorption cycles [52-57]. Solar assisted VC combined with other 
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desalination processes could be used as shown in Figure 9. MVC must be driven by mechanical 

energy, therefore, a photovoltaic (PV) system or a heat engine are used; TVC/ABVC/ADVCs use 

steam therefore they are connected between the solar thermal process and the thermal desalination 

process. PV can be employed independently or jointly with other sources to generate the electricity 

needed to power desalination systems. Some of the characteristics of the five leading desalination 

technologies are shown in Table 2 [58]. The purpose of this comparison was to select the most 

appropriate thermal and mechanical desalination method for the combination of solar energy. 

Over recent years, improved membrane technologies and better energy recovery systems have 

yielded RO systems to have specific energy consumption between 2.5 and 3.5 kWh/m3 [59]. 

Despite the low energy consumption, the drawbacks of RO systems are the product water quality 

associating with residuals of boron, chlorides, and bromides, as well as the high maintenance of 

the mechanical equipment and membrane life-span. In addition to that, in countries where the 

seawater feed is subjected changing feed quality, arising from the water salinity, silt, and the 

harmful algae blooms (HABs), the dominant method employed in these sites is usually the 

thermally-driven methods such as the MSF and the MED. The seawater feed in the Gulf has 

salinity more than 45,000 ppm while the rest of the world is less than 30,000 ppm. Also, the Gulf 

is fed with rivers from countries where wastewater treatment is lacking and the amount of nutrients 

fed into the Gulf water promotes HABs. It has been reported that during a HAB, RO plants in 

Oman and UAE were shut down for 6-8 weeks, a period on no water supply in Gulf co-operation 

countries (GCC) economies is unthinkable as their potable water storage in some countries are less 

than 5 days. For these reasons, the desalination plants sited in the GCC are usually the MSF and 

MED processes where their production capacity shares are 80% while the RO plants are found far 

away from the coast or inland and they are employed for the treatment of ground or re-use water 
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[60]. In addition to the suspended pollutants, the main cause of concern emanates from the release 

of toxins by algae microbes in the seawater feed, such as neuro, paralytic, and diarrheic-toxins. 

Such microbial-based toxins are of the same molecular sizes and they posed health hazards to 

humans when traces of toxins are ingested. When water vapor is evaporated by thermally-driven 

processes, the toxins are separated from the distillate product of MED or MSF plants [61]. 

Table 2 : Characteristics of different desalination technologies processes. 

  MSF MED TVC MVC RO 

Operating range (°C) 35-120 35-75 35-120 35-70 20-45 

Pretreatment requirement Low Low Low Low High 

Scale problem High Medium Medium Medium Low 

Freshwater quality (ppm) <10 <10 <10 <10 350-500 

Heat consumption (kJ/kg 

of product) 

90-567 108-432 - - - 

Electricity consumption 

(kWh/m3) 

3-5 1.5-2.5 - 8-15 2.5-7 

Production capacity m3/d <76000 <36000 <50000 <5000 <20000 

Recovery ratio % 10-25 23-33 23-33 23-41 20-50 

Energy recovery Sensible to 

latent 

Latent to 

latent 

Recovery 

low Tvap 

Recovery low 

Tvap 

Pressure 

recovery 

Maintenance/year 0.5-1 1-2 1-2 1-2 Several 

times 

Plant cost ($/m3/d) 1500-2000 900-1200 900-1700 1500-2000 900-1500 

Comparing MSF and MED, it becomes clear that MED is more efficient in terms of primary energy 

and electricity consumption and has a lower cost. Moreover, the operating temperature of MED is 

lower, thus requiring steam at lower pressure if connected in co-generation to a steam cycle power 

plant. Thus, the combination of solar energy with MED will be more effective than a combination 

with MSF desalination. Comparing the mechanically driven desalination options, reverse osmosis 

has a lower electricity consumption and cost per unit product water than the mechanical vapor 

compression method. The much lower primary energy consumption of RO and the slightly lower 
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cost compared to MED suggests that RO might be the preferred desalination technology anyway. 

However, if MED is coupled to a power plant, it replaces the cost of the condensation unit of the 

steam cycle and partially uses waste heat from power generation for the desalination process. In 

this case, not all the primary energy used must be accounted for the desalination process, but only 

the portion that is equivalent to a reduction of the amount of electricity generated in the plant when 

compared to conventional cooling at a lower temperature, and of course the direct power 

consumption of the MED process. Processes combining thermal and mechanical desalination may 

lead to more efficient future desalination systems [58]. 

 

Figure 9 Possible configuration for the solar-assisted VC and combinations. 
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CHAPTER 3 EXERGY AND THERMO -ECONOMIC ANALYSIS FOR 

MED-TVC DESALINATION  SYSTEMS**  

3.1 Abstract 

An exergo-economic model is used to simulate four different feed configurations of multi-effect 

desalination with thermal vapor compressor (MED-TVC) system. The feed configurations 

considered are backward feed (BF), forward feed (FF), parallel feed (PF) and parallel cross feed 

(PCF). The model results indicate that the PCF configuration has better performance 

characteristics than the other feed configurations regarding gain output ratio (GOR) and specific 

heat consumption (SHC), but it has the highest specific cooling seawater flow rate (ίὓ ). On the 

other hand, the BF configuration has the lowest ίὓ . The highest exergy destruction (58%) 

occurs within the TVC unit and this can be reduced by lowering the supplied motive steam 

pressure. The exergy destructions in the condenser and pumps account for 4 to 6.7 % of the total 

exergy destruction for all feed configurations. The MED-TVC under consideration has a second 

law efficiency between 3.9 to 4.6 %. Lowering the motive steam pressure for the PCF from 2300 

to 300 kPa results in a 7.5% reduction in GOR and a 25.4% increase in the second law efficiency. 

Reducing the exergy destruction in the TVC unit is cost-effective for the entire system even with 

the increase in capital investment costs. The specific exergy cost flow method is used to estimate 

the total water price for BF, FF, PF and PCF as 2.12, 2.30, 2.16 and 2.09 $/m3
,
 respectively. 

                                                 
**  Mohamed L. Elsayed, Osama Mesalhy, Ramy H. Mohammed, Louis C. Chow, ñExergy and thermo-economic 

analysis for MED-TVC systems.ò Desalination, volume 447, December 2018, Pages 29-42. 

 

https://www.sciencedirect.com/science/article/pii/S0011916418304119#!
https://www.sciencedirect.com/science/journal/01407007/86/supp/C
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3.2 Introduction 

Thermally-driven seawater desalination methods such as Multi -effect-desalination (MED) and 

multistage flash (MSF) are used to provide the required potable water and water for industrial 

used. They are preferred in Gulf co-operation countries (GCC) and the Middle East and North 

Africa (MENA) regions due to the abundant source of available oil [62]. In addition to that, the 

quality of the feed seawater may change due to salinity, silt and harmful algae blooms (HABs). 

The current share of GCC  in the worldwide desalination market is about 41% of which nearly 

56% is based on the thermal desalination methods [63]. The MED systems provide better 

performance compared to reverse osmosis (RO) or MSF using a newly proposed figure of merit, 

called the universal performance ratio (UPR), which represents the ratio of evaporative energy to 

the primary energy and not the derived energy. The reported values of UPR for RO, MED and 

MSF are 86.0, 88.0 and 60.0, respectively [64, 65]. The hybridization of MSF/MED with reverse 

osmosis (RO) can improve system performance, but the overall recovery is controlled by 

operational temperatures of MED/MSF [66]. Moreover, the hybridization MED method with the 

adsorption desalination (AD) cycles almost doubles the water production compared to 

conventional MED system [56, 67-69]. 

Recently, MED system with thermal vapor compression (TVC) unit has gained more interest in 

large scale-desalination projects especially in GCC than other thermal systems such as MSF. The 

main advantages of MED-TVC desalination systems include high thermal efficiency with lower 

energy consumption compared to MSF. The MED-TVC systems could also result in small 

condenser size, smooth operation and maintenance, low scale formation, reasonable production 

costs and high gained output ratio (GOR) which represents the distillate product per amount of heat 

source supplied. MED-TVC can operate at low top brine temperature (TBT) (<70°C) and requires 
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less pumping power. Frequent and increasingly larger installations for MED-TVC systems are 

proliferating in capacity worldwide. For instance, Yanbu II expansion in Saudi Arabia is the worldôs 

largest installed  MED-TVC desalination plant with capacity reaching 146,160 m3/day [70]. The 

TVC unit works as a heat pump to recover the latent heat of condensation in the product vapor from 

MED system at a specific location to induce evaporation of seawater when the temperature level of 

produced vapor is not sufficient for stable evaporation. High-pressure motive steam is used to 

compress a portion of the last effect generated vapor to the first effect in the TVC unit.  

Developing an accurate simulation program that can model the operating performance of thermal 

desalination systems enables the designers to select the best components and determine the optimal 

operating conditions to improve desalination plants performance, reduce energy consumption and 

save money. For that purpose, several studies have been carried out in this area during the last two 

decades. The studies available in the literature include different conceptual designs, simulations 

codes to examine the influence of the desalination system physical characteristics and internal 

operational conditions (TBT, fluid flow configuration, number of effects, etc.) on the design 

performance (water production capacity, heat or power consumption, components sizing, etc.). 

However, most of these analyses are based on the first law of thermodynamics [28, 39, 71-75] with 

little attention on the second law analysis (exergy) point of view since the middle of the last decade 

[76]. The first law is an essential tool for evaluating the performance of thermal desalination 

systems, but it does not consider the quality of energy transferred and cannot show where the 

maximum loss of available energy takes place. On the other hand, the second law analysis enables 

the identification of the locations, reasons and magnitudes of energy degradation in the system [77]. 

Such information is useful to show which components in the system have room for improvement 

to increase the overall exergy efficiency and help improve and optimize designs [78]. For example, 
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The combined exergy destruction of the TVC and evaporator units was estimated by Alasfour et al. 

[79], Choi et al. [80] and Binamer [76] as  92, 70 and 84 % of the total exergy destruction in the 

MED-TVC systems, respectively. Many researchers have attempted to improve the operation and 

performance of MED-TVC desalination system and thus increase the overall production. Darwish 

and A1-Najem [81] performed exergy analysis on MED-TVC and concluded that the system could 

be more efficient if the heat content of the brine and distillate streams leaving the MED-TVC is 

recovered and utilized in heating the feed to the system. However, the additional cost of adding 

preheaters for the feed should be considered against the reduction of steam cost obtained by 

increasing the system efficiency. Han et al. [82] experimentally tested a new method to improve 

the entrainment performance of the TVC unit by preheating entrained vapor. Their results showed 

that the TVC entrainment ratio increases with the entrained vapor superheat. Sayyaadi et al. [83] 

optimized the thermal and economic aspects of MED-TVC desalination system to minimize the 

cost of the system product (freshwater). Sharaf et al. [84] proposed mathematical and economic 

models for MED-TVC processes powered by a solar thermal cycle. Esfahani et al. [85] presented 

exergetic analysis using a multi-objective optimization incorporating genetic algorithm (GA) based 

on neural network model to optimize the MED-TVC system.  

Other groups of researchers have recently dealt with the integration of desalination systems with 

various thermal systems (diesel engines, gas turbines, solar energy systems, etc.). For example, 

Shakib et al. [86] performed a thermo-economic analysis and an optimization to minimize the 

product cost for a combination of the gas turbine power plant, heat recovery steam generator 

(HRSG) and MED-TVC system. They concluded that the optimal design with high productivity 

required higher capital investment and resulted in a higher product cost. Catrini et al. [87] conducted 

an exergo-economic analysis to determine the electricity and water production price of a combined 
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steam power cycle integrated with MED-TVC system. Also, the integration of the MED-TVC 

system into the Linear Fresnel Rankine Cycle (LFRC) was investigated using exergy and exergo-

economic analysis in [88]. Salimi and Amidpour [89], performed an economic assessment for a 

reciprocating internal combustion engine coupled to HRSG and MED-TVC desalination system. 

Although there have been many simple modeling studies on the steady-state nature of MED-TVC 

systems, to the best of the authors' knowledge, there have been very few, or no satisfactory 

contributions on the process design, performance analysis, and exergo-economic studies with 

different feed configuration of the MED systems integrated to the TVC unit. Thus, a comprehensive 

thermo-economic study of the MED-TVC process is needed to get a better understanding of the 

different feed configurations of MED-TVC system performance and the cost of flow streams to or 

from the thermal systems. The effect of changing the feed configurations for better unit performance 

regarding first and second law analysis is the aim of this study and to pinpoint the deficiencies in 

each configuration. Further, a comprehensive thermo-economic analysis is applied to evaluate the 

final product cost based on exergy and to identify the cost concentrated components. A sensitivity 

analysis is conducted to study the impact of motive steam pressure on the systemôs performance 

including GOR, second law efficiency, total system exergy destruction and specific cooling 

seawater flow rate (ίὓ ). The effects of variation of the economic parameters such as cost index 

factor (Cindex), interest rate (i), specific steam cost (SSC) and electricity cost (ὅ) on the total water 

price (TWP) for different feed configurations of MED-TVC system are investigated as well. 

3.3 Configuration of MED-TVC systems 

Figure 10  shows a schematic diagram of MED-TVC systems with the major elements of (N) 

effects, thermal vapor compression unit, condenser, and pumps for brine/distillate and cooling 
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seawater. Vapor flows from the first effect through inter-effects and leaves the bottom condenser 

unit, while the feed and brine flow may have different flow directions depending on the MED 

configuration. The different feed configurations of MED integrated with TVC unit considered in 

this study include backward feed (BF), forward feed (FF), parallel feed (PF) and parallel/cross 

feed (PCF). Each evaporation effect is composed of tube bundles of horizontal falling film tubes, 

demister for droplets separation and spray nozzles housed inside the shell that has space for the 

saturated vapor and the brine concentrate pool. Droplets of the feed/brine are sprayed on the tubes 

forming a thin liquid film and causing evaporation to occur. The heat source (steam) introduced to 

the first effect condenses to distillate inside the effects tubes by transferring its latent heat to the 

continuous thin film of the sprayed feed. The temperature of the feed seawater around the tubes in 

the 1st effect is raised to its boiling temperature which is also known as the top brine temperature 

(TBT). A fraction of the feed in the first effect evaporates, and the vapor flows as a heat source 

into the tubes of the second effect which is at a lower pressure and temperature than the first effect. 

In all effects, condensation and evaporation occur inside and outside the tubes for vapor and thin 

sprayed seawater film respectively. Adding the TVC unit to the MED system helps to recover part 

of the latent heat of the vapor generated in the last effect and increases the system GOR through 

decreasing the required amount of heat source in the first effect as shown in Figure 10. Part of the 

vapor generated in the last effect is used to preheat the feed seawater, and the remaining part is 

entrained to the TVC unit using high-pressure motive steam extracted from a boiler or a power 

plant steam turbine. The ratio of the motive steam flow rate to the entrained vapor flow rate is 

called the entrainment ratio (Ὑ . For a MED-TVC system, electricity is the only required to 

operate the pumps to deliver the feed to the effects and to discharge brine and distillate.  
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In the BF configuration, while cooling seawater passing through the bottom condenser it 

exchanges heat with the last effect vapor and a significant portion is rejected back to the sea. The 

remaining part of the cooling seawater (feed) enters the last effect with lowest vapor temperature 

and sprays outside walls of horizontally installed tubes forming a thin liquid film that exchanges 

heat with the vapor from the previous effect. Part of the feed is evaporated while the temperature 

and concentration of the remaining part temperature increased forming concentrated brine leaving 

the last effect. This brine is cascaded sequentially through effects in backward direction till it 

reaches as a feed for the first effect and then leaves as a rejected high concentrated brine blown 

down back to the sea. In the BF configuration feed and vapor flow has reverse flow (counter-

current) directions. One of the significant drawbacks of BF is exposure of heat transfer tubes of 

the first effect with TBT to the high concentrated brine which increases the chances for scaling in 

the evaporator system. Also, the BF configuration requires higher pumping powers to overcome 

the inter-pressure differences between effects which increases the complexity and operational 

power consumption of the system.  

In the FF arrangement, the preheated feed water is directed all the way to the first effect with the 

highest TBT. Again, a portion of the sprayed feed is evaporated over the tubes of the first effect 

while the remaining unevaporated brine part with high TBT is directed as a feed to the next effect 

and this process is cascaded in a forward direction towards the last effect. Feed (brine) and vapor 

flow have the same direction (co-current). The main advantage of the FF configuration is its 

adequacy to operate at high TBTs. It is preferred if the Multi -effect stack configuration is used 

where the gravity provides the required the brine pumping between the effects. Figure 10 also 

shows the PF process in which the preheated feed is divided and distributed to a sequence of 

successively low-pressure effects at the same time. The feed stream to the first effect exchange 
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heat with the heat source steam and form the brine while the other feed stream exchanges heat with 

the vapor from the previous effects. Crossing the hot brine leaving from an effect with high 

pressure in the PF configuration to a lower effect pressure causes the brine to flash which enhance 

the effect vapor production rate, and the configuration called parallel/cross feed. The choice of 

between these feed arrangements depends on the application and affects the design and 

performance of the MED desalination system. These criteria include the heat transfer areas 

required in each effect, the heat transfer area of the condenser unit, the vapor generated in each 

effect, the vapor generated by boiling and by flashing, the pumping energy and the specific cooling 

seawater (cooling seawater to distillate ratio) [84, 90]. 

3.4 MED-TVC systems mathematical model 

The four different feed arrangements for MED-TVC systems are considered and compared to 

pinpoint the most reliable configuration regarding steady state and exergo-economic operation. The 

steady state models used to solve mass, energy and salt equation in the different feed configurations 

MED systems with the assumptions listed as follows: 

1. Non-condensable gases effect on evaporator performance is not considered. 

2. Thermophysical properties of the brine and vapor are temperature and salinity dependent. 

Appropriate correlations are selected from [73].  

3. The temperature difference between the brine pool and vapor generated in effect was due 

to the following temperature losses; (i) Boiling Point Elevation (BPE), (ii) non-equilibrium 

allowance (NEA) [73]. 

4. The vapor and distillate are salt-free. 

5. Pressure losses of vapor in the connections are ignored. 

6. Sprayed seawater thoroughly wets evaporator tubes, no dry patches exist. 
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Figure 10 Schematic diagram of MED-TVC desalination system with different feed 

configurations. 

The solution is carried out iteratively to adjust the temperature drop across the effects to obtain 

equal evaporators heat transfer area. The model solution flow is presented in Figure 11 for the 

conservation equations for all MED-TVC configurations components. The maximum difference 

in effect areas is calculated and with assuming error criteria  =0.01 m2 is required. Therefore, a 

new iteration sequence is initiated. The second iteration starts with calculations of the new heat 

transfer area. A new profile for the temperature drop across the effects is then calculated. A new 

iteration is then taken, which starts with temperature profiles and continues to the convergence 














































































































































































































































































































































































































































