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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. Humanity’s 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 world’s 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. 

𝑊̇ +∑(1 − 𝑇0𝑇 ) 𝑄̇𝑙𝑃
𝑙=1

̇ + ∑ 𝑚̇𝑖𝑛−𝑜𝑢𝑡 𝜉̅(𝑇, 𝑃, 𝑁𝑖) = ∑ 𝑚𝑔̇̅𝑜𝑢𝑡−𝑖𝑛 (𝑇0, 𝑃0, 𝑁𝑖)   (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): 

𝑊̇𝑚𝑖𝑛𝑚̇𝑝 = (𝑔𝑝−𝑔𝑐) − 1𝛼 (𝑔𝑓−𝑔𝑐) 
(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 𝛼 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 
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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): 

𝑚𝑝𝑚𝑓 = 𝑄𝑖 −𝑄𝐿𝑚𝑓 + (ℎ𝑓 − ℎ𝑐)ℎ𝐿(𝑇𝑒) + ℎ𝑝 − ℎ𝑐   (3) 

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

respectively, and ℎ𝐿(𝑇𝑒) is the latent heat at the evaporation temperature. Heat losses 𝑄𝐿 =𝑈𝐴(𝑇𝑒𝑣𝑎𝑝 − 𝑇𝑎𝑚𝑏) and rejected heat transfer 𝑄𝑜 = 𝑚𝑐ℎ𝐿(𝑇𝑒) If we define the specific energy 

consumption for a general desalination process as 𝑄𝑖 𝑚𝑝⁄  , 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 𝛼 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 world’s 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 – 10,000 Variable composition 

Saltwater >  10,000 Variable composition 

Seawater 10,000 – 45,000 Fixed composition 

Standard seawater 35,000 Fixed composition 
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sun’s 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 – 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 (𝑠𝑀𝑐𝑤). On the 

other hand, the BF configuration has the lowest 𝑠𝑀𝑐𝑤. 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, “Exergy and thermo-economic 

analysis for MED-TVC systems.” 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 world’s 

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 system’s performance 

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

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

factor (Cindex), interest rate (i), specific steam cost (SSC) and electricity cost (𝐶𝑒) 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 (𝑅𝑎). 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 ԑ =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 
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criteria part. The details of the mass, energy, and salt balance for BF, FF, PF, and PCF 

configurations are presented in Table 3. To estimate the performance of TVC, quasi-steady 

correlations for the entrainment ratio that relates expansion ratio and a compression ratio of the 

ejector are extracted from the Power’s graphical data chart [91] by Hassan and Darwish [92], which 

are suitable for the range of typical MED operation conditions. To unify operational conditions of 

the different feed configuration, the specifications and design limits considered for MED-TVC 

with different configurations are compared to an actual plant operated in Tripoli, Libya [72] with 

5000 m3/day operation capacity. In the steady state solution, the vapor/brine temperature, feed 

flow rate, brine flow rate, vapor flow rate and salinity at each effect are calculated in addition to 

the effects heat transfer surface areas. The motive steam flow rate, compression ratio and 

expansion ratio determine the entrainment ratio which in turn define the amount of vapor entrained 

to the TVC unit. 

 

Figure 11 Solution flow chart for the steady state model to adjust evaporators area in MED-TVC. 
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Table 3 Balance of the governing equations for different MED feed configurations. 

Configurati
on 

1st effect 2 to n-1 Last effect (n) F  B D 

BF Mass 𝐵𝑖 = 𝐵𝑖+1 − 𝐷𝑖  𝐵𝑖 = 𝐹 − 𝐷𝑖 𝐹𝑛 𝐵1 ∑𝐷𝑖𝑛
𝑖=1  Salt  𝐵𝑖. 𝑋𝑖 = 𝐵𝑖+1. 𝑋𝑖+1 𝐵𝑖. 𝑋𝑖 = 𝐹. 𝑋𝑓 

Ener
gy 

𝐷1= 𝑆. 𝜆𝑠 −𝐵1(ℎ1 − ℎ2)(𝜆1 + (ℎ1 − ℎ2))𝐷𝑖= 𝐷𝑖−1. 𝜆𝑖−1 − 𝐵𝑖(ℎ𝑖 − ℎ𝑖+1)(𝜆1 + (ℎ𝑖 − ℎ𝑖+1))𝐷𝑖= 𝐷𝑖−1. 𝜆𝑖−1 − 𝐵𝑖(ℎ𝑖 − ℎ𝑓)(𝜆𝑖 + (ℎ𝑖 − ℎ𝑓))
FF Mass 𝐵1 = 𝐹 − 𝐷1 𝐵𝑖 = 𝐵𝑖−1 − (𝐷𝑖 + 𝑑𝑖)   𝐹1 𝐵𝑛 ∑𝐷𝑖𝑛

𝑖=1+ 𝑑𝑖 Salt  𝐹. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖 . 𝑋𝑖 = 𝐵𝑖−1. 𝑋𝑖−1 

Ener
gy 

𝐷1= 𝑆. 𝜆𝑠 − 𝐹(ℎ1 − ℎ𝑓)𝜆1 , 𝑑1 = 0 

𝐷𝑖 = (𝐷𝑖−1 + 𝑑𝑖−1). 𝜆𝑖−1𝜆𝑖 ,𝑑𝑖 = 𝐵𝑖−1(ℎ𝑖−1 − ℎ𝑖)𝜆𝑖  

PF Mass 𝐵1 = 𝐹1 − 𝐷1 𝐵𝑖 = 𝐹𝑖 − 𝐷𝑖 ∑𝐹𝑖𝑛
𝑖=1  ∑𝐵𝑖𝑛

𝑖=1  ∑𝐷𝑖𝑛
𝑖=1  Salt  𝐹1. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖. 𝑋𝑖 = 𝐹𝑖 . 𝑋𝑓 

Ener
gy 

𝐷1= 𝑆. 𝜆𝑠 − 𝐹1(ℎ1 − ℎ𝑓)(𝜆1) 𝐷𝑖 = 𝐷𝑖−1. 𝜆𝑖−1𝜆𝑖 − 𝐹𝑖(ℎ𝑖 − ℎ𝑓)𝜆𝑖  

PC
F 

Mass 𝐵1 = 𝐹1 − 𝐷1 𝐵𝑖 = 𝐹𝑖 − 𝐷𝑖 + 𝐵𝑖−1 − 𝑑𝑖   ∑𝐹𝑖𝑛
𝑖=1  

𝐵𝑛 ∑𝐷𝑖𝑛
𝑖=1+ 𝑑𝑖 Salt  𝐹1. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖 . 𝑋𝑖 = 𝐵𝑖−1. 𝑋𝑖−1 + 𝐹𝑖 . 𝑋𝑓 

Ener
gy 

𝐷1= 𝑆. 𝜆𝑠 − 𝐹1(ℎ1 − ℎ𝑓)𝜆1 , 𝑑1 = 0 

𝐷𝑖 = (𝐷𝑖−1 + 𝑑𝑖−1). 𝜆𝑖−1𝜆𝑖 − 𝐹𝑖(ℎ𝑖 − ℎ𝑓)𝜆𝑖 ,  𝑑𝑖 = 𝐵𝑖−1(ℎ𝑖−1 − ℎ𝑖)𝜆𝑖  

Overall mass balance 𝐹 = 𝐵 + 𝐷 
Overall salt balance 𝐹. 𝑋𝑓 = 𝐵.𝑋𝑛 𝑑𝑖 , represents the amount of vapor generated from hot brine flashing when exposed to lower pressure. 

1.4.3. Exergy modeling 

The exergy is defined as the maximum available work obtainable when a stream of substance is 

brought from its initial state to the environmental state. Energy is conserved in any process 

according to the first law of thermodynamics, but exergy is destroyed due to irreversibilities taking 

place due to entropy generation [80]. For an open system operating under steady state condition, 

the appropriate exergy rate balance is established including the loss of exergy or loss of work in 

the following form: 
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∑(1 − 𝑇𝑜𝑇𝑗)𝑗 𝑄̇𝑖 +∑𝑚̇𝑖𝑖 𝑒𝑖 −∑𝑚̇𝑒𝑒 𝑒𝑒 − 𝑊̇ − 𝐸̇𝐷 = 0.0 
(4) 

where, 𝐸̇𝐷 (kW) is the exergy destruction of the system. The specific exergy transfer terms 𝑒𝑖 and 𝑒𝑒 can be expressed as the summation of physical, chemical, potential and kinetic exergy [77]. The 

last two terms are neglected in the current simulation, so the flow exergy takes the following form, 

𝑒 = ℎ − ℎ∗ − 𝑇𝑜(𝑠 − 𝑠∗)⏞            𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 +∑𝑥𝑖(𝜇𝑖∗ − 𝜇𝑖𝑜)𝑛
𝑖=1⏟          𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙

 

( 5 ) 

Where ℎ, 𝑠, 𝑥 and 𝜇 are specific enthalpy, specific entropy, salt mass fraction and chemical 

potential, respectively. Subscript i represent number of species in the mixture. Superscript ‘0’ is 

for the ambient conditions. Superscript ‘*’ is for the ambient pressure and temperature, and initial 

concentration of the system conditions. 

At steady state, the total exergy transported into the system equals the total exergy brought out of 

system and exergy destruction in the system. The total exergy destruction in the system 𝐸̇𝐷,𝑡𝑜𝑡𝑎𝑙 is 

known as exergy consumption and can be expressed as the subsystem exergy destructions 

summation. The input exergy in MED-TVC system 𝐸̇ 𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 is expressed by summation of the 

exergy input from the high-pressure motive steam, from the pump work and through the incoming 

cooling water stream. The output exergy 𝐸̇ 𝑜𝑢𝑡 𝑡𝑜𝑡𝑎𝑙 represents the exergy of the product distillate, 

condensate back to the boiler, brine blow down and the exergy of the seawater rejected to the sea. 

The second law exergetic efficiency for the MED-TVC systems is used as a performance criterion 

and represents the ratio of the minimum exergy input required (which is equal to the minimum 

heat of separation) to the total actual exergy input.  
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𝜂𝐼𝐼 = 1 − 𝐸̇𝐷,𝑡𝑜𝑡𝑎𝑙𝐸̇ 𝑖𝑛,𝑡𝑜𝑡𝑎𝑙=𝐸̇ 𝑜𝑢𝑡,𝑡𝑜𝑡𝑎𝑙𝐸̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙  (6) 

The second law analysis becomes more evident when the analysis is performed at the component 

level for the different feed configurations of MED-TVC, and the locations of maximum exergy 

destruction are identified. Also, the fraction of exergy destruction within each component is 

determined to quantify the percentage of exergy destruction in all components for the different 

feed configurations. The exergy balance equation for each component is discussed in detail in next 

section. 

1.4.4. Exergy-economic model  

In the assessment and cost optimization of energy systems, it is required to obtain the annual values 

of capital-related charges, fuel costs, and the operating and maintenance expenses. These cost 

components may vary considerably within the operation life of the system. Thus, levelized annual 

values should be used in the cost assessment process [83]. The production cost is divided into the 

direct/indirect cost and annual operating cost. The direct capital costs (DCCs) represent the 

expenses that are directly associated with the construction of the MED plant; value afforded for 

the process equipment purchasing [93]. Table 4 presents the existing equations in the literature 

that are used to determine the purchase price of some of the MED components [94]. Other 

components (such as TVC unit) are apportioned according to their contribution to the overall plant 

costs. Maintenance and operational costs are taken as a subset of the DCCs [93]. The operating 

costs include all expenses afforded after plant commissioning and during real operation and are 

categorized as variable and fixed. The changeable operating expenses are those related to the 

purchase of electrical power, heating steam, chemicals for pre/post-treatment and other 

requirements that are dependable on the plant capacity of fresh water production and standards. 
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Fixed operating costs represent expenses that are needed for the operation of the plant but are 

independent of the plant capacity. In many cases, these costs are related to the capacity of the plant 

or taken as a factor of the direct capital cost (DCCs). Cost index Cindex =1.2 was used to 

accommodate the equipment price change to fit the current time calculations [74]. Also, the 

indirect capital cost (IDCC: freight, insurance, construction overhead, owner's costs and 

contingency costs), is assumed to be IDCC=0.15DCC according to [95]. Operating cost categories 

are estimated based on available data from the literature [73] with maintenance costs taken as a 

proper subset of the fixed operating cost such as 2%. 

Table 4 Purchase cost of MED-TVC system components. 

The hourly capital investment (CI) cost and operation and maintenance costs (OM) for each 

component is calculated using an amortization factor 𝐴𝑓 = 𝑖.(1+𝑖)𝑛𝑡(1+𝑖)𝑛𝑡−1 (1/year), plant availability (LF) 

0.9, plant lifetime (nt) =30 year and interest rate i=5% as: 

𝑍̇𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝐶𝐼+𝑂𝑀 ($/ℎ) = 𝑍𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝐶𝐼+𝑂𝑀 . 𝐴𝑓𝐿𝐹 × 24 × 365 
(7) 

In the current work, the specific exergy costing (SPECO) approach was used in which the exergo-

economic analysis is used to calculate the cost rate of the product streams of the system [96]. The 

cost balance expresses the variable 𝐶̇ that denotes a cost rate associated with a flow exergy stream: 

stream of matter, power, or heat transfer. According to the conservative nature of costs [97], the 

Instrument Capital cost of instrument ($) Comments Ref. 
MED effect 𝟐𝟎𝟏. 𝟔𝟕 × 𝑼𝑨𝒆𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒐𝒓𝒅𝒑𝒕𝟎.𝟏𝟓𝒅𝒑𝒔−𝟎.𝟏𝟓 S for shell side and t for tube side 𝒅𝒑 

(kPa), A (m2), 𝑼 (𝒌𝑾/𝒎𝟐. 𝒌) 
[94] 

MED 
condenser 

𝟒𝟑𝟎 × 𝟎. 𝟓𝟖𝟐 𝑼𝑨𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒆𝒓𝒅𝒑𝒕−𝟎.𝟎𝟏𝒅𝒑𝒔−𝟎.𝟏 

Water pump 𝟑𝟐 × 𝟎. 𝟒𝟑𝟓× 𝒎̇𝒘𝒂𝒕𝒆𝒓𝟎.𝟓𝟓∆𝑷𝟎.𝟓𝟓 ( 𝜼𝜼−𝟏)𝟏.𝟎𝟓 

𝜼 = 𝟎. 𝟗, ∆𝑷 (𝒌𝑷𝒂) 
 BF FF PF PCF 

Number of 

pumps 

6 6 3 3 
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cost rate associated with the system product 𝐶̇𝑃 ($ℎ) is equal to the total rate of expenditure used to 

generate this product in a component, namely the fuel expenditures cost resulting from the cost 

associated with the exergy flows 𝐶̇𝐹 ($ℎ) and the cost rates associated with the capital investment  

(CI) and operating and maintenance (OM) taking the general form as: 

𝐶̇𝑃 =∑Ċ𝐹 + 𝑍̇𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝐶𝐼+𝑂𝑀  (8) 

The above cost balance equation is applied to the MED-TVC system components to obtain the 

product stream cost. Typically the number of unknown cost parameters is higher than the number 

of cost balance equations for the component; additional auxiliary equations are used to 

accommodate this difference. Usually, the auxiliary equation represents the equality of the average 

cost of the inlet and exit for the same stream, and they are formulated based on different principles 

(exergy extraction, multiple outputs, and external assessment) [98]. The cost balance equations 

and the auxiliary equations for each component are presented in Table 5. Also, the exergy and cost 

balance equation for the inter-effects pumps in case of FF and PF are presented in Table 6. For the 

mixing points, the product cost is considered the summation of cost rate for the inlet points and 

while for the splitting points the outlet cost rate streams are equally divided.  

To include non-exergy related costs such as the specific labor cost (𝑆𝐿𝐶 = 0.05 $𝑚3), and specific 

chemical cost (𝑆𝐶𝐶 = 0.025 $𝑚3) in the exergo-economic analysis, the inlet feed stream to the feed 

pump was considered as 𝐶̇1($/ℎ) = (𝑆𝐿𝐶 + 𝑆𝐶𝐶)($/𝑚3) × 𝐷(𝑚3/ℎ). Also, the specific steam cost 

(𝑆𝑆𝐶 = 1.28 $𝑚3) [74] is used to obtain inlet heating stream cost for the TVC unit calculated from  𝐶̇5($/ℎ) = (𝑆𝐻𝐶)($/𝑚3) × 𝐷(𝑚3/ℎ). The summation of the outlet stream flow rate cost must be 

equal to the sum of the carrying charges, fuel cost rate and the operating and maintenance costs 
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calculated on a per hour basis to satisfy the cost rate balance for the total system [98]. Finally, the 

total water price (TWP𝑒𝑥𝑒𝑟𝑔−𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐) ($/𝑚3) from the exergo-economic analysis is calculated by 

dividing the cost rate of all the outlet streams (distillate, brine and rejected cooling seawater) ($/ℎ) 
from the MED-TVC unit by the total production rate (D) of the plant (𝑚3/ℎ).The linear system of 

algebraic equations are solved by consideration of the cost of the electrical energy used for the 

pumps as 𝐶𝑒 = 0.08 $𝑘𝑊ℎ [99]. 

The results from the cost exergy model are sufficient for (a) providing more details from an 

economic standpoint that enables the calculation of the product stream cost separately at any 

intermediate state in the system, (b) Understanding the cost formation process and the flow of costs 

in the system that highlights the involvement of the component in the final cost, and (c) identifying 

the cost concentrated components that need attention to achieve a lower product cost [98]. Three 

important parameters for evaluating the exergo-economic analysis of the thermal energy systems 

are calculated using the component exergetic efficiency (ϵ𝑘) and average cost per unit fuel 

exergy𝑐𝐹,𝑘. The variables include: the exergy destruction cost rate (𝐶̇𝐷,𝑘), relative cost difference 

(𝑟𝑘), and the exergoeconomic factor (𝑓𝑘) which are given by Eqs. (9)–(11) [98]. 

 

 

𝐶̇𝐷,𝑘 = 𝑐𝐹,𝑘𝐸̇𝐷,𝑘 (9) 

𝑟𝑘 = 1 − ϵ𝑘ϵ𝑘 + 𝑍̇𝑘𝐶𝐼+𝑂𝑀𝑐𝐹,𝑘𝐸̇𝑃,𝑘 
(10) 

𝑓𝑘 = 𝑍̇𝑘𝑍̇𝑘 + 𝐶̇𝐷,𝑘 
(11) 
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Table 5 Fuel and product cost rates of the MED-TVC system components. 

Component Fuel (𝐶̇𝐹) Product (𝐶̇𝑃) Capital and 
investment 

Auxiliary equation 

Feed pump (FP) 𝐶𝑒 . ẆFP+ 𝐶̇1 𝐶̇2 𝑍̇𝐹𝑃 -- 

Brine pump 
(BP) 

𝐶𝑒 . ẆBP+ 𝐶̇10 

𝐶̇11 𝑍̇𝐵𝑃 -- 

Distillate pump 
(DP) 

𝐶𝑒 . ẆDP+ 𝐶̇8 

𝐶̇9 𝑍̇𝐷𝑃 -- 

TVC unit 𝐶̇5 + 𝐶̇20 𝐶̇14 𝑍̇𝑇𝑉𝐶 -- 

Condenser 𝐶̇2 + 𝐶̇21 𝐶̇3 + 𝐶̇22 𝑍̇𝑐𝑜𝑛 𝐶̇21𝐸̇21 = 𝐶̇22𝐸̇22    
1st effect BF 𝐶̇19 + 𝐶̇14 𝐶̇15 + 𝐶̇16 + 𝐶̇10 𝑍̇𝐸𝑣,1 𝐶̇14𝐸̇14 = 𝐶̇15𝐸̇15    &   𝐶̇19𝐸̇19= 𝐶̇10𝐸̇10 

FF 𝐶̇6 + 𝐶̇14 𝐶̇15 + 𝐶̇16 + 𝐶̇18 𝐶̇14𝐸̇14 = 𝐶̇15𝐸̇15    &   𝐶̇6𝐸̇6 = 𝐶̇18𝐸̇18 

PF 𝐶̇6́ + 𝐶̇14 𝐶̇14𝐸̇14 = 𝐶̇15𝐸̇15    &   𝐶̇6́𝐸̇6́ = 𝐶̇18𝐸̇18 PCF 

2nd effect BF 𝐶̇16 + 𝐶̇23 𝐶̇17 + 𝐶̇18+ 𝐶̇20 𝑍̇𝐸𝑣,2 𝐶̇16𝐸̇16 = 𝐶̇17𝐸̇17   &   𝐶̇23𝐸̇23 = 𝐶̇18𝐸̇18 

FF 𝐶̇16 + 𝐶̇19 𝐶̇17 + 𝐶̇20+ 𝐶̇22 𝐶̇16𝐸̇16 = 𝐶̇17𝐸̇17   &   𝐶̇19𝐸̇19 = 𝐶̇22𝐸̇22 

PF 𝐶̇6́ + 𝐶̇16 𝐶̇17 + 𝐶̇19 + 𝐶̇21 𝐶̇16𝐸̇16 = 𝐶̇17𝐸̇17    &   𝐶̇6́𝐸̇6́ = 𝐶̇21𝐸̇21 PCF 𝐶̇6́ + 𝐶̇16+ 𝐶̇18 

3rd  effect BF 𝐶̇20 + 𝐶̇27 𝐶̇21 + 𝐶̇24+ 𝐶̇22 𝑍̇𝐸𝑣,3 𝐶̇20𝐸̇20 = 𝐶̇21𝐸̇21   &   𝐶̇22𝐸̇22 = 𝐶̇27𝐸̇27 

FF 𝐶̇20 + 𝐶̇23 𝐶̇21 + 𝐶̇24+ 𝐶̇26 𝐶̇20𝐸̇20 = 𝐶̇21𝐸̇21   &   𝐶̇23𝐸̇23 = 𝐶̇26𝐸̇26 

PF 𝐶̇6́ + 𝐶̇19 𝐶̇20 + 𝐶̇22+ 𝐶̇24 𝐶̇19𝐸̇19 = 𝐶̇20𝐸̇20    &   𝐶̇6́𝐸̇6́ = 𝐶̇24𝐸̇24 PCF 𝐶̇6́ + 𝐶̇19+ 𝐶̇21 

4th  
effect 

BF 𝐶̇6 + 𝐶̇24 𝐶̇13 + 𝐶̇25+ 𝐶̇26 𝑍̇𝐸𝑣,4 𝐶̇24𝐸̇24 = 𝐶̇25𝐸̇25   &   𝐶̇6𝐸̇6 = 𝐶̇26𝐸̇26 

FF 𝐶̇24 + 𝐶̇27 𝐶̇13 + 𝐶̇10+ 𝐶̇25 𝐶̇24𝐸̇24 = 𝐶̇25𝐸̇25   &   𝐶̇27𝐸̇27 = 𝐶̇10𝐸̇10 

PF 𝐶̇6́ + 𝐶̇22 𝐶̇23 + 𝐶̇13+ 𝐶̇25 𝐶̇22𝐸̇22 = 𝐶̇23𝐸̇23  &   𝐶̇6́𝐸̇6́ = 𝐶̇25𝐸̇25 

PCF 𝐶̇6́ + 𝐶̇22+ 𝐶̇24 

𝐶̇23 + 𝐶̇13+ 𝐶̇10 𝐶̇22𝐸̇22 = 𝐶̇23𝐸̇23    &   𝐶̇6́𝐸̇6́ = 𝐶̇10𝐸̇10 
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Table 6 Cost and exergy balance equations for inter-effects pumps for BF and FF systems  

Component Exergy balance Cost rate balance 

Pump1 𝐸̇𝐷,𝑃1 = 𝐸̇18 + ẆP1 − 𝐸̇19 𝐶̇19 = 𝐶̇18 + 𝐶𝑒 . ẆP1 + 𝑍̇𝑃1 
Pump2 𝐸̇𝐷,𝑃2 = 𝐸̇22 + ẆP2 − 𝐸̇23 𝐶̇23 = 𝐶̇22 + 𝐶𝑒 . ẆP2 + 𝑍̇𝑃2 

Pump3 𝐸̇𝐷,𝑃3 = 𝐸̇26 + ẆP3 − 𝐸̇27 𝐶̇27 = 𝐶̇26 + 𝐶𝑒 . ẆP3 + 𝑍̇𝑃3 

3.5 Model validation 

The developed energy model using Engineering Equation Solver (EES) software is validated by 

comparing to results with data reported from a model developed by El-Dessouky and Ettouney 

[73] for forward feed MED-TVC system. In addition to that, actual date reported for MED-TVC 

plant located in Kish Iceland, Iran [100] that operates in parallel/crossfeed arrangement was 

compared to the current developed model as shown in Table 7. The validity of the currently used 

models shows perfect agreement with data in the literature, where the maximum deviation does 

not exceed 6.0%. 

Table 7 Validation of MED-PCF model with actual data. 

Parameter  PCF-

TVC 

Kish Iceland 

[72] 

% error FF-

TVC 

El-Dessouky 

[73] 

% 

error 

Inlet feed salinity, g/kg 45 -- 42 -- 

Outlet brine salinity, g/kg 70 -- 70 -- 

Top brine temperature 

(TBT), °C 

68 -- 56.67 -- 

last brine temperature Tn, °C 47 -- 40 -- 

Feed temperature Tf, °C 44 -- 35 -- 

Motive steam flow rate kg/s 2.89 -- 0.19 -- 

Gain output ratio (GOR) 7.72 8.0 3.5 5.09 5.26 3.2 

Distillate production kg/s 22.311 23.148 3.6 0.967 1 3.3 

Brine flow kg/s 51.326 54.629 6.0 1.453 1.5 3.1 

Feed flow kg/s 73.637 77.778 5.3 2.42 2.5 3.2 

Steam flow rate to the first 

effect 

5.31 NA -- 0.2804 0.2754 1.82 

Entrained vapor kg/s 2.42 NA -- 0.0904 0.08532 5.95 

Entrainment Ratio for TVC 1.194 NA -- 2.1 2.228 5.7 
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3.6 Results and Discussion 

3.6.1. Steady-state analysis  

The steady-state input operating conditions adopted for all configurations are shown in Table 8. 

Changing the feed configuration and keeping the rate of fresh water production unchanged lead to 

a variation in the required motive steam flow rate. The motive steam changes from 8.9 kg/s for 

PCF to 9.28, 9.7 and 9.22 kg/s for PF, FF, and BF feed configurations, respectively. The PCF 

configuration has the highest GOR and the lowest specific heat consumption (SHC) compared to 

other configurations. However, it has a relatively high specific cooling water flow rate which 

depends on the condenser load where the remaining portion of vapor leaving the last effect 

condenses. In the BF configuration, the vapor leaving the last effect to the condenser is lower 

compared to other configurations. This leads to smaller condenser size and lower cooling water 

flow rate. Table 8 shows that nearly the same specific heat transfer area (SA) for all feed 

configurations. The electrical energy needed to operate the feed, brine, distillate pumps as well as 

the inter-effects pumps is calculated for the FF and BF configurations. The results show that FF 

has the highest electric power consumption, and this is attributed to the high pump work needed 

to drive the required cooling seawater in the condenser. The total power consumption (TPC) for 

the MED-TVC desalination processes is estimated by considering the conversion efficiency of the 

thermal energy to work is 0.35 and the steam boiler efficiency equals 0.94 [67]. The data show 

that the total power consumption is the lowest for the PCF configuration due to the relatively lower 

motive steam mass flow rate through the TVC compared to the other feed configurations. Just 

calculating the energy required to drive the system is not sufficient to evaluate its performance 

because this does not consider the effect of the availability of the thermal energy. Other meaningful 

criteria can be considered such as the second law efficiency and exergo-economic analysis factors. 
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Table 8 Steady-state operation parameters for different MED process configurations. 

Configuration BF FF PF PCF 

Number of effects 4 

Motive steam pressure, kPa 2300 

Top brine temperature T1, °C 60.1 

last brine temperature Tn, °C 45.4 

Seawater temperature Tcw, °C 31.5 

Feed temperature Tf, °C 41.5 

Feed content, g/kg 35 

Brine content, g/kg 53 

Distillate production (D)kg/s 56.12 

Motive steam flow rate kg/s 9.22 9.71 9.28 8.89 

Gain output ratio (GOR) 6.08 5.778 6.05 6.31 

Specific cooling seawater flow (𝑠𝑀𝑐𝑤 = 𝑚̇𝑐𝑤/D) 3.9 7.6 5.3 6.7 

Specific heat transfer area (SA) m2/kg/s 124.3 124.6 125.3 124.5 

Specific heat consumption [101] (SHC=2330/GOR) kJ/kg 383.0 403.3 385.1 369.3 

Pump power consumption (𝑊̇𝑝𝑢𝑚𝑝𝑠/D) kWh/m3 0.24 0.35 0.21 0.24 

Total power consumption kWh/m3 (TPC=( 𝑄̇𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝜂𝑏𝑜𝑖𝑙𝑒𝑟=0.94+𝑊̇𝑝𝑢𝑚𝑝𝑠𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙=0.35)/D)  

136.7 144.3 137.4 131.8 

3.6.2. Exergy analysis  

Exergy analysis helps to determine the location of highest entropy generation and thus the analysis 

identify the components that have the most considerable losses in the system [78] and where there 

is room for improvement to increase overall exergy efficiency and improve and optimize designs. 

Component exergy destructions and their percentages for MED-TVC system with different feed 

configurations are shown in Figure 12. In each component, exergy destruction is caused by 

irreversibility due to energy conversion processes such as heat transfer, pressure drop, heat loss of 

fluid in the pump, and effluent streams. The exergy destruction calculations show that the exergy 
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destructions in the TVC unit and evaporators represent the highest share. Together, they are 

responsible for about 80 % of the total exergy destruction for different feed configurations. This 

is attributed mainly to the high motive steam pressure and temperature difference across the TVC 

unit and the heat transfer process in the effects that are associated with phase change. Other 

components such as condenser and pumps have the lowest share in the exergy destruction, ranging 

between 4 to 6.7% for all feed configurations. Figure 12 also indicates that pumps have the highest 

exergetic efficiencies (lowest exergy destructions and losses). The others exergy destruction 

represents the exergy destruction in the outlet streams of brine, distillate, and cooling water when 

they are rejected to the environment. The second law efficiency for all feed configurations of 

MED-TVC system is found to be in the range of 4 to 4.4%, which is comparable with the results 

for MED-TVC desalination system found in the literature. The thermal desalination process 

necessarily comprises evaporation/condensation, and this is the main cause for its low second-law 

efficiency [102]. The data show that PCF has the highest value of second law efficiency followed 

by the FF, while the PF has the lowest value among all configurations.  

Furthermore, the performance of the MED–TVC system is compared to those of a conventional 

MED system with the similar capacity. The considered MED system is operating with BF 

configuration with a bottom condenser and is modeled using models developed by El-Dessouky 

et al. [73] under the similar constraints for the same freshwater production (56.12 kg/s) and rejected 

brine salinity (53 ppt). The simulation shows that the required steam mass flow rate for the 

conventional MED is 17.29 kg/s compared to 9.22 kg/s for the case of MED-TVC operating with 

BF configuration. The calculated value of GOR for generation of 4848 m3/d is 6.087 for MED–

TVC and 3.25 for conventional MED. MED-TVC reduces the amount of steam used to produce 1 

m3 of freshwater by 46% as compared to traditional MED system operating in BF configuration. 
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However, from the exergy point of view, the exergy efficiency of MED–TVC (4.11%) is about 

30% of the corresponding value of conventional MED (11.84%). This is expected as the MED-

TVC systems are inefficient in energy utilization due to the use of high-pressure motive steam. 

Adding TVC to the MED systems increases the exergy costs to produce the same amount of the 

fresh water.  

 

Figure 12 Percentage exergy destruction for main component of various feed MED-TVC system. 

 

TVC systems operate with the pressure of motive steam ranging from 20 to 30 bars supplied 

directly from a steam boiler, or with a pressure close to 3 bars extracted from a steam power plant 

turbine [79]. Figure 13  shows the effect of reducing the motive steam pressure on the GOR, 

exergetic efficiency, total exergy destruction of the system (TVC, evaporators, condenser and 

leaving streams) and specific cooling water per plant capacity (𝑠𝑀𝑐𝑤). For instance, the decrease 

of the motive steam pressure from 2300 to 300 kPa results in approximately 10% reduction in 

GOR while the second law efficiency increases by 35% for the PCF configuration. The 
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improvement in the second law efficiency results from the reduction in exergy destruction in the 

TVC unit as the motive pressure decreases. Lowering the motive steam pressure reduces the 

entrained vapor from the last effect which lowers the GOR and increases the required cooling 

seawater for the condenser. For the PCF configuration, Figure 13 shows that as the motive steam 

pressure decreases from 2300 to 300 kPa, the total exergy destruction reduces significantly by 

approximately 31.7%. The decrease in GOR is apparent for motive steam pressure below 1500 

kPa since the entrainment ratio is larger at this pressure [103].  

 

Figure 13 Effect of motive steam pressure on GOR, ηII , ĖD,total, sMcw, for different feed 

configurations. 

3.6.3. Exergo-economic analysis  

Simple conventional economic models treat the MED-TVC plant as a whole unit. These models 

are introduced in the literature to obtain a reasonable estimation of the total water price for the 

MED systems. For example, El-Dessouky et al. [73] calculated the annualized cost of the plant 

directly and eventually estimated the total water price for MED-TVC systems. However, to 
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indicate the contribution of each flow stream and each component in the final product cost, the 

exergo-economic analysis is applied to all MED-TVC components and flow streams. When 

conducting a thermoeconomic analysis for the current MED-TVC system, a cost balance equation 

is used to correlate the exergy instead of the energy of the flow stream with the pricing value of 

the component. Exergy-based costs are more reasonably split among outputs since costs units 

based on exergy are more significative than energy-based ones. This cost balance incorporated 

with suitable auxiliary thermo-economic relations, resulting in a system of linear algebraic 

equations which are solved for the unknown values of cost rates or of cost per exergy unit. As 

mentioned before, non-exergy related costs represented by heating cost, chemical cost, and labor 

cost are added to the exergo-economic model as input stream in the TVC unit inlet and feed 

seawater respectively. By solving the exergy-cost balance equations, the costs for various streams 

at different locations in the MED-TVC plant are obtained, and the final product cost is estimated.  

The most expensive component is the evaporator unit (due to large heat transfer area needed), and 

the cheapest equipments are the TVC unit, pumps and the condenser as shown in Figure 14. For 

the BF the price of the condenser is the lowest due to its relatively smaller size. The total fixed 

cost for the FF (13.15 $/h) is the highest due to (i) the high motive steam flow rate, (ii) the high 

pumping power for inter-effects pumps, and (iii) the required large condenser area. Exergo-

economic variables are shown for both PCF and BF feed configurations because they have higher 

GOR and lower SHC compared to the FF and PF feed configurations.  
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Figure 14 Percentage of fixed cost rate for main components in BF and PCF configurations. 

Table 9 summarizes the essential thermo-economic variables calculated for the components of 

MED-TVC systems of BF and PCF feed configurations. The variables include the second law 

(exergetic)  efficiency of system components 𝜖𝑘, the components rate of exergy destruction 𝐸̇𝐷,𝑘, 

the average cost per unit fuel exergy 𝑐𝐹,𝑘, the product exergy 𝑐𝑃,𝑘, the cost rate of exergy 

destruction (exergetic inefficiency) 𝐶̇𝐷,𝑘, the investment and O&M cost rate 𝑍̇𝑘, the relative cost 

difference factor 𝑟𝑘, and the exergo-economic factor 𝑓𝑘. The relative cost difference (𝑟𝑘) for a 

component represents the average cost per exergy unit between fuel and product and it is useful to 

evaluate and optimize a system component [98]. The higher value of the total operating cost 𝐶̇𝐷,𝑘 +𝑍̇𝑘 indicates the higher influence of the component on the overall system performance, therefore 

in designing of a new system, the first design changes must initially be applied to that component. 

The exergo-economic factor (𝑓𝑘) is used to identify the relative significance of non-exergy related 

costs (CI&OM) to the sum of owning and operating of exergetic inefficiency costs, 𝑍̇𝑘 + 𝐶̇𝐷,𝑘. A 
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low value of  𝑓𝑘 for major components suggests that the cost saving for the system could be 

accomplished by improving the components efficiency (reduction of exergy destruction) even if 

the capital cost investment increases.  

For the PCF configuration, the last effect has highest values of the sum  𝑍̇𝑘 + 𝐶̇𝐷,𝑘 among 

evaporators (due to high exergy destruction) following the TVC unit which has the lowest 

exergetic efficiency. Similar situation occurs for the BF but with the highest value of 𝑍̇𝑘 + 𝐶̇𝐷,𝑘 in 

the TVC unit. Therefore, the TVC unit is the most important component from the thermo-

economic point of view in the MED-TVC systems. The lower value of the variable 𝑓𝑘 for the TVC 

unit shows that the cost associated with the TVC unit is dominated by the exergy destruction while 

the remaining part is caused by 𝑍̇𝑘value of the component as indicated for both feed configurations. 

So, it can be concluded that, reducing the exergy destruction in the TVC unit could be cost effective 

for the entire system even if this would increase the investment costs associated with this 

component. Part of the exergy destruction in the TVC unit can be avoided by reducing the motive 

steam pressure without affecting the flow rate of the motive steam. So, TVC motive steam pressure 

is a key design variable because it affects the exergy associated with the inlet stream as well as the 

performance and investment cost of the TVC unit. In actual practice, a change in motive steam 

pressure is associated with a proportional change in the motive steam mass flow rate [91, 104]. 

Reducing the motive steam pressure reduces the 𝐶̇𝐷,𝑘 value for the TVC unit but increases the 

capital investment (CI) cost to achieve the designed value of the steam flow rate.  

Turning next to the evaporators assembly, which has the second highest value of 𝑍̇𝑘 + 𝐶̇𝐷,𝑘, the 

relatively small value of the factor 𝑓𝑘suggests also that the exergy destruction cost dominates the 

investment and O&M cost. According to the cost model assumption, the capital investment costs 
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for the evaporators depend on the evaporator areas and the overall heat transfer coefficients. 

Therefore, modifications and improvements to the heat transfer process must be considered. For 

both feed configurations, the last effect and condenser have the lowest𝑓𝑘, which indicate that the 

exergy destruction costs are controlling even with a relatively high exergetic efficiency of the 

component. Table 9 indicates that the highest exergetic efficiency belongs to the pumps, especially 

the distillate pump. However, the lower value for the 𝑓𝑘 factor for the brine pumps and inter-effects 

pumps for BF configuration suggests that the exergy destruction costs still dominate the total cost 

of these components. One important conclusion which can be drawn from the results presented in 

Table 9 is that thermo-economic analysis aims at identifying the possible reduction of sub-

components total costs. This reduction can be either for the cost of inefficiencies or the cost of 

owning and operating of components, whichever is dominant. Therefore, for components such as 

pumps, improvement is achieved by reducing the ownership and operating cost of the sub-system 

under consideration at a cost of a reduction in the thermodynamic efficiencies. For components 

like TVC where component inefficiency is the dominant cost, improvement to reduce inefficiency 

costs can be obtained by improving the thermodynamic efficiency or the operating condition.  

  



51 
 

 

Table 9 Exergo-economic variables for MED-TVC systems with BF and PCF configurations.  

Using average values of the economic parameters such as cost index factor (Cindex=1.2), interest 

rate (i=5%,), specific steam cost (SSC=1.28 $/m3) and electricity cost (𝐶𝑒 =0.08 $/kWh), the cost 

rate pricing for the PCF and BF configurations for all flow streams through the MED-TVC system 

is shown in Figure 15. The estimated total water price for PCF and BF is 2.09 and 2.12 $/m3
,
 

respectively. Besides showing the cost flow rate at each stream point, the figure shows the exergy, 

temperature and flow rate with the exergy destruction (kW) for the main components of MED-

TVC system as well. For the FF and PF configurations, the total water price is 2.30 and 2.16 $/m3, 

respectively.  

 Component 𝐸̇𝐷,𝑘(𝑘𝑊) ϵ𝑘(%) c𝐹,𝑘($ MJ−1) c𝑃,𝑘($ MJ−1) 𝐶̇𝐷,𝑘+ 𝑍̇𝑘($/ℎ) 𝑟𝑘(%) 𝑓𝑘(%) 
 
 
 
 
 
 
BF 

TVC unit 4835 50.72 0.0075 0.0244 131.66 194.78 0.45 

Condenser 241.1 60.62 0.0731 0.0678 66.86 130.7 1.23 

1st effect 369.3 92.85 0.0244 0.0271 38.8 15.9 6.26 

2nd effect 436.8 90.30 0.0271 0.0299 49.1 22.01 4.89 

3rd effect 517.3 85.82 0.0298 0.0336 62.13 33.69 3.82 

4th effect 542.8 79.96 0.0336 0.0443 72.08 50.96 3.28 

Feed pump 12.72 76.03 0.0480 0.102 2.56 68.38 14.5 

distillate 
pump 3.402 99.15 0.0226 0.0300 0.46 2.23 38.9 

Brine pump 24.61 97.29 0.0595 0.1052 5.45 5.64 3.59 

P1 17.08 96.09 0.0539 0.0957 3.51 8.31 5.36 

P2 20.4 96.94 0.0562 0.0992 4.31 6.41 4.15 

P3 20.64 97.49 0.0533 0.1022 4.13 5.22 4.05 

 
 
 
 
 
PCF 

TVC unit 4697 50.14 0.0078 0.0333 132.57 199.24 0.43 

Condenser 415.9 60.6 0.0730 0.1084 115.15 130.79 1.26 

1st effect 447.5 89.8 0.0334 0.0356 61.08 23.15 3.78 

2nd effect 400 89.6 0.0356 0.0401 58.36 23.69 3.90 

3rd effect 434.6 87.34 0.0401 0.0509 70.15 29.47 3.21 

4th effect 670.6 78.09 0.0507 0.0792 130.86 56.59 1.73 

Feed pump 21.97 75.99 0.0313 0.0668 2.98 57.09 16.8 

distillate 
pump 3.4 99.12 0.0291 0.043 0.54 2.189 33.1 

Brine pump 17.78 94.23 0.0768 0.1449 5.17 12.36 4.84 
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The effects of variation of the economic parameters on the total water price (TWP) for different 

feed configurations of MED-TVC system are presented in Figure 16. Cost index and interest rate 

affect the fixed cost and the capital investment of the plant while specific steam cost and electricity 

cost affect the plant operating cost. Increasing the cost index from 1 to 2 has a smaller effect than 

interest rate change. At the higher value of interest rate (15%), the total water price of PCF and BF 

configurations are equal. Increasing the interest rate from 2 to 15% translates to a total water price 

increase in the range of 7 to 9%. 

Fuel cost to operate the plant (steam cost and electricity cost) depends on the plant location 

associated with different steam or electricity production prices. The main energy consumption of 

the MED-TVC desalination system is represented by the steam requirement which is required to 

operate the TVC unit, while the electricity is used to operate the installed pumps. Increasing the 

electricity cost has a smaller effect than changing the steam heating cost. For the lower values of 

SSC, different configurations have nearly the same TWP (~1 $/m3), while for the higher values, 

FF configuration has the highest TWP. This is attributed the high amount of steam required to 

produce 5000 m3/day of fresh water for FF configuration compared to the other configurations. 

Moreover, if the MED-TVC with PCF configuration is installed in two regions with the different 

price of SSC 1 and 2 $/m3, the TWP will be 1.69 and 3.11 $/m3, respectively. An increase in the 

SSC of 100% increases the TWP by 84%. This sensitivity study results reveal that the most 

important parameter that cannot be neglected while comparing different installation areas for 

MED-TVC systems is the specific steam cost. 
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Figure 15 Cost flow diagram for MED-TVC system with PCF and BF configurations. 
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Figure 16 Total water price for different feed configuration and economic parameters. 

3.7 Conclusions 

The effects of employing four different feed configurations (BF, FF, PF, and PCF) for MED-

TVC desalination system on the total water price and plant performance are investigated. The 

MED-TVC systems considered with a fixed daily water production rate of 5000 m3/day. The 

calculated gain output ratio (GOR) is 6.08, 5.78, 6.05 and 6.31 for BF, FF, PF and PCF, 
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respectively. The PCF configuration shows the lowest specific heat consumption (SHC) and 

the lowest total power consumption (TPC) compared to the other configurations, but it has a 

high specific cooling water flow rate. On the other hand, the BF configuration has a smaller 

specific cooling seawater flow rate. The electric power consumption is higher for the FF 

configuration due to the required high pumping power. Also, the exergy destruction of the 

MED-TVC systems is calculated. The study reveals that the exergy destruction in the TVC 

unit (58%) and evaporator units (24%), represent the highest share of the total exergy 

destruction in the system. The second law efficiency is the highest for PCF configuration 

(4.37%), while the PF has the lowest value (4.03%). A reduction in the motive steam pressure 

for the current system from 2300 to 300 kPa results in a 10% reduction in GOR and a 35% 

increase in the second law efficiency. 

A detailed thermo-economic analysis of the BF and PCF configurations of MED-TVC are 

presented covering both thermodynamic and economic aspects of the system design and their 

components. The results show that for the PCF configuration, the most expensive (highest 

investment cost) components are the evaporator units. The lower value of the variable 𝑓𝑘 for 

the TVC unit shows that the cost associated with the TVC unit is dominated by the exergy 

destruction while the remaining part is determined by the 𝑍̇𝑘value of the component as 

indicated for PCF and BF configurations. Reducing the exergy destruction in the TVC unit 

could be cost effective for the entire system even if this would increase the capital investment 

costs associated with this component. Part of the exergy destruction in the TVC unit can be 

avoided by reducing the motive steam pressure without affecting the flow rate of the motive 

steam. So, TVC motive steam pressure is a key design variable because it affects the exergy 
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associated with the inlet stream as well as the performance and investment cost of the TVC 

unit. 

Finally, a specific exergy cost flow method is used to estimate the production cost for BF, FF, 

PF and PCF as 2.12, 2.30, 2.16 and 2.09 $/m3, respectively using average values of the 

economic parameters. Changes in cost index, interest rate and electricity cost have a minimal 

effect on the total water price. On the other hand, changing the specific steam cost has a 

significant effect on the TWP, especially for the FF configuration. 
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CHAPTER 4 PERFORMANCE MODELING OF MED-MVC 
SYSTEMS: EXERGY-ECONOMIC ANALYSIS** 

 Abstract 

In this study, exergy analysis of four different feed configurations of a multi-effect desalination 

with mechanical vapor compressor (MED-MVC) system is initially studied to identify the area of 

exergy destruction within system components and followed by an exergo-economic study. The 

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

parallel/cross feed (PCF). From the 1st law energy analysis, the PCF and FF configurations require 

less work to achieve equal distillate production compared to other two configurations. For instance, 

the specific power consumption (SPC) values are 30.1, 13.7, 23 and 13.9 kWh/m3 for the BF, FF, 

PF and PCF configurations, respectively. Changing the feed arrangement from BF to FF and PF 

to PCF at a constant compression ratio, the total fixed cost for the MED-MVC plant can be reduced 

by ~30% and 17%, respectively. Second law efficiency (ηII ) calculations show that the PCF 

(2.9%) has the highest value followed by the FF (2.7%), while the BF (2.4%) exhibits the lowest 

value among all configurations. The highest exergy destruction (35-50%) occurs within the MVC 

unit. This can be reduced by limiting the design plant operation to a lower temperature range or 

increasing the number of effects. Increasing the number of effects for PCF from 1 to 6 results in a 

39% reduction in the SPC and a 70% increase in the second law efficiency. Operating at lower 

steam temperature results in an increase in the ηII,and a decrease in the SPC and total water price 

(TWP) of the MED-MVC system. Reducing the exergy destruction in the preheaters and the MVC 

                                                 
** Mohamed L. Elsayed, Osama Mesalhy, Ramy H. Mohammed, Louis C. Chow, “Performance modeling of MED-MVC systems: 

Exergy and thermo-economic analysis” Energy volume 166, January 2019, pages 552-568. 
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unit is cost-effective for the entire system even with an increase in capital investment costs. Three 

different cost models are used to estimate the average TWPs for the BF, FF, PF and PCF 

configurations, and the TWPs are found to be 3.0, 1.7, 2.4 and 1.7 $/m3, respectively. 

 Introduction 

Multi-effect desalination with mechanical vapor compressor (MED-MVC) systems are widely 

applied as a common solution for medium-scale (100-5000 m3/day) water reclamation desalination 

and solution concentration for high-salinity wastewater treatment (salt recovery) [105]. Several 

advantages associated with MVC systems include high-quality water recovered, compact 

equipment, low-temperature design and long-term stable operation. Corrosion and scale formation 

are minimal which lead to high plant operation availabilities [106, 107]. The main limitation of 

the MED-MVC systems is the low capacity of the available mechanical vapor compressors 

(MVC). The low volumetric flow and pressure head limit the production capacity to 5000 m3/day 

[108]. The MVC units are typically radial centrifugal or axial flow compressors due to their high 

suction flow rates and low maintenance requirements and could be single stage or multistage with 

intercoolers  [109, 110]. 

Various studies for MVC systems available in the literature include steady-state model 

development, simplified design methods, experimental research and performance prediction. 

Some of these studies, as well as a few others of interest, are presented in the following paragraphs. 

There are more experimental studies on the MVC systems than theoretical investigations [111]. 

For example, Veza [112] and Lucas and Tabourier [113] described a MVC seawater desalination 

unit producing 500 and 1500 m3/day of distilled water at a specific power consumption (SPC) of 

11.5 and 11 kWh/m3, respectively when operating at 40% water recovery. Bahar [42] tested a 
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MVC pilot plant with two vertical double fluted tubes evaporators with one m3/day capacity and a 

top brine temperature (TBT) of 103°C. The highest performance ratio (ratio of kg of distillate 

output to 2326 kJ of heat input) obtained was 2.52. A single-effect MVC system with a 5 m3/day 

capacity was experimentally tested by Aly and Fiqi [36] with mathematical modeling included. 

Two immersion electrical heaters were used to provide the steam needed to start the desalination 

process.  The amount of steam was based on the supplied feed seawater temperature and the 

compressor power. There were several efforts made to operate MVC systems with renewable 

energy resources, since they are more tolerant to intermittent operation compared to the reverse 

osmosis (RO) process. For instance, Plantikow [114] presented a wind-powered MVC desalination 

plant installed in Germany which was capable of producing 360 m3/day of freshwater with a SPC 

of 16.7 kWh/m3.  

The process performance of MVC units varies slightly, depending on the application. Beyond 

seawater treatment, MVC has been used to produce water from heavy oil fields and high salinity 

wastewater treatment in recent years. The MVC process presents some advantages compared to 

other technologies [115]. 0 capacity of 600 m3/day at a SPC of 13.6 kWh/m3 of distillate [116]. To 

improve the environmental performance and save energy, MVC systems are used as zero-emission 

desalination (ZED) systems. Han et al. [117] proposed ZED based on a MVC model and showed 

that the multi-effect ZEDS design is beneficial to reduce the required compressor power compared 

to the single-effect system. To achieve a salt crystallization concentration of 28.9% from the initial 

salt mass concentration of seawater of 3%, the required compression work was 760.8 and 604 

kJ/kg for single stage and three stages, respectively. Wu et al. [118] presented a novel MVC system 

with a capacity rated at 1.44 m3/day. This MVC system separates the evaporator and condenser to 
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overcome the traditional MVC deficiencies such as descaling, anti-scaling and heat transfer 

conditions for sewage water treatment. Shen et al. [119, 120] revealed that an injection of 5% or 

less mass fraction of water in a twin-screw compressor with high isentropic efficiency and high-

pressure ratio could substantially reduce the SPC, but they recommended its use only for a capacity 

less than 600 m3/day. The commercial and experimental pilot plants found in the literature for 

different applications are presented in Figure 17 and Table 10, showing the SPC, total water price 

(TWP) and heat source temperature. For single effect, the SPC has various values which are the 

highest for desalting of wastewater, oil recovery, and crystallization while in desalination it is in 

the moderate range.  

Steady-state mathematical models of the MVC system are found in many studies. For instance, 

Aybar [121] and Aussenac et al. [122] developed a model of a single-effect MVC system and 

analyzed the system performance with variations in the primary parameters. Aly [123] analyzed 

and compared MVC systems with single, two and three effects. Their results showed that the TWP 

and the SPC range between 1.3 to 1.7 $/m3 and 8 to 24 kWh/m3, respectively. Nafey et al. [38] 

showed that the MED-MVC system performance decreased by 8% if external steam is used to 

initiate the evaporation compared to the MVC without external steam. A single-effect MVC for 

brine crystallization coupled with a wind farm was investigated by Fernández-López [124]. The 

total capacity is 2400 m3/day and the SPC is 30.31 kWh/m3. Helal and Al-Malek [125] presented 

a hybrid diesel/solar photovoltaic (PV) assisted MVC desalination system. The system was to 

supply small communities in remote areas with drinkable water at a production capacity of 120 

m3/day. A diesel engine was used to overcome the uncertainty in the availability of solar energy. 

Henderson et al. [126] proposed a wind/diesel hybrid driven MVC desalination system for off 
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electric grid locations in the USA. Optimization of a similar plant driven by wind/PV hybrid has 

been carried out by Zejli et al. [127] for a water production capacity of 120 m3/day. Mounir et al. 

[128] presented the effect of the temperature difference across the effect on the system cost of a 

MVC used in pollutant concentration. The results showed that the optimum cost is when the 

temperature difference is between 2 and 3oC. 

 

Figure 17 The influence MVC plant application on the SPC, TWP and steam supplied 

temperature. 

Exergy analysis studies are utilized to identify the components with the highest thermodynamic 

irreversibility rate [77]. For example,  Alasfour and Abdulrahim [129]  applied steady-state model 

based on the second law of thermodynamics on a single stage MVC unit. They found that if the 

temperature difference across the effect increases, the exergy destruction of the unit increases. 

Nafey et al. [38] analyzed a MED-MVC system with a two-effect forward feed configuration and 

showed that the plant SPC, second law exergetic efficiency (ηII) and the unit product cost are 9.4 

kWh/m3, 5.7% and 1.7 $/m3, respectively. Ahmadi et al. [111] compared single and double effect 
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mechanical vapor recompression (MVR) and showed that energy saving is achieved by using the 

double-effect MVR instead of the single-effect. Recently, Jamil and Zubair [130] presented an 

exergo-economic analysis for a MED-MVC system with a forward feed configuration. The second 

law efficiency, SPC and product cost range from 7 to 10.96%, 7.67 to 11.36 kWh/m3 and 0.862 to 

1.186 $/m3, respectively when the number of evaporation effects increases from 2 to 6. Their 

results showed that the percentage of exergy destruction in the MVC unit ranges from 0.03 to 

0.05% which is far lower compared to available data in the literature [111, 129, 131, 132]. 

Moreover, the calculated TWP in their study was much lower than the values reported in the 

literature [38, 112, 123, 133].  

Although there have been many simple modeling studies on the steady-state nature of single-effect 

MVC [32, 129, 134], there have been little or no adequate contributions on the process design, 

performance analysis, and economic studies when different feed configurations of MED systems 

are integrated to a MVC unit. Thus, a comprehensive thermo-economic study of the MED-MVC 

process is carried out and described in this paper to provide a thorough understanding of the 

performance of different MED-MVC feed configurations. Steady-state energy and exergo-

economic models for different feed configurations of MED-MVC process are used to identify the 

advantages and deficiencies in each configuration. Three different cost methods (simple 

conventional economic model, exergy-based component cost model and exergy aggregation 

model) are used to compare the final price of the freshwater production. The exergo-economic cost 

model is used to identify the cost concentrated components besides the highest cost flow streams 

in the system. A sensitivity analysis is conducted to study the impact of the number of effects on 

the system’s performance including the SPC, second law efficiency and TWP. The effects of 
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varying the economic parameters such as cost index factor (Cindex), interest rate (i) and electricity 

cost (𝐶𝑒) on the TWP for different feed configurations of MED-MVC system are investigated as 

well. 

Table 10 Actual installed MED-MVC systems with different industrial applications.  

Steam 
Temp. 
oC 

Application Capacity 
m3/day 

# of 
effect 

SPC 
kWh/m3 

Energy 
Source 

Location 

70 Desalination SW 50 1 14.4 Wind Gran Canaria, Spain [135] 

70 Desalination SW 48 1 16 Wind Borkum Island, Germany [114] 

70 Desalination SW 360 1 16.7 Wind Rügen Island, Germany [114] 

NA Crystallization 
WW 

28.8 1 58.6 EM Jiangsu,  China [136] 

NA Crystallization 
WW 

48 2 41.5 EM 

63.0 Desalination SW 1600 4 11.25 EM Porto Empedocle, Italy [137] 

72 Desalination SW 3000 3 8.1 EM Sardinia, Italy [10] 

50 Desalination SW 500:4000 1 8:16.5 EM Installed plant by IDE [133] 

60 Desalination 
WW 

0.437 1 120.87 EM Beihang University, China [138] 

106.8 1.7 31.07 

70.5 Desalination SW 100 1 16.578 EM Kuwait [139] 

62.5 Desalination SW 1500 4 11 EM Flamanville, France [113] 

67 Oil recovery 600 1 14.48 EM Germany [116] 

85.1 Oil recovery 1 1 70 EM São Paulo State, Brazil [140] 

65 Desalination SW 50 2 13.6 EM Trombay, India [141] 

105 Desalination SW 1 2 42 EM National University of Singapore 
[42] 

80 Desalination SW 100 1 11 EM Copenhagen, Denmark [142] 

70 Desalination SW 5 1 14.8 EM Egypt  [36] 

105 Desalination SW 50 2 45.6 EM Tianjin, China [119] 

59 Desalination SW 500 1 14.0 EM Las Palmas, Spain [112] 

-- Desalination SW 1.8 1 33.29 EM Beijing, China [143] 

101 Sewage 
treatment 

1.45 1 33.3 EM Beijing, China [118] 

115 Desalination SW 9.6 1 29.4 EM Beijing, China [144] 

63 Desalination SW 500  
1 

15.504 Diesel 
engine 

Palma de Mallorca, Spain [145] 

70 2500 13.92 

SW: Seawater,  WW: Wastewater, EM: Electrical motor 
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 Configuration of MED-MVC  

Mechanical vapor compression in a MED is a cyclic process. The entire vapor generated in the last 

effect is routed to the MVC unit through a wire mesh mist eliminator (demister) to separate water 

droplets from the vapor. The vapor is compressed to the desired target condition of temperature 

and pressure before directing it as supply steam to the inside of the first effect tubes bundles. The 

supply steam from the MVC unit condenses to distillate on the tube-side of the first effect by 

transferring its latent heat to a thin film of feed seawater sprayed around the tubes. A fraction of 

the sprayed feed evaporates and flows as a heat source to the tubes of the second effect which is 

at a lower pressure and temperature than the first effect. In MVC desalination systems, the end 

condenser in a conventional MED is absent as the entire vapor produced in the end effect is sucked 

out by the mechanical compressor, where it is compressed to increase its enthalpy and used as a 

heating vapor for supplied feed. 

In a MED-MVC, two multi-flow plate-type heat exchangers (pre-heaters) are needed to recuperate 

the heat coming from both the fresh water product and brine blowdown streams. The product and 

concentrated brine are drawn off the preheaters by pumps at a temperature slightly above the 

ambient seawater temperature. Cooling seawater is split up into two portions, and its temperature 

is elevated to the feed temperature by passing through the pre-heaters and then directed to the 

MED. Usually, MED-MVC systems are installed where electrical power for operation is available 

from the grid or through wind energy or other sources of renewable energy. However, for start-up 

purpose and maintaining standard operating conditions without compressor surges, external steam 

(make-up steam) extracted from a steam boiler or a power plant steam turbine is used to raise the 

1st effect temperature to the TBT [36, 113]. The mechanical energy required for the vapor 

compressor can be shaft driven if such power is available in a steam power plant. Also, a MVC 
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can be driven with power provided from the electricity grid, wind power plant, geothermal power 

plant [146], photovoltaic modules or electric generators if electricity services are not available 

[127]. The MED-MVC system is suitable for use in remote off-public electric grid locations in 

which water transport is expensive [114]. This energy is used to activate the MVC unit, pumps, 

vacuum system and any other control components. It is worth noting that the MVC unit represents 

the central power consuming component in a MED-MVC system.  The power required depends 

on the pressure difference, on the thermodynamic efficiency of the polytropic process and the 

efficiency of the electric motor [129, 147].  

Multi-effect desalination systems may be represented as some streams exchanging thermal energy 

among them for achieving the required evaporation [148]. Different configurations differ in the 

flow directions of the heating steam and the evaporating feed/concentrate or feed water supply. 

These configurations include forward feed (FF), parallel feed (PF), backward feed (BF) and 

parallel/cross feed (PCF). Schematic diagrams of different MED configurations are shown in 

Figure 18. In each configuration, MVC provides high-temperature steam that enters the tubes side 

of the first effect as a heating medium to heat and evaporate the feed seawater/brine. In the BF 

configuration, the entire seawater feed passing through the preheaters is directed to the last effect 

where it is sprayed onto the 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 portion increase, forming concentrated brine leaving the last effect.  In the BF, both 

seawater feed and steam/vapor have counter-current flow directions. The brine is consecutively 

cascaded in backward direction through the effects till it approaches the first effect as a feed. In 

the FF, the entire seawater feed is supplied to the first effect at the highest TBT. The unevaporated 

brine with high TBT is consecutively cascaded in the forward direction (co-current with the 
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steam/vapor flow) towards the last effect. In the PF, the preheated feed is distributed to all the 

evaporator effects at the same time. The feed stream to the first effect exchanges heat with the heat 

source steam and forms brine while the other feed streams exchange heat with the vapor from the 

previous effects. Here the brine extracted from each effect is at relatively high temperature, so it 

is directly rejected back to the sea after exchanging heat with the cooling seawater in the brine pre-

heater. In the PCF configuration, brine from the first effect is directed to the following effect to 

utilize its energy by flashing due to an abrupt decrease in pressure. The brine flow process 

continues to the last effect as shown in Figure 18.  

 

Figure 18 Flow path of different feed configurations of MED-MVC desalination system. 
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 MVC system mathematical model 

4.4.1. Energy and Exergy modeling 

In this study, the steady-state operation of MED-MVC system of different feed arrangements is 

analyzed to pinpoint the most favorable feed arrangement from the viewpoint of exergo-economic 

operation. The steady-state conservation equations are solved, and iterative solution method is used 

to adjust the compressor power that is required to drive the evaporation process in the first effect. 

The steady state flow rates of the feed, brine and vapor for each evaporator effect are calculated in 

addition to the heat transfer surface area and brine salinity. The assumptions used to develop the 

steady-state model for MED-MVC system are as follows:  

7. Thermophysical properties for the brine and vapor are temperature and salinity dependent. 

Appropriate correlations are selected from [73].  

8. Temperature losses between the brine pool and vapor in the effect are; (i) Boiling Point 

Elevation (BPE), (ii) non-equilibrium allowance (NEA) [73]. 

9. The vapor and distillate are salt-free [149]. 

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

The mass, energy, and salt balance for BF, FF, PF, and PCF are shown in Table 11. The primary 

contributor to the power consumption for a MED-MVC system is the power required for the 

compressor which is a function of inlet vapor specific volume, compression ratio and isentropic 

compressor efficiency. The secondary consumptions are due to liquid pumps, vacuum pumps and 

steam boiler during startup [112]. Due to the fixed production capacity of different feed 

configurations, the amount of vapor in the last effect changes. To ensure balance in all conservation 

equations, the required thermal energy for the first effect is compensated by the equivalent 
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electricity consumption from the MVC unit. As shown in Figure 19, the energy supplied to the 

first effect is defined as: 

𝑄𝑠,1 = 𝑚̇𝑠. 𝜆𝑠 + 𝐸𝑆𝐻 (12) 

where 𝑚̇𝑠𝜆𝑠  represents the heat of condensation at Ts of the vapor generated in the last effect and 𝐸𝑆𝐻 represents enthalpy gained by compression above the energy at saturation condition. The 

enthalpy of the compressed superheated vapor at the compressor exit (ℎ𝑣,𝑇𝑠́) is expressed in terms 

of the saturation enthalpy of the compressed vapor (ℎ𝑣,𝑇𝑠), and enthalpy gained by compression as 

shown in Figure 19b: 

ℎ𝑣,𝑇𝑠́ = ℎ𝑣,𝑇𝑠 + 𝐸𝑆𝐻/𝑚̇𝑠 (13) 

Hence, the actual compressor work can be calculated from: 

Ẇ𝑐 = 𝑚̇𝑠. (ℎ𝑣,𝑇𝑠́ − ℎ𝑣,𝑇𝑛) (14) 

where, ℎ𝑣,𝑇𝑛 is the saturated vapor enthalpy at the compressor inlet. 

Specific power consumption due to the MVC unit and the installed pumps are calculated from:  

SPC(𝑘𝑊ℎ m3⁄ ) = Ẇcompressor + ∑ẆpumpsD (m3 ℎ⁄ )  
(15) 

The performance ratio (PR) is calculated by the following relation suggested by Nafey [38] which 

was modified to accommodate the actual work converted to the primary fuel energy [67]. 
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PR = 𝐷𝜆𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒𝑚̇𝑠𝑡𝑒𝑎𝑚. 𝜆𝑠 + Ẇcompressor𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙=0.35 
(16) 

Two multi-flow direction plate type heat exchangers with effectiveness 𝜀 = 0.8 are used in the 

current simulation to preheat seawater inlet feed by recuperating thermal energy from the distillate 

and the rejected brine from the MED system. The total feed is divided into two portions to flow in 

both the brine and distillate heat exchangers. All streams are assumed to be in a liquid phase. The 

heat transfer area for each heat exchanger can be calculated as follows: 

𝐴𝐻𝐸𝑥 = 𝑚̇𝐵,𝐷(ℎ10,7 − ℎ11,8)𝑈𝐵,𝐷 . 𝐿𝑀𝑇𝐷𝐻𝐸𝑥(𝐵,𝐷) (17) 

where h is the enthalpy of the flow stream at a specified temperature as shown in Figure 18. The 

log mean temperature differences in the brine and distillate preheaters 𝐿𝑀𝑇𝐷𝐻𝐸𝑥(𝐵,𝐷) are evaluated 

by using the following equation: 

𝐿𝑀𝑇𝐷𝐻𝐸𝑥(𝐵,𝐷) = (𝑇10,7−𝑇5,4) − (𝑇11,8−𝑇𝑐𝑤)𝑙𝑛 [𝑇10,7−𝑇5,4𝑇11,8−𝑇𝑐𝑤]  
(18) 

The overall heat transfer coefficient for the plate type heat exchangers is calculated by using: 

𝑈𝐵,𝐷 = [ 1ℎ𝑜 + 1ℎ𝑜 + 𝑅𝑓,𝑜 + 𝑅𝑓,𝑜 + 𝛿𝑝𝑙𝑎𝑡𝑒𝐾𝑤𝑎𝑙𝑙 ]−1 (19) 

where Kwall is the thermal conductivity of the stainless steel plates, and the inner/outer convective 

heat transfer coefficients (hi, ho) are calculated by using the following correlations [150]: 

ℎ𝑜,𝑖 = 0.2536𝑅𝑒0.65𝑃𝑟0.4 (𝐾𝑤𝑎𝑙𝑙𝐷𝑒𝑞 ), 𝑅𝑒 = 𝜌𝑉𝐷𝑒𝑞𝜇 , 𝐷𝑒𝑞 = 4(𝑤.𝑡𝑝𝑙𝑎𝑡𝑒)2(𝑤+𝑡𝑝𝑙𝑎𝑡𝑒)~2𝑡𝑝𝑙𝑎𝑡𝑒 
(20) 
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where w is the plate width, 𝛿𝑝𝑙𝑎𝑡𝑒 is the plate thickness and tplate is the plate spacing. The velocity 

of each stream is V(m/s) and 𝑅𝑒 is the stream flow Reynolds number. 

As shown in Figure 19a, the solution procedure starts by assuming the brine temperature in all 

effects and the energy supplied to the first effect. Then, the equations in Table 11 are solved to 

determine the feed and brine flow rates as well as the vapor generated in each effect. The mass 

flow rate imbalance between the vapor generated in the last effect and the required steam for the 

first effect is minimized iteratively by modifying the term, 𝐸𝑆𝐻. This calculation continues till a 

satisfactory specified accuracy criterion is achieved (𝜀=10-4). The mixing temperature of the brine 

and distillate is used to calculate the actual feed temperature by solving the equations of the brine 

and distillate feed preheaters. The whole calculations are repeated till the specified feed 

temperature is reached.  

 

Figure 19 (a) Flow chart for solution for the steady state model, (b) T-S diagram for MED-MVC 
system operation. 
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Table 11 Steady-state balance equations for MED-MVC systems.  

Configurations/Eq
uations 

First effect Second to n-1 Last effect (n) F  B D 

BF Mass 𝐵𝑖 = 𝐵𝑖+1 − 𝐷𝑖  𝐵𝑖 = 𝐹 −𝐷𝑖 𝐹𝑛 𝐵1 ∑𝐷𝑖𝑛
𝑖=1  Salt  𝐵𝑖 . 𝑋𝑖 = 𝐵𝑖+1. 𝑋𝑖+1 𝐵𝑖 . 𝑋𝑖 = 𝐹. 𝑋𝑓 

Energy 𝐷1= 𝑄𝑠,1 − 𝐵1(ℎ1 − ℎ2)(𝜆1 + (ℎ1 − ℎ2))𝐷𝑖= 𝐷𝑖−1. 𝜆𝑖−1 − 𝐵𝑖(ℎ𝑖 − ℎ𝑖+1)(𝜆1 + (ℎ𝑖 − ℎ𝑖+1))𝐷𝑖= 𝐷𝑖−1. 𝜆𝑖−1 − 𝐵𝑖(ℎ𝑖 − ℎ𝑓)(𝜆𝑖 + (ℎ𝑖 − ℎ𝑓))
FF Mass 𝐵1 = 𝐹 − 𝐷1 𝐵𝑖 = 𝐵𝑖−1 − (𝐷𝑖 + 𝑑𝑖)   𝐹1 𝐵𝑛 ∑𝐷𝑖𝑛

𝑖=1+ 𝑑𝑖 Salt  𝐹. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖 . 𝑋𝑖 = 𝐵𝑖−1. 𝑋𝑖−1 

Energy 𝐷1= 𝑄𝑠,1 − 𝐹(ℎ1 − ℎ𝑓)𝜆1 , 𝑑1 = 0 

𝐷𝑖 = (𝐷𝑖−1 + 𝑑𝑖−1). 𝜆𝑖−1𝜆𝑖 ,𝑑𝑖 = 𝐵𝑖−1(ℎ𝑖−1 − ℎ𝑖)𝜆𝑖  

PF Mass 𝐵1 = 𝐹1 − 𝐷1 𝐵𝑖 = 𝐹𝑖 − 𝐷𝑖 ∑𝐹𝑖𝑛
𝑖=1  ∑𝐵𝑖𝑛

𝑖=1  ∑𝐷𝑖𝑛
𝑖=1Salt  𝐹1. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖. 𝑋𝑖 = 𝐹𝑖 . 𝑋𝑓 

Energy 𝐷1= 𝑄𝑠,1 − 𝐹1(ℎ1 − ℎ𝑓)(𝜆1) 𝐷𝑖 = 𝐷𝑖−1. 𝜆𝑖−1𝜆𝑖 − 𝐹𝑖(ℎ𝑖 − ℎ𝑓)𝜆𝑖  

PCF Mass 𝐵1 = 𝐹1 − 𝐷1 𝐵𝑖 = 𝐹𝑖 − 𝐷𝑖 + 𝐵𝑖−1 − 𝑑𝑖   ∑𝐹𝑖𝑛
𝑖=1  

𝐵𝑛 ∑𝐷𝑖𝑛
𝑖=1+ 𝑑𝑖 Salt  𝐹1. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖 . 𝑋𝑖 = 𝐵𝑖−1. 𝑋𝑖−1 + 𝐹𝑖 . 𝑋𝑓 

Energy 𝐷1= 𝑄𝑠,1 − 𝐹1(ℎ1 − ℎ𝑓)𝜆1 , 𝑑1 = 0 

𝐷𝑖 = (𝐷𝑖−1 + 𝑑𝑖−1). 𝜆𝑖−1𝜆𝑖 − 𝐹𝑖(ℎ𝑖 − ℎ𝑓)𝜆𝑖 ,  𝑑𝑖 = 𝐵𝑖−1(ℎ𝑖−1 − ℎ𝑖)𝜆𝑖  

Total mass balance 𝐹 = 𝐵 + 𝐷 
Total salt balance 𝐹. 𝑋𝑓 = 𝐵.𝑋𝑛 𝑑𝑖 , Vapor produced by brine flashing. 
D, Total distillate flow rate. 
F, Total feed flow rate. 
B, Total brine flow rate. 

The exergy is known as the maximum available work obtainable when a stream of substance is 

brought from its initial state to the environmental state. Energy is conserved in any process 

according to the first law of thermodynamics, but exergy is destroyed due to irreversibilities taking 

place in entropy creation [80]. For an open system operating under steady state condition, the 

appropriate exergy rate balance is established including the loss of exergy or loss of work in the 

following form: 
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∑(1 − 𝑇𝑜𝑇𝑗)𝑗 𝑄̇𝑖 +∑𝑚̇𝑖𝑖 𝑒𝑖 −∑𝑚̇𝑒𝑒 𝑒𝑒 − 𝑊̇ − 𝐸̇𝐷 = 0 
(21) 

where, 𝐸̇𝐷 (kW) is the exergy destruction of the system. The specific exergy transfer terms 𝑒𝑖 and 𝑒𝑒 can be expressed as the summation of physical, chemical, potential and kinetic exergy [77]. The 

last two terms are neglected in the current simulation, so the flow exergy takes the following form, 

𝑒 = ℎ − ℎ∗ − 𝑇𝑜(𝑠 − 𝑠∗)⏞            𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 +∑𝑥𝑖(𝜇𝑖∗ − 𝜇𝑖𝑜)𝑛
𝑖=1⏟          𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙

 

(22) 

where ℎ, 𝑠, 𝑥 and 𝜇 are specific enthalpy, specific entropy, salt mass fraction and chemical 

potential, respectively; subscript i represents the species in the mixture; superscript ‘o’ is for the 

ambient conditions; and superscript ‘*’ is for the ambient pressure and temperature, and initial 

concentration of the system conditions. The second law exergetic efficiency for the MED-MVC 

systems is the ratio of the minimum exergy input required (which is equivalent to the minimum 

work of separation) to the total actual exergy input. Second law efficiency is used as a criterion of 

system performance and is calculated considering the exergy loss from the process to the 

environment as: 

𝜂𝐼𝐼 = 1 − 𝐸̇𝐷,𝑡𝑜𝑡𝑎𝑙𝐸̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 = 
𝑊̇𝑚𝑖𝑛𝐸̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 (23) 

where, 𝐸̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 is the total exergy at the various inlet fluid streams and work provided to the 

compressor and installed pumps; and 𝑊̇𝑚𝑖𝑛 is the minimum work input for the separation of a 

certain amount of seawater feed at 25oC, 1 atm and a salinity of 36 ppt into fresh water with zero 

salinity and the rejection of a certain amount of saline water at the same temperature and pressure. 

The minimum work is equal to the difference between the exergies of the outgoing and incoming 
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streams as well as the exergy difference due to salinity change. The exergy of the supplied feed 

seawater is approximately zero as its state is considered as the reference state for exergy 

calculations [151]. 

𝑊̇𝑚𝑖𝑛 = 𝐸̇9 + 𝐸̇12 − 𝐸̇0 (24) 

The exergy analysis is more revealing when the analysis is performed at the component level of 

different MED-MVC feed configurations. The sites of maximum exergy destruction can be 

identified. Also, the fraction of exergy destruction within the components is determined to quantify 

the percentage of exergy destruction in all components for different feed configurations. The 

exergy balance equation for each component is discussed in detail in the exergo-economic section. 

4.4.2. Economic models 

a) Simple model  

The production cost is divided into the direct/indirect cost and annual operating cost. The direct 

capital cost (DCC) represents the expenses that are directly associated with the construction of the 

MED plant and  the equipment purchasing expenses [93].  Table 12 presents the existing equations 

in the literature that are used to determine the purchase price of the MED-MVC system 

components. The other direct cost (land, well construction, auxiliary equipment and building 

construction) is calculated from [95] for the fixed capacity of 1500 m3/day to be ~ 80k $. The DCC 

is equal to the summation of the purchased equipment for the MED-MVC system in Table 12 plus 

the other costs. Also, the indirect capital cost (freight, insurance, construction overhead, owner's 

costs and contingency costs) is expressed as a percentage of the total direct capital cost and is 

assumed as IDCC=0.15DCC [95]. 
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Table 12 Purchase cost of MED-MVC system components. 

The operating cost includes all expenses needed after plant commissioning and during plant 

operation. These expenses can be categorized as variable and fixed costs. The variable operating 

expenses are those related to the purchase of electrical power, heating steam, chemicals for 

pre/post-treatment and other requirements that are dependent on the plant capacity of fresh water 

production and standards. The fixed operating costs represent expenses that are needed for the 

operation of the plant but are independent of the plant capacity. In many cases, these costs are 

related to the designed capacity of the plant or taken as a factor of the direct capital cost (DCC). A 

cost index Cindex =1.2 is used to accommodate the equipment price change to fit the current 

reference year calculations. A linearly dependent correlation for the compressor cost of the 

compressor power is used based on the work done by Lukic et al. [95]. Both operating cost 

categories are determined based on published data from the literature [73] with maintenance costs 

taken as a proper subset of the fixed operating cost. Investment and operating & maintenance costs 

analyses are performed for each configuration using an interest rate set at 5%. The annualized cost 

method is used to estimate the annual capital cost of system components in this study for 20 years 

Instrument Capital cost of instrument (Zk) ($) Comments Ref. 
Preheater (heat 
exchanger) 

𝐙𝒑𝒓𝒆𝒉𝒆𝒂𝒕𝒆𝒓 = 𝟏𝟎𝟎𝟎(𝟏𝟐. 𝟖𝟐 + 𝑨𝑯𝒆𝒙𝟎.𝟖 ) S for shell side and t for tube side 𝒅𝒑 

(kPa), A (m2), 𝑼 (𝒌𝑾/𝒎𝟐. 𝒌) 

[74] 

MED effect 
(evaporator) 

𝐙𝒆𝒇𝒇𝒆𝒄𝒕= 𝟐𝟓𝟎. 𝟐𝟔 × 𝑼𝑨𝒆𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒐𝒓𝒅𝒑𝒕−𝟎.𝟎𝟏𝒅𝒑𝒔−𝟎.𝟏 

[94] 

Water pump 𝐙𝒑𝒖𝒎𝒑= 𝟏𝟑. 𝟗𝟐×  𝒎̇𝒘𝒂𝒕𝒆𝒓𝟎.𝟓𝟓∆𝑷𝟎.𝟓𝟓 ( 𝜼𝒑𝟏−𝜼𝒑)𝟏.𝟎𝟓 

𝜼𝒑 = 𝟎. 𝟗, ∆𝑷 (𝒌𝑷𝒂) 
 BF FF PF PCF 

Number of 
pumps 

6 6 3 3 

Compressor (MVC) 𝐙𝑴𝑽𝑪 = 𝟕𝟗𝟒. 𝟔𝟖 × 𝑾̇𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓+ 𝟔𝟔. 𝟏𝟏 

𝑾̇𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓 (Watt) [95] 

Other direct costs 𝐙𝒓𝒆𝒔𝒕 = 𝟐𝟏𝟔𝟑𝟓. 𝟒 × 𝑫𝟎.𝟏𝟕𝟕𝟑 𝑫 (m3/day) 
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plant lifetime and plant maintenance factor (𝜙) of 1.06.  Table 13 illustrates the equations used to 

calculate the annual capital and operating costs using the amortization cost.  

Table 13 Cost parameters for MED desalination plant. 

 

b) Exergy-economic model  

In the estimation and cost analysis of an energy system, it is essential to obtain and compare the 

annualized values of fuel costs, capital or carrying charges, and the operating and maintenance 

(O&M) expenditures. Within the system economic operating life, the component costs may vary 

significantly. Therefore, annualized values for all cost components should be used in the estimation 

and cost analysis optimization for proper economic analysis [83]. In this regard, the hourly capital 

investment (CI) cost for each component based on the actual annual number of operating hours 

(N) is calculated as: 

𝑍̇𝑘𝐶𝐼($/ℎ) = 𝑍𝑘 . 𝐶𝑅𝐹. 𝜙𝑁  
(25) 

The exergo-economic analysis is used to calculate the cost rate of the product streams of the 

system. The cost balance expresses the variable 𝐶̇ that indicates a cost rate associated with an 

exergy stream: a stream of matter, power, or heat transfer. According to the conservative nature of 

Parameter Equation Comments Ref. 
Capital recovery factor, 
1/y 𝑪𝑹𝑭 = 𝒊. (𝟏 + 𝒊)𝒏𝒕(𝟏 + 𝒊)𝒏𝒕 − 𝟏 

i is the interest rate 5%, nt (20 year) [152] 

Annual fixed charges, $/y 𝑨𝑭𝑪 = (𝟏. 𝟑𝟖 × 𝑫𝑪𝑪) × 𝑪𝑹𝑭  [73] 
Annual electric power 
cost, $/y 

𝑨𝑬𝑷𝑪 = 𝑪𝒆 × 𝑺𝑷𝑪 × 𝝓 × 𝑫 × 𝟑𝟔𝟓 Specific electricity cost 𝑪𝒆 = 𝟎. 𝟎𝟖 $𝒌𝑾𝒉 
Annual chemical cost, $/y 𝑨𝑪𝑪 = 𝑺𝑪𝑪 × 𝝓 × 𝑫 × 𝟑𝟔𝟓  Specific chemical cost 𝑺𝑪𝑪 = 𝟎. 𝟎𝟐𝟓 $𝒎𝟑 
Annual labor cost, $/y 𝑨𝑳𝑪 = 𝑺𝑳𝑪 × 𝝓 × 𝑫 × 𝟑𝟔𝟓  Specific labor cost 𝑺𝑳𝑪 = 𝟎. 𝟏 $𝒎𝟑 
Operating and 
maintenance annual cost, 
$ 

𝑶𝑴𝑪 = 𝟎.𝟎𝟐 × 𝑪𝑹𝑭 × 𝑫𝑪𝑪  

Total annual cost, $/y 𝑻𝑨𝑪 = 𝑨𝑭𝑪 + 𝑨𝑬𝑷𝑪 + 𝑨𝑪𝑪 + 𝑨𝑳𝑪+ 𝑶𝑴𝑪 

 

Total water price $/m3 𝑻𝑾𝑷𝒔𝒊𝒎𝒑𝒍𝒆 =  𝑻𝑨𝑪.𝝓𝑫 × 𝟑𝟔𝟓 
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costs [97], the cost rate associated with the system product 𝐶̇𝑃 ($ℎ) is equal to the total rate of 

expenditure used to generate this product in a component, namely the fuel cost resulting from the 

cost associated with the exergy flows 𝐶̇𝐹 ($ℎ) and the cost rates associated with the CI and OM as: 

𝐶̇𝑃 =∑Ċ𝐹 + 𝑍̇𝑘𝐶𝐼+𝑂𝑀 (26) 

The above cost balance equation is applied to the MED-MVC system components to obtain the 

product stream cost. Typically, the number of unknown cost parameters is higher than the number 

of cost balance equations for the component, so additional auxiliary thermodynamic equations are 

used to accommodate this difference. Usually, the auxiliary equations represent the equality of the 

average cost of the inlet and exit for the same stream, and they are formulated based on different 

principles (exergy extraction, multiple outputs, and external assessment) as shown in Table 14. To 

obtain the exergy definition equations for fuel and product for the MED-MVC components, all 𝐶̇ 

in the fuel and product columns in Table 14 are replaced by 𝐸̇ and linear system of equations are 

used to solve the exergy balance equation to obtain the component exergy destruction. For the 

mixing points, the product cost is considered as the summation of cost rate for the inlet points 

while for splitting points the outlet cost rate streams are equally divided. The exergy and cost 

balance equations for the inter-effects pumps in the cases of FF and PF are presented in Table 15.  

To include the labor and chemical cost (non-exergy related costs) in the exergo-economic analysis, 

inlet feed stream to the feed pump is considered as 𝐶̇𝑜($/ℎ) = (𝑆𝐿𝐶 + 𝑆𝐶𝐶)($/𝑚3) × 𝐷(𝑚3/ℎ). 
Also, the summation of the outlet stream flow rate cost must be equal to the sum of the carrying 

charges, fuel cost rate and the operating and maintenance calculated on a per hour basis to satisfy 

the cost rate balance for the total system [98]. Finally, the total water price (TWP𝑒𝑥𝑒𝑟𝑔𝑜−𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐) 
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($/𝑚3) from the exergo-economic analysis is calculated by dividing the cost rate of the product ($/ℎ) from the distillate pump by the total production rate of the plant (𝑚3/ℎ). The linear system 

of algebraic equations presented in  Table 11 to Table 15 are solved by consideration of the cost 

of the electrical energy used for the pump and compressor as 0.08 $/kWh [99]. The results from 

the cost exergy model are sufficient for (a) providing more details from an economic standpoint to 

enable the calculation separately of the product stream cost at any intermediate state in the system; 

(b) understanding the cost formation process and the flow of costs in the system to highlight the 

involvement of each component in the final cost and offer an opportunity to identify the cost 

concentrated components that need attention to achieve a lower product cost [98]. Three important 

parameters for evaluating the exergo-economic analysis of the thermal energy systems are 

calculated using the component exergetic efficiency (ϵ𝑘) and average cost per unit fuel exergy 𝑐𝐹,𝑘. The variables include: the exergy destruction cost rate (𝐶̇𝐷,𝑘), relative cost difference (𝑟𝑘) and 

the exergo-economic factor (𝑓𝑘) which are given by Eqs. (16)–(18) [98]. 

𝐶̇𝐷,𝑘 = 𝑐𝐹,𝑘𝐸̇𝐷,𝑘 (27) 𝑟𝑘 = 1 − ϵ𝑘ϵ𝑘 + 𝑍̇𝑘𝐶𝐼+𝑂𝑀𝑐𝐹,𝑘𝐸̇𝑃,𝑘 
(28) 

𝑓𝑘 = 𝑍̇𝑘𝑍̇𝑘 + 𝐶̇𝐷,𝑘 
(29) 

The 𝑟𝑘 for a component represents the average cost per exergy unit between fuel and product and 

it is useful to evaluate and optimize a system component. The higher value of the total operating 

cost 𝐶̇𝐷,𝑘 + 𝑍̇𝑘 indicates the higher influence of the component on the overall system performance, 

therefore in designing a new system, the first design changes must initially be applied to that 

component. The 𝑓𝑘 is used to identify the relative significance of non-exergy related costs 

(CI&OM) to the sum of CI, O$M and the exergy destruction cost rate. A low value of  𝑓𝑘 for major 
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components suggests that the cost saving for the system could be accomplished by improving the 

components efficiency (reduction of exergy destruction) even if the capital cost investment 

increases [98].  

Table 14 Fuel and product cost rates of the MED-MVC system components. 

 Fuel  Product Capital and 
investment 

Auxiliary equation 

Feed pump 𝐶𝑒 . ẆFP + 𝐶̇𝑜 𝐶̇1 𝑍̇𝐹𝑃 -- 

Brine pump 𝐶𝑒 . ẆBP + 𝐶̇11 𝐶̇12 𝑍̇𝐵𝑃 -- 

Distillate 
pump 

𝐶𝑒 . ẆDP + 𝐶̇8 𝐶̇9 𝑍̇𝐷𝑃 -- 

 MVC unit 𝐶𝑒 . Ẇcompressor+ 𝐶̇13 

𝐶̇14 𝑍̇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 -- 

Brine heater 𝐶̇3 + 𝐶̇10 𝐶̇5 + 𝐶̇11 𝑍̇𝐹/𝐵 𝐶̇10𝐸̇10 = 𝐶̇11𝐸̇11 

distillate heater 𝐶̇2 + 𝐶̇7 𝐶̇4 + 𝐶̇8 𝑍̇𝐹/𝐷 𝐶̇7𝐸̇7 = 𝐶̇8𝐸̇8 

1st 
effect 

BF 𝐶̇19 + 𝐶̇14 𝐶̇15 + 𝐶̇16+ 𝐶̇10 𝑍̇𝐸𝑣,1 𝐶̇14𝐸̇14 = 𝐶̇15𝐸̇15    &   𝐶̇19𝐸̇19 = 𝐶̇10𝐸̇10 
FF 𝐶̇6 + 𝐶̇14 𝐶̇15 + 𝐶̇16+ 𝐶̇18 𝐶̇14𝐸̇14 = 𝐶̇15𝐸̇15    &   𝐶̇6𝐸̇6 = 𝐶̇18𝐸̇18 

PF 𝐶̇6́ + 𝐶̇14 𝐶̇14𝐸̇14 = 𝐶̇15𝐸̇15    &   𝐶̇6́𝐸̇6́ = 𝐶̇18𝐸̇18 PCF 

2nd 
effect 

BF 𝐶̇16 + 𝐶̇23 𝐶̇17 + 𝐶̇18+ 𝐶̇20 𝑍̇𝐸𝑣,2 𝐶̇16𝐸̇16 = 𝐶̇17𝐸̇17   &   𝐶̇23𝐸̇23 = 𝐶̇18𝐸̇18 

FF 𝐶̇16 + 𝐶̇19 𝐶̇17 + 𝐶̇20+ 𝐶̇22 𝐶̇16𝐸̇16 = 𝐶̇17𝐸̇17   &   𝐶̇19𝐸̇19 = 𝐶̇22𝐸̇22 

PF 𝐶̇6́ + 𝐶̇16 𝐶̇17 + 𝐶̇19+ 𝐶̇21 𝐶̇16𝐸̇16 = 𝐶̇17𝐸̇17    &   𝐶̇6́𝐸̇6́ = 𝐶̇21𝐸̇21 PCF 𝐶̇6́ + 𝐶̇16 + 𝐶̇18 
3rd 
effect 

BF 𝐶̇20 + 𝐶̇27 𝐶̇21 + 𝐶̇24+ 𝐶̇22 𝑍̇𝐸𝑣,3 𝐶̇20𝐸̇20 = 𝐶̇21𝐸̇21   &   𝐶̇22𝐸̇22 = 𝐶̇27𝐸̇27 

FF 𝐶̇20 + 𝐶̇23 𝐶̇21 + 𝐶̇24+ 𝐶̇26 𝐶̇20𝐸̇20 = 𝐶̇21𝐸̇21   &   𝐶̇23𝐸̇23 = 𝐶̇26𝐸̇26 

PF 𝐶̇6́ + 𝐶̇19 𝐶̇20 + 𝐶̇22+ 𝐶̇24 𝐶̇19𝐸̇19 = 𝐶̇20𝐸̇20    &   𝐶̇6́𝐸̇6́ = 𝐶̇24𝐸̇24 PCF 𝐶̇6́ + 𝐶̇19 + 𝐶̇21 
4th 
effect 

BF 𝐶̇6 + 𝐶̇24 𝐶̇13 + 𝐶̇25+ 𝐶̇26 𝑍̇𝐸𝑣,4 𝐶̇24𝐸̇24 = 𝐶̇25𝐸̇25   &   𝐶̇6𝐸̇6 = 𝐶̇26𝐸̇26 
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 Fuel  Product Capital and 
investment 

Auxiliary equation 

FF 𝐶̇24 + 𝐶̇27 𝐶̇13 + 𝐶̇10+ 𝐶̇25 𝐶̇24𝐸̇24 = 𝐶̇25𝐸̇25   &   𝐶̇27𝐸̇27 = 𝐶̇10𝐸̇10 

PF 𝐶̇6́ + 𝐶̇22 𝐶̇23 + 𝐶̇13+ 𝐶̇25 𝐶̇22𝐸̇22 = 𝐶̇23𝐸̇23  &   𝐶̇6́𝐸̇6́ = 𝐶̇25𝐸̇25 

PCF 𝐶̇6́ + 𝐶̇22 + 𝐶̇24 𝐶̇23 + 𝐶̇13+ 𝐶̇10 𝐶̇22𝐸̇22 = 𝐶̇23𝐸̇23    &   𝐶̇6́𝐸̇6́ = 𝐶̇10𝐸̇10 

Table 15 Cost and exergy balance equations for inter-effects pumps for BF and FF MED-MVC 

systems  

Configuration Exergy balance Cost rate balance 

Pump1 𝐸̇𝐷,𝑃1 = 𝐸̇18 + ẆP1 − 𝐸̇19 𝐶̇19 = 𝐶̇18 + 𝐶𝑒 . ẆP1 + 𝑍̇𝑃1 

Pump2 𝐸̇𝐷,𝑃2 = 𝐸̇22 + ẆP2 − 𝐸̇23 𝐶̇23 = 𝐶̇22 + 𝐶𝑒 . ẆP2 + 𝑍̇𝑃2 

Pump3 𝐸̇𝐷,𝑃3 = 𝐸̇26 + ẆP3 − 𝐸̇27 𝐶̇27 = 𝐶̇26 + 𝐶𝑒 . ẆP3 + 𝑍̇𝑃3 

c) Aggregation level exergy cost model  

Exergy cost model can be applied considering only the overall system as a group of components 

(MED-MVC plant as a whole unit) [98]. To study the effect of the aggregation level on the cost 

estimation, consider an overall system as shown in Figure 20 for the MED-MVC system. The cost 

rate balance for the MED-MVC system using the aggregation level is as follows: 

𝐶̇9 = 𝐶̇0 + 𝑍̇𝑡𝑜𝑡𝑎𝑙𝐶𝐼+𝑂&𝑀 + 𝐶𝑒 . (Ẇcompressor + Ẇ𝑝𝑢𝑚𝑝𝑠) − 𝐶̇12 (30) 

where 𝑍̇𝑡𝑜𝑡𝑎𝑙𝐶𝐼+𝑂&𝑀
 represents the hourly CI cost and OM for all MED-MVC components. 

The previous equation involves two unknowns: the cost per exergy unit associated with brine and 

distillate streams. Therefore, one auxiliary relation is required before these unknowns can be 

determined. For simplicity the auxiliary equation for this aggregated system is considered as: 
𝐶̇12𝐸̇12 =

𝐶̇9𝐸̇9. The total water price from aggregation method (TWP𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛) ($/𝑚3) is calculated by 

dividing the cost rate of all the outlet streams (distillate and brine) ($/ℎ) by the total production 
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rate (D) of the plant (𝑚3/ℎ). Equation (19) could represent any desalination system that uses 

electricity to produce fresh water. 

 

Figure 20  Aggregation level for exergy costing for MED-MVC system 

 Results and discussion 

4.5.1. Model validation  

As a first step to validate the developed model using the Engineering Equation Solver (EES) 

software, a comparison is made between the calculated and actual parameters of two MVC systems 

available in the literature. As shown in Table 16, the single-effect MVC model provides 

predictions very close to the actual data reported for a MVC plant located in Spain [112]. 

Furthermore, the results from the MED-MVC model compare very well with the actual operational 

parameters of a two-effect MED-MVC plant located in India operating in the PCF configuration 

[141]. The current models are therefore validated because the maximum deviation between the 

model predictions and the actual data is under 7%. 
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Table 16 Validation of the single-effect MVC and MED-MVC with PCF models. 

Parameter  1-effect 
MVC 

Veza 
[112]  

% 
error 

2-effect 
MVC 

Kishore et al. 
[141] 

% error 

Inlet feed salinity, g/kg 38 - 35 - 

Outlet brine salinity, g/kg 65 - 70 - 

Steam temperature Ts, °C 61.1 - 65.0 - 

last brine temperature Tn, 
°C 

- - 60.0 - 

Pressure ratio 1.1  1.26  

Distillate production, 
(D)m3/h 

20.92 20.8 0.6 2.03 2.09 2.9 

Feed flow (F), m3/h 50.37 50 0.75 4.06 4.16 2.4 

Brine flow (B), m3/h 29.45 29 1.6 2.03 2.08 2.4 

Feed temperature Tf, °C 53.7 55 2.4 56.0 NA - 

Compressor work 

(Ẇ𝑐𝑜𝑚𝑝), kW 

228 240 5 29.59 28.41 4.2 

Performance ratio PR 0.89 NA - 1.83 NA - 

heat transfer area, 
m2/kg/s 

469.9 448.9 4.7 371.1 349.8 6.1 

Total SPC, kWh/m3 13.25 14 5.4 14.57 13.64 6.8 

Total water price (TWP), 
$/m3 

2.69 2.8 3.9 2.34 NA - 

4.5.2. Energetic and exergetic analysis  

The current work is focused on modeling of MED-MVC systems operating with four different 

feed configurations using the first and second law of thermodynamics accompanied with exergo-

economic analysis. The developed model is applied to a MED-MVC system with four effects. The 

different feed arrangements are compared to identify the most reliable configuration considering 

energetic and exergo-economic analysis for cost flow rate for each component. The steady-state 

input operating conditions (base case) adopted for all configurations are shown in Table 17. These 

conditions are obtained from an actual MED-MVC plant located in France [113]. From the 1st law 

energy analysis, the PCF and FF configurations require less work to produce the same amount of 

distillate.  The PR also compares favorably to the other configurations as shown in Table 17. The 

calculated SPC values are 30.1, 13.7, 23 and 13.9 kWh/m3 for the BF, FF, PF and PCF 
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configuration, respectively. The required compressor work for the BF configuration is the highest 

which is due to the increase in the ESH term to compensate for the small value of vapor flow rate 

recovered from the last effect. On the other hand, the FF requires the lowest work to achieve the 

same production capacity. Changing the feed arrangement from BF to FF and PF to PCF at a 

constant compression ratio, the SPC is reduced by 54% and 39%, respectively. The FF 

configuration has the highest electric power needed to operate the feed, brine, distillate pumps as 

well as the inter-effects pumps. The performances of the MED-MVC operating in the PCF and FF 

configurations are comparable and are higher than those in the BF and PF configurations. This is 

primarily due to the decrease in compressor work consumption and the more efficient reuse of the 

hot brine. In the FF and PCF configurations, the hot brine passes in the forward direction where 

the pressure decreases from one effect to the next which allows brine flashing to occur. 

Table 17 Steady-state specifications of MED-MVC different process configurations. 

Configuration BF FF PF PCF 

Number of effects (N) 4 

Inlet feed content, g/kg 36 

Outlet brine content, g/kg 65 

Inlet steam temperature Ts, °C 62.5 

last brine temperature Tn, °C 50.3 

Feed temperature Tf, °C 49 

Pressure ratio 1.852 

Distillate production, (D)m3/h 63.36 

Feed flow (F), m3/h 141.98 

Brine flow (B), m3/h 78.66 

Heat source flow rate (S), kg/s 4.12 4.6 4.27 4.35 

Performance ratio PR 2.89 3.19 3.02 3.33 

Specific heat transfer area (SA), m2/kg/s 288.9         260.2 211 227.2 

Compressor actual work (Wa), kW 1873 845.1 1430 862 

Pumps work, kW 10.4 13.1 7.5 7.5 

The first step in any improvement or enhancement project is diagnostics, and the most powerful 

diagnostics tool in thermodynamics is second law analysis. Exergy analysis overcomes many of 
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the shortcomings of energy analysis and identifies the causes, locations and actual magnitudes of 

waste due to thermodynamic inefficiency. Starting with the minimum work of separation 𝑊̇𝑚𝑖𝑛 

for the separation of 39.4 kg/s of seawater into 17.6 kg/s of fresh water and 21.8 kg/s of brine with 

a salinity of 65 ppt at the same temperature and pressure. The value of  𝑊̇𝑚𝑖𝑛was determined 

independently using the relation developed by Cerci [153] as 28.2 kW for recovery ratio of ~40%. 

For the BF, FF, PF and PCF configurations, the value of 𝑊̇𝑚𝑖𝑛 obtained from equation (13) is 44.8, 

22.4, 34.6 and 23.7 kW, respectively. The exergy analysis was carried out to estimate the 

component irreversibilities to obtain the rates of exergy destruction and the percentage of each 

component so that the locations with the highest exergy destruction can easily be identified for the 

MED-MVC system with different feed configurations as shown in Figure 21.  

Generally, there are two causes of exergy destruction in the MED-MVC systems. The first is heat 

transfer across the temperature difference between hot and cold streams in each evaporator effect 

and the preheaters, resulting in process irreversibility. In addition, exergy destructions in the 

pumps and compressor are due to irreversibilities in the compression process. The second is the 

exergy discharge, through brine and distillate, into the environment. The MVC unit and 

evaporators are significant sources of exergy destruction in the MED-MVC systems which range 

between 86 and 90% for all configurations. These high levels can be attributed to the 

thermodynamic inefficiency of the MVC unit and the heat transfer in the effects that are associated 

with phase change process. MVC has the highest exergy destruction percentages for the BF and 

PF configurations while the percentages are lower at the evaporators. The reverse is true for the 

FF and PCF configurations. For all configurations, the first effect has the highest exergy 

destruction among the four effects. The high exergy destructions in the evaporators indicate that 



84 
 

the evaporation process itself is highly inefficient. Therefore, modifications and improvements to 

the process should be considered. The exergy destruction can be reduced by increasing the number 

of effects, though the number is limited by the compression ratio of MVC units currently available. 

Also, if the temperature difference within each effect is lowered to reduce exergy destruction, 

economic consideration due to increasing the heat transfer surface needed to achieve evaporation 

and condensation processes should be accounted. Other components such as brine and distillate 

feed heaters have the second lowest share in the exergy destruction of the systems that range 

between 7.6 and 10.9% for all configurations. The exergy destruction for both feed heaters changes 

slightly with feed configuration due to the constant flow rates and the small differences in the hot 

and cold side flow stream temperatures. Moreover, Figure 21 shows that the exergy destruction in 

the pumps accounts for a negligible share of the total exergy destruction for the PCF and PF 

configurations. However, due to inter-effects pumps in BF and FF configurations, exergy 

destruction percentage due to pumps increases to 1.63 and 3.76%, respectively, compared to the 

PF and PCF configurations without inter-effects pumps.  

By calculating the second law efficiency for all configurations, the results show that the PCF 

configuration has the highest value followed by the FF configuration, while the BF configuration 

exhibits the lowest value among all configurations. This indicates how crossing the hot brine 

between effects to acquire its energy through flashing is beneficial in both increasing the 

evaporation amount in each effect and in improving the total system performance. Furthermore, it 

should be noted that the calculated exergetic efficiency is quite low as 2.38, 2.73, 2.4 and 2.92% 

for the BF, FF, PF and PCF configurations, respectively. These values are close to the exergetic 

efficiency presented in Refs. [38, 154, 155] for similar plants. The performance and economics of 
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the MED–MVC system are compared to those of conventional MED and MED-TVC systems with 

a similar capacity. The considered MED and MED-TVC systems operated in the PCF 

configuration with a bottom condenser and were investigated using a model developed by El-

Dessouky and Ettouney [73] under the similar constraints for the same freshwater production (17.6 

kg/s) and rejected brine salinity (65 ppt). The simulation shows that the required mass flow rate of 

the steam supplied to the 1st effect is 5.13 and 2.7 kg/s for MED and MED-TVC, respectively 

compared to 4.4 kg/s in case of MED-MVC. To account for the difference in input energy of MED 

(steam) and MED-MVC (electrical), the input exergy definition for MED-MVC is modified by 

assuming the thermal efficiency for the power plant supplying the electrical energy to the MVC 

unit is equal to 40%. The calculated values of gained output ratio (GOR=fresh water per steam 

required) and TWP for fresh water generation of 1500 m3/d are 3.99[-] and 1.6 $/m3 for MED–

MVC, 3.43[-] and 3.1 $/m3 for conventional MED and 6.4[-] and 2.6 $/m3 for MED-TVC as 

reported in [90, 156]. The MED-MVC saves approximately 50% in the cost of freshwater 

production compared to the conventional MED system. Furthermore, no condenser is required for 

heat rejection as in the conventional MED or MED-TVC systems. However, from the exergy point 

of view, the exergy efficiency of MED–MVC (2.9%) is much lower than the conventional MED 

(11.9%) or MED-TVC (4.6%). The low exergy efficiency is due to the fact that the MED-MVC 

systems are inefficient as they convert electrical energy into thermal energy.  
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Figure 21 Percentage of exergy destruction for main component of various feed MED-MVC 

systems. 

4.5.3. Economic and exergo-economic analysis  

The component costs on the hourly basis for different feed configurations are presented in Table 

18. The most expensive components are the evaporators and compressor, and the cheapest 

equipment is the pumps. For the BF and PF arrangements, the price of the MVC unit is high due 

to the high actual work required to achieve the given fresh water production. The fixed cost for the 

BF is the highest compared to other configurations. Also, Table 18 illustrates that by changing the 

feed arrangement from BF to FF and PF to PCF at a constant compression ratio, the total fixed 

cost for the MED-MVC plant is reduced by ~ 30% and 17%, respectively. 
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Table 18  Fixed cost rate per hour for different feed MED-MVC system components. 

Component BF FF PF PCF 

Feed pump 0.17 

Brine pump 0.13 

Distillate pump 0.11 

 MVC unit 20.9 9.7 15.9 10.0 

Brine heater 0.5 0.75 0.6 0.75 

Distillate heater 0.54 1.0 0.67 1.0 

1st effect 7.63 4.13 3.7 3.6 

2nd effect 4.8 4.31 3.1 3.0 

3rd effect 3.8 4.48 3.5 3.5 

4th effect 3.5 4.67 3.8 3.8 

Inter-effects pumps 0.25 0.27 -- -- 

Total ($/h) 42.4 29.7 31.7 26.2 

A simple conventional economic model treating the MED-MVC plant as a whole unit is used to 

calculate the annualized cost of the plant and to estimate the total water price for a MED-MVC 

system. The model shows that changing the plant layout by moving from BF to FF or from PF to 

PCF will reduce the TWP estimated from the economic model by 45% or 31%, respectively as 

shown in Table 19. However, to indicate the share of each flow stream and each component in the 

total cost of the product, the economic analysis based on exergy is applied to all MED-MVC 

configurations. When conducting a thermoeconomic analysis for the current MED-MVC system, 

a cost balance equation is used to correlate the exergy instead of the energy of the flow stream 

with the pricing value of a component. This cost balance, combined with appropriate auxiliary 

thermo-economic relations, result in a system of linear algebraic equations, which can be solved 

for the unknown values of cost rates or of cost per exergy unit. As mentioned before, non-exergy 

related costs including chemical cost and labor cost are added to the exergo-economic model as 

input stream in the feed seawater. Further, it should be mentioned that there is no additional 

information to appropriately apportion the value of other cost and indirect cost between the product 

streams (distillate and brine) in the cost exergy equations. The other cost (80k $) and indirect cost 
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(0.15DCC) are calculated on a per hour basis, and a value of 3.59 $/h is obtained. For simplicity, 

these costs are divided equally between the distillate and brine streams to adjust the final distillate 

stream price. Solving the exergy-cost balance equations, the cost rates for the various stream at 

different locations in the MED-MVC plant are obtained.  

The effects of variation of the economic parameters such as cost index factor (Cindex), interest rate 

(i), and electricity cost (𝐶𝑒) on the TWP for different feed configurations of a MED-MVC system 

are presented in Figure 22. The cost index and interest rate affect the fixed cost and the capital 

investment of the plant while electricity cost affects the plant operating cost. Increasing the cost 

index from 1 to 2 has a smaller effect than a change in interest rate. Increasing the interest rate 

from 2 to 15% translates to a total water price increase in the range of 22 to 28%. The fuel cost to 

operate a MED-MVC plant (electricity cost) depends on the plant location associated with different 

electricity production prices. The main energy consumption of a MED-MVC desalination system 

is represented by the electricity requirement which is required to operate the MVC unit and the 

installed pumps. Increasing the electricity cost has a significant effect on the TWP compared to 

other economic parameters. For low values of 𝐶𝑒, the PF and FF configurations have a TWP of ~1 

$/m3 and PCF has a TWP of 0.77 $/m3. On the other hand, for high values of 𝐶𝑒, the FF and PCF 

configurations have nearly the same TWP. This could be explained as follows, for low price of 

electricity, the cost of evaporator installation (heat transfer area) dominates the water production 

price; while for high price of electricity, the cost of the MVC unit dominates the TWP for the same 

plant capacity. If the MED-MVC with the PCF configuration is integrated to a power generation 

cycle in two regions with a different price of 𝐶𝑒 = 0.03 and 0.09 $/kWh, the TWP will be 0.92 and 

1.85 $/m3, respectively. A 200% increase in 𝐶𝑒 increases the TWP by approximately 100%. These 
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results reveal that the most important parameter that cannot be neglected while comparing different 

installation areas for MVC systems is the electricity cost. 

Using average values of the economic parameters (Cindex =1.2, i=5% and 𝐶𝑒=0.08 $/kWh), the cost 

rate pricing for the FF, PF and PCF configurations for all flow streams through the MED-MVC 

system are shown in Figure 23. Also, Table 19 shows the final estimated total water price using 

the three methods (simple conventional economic model, exergy-based component cost model and 

exergy aggregation model).  These estimates are consistent with the results for thermal desalination 

units found in the literature [38, 95, 157, 158]. Besides showing the cost flow rate at each stream 

point, Figure 22 shows the flow exergy, temperature and stream flow rate as well. To some extent, 

the three economic models yield similar estimates for the TWP. However, it is preferable to apply 

exergy costing on the component level rather than only components grouping. Also, the 

aggregation formulation does not consider the essential information related to how the actual 

processes occur and the actual cost formation process in the system. Furthermore, the differences 

between exergy-based component cost and simple cost model are directly attributed to the 

assumptions used such as auxiliary equations and the uncertainty associated with the cost due to 

round-off [98].  

Table 19 Total water price for different MED-MVC process configurations and different cost 

models. 

 

 

Configuration BF FF PF PCF 

TWP using simple method, $/m3 3.19 1.73 2.46 1.7 TWP𝑒𝑥𝑒𝑟𝑔𝑜−𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐, $/m3 3.08 1.81 2.53 1.77 TWPaggregation, $/m3 2.85 1.53 2.15 1.62 
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Figure 22 Effect of economic parameters on TWP for different feed configurations of MED-
MVC system. 
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Figure 23 Cost flow diagram for MED-MVC system with (a) FF, (b) PF and (c) PCF configurations. 
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(b) Parallel feed 

Fig.  23 continued 
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(c) Parallel/cross feed 

Fig.  23 continued 
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The exergo-economic parameters of the MED-MVC system operating in PCF and FF 

configurations are calculated for the base case as shown in Table 20. The calculated parameters 

for each component include the component second law efficiency 𝜖𝑘, exergy destruction 𝐸̇𝐷,𝑘, cost 

per unit fuel exergy 𝑐𝐹,𝑘, cost per unit product exergy 𝑐𝑃,𝑘, exergy destruction cost rate 𝐶̇𝐷,𝑘, 

investment and O&M cost rate 𝑍̇𝑘, relative cost difference factor 𝑟𝑘, and exergo-economic 

factor 𝑓𝑘. For the PCF configuration, the last effect has highest values of the sum  𝑍̇𝑘 + 𝐶̇𝐷,𝑘 among 

the evaporators while for the FF configuration it is the first effect. For both configurations, MVC 

unit has the highest values of 𝑍̇𝑘 + 𝐶̇𝐷,𝑘 which is considered the most important component from 

the thermo-economic point of view in the MED-MVC systems. The lower values of the variable 𝑓𝑘 for the MVC unit, brine preheater and distillate preheater show that the cost associated with 

these components is dominated by the exergy destruction. The remaining part is caused by 𝑍̇𝑘value 

of the component as indicated for both feed configurations. So, it can be concluded that, reducing 

the exergy destruction in these components could be cost effective for the complete system even 

if this would increase the investment costs associated with these components. For the evaporator 

units, the high values of 𝑍̇𝑘 + 𝐶̇𝐷,𝑘 and the relatively small values of factor 𝑓𝑘 suggest that the 

exergy destruction cost dominates the investment and O&M cost. According to the cost model 

assumption, the capital investment costs for the evaporators depend on the evaporator areas and 

the overall heat transfer coefficients. Therefore, modifications and improvements to the heat 

transfer process should be considered. For the FF configuration, the inter-effect pumps have 

highexergetic efficiency but also it has the lowest 𝑓𝑘, which indicate that the exergy destruction 

costs are controlling even with a relatively high exergetic efficiency of the component. One 

important conclusion which can be drawn from the results presented in Table 20 is that thermo-

economic analysis aims at identifying the possible reduction of sub-components total costs. This 
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reduction can be either for the components inefficiency cost or the cost of components operating, 

whichever is controlling. Therefore, for components such as pumps, improvement is achieved by 

reducing the owning and operating cost of the sub-system under consideration at a cost of reduction 

in the thermodynamic efficiencies. For components such as MVC, brine/distillate preheaters where 

component inefficiency is the dominant cost, improvement to reduce inefficiency costs can be 

obtained by improving the thermodynamic efficiency or the operating condition. Finally, it is noted 

that the values obtained for 𝑓𝑘 and 𝑟𝑘 parameters are close the values reported in [155]. 

Table 20 Exergo-economic variables for MED-MVC systems with FF and PCF feed 

configurations.  

 Component 𝐸̇𝐷,𝑘(𝑘𝑊) ϵ𝑘(%) c𝐹,𝑘($ MJ−1) c𝑃,𝑘($ MJ−1) 𝐶̇𝐷,𝑘+ 𝑍̇𝑘($/ℎ) 𝑟𝑘(%) 𝑓𝑘(%) 
 
 
 
 
 
 
FF 

MVC unit 301.9 65.3 0.42 0.5 460.9 21.5 2.1 

Distillate 
heater 29.3 77.2 1.03 1.05 114.7 30.5 0.89 

Brine heater 31.2 62.2 1.2 1.9 145.0 45.9 0.52 

1st effect 179 87.1 0.50 0.55 328.2 13.0 1.26 

2nd effect 86.1 91.7 0.55 0.57 157.7 6.2 2.74 

3rd effect 90.6 91 0.57 0.67 176.6 7.5 2.54 

4th effect 130 86.2 0.67 0.81 304.5 12.7 1.53 

Feed pump 0.87 76.7 0.64 1.2 1.6 21.6 11.0 

Distillate 
pump 0.44 74.6 0.28 0.54 1.7 58.6 6.42 

Brine pump 0.51 75.1 0.74 1.4 4.8 8.8 2.6 

P1 0.75 69.2 0.68 1.37 23.9 3.5 0.41 

P2 0.65 69.6 0.7 1.41 19.7 3.8 0.46 

P3 0.59 67.8 0.72 1.45 15.8 4.12 0.53 

 
 
 
 
 
PCF 

MVC unit 345 61.7 0.46 0.55 580.3 25.6 1.73 

Distillate 
heater 28.9 77.2 1.06 1.1 117.2 30.2 0.86 

Brine heater 30.0 63.4 1.17 1.78 134.0 43.5 0.56 

1st effect 153.1 88.5 0.55 0.61 306.7 12.3 1.18 

2nd effect 94.25 91.7 0.61 0.6 211.7 8.2 1.5 

3rd effect 90.64 91.0 0.67 0.75 222.7 8.6 1.5 

4th effect 126.8 86.0 0.75 0.89 345.5 13.6 1.1 

Feed pump 0.87 76.7 0.64 1.2 1.8 24.8 9.9 

Distillate 
pump 0.6 65.1 0.33 0.53 1.3 30.2 8.4 

Brine pump 0.68 66.4 0.7 1.3 3.4 6.2 3.7 
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4.5.4. Sensitivity analysis  

The primary goal in the analysis of the MED-MVC desalination system is to reduce the operation 

and capital costs. The operation cost can be reduced by increasing the performance ratio or 

decreasing the SPC. The primary contributor to the SPC in a MED-MVC system is the power 

consumed by the MVC unit which depends on the compressor efficiency, compression ratio and 

inlet vapor specific volume. Therefore, efforts are made to reduce the cost associated with the 

MVC. This can be done by reducing the vapor flow rate through the MVC unit by installing more 

effects N while keeping a constant overall temperature difference. On the other hand, capital cost 

can be reduced by reducing the required specific heat transfer area for evaporators and pre-heaters 

units. For MED-MVC, to decrease the SA, the TBT must be increased. The increase in TBT will 

increase specific chemical pre-treatment costs and may add cost over the tube material and 

maintenance. Increasing N has its limits as this increases the required SA for evaporation due to 

the decrease in the temperature difference between effects. Consequently, the capital costs savings 

would be overcome by the operating cost increase. It is essential to determine the optimal balance 

design parameters of N and TBT that achieve the optimum economic operation. The decrease in 

the SPC with increasing the number of effects N has its limit as shown in Figure 24 for both FF 

and PCF configurations. 

A single-effect MVC has the maximum SPC due to the amount of vapor flow (displacement 

volume) through the MVC unit, leading to a high TWP of 2.4 $/m3. Adding another effect for the 

same overall temperature difference increases the second law efficiency for both feed 

configurations by around 61% and reduces the SPC by 39%. Although this increases the specific 

heat transfer area by 67%, the TWP reduces to ~ 1.6 $/m3 which is due to the decrease in the 

operating cost of the MVC unit. Further increase in the number of effects between 2 to 6 brings 
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little increase in the ηII , especially for the PCF configuration. In addition, there is no significant 

change in the SPC for both feed configurations. On the other hand, the value of TWP price keeps 

increasing with the increase in N which is due to the continuous increase in the required heat 

transfer area (capital cost). Increasing N beyond 6 leads to an increase in the SPC and ηII for both 

the FF and PCF configurations at a given production capacity. This is attributed to the large 

decrease in the volumetric vapor flow rate through the MVC unit which may not be sufficient to 

generate the required amount of vapor in the first effect. This low amount of vapor routed in the 

MVC unit from the last effect has to be compensated partially by adding extra energy 𝐸𝑆𝐻 by 

superheating the vapor through the MVC unit. Increasing the number of effects from 2 to 10 causes 

an increase in the TWP by 16% and 63% for the PCF and FF configurations, respectively. The use 

of more than 2 effects in the MED-MVC system does not improve the SPC compared to 

conventional MED. The main reason for not using multiple effects beyond 6 in MVC systems is 

the practical limitation of the displacement volume of the commercially available compressors 

[159]. In the literature, there is no report for the actual installation of MED-MVC systems with 

more than 6 effects [113].  
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Figure 24 Effect of number of effects on SPC, ηII  and, TWP(Dash line FF, Solid line PCF). 

Another critical factor addressed in the current study is the effect of the compressor pressure head 

on the plant operating performance and economic parameters. Figure 25 shows the effect of 

variation of the compressed vapor temperature (55 to 110oC) on the SPC, ηII and TWP for a 4-

effect MED-MVC system operating in a PCF configuration. At the low-temperature difference 

between the compressed vapor and the last effect vapor, the compression ratio decreases which 

decreases the SPC power consumed through the compression process and the highest ηII is 

obtained. Although the required specific heat transfer area is large, the TWP shows the lowest 

value (1.6 $/m3) for steam temperature around 60oC. On the other hand, at the high-temperature 

difference, the specific heat transfer area decreases but the TWP continues to increase 

significantly. This is attributed to the increase in the operating cost of the MVC unit with the 

increase of the SPC. Lowering the steam temperature from 110 to 55oC results in 100% increase 

in the ηII , and 20 and 40% decrease in the SPC and TWP, respectively. Finally, it should be 

mentioned that the values of SPC and TWP at the operating temperatures simulated are consistent 

with the data available in the literature [38, 95, 133, 155, 157]. 
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Figure 25 Effect of steam temperature on SPC, ηII  and TWP for PCF feed configuration. 

 Conclusions 

In the current study a new formulation for the steady-state thermodynamic model of MED-MVC 

desalination systems operating in different feed configurations has been presented. The effects of 

using different feed configurations for a MED-MVC desalination system on the total water price 

and plant performance are investigated. The calculated performance ratio (PR) is 2.89, 3.19, 3.0 

and 3.33 for BF, FF, PF and PCF, respectively. Of the four configurations, the FF configuration 

yields the lowest specific power consumption (13.7 kWh/m3), followed by the PCF configuration. 

The study reveals that the exergy destructions in the MVC unit (~35 to 50%) and evaporator units 

(~34 to 50%) represent the highest share of the total exergy destruction in the system. Other 

components, such as the brine and distillate feed heaters, have much lower shares in the exergy 

destruction which range between 7.6 to 10.9 % for all configurations. The second law efficiency 

is the highest for the PCF configuration (2.9%), while the BF has the lowest value (2.38%). The 

fixed cost for the BF configuration is the highest compared to the other configurations.  
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Results from the present economic models show that the most expensive (highest investment cost) 

components are the evaporator units. For the PF and FF configurations, the low values of the 

variable 𝑓𝑘 for the MVC unit, evaporator units and the two preheaters show that the costs 

associated with these components are dominated by exergy destruction with the remaining costs 

determined by the 𝑍̇𝑘value. Reducing the exergy destruction in these units could be cost effective 

for the entire system even if this would increase the associated capital investment costs. Sensitivity 

analysis show that the MED-MVC system is superior to the single-effect MVC system, but there 

is a limit on the number of effects N that can be implemented. Increasing the number of effects 

from 2 to 6 results in no significant increase in the SPC or ηII for both the PF and FF configurations. 

On the contrary, the value of TWP increases by 15 and 63% as the number of effects increases 

from 2 to 10 for the FF and PCF configurations, respectively. Also, lowering the steam temperature 

supplied by the MVC unit from 110 to 55oC results in 100% increase in the ηII , and 20 and 40 % 

decrease in the SPC and TWP, respectively. By using average values for the economic parameters, 

different cost models are used to estimate the average total water price for the BF, FF, PF and PCF 

configurations as 3.0, 1.69, 2.4 and 1.7 $/m3, respectively. Changes in the cost index and interest 

rate have a minimal effect on the total water price. On the other hand, changing the electricity cost 

has a significant effect on the TWP. The TWP for the PCF configuration could reach 0.92 $/m3 if 

the electricity cost is 0.03 $/kWh. 
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CHAPTER 5 TRANSIENT PERFORMANCE OF MED PROCESSES 
WITH DIFFERENT FEED CONFIGURATIONS** 

5.1 Abstract 

Four different configurations of Multi-Effect-Desalination (MED): backward feed (BF), forward 

feed (FF), parallel feed (PF) and parallel/cross feed (PCF) are modeled in steady and dynamic 

operation to examine the behavior of these configurations under transient operation. Adding 

thermal vapor compressor (TVC) unit with the last effect of parallel/cross configuration is also 

studied and compared to the other configurations to show the advantage of this type of integration. 

The transient operation is achieved by applying ramp changes (disturbances) in the main input 

parameters that include steam flow rate at the heat source and cooling seawater temperature and 

flow rate at the heat sink. Steady state results indicate that parallel/cross feed has a relatively better 

performance characteristic than the other feed configurations regarding Gain Output Ratio (GOR) 

and specific heat consumption (SHC). Adding TVC unit to the parallel/cross feed achieves the 

lowest water production cost. Dynamic results show that MED-TVC with parallel/cross feed has 

the fastest response while backward feed and forward feed have the slower response to the applied 

disturbances. In the case of heat source disturbance, MED plants operating in the backward feed 

arrangement may be exposed to shut down due to the significant increase in brine level for the first 

effect. The MED-TVC process is susceptible to the heat sink disturbances compared to the PCF 

and other configurations. Also, changes in input parameters lead to the highest reduction in GOR 

for the MED-TVC process compared to the different configurations, especially for cooling 

                                                 
** Mohamed L. Elsayed, Osama Mesalhy, Ramy H. Mohammed, Louis C. Chow, “Transient Performance of MED 

Processes with Different Feed Configurations.” Desalination, volume 438, July 2018, Pages 37-53. 

 

https://www.sciencedirect.com/science/article/pii/S0011916417327200#!
https://www.sciencedirect.com/science/journal/01407007/86/supp/C
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seawater temperature. The highest reduction in brine level occurs in MED-TVC for a disturbance 

in the cooling seawater flow rate and may lead to MED-TVC evaporator drying condition. Hence, 

MED-TVC will require a reliable control system to avoid this type of plant operational disturbance. 

5.2 Introduction 

Much research has been done to compare the merits of various desalination processes integrated 

with renewable energy systems [160, 161], including multi-effect-desalination (MED), multistage 

flash (MSF) and reverse osmosis  (RO) [162-165]. Moreover, The hybridization of MSF/MED with 

RO can improve system performance, but the overall recovery is controlled by operational 

temperatures of MED/MSF [66]. Significant advantages have been demonstrated in several 

scenarios for RO over MED and MSF; however, there has been rapidly increasing interest to use 

MED in countries near the Persian Gulf, and the Arabian Sea. In these countries, ambient conditions 

are challenging with seasonal high air and seawater temperatures and saline concentrations, but the 

resource of solar energy is abundant [166]. Also, the MED process requires less comprehensive 

seawater pretreatment compared to RO [73].  

The integration of thermal desalination systems such as MED and a solar field as the heat source is 

one of the most promising options to connect a seawater desalination system with a solar power 

plant [63, 167]. Due to the intermittent nature of solar-powered systems, the MED systems may be 

exposed to fluctuations (disturbances) in input parameters during operation. These disturbances 

could be changes due to the environment such as cooling seawater swings with the weather or the 

time of day, and heat source swings. Another type of disturbances is called “turndown” which 

represents the changes in gross plant throughput and this is done intentionally to handle for example 

power demand swings [168]. Therefore, it is essential to analyze the transient behavior of MED 
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output based on the changes of the input with time to get a better understanding of the desalination 

process performance and behavior. Dynamic simulation predicts the system behavior from the start 

up to shut down and can be used to establish advanced control strategies, test operating scenarios, 

address potential problems related to unexpected transient events, and produce a comparatively 

stable output during the production period. Also, it helps engineers to understand better and develop 

optimal control strategies, prevent significant damages caused by malfunction, and troubleshoot 

disorders [169].  

The MED is formed from a series of evaporators (or called effects), where the vapor generated in 

one effect is used in the next effect till it reaches the bottom condenser. This allows the MED to 

operate in different configurations that differ in the vapor flow (heating vapor) and feed directions. 

The published data reveal slight attention to comprehend the detailed dynamic modeling and in-

depth analyses of various feed configurations of the MED processes. For example, El-Dessouky et 

al. [170] conducted a steady state performance analysis on two operating modes of MED, which 

includes the parallel (PF) and the parallel/cross (PCF) flow systems. The study concluded that better 

performance is obtained for the parallel/cross flow system. However, the PF system has similar 

characteristics and more straightforward design and operation procedures. Sharaf et al. [84] 

reported that parallel feed configuration is chosen over the forward and backward ones for solar 

collectors driven MED systems. Also, it was proven that the configuration of parallel/cross feed 

with equal feed flow rate is most efficient as compared to backward and forward feed configurations 

regarding distillate production and specific heat consumption by Al-Mutaz and Wazeer [171]. 

Sharan, P. and S. Bandyopadhyay [172] presented a comparison between four different 

configurations regarding scaling problem and pumping power requirement and operating 

temperature. They concluded that parallel feed has the lowest gain output ratio (GOR) which 



104 
 

represents the distillate product per amount of heat source supplied. Also, the backward has highest 

pumping requirement and scaling problem while the forward feed is the least in comparison with 

other two configurations. Mistry et al. [173] developed a MED modular model for studying various 

feed configurations with minimum code duplication. However, the model did not investigate the 

thermal performance or conduct a comparison between different feed configurations. In case of 

Multi-effect stack-type (MES). The forward feed configuration is preferred due to its simplicity and 

operation efficient with no pumping requirement to deliver feed to the next effect. Forward feed 

configuration is experimentally tested for medium scale freshwater production of 72 and 60 m3/day 

in Spain [174] and China [175], respectively.  

Transient modeling for different feed multi-effect evaporator (MEE) was investigated by a few 

researchers. For example, Miranda and Simpson [176] described a stationary and dynamic lumped 

model of backward feed MEE for tomato concentration. Tonelli et al. [177] presented an open-

loop dynamic response model of triple effect evaporators for apple juice concentrators with 

backward feed configuration. Kumar et al. [178] modeled transient characteristics of mixed feed  

MEE system for paper industry based on the work in [179]. Their results show that the effects 

temperature has a faster response compared to the solid concentration. The dynamic behavior of 

four effects parallel/cross MED systems was done by Aly and Marwan [179] which allowed the 

study of system start-up, shutdown and load changes using lumped model of mass, energy and salt 

balance equations. El-Nashar and Qamhiyeh [180] developed a simulation lumped model for 

predicting the dynamic behavior of MES evaporators with forwarding feed configuration. The 

model yielded a reasonable agreement with data taken during plant start-up of the under-operation 

plant at Abu Dhabi. A dynamic representation of 14-effect with forward configuration was 

experimentally validated for MES desalination system in [181, 182]. Mazini et al. [183] extended 
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the procedure of [179] for parallel/cross configuration integrated with thermal vapor compressor 

(TVC). Their model was validated by actual data of an operating plant. Medhat Bojnourd et al. 

[184] presented lumped and distributed models for four-MEEs with forward feed to concentrate 

whole milk. Cipollina et al. [185] developed a dynamic model for a 12-effect parallel/cross MED-

TVC based on available data from the Trapani plant in Italy using the equation-based process 

simulator gPROMS®.  

There is a lack of comprehensive and in-depth analysis of the transient performance of the different 

configurations of MED systems. It is important 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. In this study, four different feed 

arrangements for MED systems are considered and compared to pinpoint the most reliable 

configuration in terms of steady-state operation and dynamic response. To accomplish this, the 

steady-state mass, energy, and salt balance equations are solved to determine the steady-state 

operation of the different feed arrangements. Then, a general set of three nonlinear ordinary 

differential equations (ODEs) that govern the variations of brine level, brine salinity and vapor 

temperature with time is developed. Also, a detailed model for the condenser which can predict 

the dynamic variations of the condenser pressure, condenser liquid level and the feed temperature 

with time is developed. The current model is developed in a general way so that it can be used to 

predict the dynamic behavior under disturbances in the three main input parameters for all feed 

configurations.  
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5.3 MED process configurations 

A Multi-Effect-Evaporation (MEE) system is formed by a sequence of standing separate effect 

evaporators, and the vapor generated in one effect is used in the following effect till it reaches the 

bottom condenser. Vapor reuse in the MEE prevents the rejection of a large amount of thermal 

energy to the surrounding, which is the main drawback of the single effect system.  Freshwater is 

obtained in a MEE system due to the evaporation of water at the horizontal heat transfer tube 

bundle in each effect or due to brine/feed flashing. Different MEE configurations differ in the 

directions of the vapor flow or supplied feed/concentrate to the evaporators. These configurations 

include parallel feed (PF), parallel/cross feed (PCF), backward feed (BF) and forward feed (FF).  

Selection among these configurations depends on the application and relies on variation in the 

solid composition as a function of the top brine temperature (TBT) and the maximum allowable 

composition in the rejected brine. At higher temperatures or higher concentrations, scale formation 

takes place inside and outside the tube surfaces, which in turn causes evaporator performance 

degradation with time. For example, an FF (co-current) system can operate at high TBT. However, 

it is not found on a commercial scale for the desalination industry [73] because it has more complex 

layout than the simple parallel feed configuration. Yet, it is widely used in the sugar, dairy 

industries and recently is preferred in MES medium scale desalination systems. In the BF (counter-

current) type, more pumping power is needed (to pump the feed from each effect to the preceding 

one which is at higher pressure), and there is more possibility for air leakage through the points of 

pump connections. However, in juice concentration applications where the viscosity of fruit juice 

increases rapidly with its concentration [186], there is a need to avoid highly viscous fluids at low 

temperatures. So, the BF configuration is more preferred than the other arrangements [187] and is 

widely used in the food, pulp, and paper industries as well. Schematic diagrams of different MED 
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configurations are shown in Figure 26. In each configuration except for the MED-TVC 

configuration, an external heat source such as solar heat can use a boiler to provide saturated steam 

that enters the tubes of the first effect as a heating medium to heat and evaporate the feed seawater 

[84].  

 

Figure 26 Schematic diagram MED systems with different feed configurations. 
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In the BF configuration, the feed passing through the condenser is directed to the last effect where 

it is sprayed on the outside walls of the horizontal tube bundle, forming a thin liquid film. A portion 

of this liquid film is evaporated by absorbing heat from the vapor coming from the previous effect 

and condensing inside the tube bundle. The brine from the last effect is passed to the previous 

effect. The feed and vapor flow in BF has reverse flow (counter-current) directions, so the brine is 

cascaded sequentially through effects in backward direction till it reaches as a feed for the first 

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

with the highest TBT. Again, a part of the feed is evaporated in the first effect while the remaining 

unevaporated brine with high TBT is directed as a feed to the next effect. This process is cascaded 

in a forward direction (co-current) towards the last effect. 

In the PF and PCF configurations, the feed leaving the condenser is divided among all effects, and 

both the vapor and the brine streams flow in the same direction. For PCF arrangement, the 

unevaporated brine crosses between effects. At industrial scale desalination, the PF configuration 

is commonly used due to its simplicity compared to other previously mentioned configurations. 

Adding thermal vapor compressor (TVC) to the last effect in the PCF configuration forms a typical 

MED-TVC as shown in Figure 26. High-pressure motive steam is extracted from a boiler or a 

power plant steam turbine enters through the TVC. The motive steam entrains a portion of the 

vapor generated in the last effect of the MED system. The remaining vapor is used to preheat the 

cooling seawater in the condenser. The ratio of the motive steam to the entrained vapor flow rate 

is called the entrainment ratio (𝑅𝑎). Adding TVC unit to MED systems improves the GOR and 

decreases the cost of input energy by recompressing the entrained vapor with the motive steam to 

form hot compressed steam that is recycled to the first effect as a heating medium[188]. The choice 

between these feed configurations changes the design and performance of the MED desalination 



109 
 

system, e.g. the required effects heat transfer area, the amount of vapor formed in each effect by 

boiling or feed/brine flashing, the required pumping power, the GOR, and the cooling seawater to 

distillate ratio [84].  

5.4 Dynamic Model Development 

Before solving the dynamic model, the steady state conservation equations of mass, energy, and 

salt are solved to obtain the steady-state values of all the parameters in the plant. The solution is 

carried out iteratively to adjust the temperature drop across the effects to yield the same evaporator 

area for all the effects. The details of the steady-state model for different configurations is presented 

in Appendix A. In order to estimate the performance of TVC, a quasi-steady correlations for the 

entrainment ratio that relates expansion ratio and compression ratio of the ejector are extracted from 

the Power’s graphical data chart [91] by Hassan and Darwish [92], which are suitable for the range 

of typical MED operation conditions. The solution of the steady-state model is considered as the 

initial condition for the dynamic model. Figure 27 shows schematic diagrams for the first and ith 

effect evaporators and the condenser. A comprehensive dynamic model for different feed 

configurations is developed. Each evaporator is divided into three lumps: brine, vapor, and tube 

lump. For each lump, energy, mass, and salt balance are written. The assumptions used in 

generating these dynamic models are listed as follows [179, 189]:  

11. The accumulation of mass and energy in the evaporator tubes is taken to be negligible 

compared to the accumulation of mass and energy in the brine pool inside an effect. 

12. Non-condensable gases effect on evaporator operation is taken to be insignificant. 

13. For FF and PCF, the brine stream from the i-1 effect is assumed to flash adiabatically upon 

entering the i effect. 
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14. Thermophysical properties for the brine and vapor are considered to be temperature and 

salinity dependent. Appropriate correlations for overall heat transfer coefficients for 

evaporators and condenser units are given in Table 21 .  

15. Thermodynamic penalty representing the temperature difference between the brine pool and 

the vapor generated in effect is taken as the Boiling Point Elevation (BPE). 

𝑇𝑣,𝑖 = 𝑇𝑏,𝑖 − 𝐵𝑃𝐸(𝑇𝑣,𝑖, 𝑋𝑏,𝑖) (31) 

16. For MED-TVC, the thermo-compressor has quick dynamic response compared to other 

components [183]. It is considered to be in a quasi-steady state condition and is modeled by 

the correlations from [92]. 

17. Heating steam temperature is maintained constant at a value comparable to the values used in 

industrial scale [190]. 

18. The vapor and distillate are salt-free. 
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Table 21 Thermophysical properties of seawater, saturated steam, and condensate [73] 

Properties  Appropriate relation Notes 

Boiling point elevation 
(BPE), °C 

𝐵𝑃𝐸 = 𝐴𝑋 + 𝐵𝑋2 + 𝐶𝑋3  𝐴 =  (8.325𝑥10−2 + 1.883𝑥10−4𝑇 + 4.02𝑥10−6𝑇2)  𝐵 =  (−7.625𝑥10−4 + 9.02𝑥10−5𝑇 − 5.2𝑥10−7𝑇2)   𝐶 =  (1.522𝑥10−4 − 3𝑥10−6𝑇 − 3𝑥10−8𝑇2) 
0< X < 160 ppt  
10 < T < 180 
°C 

Seawater density, 
kg/m3 

𝜌 = 103[𝐴1𝐹1 + 𝐴2𝐹2 + 𝐴3𝐹3 + 𝐴4𝐹4] 0< X < 160 ppt  
10 < T < 180 
°C 

𝐴1 = 4.032𝐺1 + 0.115𝐺2+ 3.26𝑥10−4𝐺3 𝐴2 = −0.108𝐺1 + 1.57𝑥10−3𝐺2− 4.23𝑥10−4𝐺3 𝐴3 = −0.012𝐺1 + 1.74𝑥10−3𝐺2− 9𝑥10−6𝐺3 𝐴4 = 6.92𝑥10−4𝐺1 − 8.7𝑥10−5𝐺2− 5.3𝑥10−5𝐺3 

𝐺1 = 0.5 𝐺2 = 𝐵 𝐺3= 2𝐵2 − 1 𝐵 = 2𝑋 − 150150  

 

𝐹1 = 0.5 𝐹2 = 𝐴 𝐹3= 2𝐴2 − 1 𝐹4= 4𝐴3 − 3𝐴 𝐴 = 2𝑇 − 200160  

Water vapor density, 
kg/m3 

𝜌𝑣 = 0.0051 + 0.00024𝑇𝑣 + 1.8𝑥10−5𝑇𝑣2 − 4.33𝑥10−8𝑇𝑣3+ 4.34𝑥10−9𝑇𝑣4  

Specific heat capacity 
at constant pressure, 
kJ/kg °C  

𝐶𝑝 = 10−3[𝐶0 + 𝐶1𝑇 + 𝐶2𝑇2 + 𝐶3𝑇3] 𝐶0 = (4206.8 − 6.62𝑋 + 1.23𝑥10−2𝑋2)  𝐶1 = (−1.13 + 5.4𝑥10−2𝑋 − 2.27𝑥10−4𝑋2)   𝐶2 = (1.2𝑥10−2 − 5.36𝑥10−4𝑋 + 1.89𝑥10−6𝑋2) 𝐶3 = (6.88𝑥10−7 + 1.51𝑥10−6𝑋 − 4.43𝑥10−9𝑋2) 
 20< X < 160 
ppt  
10 < T < 180 
°C 

Enthalpy of saturated 
 Water vapor, kJ/kg 

ℎ𝑣 = 2501.69 + 1.81𝑇 + 5.88𝑥10−4𝑇2 − 1.22𝑥10−5𝑇3  

Latent heat of 
evaporation, 
kJ/kg 

ℎ𝑓𝑔 = 2501.897 − 2.41𝑇 + 1.19𝑥10−3𝑇2 − 1.59𝑥10−5𝑇3  

Enthalpy of water, 
kJ/kg 

ℎ𝑏 = −0.0336 + 4.208𝑇 − 6.2𝑥10−4𝑇2 + 4.46𝑥10−6𝑇3  

U of condenser 
kW/m2.k 

𝑈𝑐𝑜𝑛 = 1.72 + 3.21𝑥10−3𝑇𝑣 − 1.6𝑥10−5𝑇𝑣2 − 1.99𝑥10−7𝑇𝑣3 U is the 
overall heat 
transfer 
coefficient  

U of evaporator 
kW/m2.k 

𝑈𝐸 = 1.97 + 1.2𝑥10−3𝑇𝑏 − 8.598𝑥10−5𝑇𝑏2 + 2.57𝑥10−7𝑇𝑏3 
Saturated temperature: 𝑇𝑠𝑎𝑡 = (42.6776 − 3892.7(𝑙𝑛(𝑃 1000⁄ ) − 9.48654)) − 273.15 Tsat in °C and 

P in kPa. 

Saturated pressure: 𝑙𝑛(𝑃𝑠𝑎𝑡 𝑃𝑐⁄ ) = ( 𝑇𝑐𝑇 + 273.15− 1)∑𝑓𝑖(0.01(𝑇 + 273.15 − 338.15))(𝑖−1)8
𝑖=1  ,  𝑇𝑐 = 647.286 𝐾 𝑎𝑛𝑑 𝑃𝑐 = 22089 𝑘𝑃𝑎 𝑓1 𝑓2 𝑓3 𝑓4 

-7.416242 0.29721 -0.1155286 0.008685635 𝑓5 𝑓6 𝑓7 𝑓8 

0.001094098 -0.00439993 0.002520658 -0.000521868 
 

where T in 
°C and Psat in 
kPa. 

5.4.1. Evaporator model  

Based on the above assumptions, the transient mass, energy, and salt balance equations for the ith 

effect evaporator considering, for example, PCF configuration can be written as,  
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- Brine and vapor lumps mass balance for ith effect are given by,  

𝑑𝑀𝑏𝑖𝑑𝑡 =  𝑚𝑓,𝑖 +𝑚𝑏,𝑖−1 −𝑚𝑣𝑔,𝑖 −𝑚𝑏,𝑖 (32) 𝑑𝑀𝑣𝑖𝑑𝑡 =  𝑚𝑣𝑔,𝑖 −𝑚𝑣,𝑖 (33) 

- Brine, vapor, and tube lump energy balance for ith effect are given as:  

𝑑𝑀𝑏𝑖ℎ𝑏𝑖𝑑𝑡 =  𝑚𝑓,𝑖ℎ𝑓,𝑖 +𝑚𝑏,𝑖−1ℎ𝑏,𝑖−1 −𝑚𝑣𝑔,𝑖ℎ𝑣,𝑖 −𝑚𝑏,𝑖ℎ𝑏,𝑖 + 𝑄𝐸,𝑖 (34) 𝑑𝑀𝑣𝑖ℎ𝑣,𝑖𝑑𝑡 =  𝑚𝑣𝑔,𝑖ℎ𝑣,𝑖 −𝑚𝑣,𝑖ℎ𝑣,𝑖   (35) 

𝑀𝑇 𝑑ℎ𝑇,𝑖𝑑𝑡 = 𝑚𝑣,𝑖−1[ℎ𝑣,𝑖−1 − ℎ𝑑,𝑖] − 𝑄𝐸,𝑖     ,𝑄𝐸,𝑖 = 𝑈𝑒,𝑖𝐴𝑒,𝑖 (𝑇𝑣,𝑖−1−𝑇𝑓) − (𝑇𝑣,𝑖−1−𝑇𝑏,𝑖)𝑙𝑛 [ 𝑇𝑣,𝑖−1−𝑇𝑓𝑇𝑣,𝑖−1−𝑇𝑏,𝑖]  

(36) 

- Since vapor lump is salt-free, salt balance on the ith effect brine lump is: 

𝑑𝑀𝑏𝑖𝑋𝑏𝑖𝑑𝑡 =  𝑚𝑓,𝑖𝑋𝑓,𝑖 +𝑚𝑏,𝑖−1𝑋𝑏,𝑖−1 −𝑚𝑏,𝑖𝑋𝑏,𝑖  (37) 

The evaporator is supposed to have a cross-sectional area 𝐴𝑐𝑒,𝑖 and a total height 𝐻𝐸. The brine 

pool height 𝐿𝑏,𝑖 and vapor height 𝐻𝐸 − 𝐿𝑏,𝑖 are shown in Figure 27b. After some manipulations, 

equations 8, 9 and 10 can be derived from the combined lumps mass, energy and salt balances for 

ith effect. The coefficients of these equations are presented in Table 22: 

𝐶11 𝑑𝐿𝑏,𝑖𝑑𝑡 + 𝐶12 𝑑𝑇𝑣,𝑖𝑑𝑡 + 𝐶13 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝐶14 
(38) 

𝐶21 𝑑𝐿𝑏,𝑖𝑑𝑡 + 𝐶22 𝑑𝑇𝑣,𝑖𝑑𝑡 + 𝐶23 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝐶24 
(39) 

𝐶31 𝑑𝐿𝑏,𝑖𝑑𝑡 + 𝐶32 𝑑𝑇𝑣,𝑖𝑑𝑡 + 𝐶33 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝐶34 
(40) 

Table 22 Dynamic rate coefficients from ith effect balance equations for different feed 

configurations. 
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𝑪𝟏𝟏 𝑪𝟏𝟐 𝑪𝟏𝟑 𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖− 𝜌𝑣,𝑖) [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 ) + (𝐻𝐸 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖] [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 {𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 + 𝑑𝜌𝑏,𝑖𝑑𝑋 }] 𝑪𝟐𝟏 𝑪𝟐𝟐 𝑪𝟐𝟑 𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖ℎ𝑏,𝑖− 𝜌𝑣,𝑖ℎ𝑣𝑖) [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 {𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 + ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖} (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )+ (𝐻𝐸 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 {𝜌𝑣,𝑖 𝑑ℎ𝑣,𝑖𝑑𝑇𝑣,𝑖+ ℎ𝑣,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖}] 
[𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 (𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 + 𝑑𝜌𝑏,𝑖𝑑𝑋 )+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 ] 

𝑪𝟑𝟏 𝑪𝟑𝟐 𝑪𝟑𝟑 𝐴𝑐𝑒,𝑖𝜌𝑏,𝑖𝑋𝑏,𝑖 [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )] [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 {𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 + 𝜌𝑏,𝑖+ 𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 }] 
 BF FF PF PCF 𝑪𝟏𝟒 𝑚𝑏,𝑖+1 −𝑚𝑏,𝑖 −𝑚𝑣,𝑖 𝑚𝑏,𝑖−1 −𝑚𝑏,𝑖 −𝑚𝑣,𝑖 𝑚𝑓,𝑖 −𝑚𝑏,𝑖 −𝑚𝑣,𝑖 𝑚𝑓,𝑖 +𝑚𝑏,𝑖−1 −𝑚𝑏,𝑖−𝑚𝑣,𝑖 𝑪𝟐𝟒 𝑚𝑏,𝑖+1ℎ𝑏,𝑖+1 −𝑚𝑏,𝑖ℎ𝑏,𝑖+ 𝑄𝐸,𝑖 𝑚𝑏,𝑖−1ℎ𝑏,𝑖−1 −𝑚𝑏,𝑖ℎ𝑏,𝑖+ 𝑄𝐸,𝑖 𝑚𝑓,𝑖ℎ𝑓,𝑖 −𝑚𝑏,𝑖ℎ𝑏,𝑖+ 𝑄𝐸,𝑖 𝑚𝑓,𝑖ℎ𝑓,𝑖 +𝑚𝑏,𝑖−1ℎ𝑏,𝑖−1−𝑚𝑏,𝑖ℎ𝑏,𝑖 + 𝑄𝐸,𝑖 𝑪𝟑𝟒 𝑚𝑏,𝑖+1𝑋𝑏,𝑖+1 −𝑚𝑏,𝑖𝑋𝑏,𝑖 𝑚𝑏,𝑖−1𝑋𝑏,𝑖−1 −𝑚𝑏,𝑖𝑋𝑏,𝑖 𝑚𝑓,𝑖𝑋𝑓,𝑖 −𝑚𝑏,𝑖𝑋𝑏,𝑖 𝑚𝑓,𝑖𝑋𝑓,𝑖 +𝑚𝑏,𝑖−1𝑋𝑏,𝑖−1−𝑚𝑏,𝑖𝑋𝑏,𝑖 

 

Figure 27 Control volume with different terms for (a) first effect, (b) ith effect and (c) condenser. 

Brine flow rate between effects is represented by 𝑚𝑏,𝑖 = 𝐶𝑏,𝑖√∆𝑃𝑏,𝑖 where ∆𝑃𝑏,𝑖 = 𝑃𝑖−1 − 𝑃𝑖 +𝜌𝑏𝑔(𝐿𝑏,𝑖 − 𝐿𝑏,𝑖−1) for the PCF configuration and the vapor flow from an effect to the next is 

calculated from 𝑚𝑣,𝑖 = 𝐶𝑣𝑖√∆𝑃𝑣𝑖 where ∆𝑃𝑣𝑖 = 𝑃𝑖 − 𝑃𝑖−1. In the BF and FF configurations, a 

pressure jump equal to the hydrostatic pressure of the evaporator height  𝐻𝐸 is considered to deliver 

the feed/brine to the previous/next effect.  
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5.4.2. Condenser model  

To predict the dynamic variation of condenser temperature, condenser liquid level, and the 

preheated feed temperature from condenser with time accurately, a detailed model for the 

condenser is developed. The condenser is used to condense the total vapor generated in the last 

effect for all configurations or fraction of the vapor not entrained by the TVC unit in case of MED-

TVC system which raises the cooling seawater to the required feed temperature. The condenser is 

sectioned into three lumps; condensate liquid, vapor, and tube as shown in Figure 27c. As shown 

the condenser assumed to have a cross-sectional area 𝐴𝑐𝑐 and a total height of 𝐻𝑐𝑜𝑛 while the 

condensate pool height is 𝐿𝑐𝑜𝑛 and vapor height is 𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛. Mass balance of the liquid and 

vapor lumps can be written as: 

𝑑𝑀𝑐𝑜𝑛𝑑𝑡 =  𝑚𝑐𝑜𝑛 −𝑚𝑐𝑜𝑛,𝑂 
(41) 𝑑𝑀𝑣𝑑𝑡 =  (𝑚𝑣,𝑛 −𝐷𝑒𝑣) − 𝑚𝑐𝑜𝑛 
(42) 

Energy balance for condensate liquid, vapor and tube lumps is applied as follow: 

𝑑𝑀𝑐𝑜𝑛ℎ𝑐𝑜𝑛𝑑𝑡 =  𝑚𝑐𝑜𝑛ℎ𝑐𝑜𝑛 −𝑚𝑐𝑜𝑛,𝑂ℎ𝑐𝑜𝑛,𝑂 
(43) 𝑑𝑀𝑣ℎ𝑣𝑑𝑡 =  (𝑚𝑣,𝑛 − 𝐷𝑒𝑣)ℎ𝑣,𝑛 − 𝑚𝑐𝑜𝑛ℎ𝑐𝑜𝑛 −𝑄𝑐𝑜𝑛 
(44) 

𝑀𝑇,𝑐𝑜𝑛 𝑑ℎ𝑇,𝑐𝑜𝑛𝑑𝑡 =  𝑚𝑐𝑤ℎ𝑐𝑤 − 𝑚𝑐𝑤ℎ𝑓 + 𝑄𝑐𝑜𝑛  , 𝑀𝑇,𝑐𝑜𝑛 = 𝜌𝑇𝑢𝑏𝑒,𝑐∀𝑇𝑢𝑏𝑒,𝑐𝑜𝑛 
(45) 

Combined mass and energy for vapor and condensate lumps are given by equations 16, and 17 

respectively. 

𝐷11 𝑑𝐿𝑐𝑜𝑛𝑑𝑡 + 𝐷12 𝑑𝑇𝑐𝑜𝑛𝑑𝑡 = 𝐷13 
(46) 

𝐷21 𝑑𝐿𝑐𝑜𝑛𝑑𝑡 + 𝐷22 𝑑𝑇𝑐𝑜𝑛𝑑𝑡 = 𝐷23 
(47) 

where the coefficients from the previous equations are presented in Table 23: 
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Table 23 Dynamic rate coefficients from mass, and energy balance for end condenser. 

𝑫𝟏𝟏 𝑫𝟏𝟐 𝑫𝟏𝟑 𝐴𝑐𝑐(𝜌𝐿,𝑐𝑜𝑛− 𝜌𝑣,𝑐𝑜𝑛) [𝐴𝑐𝑐𝐿𝑐𝑜𝑛 𝑑𝜌𝐿,𝑐𝑜𝑛𝑑𝑇 + (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)𝐴𝑐𝑐 𝑑𝜌𝑣,𝑐𝑜𝑛𝑑𝑇 ] For all configurations 𝑚𝑣,𝑛 −𝑚𝑐𝑜𝑛,𝑂 

For MED-TVC(𝑚𝑣,𝑛 − 𝐷𝑒𝑣) − 𝑚𝑐𝑜𝑛,𝑂 𝑫𝟐𝟏 𝑫𝟐𝟐 𝑫𝟐𝟑 𝐴𝑐𝑐(𝜌𝐿,𝑐𝑜𝑛ℎ𝑐𝑜𝑛− 𝜌𝑣,𝑐𝑜𝑛ℎ𝑣) [𝐴𝑐𝑐𝐿𝑐𝑜𝑛ℎ𝑐𝑜𝑛 𝑑𝜌𝐿,𝑐𝑜𝑛𝑑𝑇 + (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)ℎ𝑣𝐴𝑐𝑐 𝑑𝜌𝑣,𝑐𝑜𝑛𝑑𝑇+ 𝐴𝑐𝑐𝐿𝑐𝑜𝑛𝜌𝐿,𝑐𝑜𝑛 𝑑ℎ𝑐𝑜𝑛𝑑𝑇+ (𝐻𝑐𝑜𝑛− 𝐿𝑐𝑜𝑛)𝜌𝐿,𝑐𝑜𝑛𝐴𝑐𝑐 𝑑ℎ𝑣𝑑𝑇 ] 

For all configurations 𝑚𝑣,𝑛ℎ𝑣,𝑛 − 𝑚𝑐𝑜𝑛,𝑂ℎ𝑐𝑜𝑛,𝑂 − 𝑄𝑐𝑜𝑛 

MED-TVC (𝑚𝑣,𝑛 −𝐷𝑒𝑣)ℎ𝑣,𝑛 − 𝑚𝑐𝑜𝑛,𝑂ℎ𝑐𝑜𝑛,𝑂 −𝑄𝑐𝑜𝑛 

To obtain the transient nature of feed seawater temperature, the condenser tube enthalpy is 

assumed to be the average of the feed and cooling seawater enthalpies and is given as, ℎ𝑇,𝑐𝑜𝑛 =ℎ𝑓+ℎ𝑐𝑤2  . Using the energy balance for the condenser tube lump, the rate of change of feed water 

temperature can be written as: 

𝑑𝑇𝑓𝑒𝑒𝑑𝑑𝑡 = 2(𝑄𝑐𝑜𝑛 +𝑚𝑐𝑤ℎ𝑐𝑤 − 𝑚𝑐𝑤ℎ𝑓)𝜌𝑡𝑢𝑏𝑒,𝑐∀𝑡𝑢𝑏𝑒,𝑐 𝑑ℎ𝑓𝑑𝑇  
(48) 

where 𝑄𝑐𝑜𝑛 = 𝑈𝑐𝑜𝑛𝐴𝑐𝑜𝑛 (𝑇𝑣,𝑛−𝑇𝑓)−(𝑇𝑐𝑜𝑛−𝑇𝑐𝑤)𝑙𝑛[ 𝑇𝑣,𝑛−𝑇𝑓𝑇𝑐𝑜𝑛−𝑇𝑐𝑤]  
(49) 

By solving Eqs. (20-31), the brine level, vapor temperature, salinity from each effect, condenser 

liquid level, condenser vapor temperature and feed temperature can be calculated at each time step. 

The condenser pressure is assumed to be equal to the saturation pressure at the condenser 

temperature.   

5.4.3. Numerical solution 

A FORTRAN code is developed to solve both the steady-state and dynamic models equations. The 

first-order nonlinear ODEs of the dynamic model for the condenser and evaporators are solved 

using the Runge-Kutta fourth order method. In the steady state solution, the vapor and brine 
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temperatures, feed flow rate, brine flow rate, vapor flow rate and salinity at each effect are 

calculated in addition to the evaporator and condenser surface areas. Then, the steady-state solution 

is used as the initial condition for the dynamic response calculations. At each time step, the 

temperature, liquid level, and salinity are computed in each effect. The condenser temperature, 

condenser distillate level and feed temperature are also calculated. The brine and vapor flow rates 

among the effects are calculated based on the liquid level and the saturation pressure in each effect. 

In case of MED-TVC, an accurate model for steam jet ejectors is considered to evaluate its 

performance where the entrainment ratio of the TVC is updated at every time step using the 

correlations given in [92] and the values of the pressure at the last effect and the pressure of the 

motive steam. A time step was chosen to be 0.1 s to eliminate the instability in the solution [179]. 

The model solution flow chart is presented in Figure 28. Any parameter can be changed (or 

disturbed) with various intensity from its steady state value abruptly or in a ramp form for a 

specified period. The operating conditions of the MED systems are expected to deviate from the 

steady state condition upon the introduction of disturbances. Behavior indicator parameters such 

as brine level, effect temperature and vapor flow between effects are obtained in addition to the 

performance indicator parameters such as GOR as a function of time while the disturbances are 

applied or removed from the dynamic model solution.  
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Figure 28 Flow chart for the solution procedure of the dynamic model of MED systems. 

5.5 Results and Discussion 

Steady-state and dynamic models were developed for the four different conventional 

configurations of MED process. In addition to that MED with PCF configuration was integrated 

into TVC unit and its dynamic behavior is investigated as well. First, the steady-state and dynamic 

model results are validated with a lab-controlled three-effect MED plant of shell and tube 

evaporators with a total freshwater production of 3 m3/day shown in Figure 29a. [191]. The 

operational parameters of the 3-effects plant are shown in Table 24 with the steady state solution 

results. The heat transfer areas for the first effect, second and third effects and condenser are 1.2, 

1.6 and 1.44 m2, respectively. The heat source used in this plant is a hot water stream that is 

introduced to the first effect. The vapor temperature in each effect is measured when the hot water 

heat source is shut off for a specified time interval. To investigate the validity of the dynamic 

model under experimentally similar conditions, the heat supplied to the first effect is set as the 

disturbance in the numerical model. Due to the small value of the sensible heat of the hot water, 
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the heat supplied to the first effect is set to zero at the time of hot water shutdown and is returned 

to its steady-state value at the end of the disturbance period. Figure 29b shows a comparison 

between the vapor temperature in each effect obtained from the dynamic model and the data 

published in [191]. The average absolute error between the actual and simulated data for each 

effect is 2% which indicates good agreement between the simulation and the measured 

experimental data. 

The developed models are applied to an industrial scale plant located in Tripoli, Libya [72] in 

steady state operation or when it is subjected to perturbations from the design steady-state values 

of the main input parameters. This plant is a four effect MED-TVC plant working with PCF 

arrangement. The number of effects is set at 4 to ensure a reasonable temperature drop between 

effects [192]. A comparison between the results calculated by the present model and the 

corresponding available values of actual data from this commercial plant in Tripoli is also used for 

model validation as in Table 25. Then, to unify operational conditions for a different configuration, 

the actual operating conditions of Tripoli plant was used to obtain the steady state operation for 

the other MED process arrangements. 

  



119 
 

Table 24 Validation with design data for three MED unit operating in PF configuration  [191].  

 

Figure 29 (a) Distribution diagram of an evaporative multi-effect distiller [191]. 

(b) Vapor temperature in each evaporator for simulated model experiment. 

Table 25 shows the results of the steady state operating parameters of different feed configurations 

of MED process. Among the four different feed configurations, PCF scheme has the best 

performance with the highest GOR followed by the PF while the BF system has a likely higher 

State # Temperature oC Flow rate kg/s (model) Flow rate kg/s [191]   Note 

1,2 22 1.0159 1.0599 Cooling water 

3 29 0.087 0.0916 Total Feedwater 

4 29 0.032 0.0334 Feed 1st effect 

5 29 0.028 0.03 Feed 2nd effect 

6 29 0.026 0.028 Feed 3rd effect 

7 60.08 0.016 0.0167 Brine 1st effect 

8 55.28 0.014 0.015 Brine 2nd effect 

9 48.55 0.013 0.014165 Brine 3rd effect 

10 75 0.91888 Hot fluid in 

11 65 Hot fluid out 

12 60.08 0.016 0.01667 vapor 1st effect 

13 55.28 0.014 0.015 vapor 2nd effect 

14 48.55 0.013 0.014165 vapor 3rd effect 

(a) 
(b) 
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GOR than the FF configuration. However, the BF system is not used on the industrial scale for the 

desalination due to the salinity increase in the direction of high brine temperatures towards the first 

effect. Regarding the specific heat transfer area (SA) which represents the heat transfer area 

summation of all effects plus condenser area divided by the total distillate production, PCF has the 

lowest value while PF has the highest value among the four configurations. The comparison of the 

specific heat consumption (SHC) among the different feed configurations shows that the FF system 

has the highest SHC and the lowest belongs to the PCF feed arrangement. For the current fixed 

number of effects (n=4), MED-PCF feed configuration is considered the most reliable among the 

other configurations based on many terms and merit criteria such as TWP, SA, condenser size, 

SHC, and GOR. Adding TVC to the MED-PCF boosts the GOR of the MED from 3.878 to 6.342 

which is apparently due to the reduction in the amount of the required heat source to the plant. 

Another benefit of adding TVC unit is the lower amount of cooling seawater necessary for the 

condenser compared to other configurations which indicate that a smaller condenser size is needed. 

Also, MED-TVC has the least SA, SHC and total water price (TWP) compared to the other standing 

alone MED configurations. The results of TWP obtained are consistent with the results for thermal 

desalination units found in the literature [73, 74]. For the PCF-TVC configuration, if the 

considered interest rate is varied from 3 to 12 %, the TWP will increase from 2.04 to 2.18 $/m3. 
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Table 25 Comparison between steady-state operation for different MED configurations. 

Configuration BF FF PF PCF PCF-
TVC 

Tripoli 
[72] 

Number of effects 4 

Inlet feed salinity, g/kg 35 

Outlet brine salinity, g/kg 53 

Inlet steam temperature Ts, °C 65 

last brine temperature Tn, °C 45.4 

Feed temperature Tf, °C 31.5 

Heat source flow rate (S), kg/s 14.4 8.89 

Motive steam pressure, kPa -- 2300 

Entrained vapor, kg/s -- 5.83 5.55 

Distillate production (D), kg/s 53.133 50.49 53.628 56.006 56.38 57.861 

Gain output ratio (GOR=D/S) 3.67 3.5 3.724 3.878 6.342 6.508 

Brine flow (B), kg/s 103.346 98.006 104.187 108.901 108.906 109.21 

Feed flow (F), kg/s 156 148.5 157.906 164.907 165.286 167 

Cooling seawater flow, kg/s 644.475 824.726 715.771 808.848 375.81 NA 

Specific heat transfer area (SA), 
m2/kg/s 

141.38 143.86 145.751 137.17 123.685 NA 

Specific heat consumption [101] 
(SHC=2330/GOR), kJ/kg 

634.8 665.71 625.67 600.8 367.39 NA 

Total water price, $/m3 2.626 2.7645 2.5974 2.506 2.088 NA 

In real operation, the operating parameters may not be maintained constant due to the fluctuations 

in weather conditions and the rate of the supplied heat source to the plant. These changes in 

operating parameters away from the design steady state values may lead the plant to i) reach 

another steady state condition with different performance; ii) disrupt the plant operation by 

changing the amount of product; or iii) in some instances, cause the plant to approach drying or 

flooding in one or more of the effects. The behavior of the four feed configurations and the MED-

TVC is determined under differently applied disturbances. Three disturbances are selected as a 

step ramp decrease from the steady state values of the operational parameters. These disturbed 

parameters include - steam flow rate (heat source disturbance), cooling seawater temperature, and 

cooling seawater flow rate (heat sink disturbances) which are denoted as mms, Tcw, and mcw 

disturbances, respectively. A ramped type disturbance with a linear variation in the main input 

parameters is considered in the current study and the magnitude of reduction and applied duration 
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of ramp disturbances are fixed. A ramp time of 500 s is considered which represents the time that 

the designed value of input parameter takes to reach the value of the reduction at the beginning of 

disturbance application. On the other hand, before the end of the disturbance, it represents the time 

needed to reach the steady state designed values of the input parameter. The outlet condition for 

brine discharge from the plant is the same in all configurations while a pressure jump condition is 

considered for inter-effects pumps in the FF and BF configurations. 

5.5.1. Effect of Heat Source Disturbance  

The disturbance in a supplied heat source (steam) considered is a 10% ramp stepwise reduction in 

the steady-state value (14.4 kg/s for BF, FF, PF, and PCF), and (6.36 kg/sec for MED-TVC) 

starting at 1,000 secs, and this reduction lasts for 14,000 sec. Considering that the heating steam 

is supplied from a boiler with its pressure regulated, the heating steam temperature is kept constant, 

and the energy swings cause a disturbance in steam mass flow rate. The dynamic response of the 

brine level and vapor temperature for this reduction in the amount of supplied steam to the four-

different configurations and the MED-TVC unit as well are shown in Figure 30. It is clear from 

the figure that the vapor temperature response is faster than the brine level response due to the 

higher thermal capacity of the liquid lump compared to the vapor lump. Also, in general, the 

temperature drop in the effects decreases gradually from the first effect towards the last effect 

because the first effect is impacted first by the reduction in steam mass flow rate. In addition, the 

first effect is impacted by pressure change. This pressure change originates from changes in both 

the brine level and the vapor temperature, which have contradicting effects. Based on the 

calculations, the maximum pressure change for BF configuration in the first effect is only 9 kPa.  
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For the BF configuration, the reduction in the vapor temperature and consequently pressure in the 

effects in the upstream direction of brine flow produces a higher brine mass flow rate (from the 

last effect towards the first effect). This can be observed by noticing the increase in the brine level 

and brine mass flow rate in the first effects as shown in Figure 30 and Figure 31. The highest 

increase in the brine level in all configurations is reached in BF. This increase for the currently 

used plant dimensions and effects heights may lead to first effect flooding. The flooding condition, 

in the thermal desalination plant, causes the plant shutdown because the effect’s tubes bundles will 

be fully submerged with concentrated brine which in turn will drastically reduce the evaporation 

rate. For FF configuration, the brine level increases faster in the effects in the downstream direction 

of the brine flow at the beginning of disturbance application due to their pressure drop that is 

associated with the disturbance. However, later on, the generated hydrostatic head helps to push 

the brine in the forward direction which causes the brine level and brine mass flow rate to increase 

in the last effects as shown in Figure 30 and Figure 31. The vapor flow rate shows a slight decrease 

from the first to last effect for both BF and FF arrangements as shown in Figure 31. Since the feed 

in parallel flow arrangements is divided among all effects, the brine level response is faster 

comparing with BF and FF arrangements. The MED-TVC configuration shows a slightly higher 

increase in the brine level against both PF and PCF configuration, and this could be attributed to 

the higher reduction in the evaporation that the MED-TVC be exposed to upon reducing the motive 

stream by 10% as shown in Figure 31. For all configurations, the 10% reduction in the heat source 

flow rate causes a nearly 10% reduction in the vapor flow rate from each effect except in the case 

of MED-TVC where it reaches ~13%. 
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Figure 30 Variation for brine level and vapor temperature for different feed configurations and 
reduction in heat source flow. (a)BF, (b) FF, (c) PF, (d) PCF, (e) PCF-TVC. 
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Figure 31 Percentage change in brine and vapor flow rate with 10% reduction in the heat source 

flow rate. 

5.5.2. Effect of Heat Sink Disturbances 

The second type of applied disturbance is related to the heat sink of the plant which is the cooling 

seawater that is introduced into the condenser. The disturbance could be a reduction in the cooling 

seawater temperature or the cooling seawater mass flow rate. First, a 10% reduction in the cooling 

seawater temperature from the steady state value is applied to the different feed configurations. 

Starting with the BF where the total feed is directed to the last effect, the results show that the 

drop-in vapor temperature of the last effect is relatively high. Also, the brine level and mass flow 

rate for all effects increases as shown in Figure 32  and Figure 33. As the brine moves from the 

last effect towards the first effect, the increase in the brine mass flow rate in each effect due to 

cooling seawater temperature drop adds up sequentially and produces more mass flow rate and 

brine level in the backward direction. The brine level in the first effect increases by 63% of its 

original steady-state value. The FF configuration has the opposite trend where the brine level and 

brine mass flow rate increase in the forward direction. Increasing the brine flow rate in the forward 

direction causes the reduction in vapor temperature to increase from the first effect towards the 
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last effect. The maximum vapor temperature drop occurs at the last effect. Also, the reduction in 

vapor flow rate due to cooling seawater temperature drop has the opposite trend for BF and PF as 

shown in Figure 33.  

In the PF and PCF configuration, all effects are exposed to lower feed temperature at the same 

time due to the drop-in cooling seawater temperature. Accordingly, the evaporation rate decreases 

in all effects and this reduction becomes more significant in the first effect where the brine 

temperature is the highest. This produces an increase in brine level in the first effect which 

transmits sequentially in the forward direction to the last effect as in Figure 32. Both the 

configurations have similarities in response to the applied cooling seawater temperature reduction. 

However, it is noticed that the PF needs longer time to reach steady state condition than PCF 

configuration. Adding TVC unit to the PCF reduces the size of the back condenser, which makes 

the condenser more sensitive to the cooling seawater temperature. Reducing the cooling seawater 

temperature results in a considerable drop in condenser pressure which drive more vapor in the 

forward direction and generates adverse pressure gradient to the brine flow. This increases the 

vapor temperature drop and the brine level in the first effect as shown in Figure 32 for PCF-TVC 

configuration. 

The second disturbance in the heat sink considered is a 10% reduction in cooling seawater flow 

rate. The data show that lowering the cooling seawater flow rate has the reverse effect of 

decreasing the cooling seawater temperature regarding increasing vapor temperature and reducing 

the brine level in all effects as shown in Figure 34. The highest reduction in brine level is reached 

in MED-TVC. So, if a condition for evaporator drying is assigned, MED-TVC will be the most 

candidate arrangement that may violate this situation and hence will require a reliable control 

system to avoid plant operational disturbance. The increase in the feed and vapor temperatures 
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causes a reduction in the brine flow rate which travels in the backward and forward directions for 

BF and FF, respectively as shown in Figure 35. In PF and PCF, similar patterns for the process 

response with the reduction in cooling seawater flow rate, but still PF needs more time to reach 

new steady state compared to PCF. With the addition of the TVC unit to the PCF, the increase in 

the vapor flow rate reaches ~ 3 to 4 folds in the PF or PCF, and this again could be attributed to 

the smaller size of the condenser. The enhancement in vapor flow rate shows opposite trend in the 

forward direction for BF and FF as shown in Figure 35. However, for PCF-TVC, this improvement 

does not follow a specific pattern because the vapor flow rate depends on both the cooling seawater 

flow rate and the TVC entrainment ratio. 
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Figure 32 Variation for brine level and vapor temperature for different feed configurations and 

reduction in cooling seawater temperature. (a)BF, (b) FF, (c) PF, (d) PCF, (e) PCF-TVC. 



129 
 

 

Figure 33 Percentage change in brine and vapor flow rate with 10% reduction in the cooling 

seawater temperature. 

5.5.3. MED- Processes Performance  

The effects of the previously applied disturbances on the performance of the different MED flow 

arrangements are presented in Figure 36 as percentage change from steady-state values of the plant 

GOR. In general, the MED-TVC performance is most sensitive to all disturbances. The reductions 

in heat source flow rate and in cooling seawater temperature in the case of MED-TVC cause the 

highest decrease in GOR (8%). For a reduction in the seawater cooling flow rate, MED-TVC 

experiences an increase in the GOR by ~ 2% due to an increase in the vapor flow rate that reaches 

~ 2:4 folds than the stand-alone PCF configuration. The PF and PCF configurations are least 

affected by the reduction in cooling seawater temperature. Though the PCF process integrated with 

a TVC unit can be significantly affected by the applied disturbances, it gives multiple benefits 

compared to the other types of configurations. These interests include the highest production rate, 

lowest product cost, lowest condenser area, lowest cooling seawater flow rate and lowest specific 

heat consumption. All these benefits allow the MED-TVC to capture a significant share of fresh 

water production on a commercial scale using thermal desalination. The sensitivity issues of these 
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plants need further investigation by studying the intensity and sensitivity of these applied 

disturbances to find out the critical values which may cause plant shutdown due to flooding or 

drying in the effects as reported in [193]. Also, it is worthwhile to mention that the average times 

required to return to steady state operation after turning off the applied disturbances are 7500, 

10000, 6000, 5000 and 4600 s for the BF, FF, PF, PCF and MED-TVC configurations, 

respectively. 
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Figure 34 Variation for brine level and vapor temperature for different feed configurations and 

reduction in cooling seawater flowrate. (a)BF, (b) FF, (c) PF, (d) PCF, (e) PCF-TVC. 
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Figure 35 Percentage change in brine and vapor flow rate with 10% reduction in the cooling 

seawater flow rate. 

 

Figure 36 Percentage change in the GOR for all feed configurations under different disturbances 

types. 
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5.6 Conclusions 

Steady-state and dynamic models are developed for the four different feed configurations of MED 

and MED-TVC as well.  The results show that, with a fixed number of effects and TBT, the 

parallel/cross (PCF) configuration has the best performance in terms of the total production of 

fresh water, GOR, specific heat transfer area, and specific heat consumption. However, it requires 

a relatively higher cooling flow rate compared to the other configurations. Integrating TVC to the 

last effect of the PCF configuration lowers the cooling seawater requirements and the specific heat 

consumption. Also, the total water price is reduced from 2.51 $/m3 to 2.08 $/m3, and GOR is 

boosted from 3.88 to 6.34. On the other hand, the FF configuration has the highest TWP of 2.77 

$/m3 and the lowest GOR of 3.5 among the different feed configurations. 

Detailed dynamic modeling of different feed configurations reveals that the MED-TVC has the 

fastest response compared to other types of feed configurations and the FF requires a longer time 

to reach steady state condition. In the case of the heat source disturbance, the backward feed has 

the highest increase in the brine level followed by MED-TVC, while PF and PCF show only a 

moderate increase in the brine level. For the MED-TVC process, the vapor flow rate is highly 

reduced compared to the other configurations for the case of a reduction in the heat source flow 

rate. For the heat sink disturbance, MED-TVC process is the most sensitive among the 

configurations, and this could be attributed to the smaller size of the condenser compared to the 

PCF or other configurations. However, for the cooling seawater temperature disturbance, BF has 

the highest increase in the brine level that is progressively transmitted from the last effect.  

The maximum increase in the pressure of the first effect for the BF configuration due to a 10 % 

reduction in the steam supplied is 9 kPa. For the three types of applied disturbances, the average 

times required to return to steady state operation after turning off the applied disturbances are 
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7500, 10000, 6000, 5000 and 4600 s for the BF, FF, PF, PCF and MED-TVC configurations, 

respectively. Also, the MED-TVC is the most sensitive of all configurations, where the reductions 

in heat source flow rate and cooling seawater temperature may lead to a high reduction of ~ 8% in 

GOR. The PF and PCF configurations are least affected by the decrease in cooling seawater 

temperature. For a reduction in the seawater cooling flow rate, MED-TVC experiences an increase 

in the GOR by ~ 2%.  This is due to an increase in the vapor flow rate that reaches ~ 2 to 4 times 

that in the stand-alone PCF configuration. However, without a reliable control system, the MED-

TVC configuration is the configuration most susceptible to a plant drying condition. 
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CHAPTER 6 EFFECT OF DISTURBANCES ON MED-TVC PLANT 
CHARACTERISTICS, DYNAMIC MODELING AND SIMULATION** 

 Abstract 

The current study describes a detailed steady-state analysis and transient operation of a multi-effect 

desalination plant with a thermal vapor compressor unit (MED-TVC). The model developed is 

based on solving the basic conservation equations of mass, energy, and salt. It can predict steady-

state operation and transient behavior when the plant is subject to abrupt changes in the main input 

parameters including motive steam flow rate (mms), cooling seawater flow rate (mcw) and cooling 

seawater temperature (Tcw).  These sudden changes simulate the conditions a MED-TVC plant 

may be exposed to. Both the steady-state and dynamic aspects of the model are validated against 

published experimental data. Monitoring the variation of four state variables (vapor temperature, 

brine level, brine and vapor flow rates) in each effect shows that disturbances in the motive steam 

flow rate and the cooling seawater temperature have a significant effect on the plant performance. 

On the other hand, the disturbance in the cooling seawater mass flow rate has only a moderate 

effect. For all applied disturbances, the change in the brine level is the slowest compared to the 

changes in vapor temperature, and brine and vapor flow rates. Furthermore, the effect of changing 

seawater salinity shows a slight effect on the total distillate production and the specific heat transfer 

area. 

                                                 
** Mohamed L. Elsayed, Osama Mesalhy, Ramy H. Mohammed, Louis C. Chow, “Effect of disturbances on MED-

TVC plant characteristics: Dynamic modeling and simulation.” Desalination, volume 443, October 2018, Pages 99-

109. 
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 Introduction 

Desalination of seawater is a well-studied means of supplying fresh water in many countries, 

especially in the Gulf countries (GC) and in the Middle East and North Africa (MENA) regions. 

Desalination is economically and technically practicable to recover fresh water with excellent 

quality and in huge quantities. Desalination can be accomplished using several techniques which 

can be categorized as thermal-based and membrane-based. An example of the thermal process is 

multi-effect-desalination (MED) which reuses the latent heat vaporization multiple times to 

vaporize the seawater by utilizing falling-film horizontal tube evaporator/condensers [73]. To 

minimize scale formation and corrosion, MED operates with a relatively low top brine temperature 

(TBT), typically lower than 75°C [31]. MED is an attractive approach for desalination because of 

the combination of low economic costs and low energy consumption, together with plant durability 

due to low-temperature operation. With MED, there are little requirements for comprehensive 

seawater pretreatment as in Reverse Osmosis (RO) [34]. Comparing with multi-stage-flash (MSF) 

desalination, regarding energy/electricity utilization, MED is more efficient and economical than 

MSF due to the use of lower pressure steam [162]. Also, it is easier to utilize solar energy as an 

energy source with MED than with MSF desalination.  

Thermal or mechanical vapor compression (VC) improves the overall efficiency of thermal 

desalination, especially when it is combined with a MED system [32]. In VC desalination, the low-

temperature vapor is recovered from certain locations of the thermal desalination system and 

converted to vapor with high temperature [108]. Also, adding VC to the thermal desalination 

system requires less cooling seawater and lower electricity consumption. Basic types of vapor 

compression include thermal vapor compressor (TVC) and mechanical vapor compressor (MVC). 

The mechanical compressor in MVC is used to compress vapor from the last effect to deliver high-
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temperature steam to the first effect. MVC is an effective technique for small-scale desalination 

where electrical power is available. It is, therefore, suitable for remote regions with a small 

population and access to power grid lines due to simplicity and compactness [41].  Also, it is 

considered a practical alternative to the RO systems as it has a much simpler pretreatment system 

and limited operational problems related to fouling and scaling [38]. On the other hand, due to the 

advantages of lower corrosion/scaling rates, lower capital cost, longer operation life and less 

pumping power consumption, TVC-MED units are commonly used in industrial desalination 

plants of different sizes [70]. The TVC compressor uses high-pressure motive steam to drive a 

portion of the last effect vapor back to the first effect.  

Dynamic modeling of MED is used to establish advanced control strategies, test operating 

scenarios, address potential problems related to unexpected transient events, and produce a 

relatively constant output during the production period. Also, it helps engineers to understand 

better, maintain, develop optimal control strategies, prevent significant damages caused by 

malfunction, and troubleshoot the causes of disorders. Applications of dynamic modeling include 

off-line or on-line modeling to investigate the transient behavior of the system and execute control 

strategies [169]. Though there are very few published papers in the literature on transient modeling 

for MED, modeling of steady-state operation of single and MED has been made by various 

researchers and solved by using different solution techniques [73]. El-Dessouky et al. [170] 

designed steady-state models to investigate the single/multi-effect TVC process. They concluded 

that the parallel/cross flow configuration had excellent performance and gained output ratio 

(GOR), which is defined as the ratio of distillate output to the consumed steam. Decreasing the 

TBT while increasing the number of effects would increase the specific heat transfer area. For 

parallel configuration MED-TVC, Darwish and El-Dessouky [194] developed a simplified steady-
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state model and they found that the heat transfer area was much less than that of an MSF system 

with the same input of heat energy. Also, they obtained the same GOR for a four-effect MED-

TVC compared to an eleven-effect MED or a 24-stage MSF. Kouhikamali and Sharifi [195] 

adopted an optimization design scheme for a MED-TVC system including the usage of pre-heaters 

between effects and concluded that, for the same temperature difference between inlet and outlet 

of the pre-heaters and between effects, energy consumption is decreased to a minimum. 

Thermodynamic analysis of different MED systems feeds water arrangements were presented by 

Darwish and Abdulrahim [196]. For each arrangement, the steady state mathematical equations 

were written. The GOR, heat transfer area and cooling seawater flow rate were compared, and the 

rationale for choosing these configurations was provided.  

A dynamic model for a 17-effect MED system was developed and solved simultaneously for the 

state variables at the end of each time step using the  Newton-Raphson method in  [189]. Later on, 

results for a dynamic model for 10-effect MED showed fair agreement while  compared with 

experimental data from a 150 m3/day pilot MED in Israel [197]. El-Nashar and Qamhiyeh [180] 

used a lumped model to investigate the dynamic behavior of Multi-Effect-Stack (MES) 

evaporators. Conservation equations of mass and energy were written and solved simultaneously 

for each effect. The model yields reasonable agreement with actual data taken from an operating 

desalination plant at Abu Dhabi during plant start-up. The dynamic behavior of four-effect MED 

systems was introduced by Aly and Marwan [179] that allowed predicting the changes in the 

system variables under transient operating conditions. They used a lumped model for time-

dependent mass, energy, and salt balance equations, but there was no validation provided. A 

dynamic simulator was proposed for a MED-MVC unit [141] without providing results that show 

the dynamic behavior and system response due to a load change. Roca et al. [181] investigated a 
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solar assisted-MED unit experimentally and compared it with a simplified dynamic model based 

on the work developed in [179]. Mazini et al. [183] developed a lumped dynamic model and 

validated it with actual data of an operating plant. Although disturbances in feed flow rate and 

seawater temperature were considered, the physics of the system response was not clearly 

illustrated. Cipollina et al. [185] developed a dynamic MED-TVC model based on available data 

from the Trapani plant using the equation-based process simulator gPROMS®. However, the 

developed dynamic model was not validated with real dynamic operation of the Trapani plant. In 

addition, a steady-state model for the condenser unit was considered despite the important role of 

the condenser unit in the MED system. Furthermore, the general thermodynamic model for the 

TVC unit developed by El-Dessouky et al. [73] was adopted which simplifies the mixing process 

and affects the simulation accuracy [198]. Recently, Elsayed et al. [90] presented a comprehensive 

model to investigate the transient behavior of four different feed configurations of MED systems 

and MED-TVC. Their results showed that MED-TVC with parallel/cross feed has the fastest 

response while backward feed and forward feed have slower response to the applied disturbances. 

Also, they concluded that the MED-TVC is more susceptible to the heat sink disturbances 

compared to the other traditional MED configurations.  

The physics behind the transient behavior of a MED-TVC system subject to external disturbances 

has not received adequate attention in the open literature. Generally, adding a TVC unit to the 

MED improves the performance through decreasing the required amount of thermal energy input. 

However, the MED-TVC systems are sensitive to the applied disturbances and fluctuations in the 

input parameters compared to stand alone MED. Therefore, the present work aims to further 

improve and apply the dynamic model developed in [90] to study the behavior of a parallel/cross 

feed of MED-TVC system. A robust dynamic model for the condenser is developed to predict the 
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dynamic variation of the condenser pressure, condenser liquid level and the feed temperature. The 

MED-TVC system transient behavior under different input conditions (disturbances) from the 

nominal steady-state values of input parameters is obtained. Three disturbances namely, motive 

steam flow rate, cooling seawater flow rate and cooling seawater temperature are considered. Also, 

the effect of change in feed seawater salinity on plant operation was also investigated. 

 MED-TVC configuration 

The configuration of combining the MED-TVC system is accomplished by using conventional 

rows of effects, each placed into a circular/rectangular vessel along with a condenser. A thermo-

compressor is integrated with the last effect to form the MED-TVC system as shown in Figure 37. 

Preheated feed seawater from the condenser is distributed to a sequence of successively lower 

pressure vessels, called effects. A major portion of the seawater that enters the condenser is 

directed back to the sea. Feed is sprayed into each evaporation effect and flows down as a thin 

liquid film along the outside wall of the horizontally installed tubes.  Hot compressed steam 

(supply steam) from the TVC flows into the tube inside the 1st effect. The vapor generated in the 

last effect of MED system 𝑚𝑣,𝑛  is divided into two streams at the pressure 𝑃𝑛. The first stream 𝐷𝑒𝑣 is pulled by the TVC and the remaining steam 𝑚𝑣,𝑛 − 𝐷𝑒𝑣 is used to preheat the cooling 

seawater in the condenser. A stream of motive steam 𝑚𝑚𝑠 at a relatively high motive pressure 𝑃𝑆 

enters the TVC unit. The motive steam is usually supplied from the boiler or steam turbine of a 

power plant. The entrained vapor, compressed by the TVC, is combined with the motive steam 

and directed to first effect with a mass flow rate of 𝑚𝑚𝑠 + 𝐷𝑒𝑣 and discharge pressure of 𝑃𝑑. The 

fraction of the mass flow rate of the motive steam to the entrained vapor is called the entrainment 

ratio (𝑅𝑎).  
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The steam stream delivered from TVC unit, through condensation inside the tubes of the first 

effect, raises the temperature of the feed seawater to its boiling temperature which is also known 

as the TBT. A fraction of the feed seawater in the first effect evaporates and the vapor flows into 

the second effect which is at a lower pressure and temperature than the first effect.  This vapor acts 

as a heat source for the evaporation of a part of the feed seawater in the second effect.  This process 

repeats and continues to the last effect. The unevaporated brine from the first effect enters the 

second effect to utilize its energy by flashing at a lower pressure. The brine flow process also 

continues to the last effect.  This manner of feed water and brine flow is shown in Figure 37 and 

is known as the parallel/cross configuration. The vapor inside the second to the last effect is 

generated by both evaporation and flashing. The fresh water and concentrated brine are cascaded 

to the last effect where they are drawn out by pumps.  

 

Figure 37 Schematic diagram of a MED system with four effects and thermo-compressor unit. 
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 Models development 

6.4.1. Steady state model 

The steady-state conservation equations of mass, energy, and salt are solved to obtain the steady-

state conditions of all the parameters in the plant using the following assumptions:  

19. Non-condensable gases (NCG) are properly deaerated and vented out to avoid 

accumulation inside the MED system, so its effect on effect performance is not considered. 

20. The brine stream from the i-1 effect is assumed to flash adiabatically upon entering the  i 

effect. 

21. Thermophysical properties for the brine and vapor are considered to be temperature and 

salinity dependent. Appropriate correlations are selected from [73]. 

22. Thermodynamic penalty representing the temperature difference between the brine pool 

and the vapor generated in the effect is taken as the Boiling Point Elevation (BPE). 

Tv,i = Tb,i − BPE(Tv,i, Xb,i) (50) 

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

to yield the same evaporator area for all the effects. Using the above assumptions, the steady-state 

mass, energy and salt balance equations for MED-TVC system are presented in Table 26. In the 

steady state solution, the vapor/brine temperature, feed flow rate, brine flow rate, vapor flow rate 

and salinity at each effect are calculated in addition to the heat transfer surface areas in the effects. 

The motive steam flow rate, compression ratio and expansion ratio determine the entrainment ratio 

which in turn defines the amount of vapor entrained to the TVC unit. 
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Table 26  Steady-state conservation equations for a MED-TVC system. 

Equations 1st effect 2 to n (last effect) F  B D 

Mass 𝐵1 = 𝐹1 − 𝐷1 𝐵𝑖 = 𝐹𝑖 − 𝐷𝑖 + 𝐵𝑖−1 − 𝑑𝑖    ∑𝐹𝑖𝑛
𝑖=1  

𝐵𝑛 ∑𝐷𝑖𝑛
𝑖=1+ 𝑑𝑖 Salt  𝐹1. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖 . 𝑋𝑖 = 𝐵𝑖−1. 𝑋𝑖−1 + 𝐹𝑖. 𝑋𝑓 

Energy 𝐷1 = 𝑆. 𝜆𝑠 − 𝐹1(ℎ1 − ℎ𝑓)𝜆1 ,  𝑑1 = 0 

𝐷𝑖 = (𝐷𝑖−1 + 𝑑𝑖−1). 𝜆𝑖−1𝜆𝑖− 𝐹𝑖(ℎ𝑖 − ℎ𝑓)𝜆𝑖 ,  𝑑𝑖 = 𝐵𝑖−1(ℎ𝑖−1 − ℎ𝑖)𝜆𝑖  

Overall mass balance 𝐹 = 𝐵 + 𝐷 
Overall salt balance 𝐹. 𝑋𝑓 = 𝐵.𝑋𝑛 𝑑𝑖 , represents the amount of vapor generated from hot brine flashing when exposed to lower pressure. 
S, supplied steam flow rate           D, Total distillate flow rate           F, Total feed flow rate            B, 
Total brine flow rate. 

6.4.2. Dynamic model 

The solution of the steady-state model is considered as the initial condition for the dynamic model.  

For the developed dynamic model, each evaporator is divided into three lumps: brine, vapor, and 

tube lump. For each lump, energy, mass, and salt balance are written. The accumulation of mass 

and energy in the evaporator tubes is taken to be negligible compared to the accumulation of mass 

and energy in the brine pool inside an effect. Figure 38 shows schematic diagrams for the first and 

ith effect evaporators and the condenser. Based on the assumptions stated above, the mass, energy, 

and salt balance equations for the ith effect evaporator are presented. The evaporator is assumed to 

have a cross-sectional area 𝐴𝑐𝑒,𝑖 and a total height 𝐻𝐸. The brine pool height 𝐿𝑏,𝑖 and vapor height 𝐻𝐸 − 𝐿𝑏,𝑖 are shown in Figure 38b. Brine flow rate between effects is represented by 𝑚𝑏,𝑖 =𝐶𝑏,𝑖√∆𝑃𝑏,𝑖 where ∆𝑃𝑏,𝑖 = 𝑃𝑖−1 − 𝑃𝑖 + 𝜌𝑏𝑔(𝐿𝑏,𝑖 − 𝐿𝑏,𝑖−1) and the vapor flow from an effect to the 

next is calculated from 𝑚𝑣,𝑖 = 𝐶𝑣𝑖√∆𝑃𝑣𝑖 where ∆𝑃𝑣𝑖 = 𝑃𝑖 − 𝑃𝑖−1. Equation 33 represents the 

matrix form of the derived combined lumps mass, energy and salt balances for ith evaporator effect. 
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[𝐶11 𝐶12 𝐶13𝐶21 𝐶22 𝐶23𝐶31 𝐶32 𝐶33] [𝑑𝐿𝑏,𝑖 𝑑𝑡
⁄𝑑𝑇𝑣,𝑖 𝑑𝑡⁄𝑑𝑋𝑏,𝑖 𝑑𝑡⁄ ] = [𝐶14𝐶24𝐶34]   

(51) 

where: 𝑪𝟏𝟏 𝑪𝟏𝟐 𝑪𝟏𝟑 𝑪𝟏𝟒 𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖− 𝜌𝑣,𝑖) [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )+ (𝐻𝐸− 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖] 
[𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 ] 

𝑚𝑓,𝑖 +𝑚𝑏,𝑖−1−𝑚𝑏,𝑖 −𝑚𝑣,𝑖 
𝑪𝟐𝟏 𝑪𝟐𝟐 𝑪𝟐𝟑 𝑪𝟐𝟒 𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖ℎ𝑏,𝑖− 𝜌𝑣,𝑖ℎ𝑣𝑖) [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )+ 𝜌𝑣,𝑖(𝐻 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑ℎ𝑣,𝑖𝑑𝑇𝑣,𝑖+ ℎ𝑣,𝑖(𝐻 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖] 

[𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 ] 
𝑚𝑓,𝑖ℎ𝑓,𝑖+𝑚𝑏,𝑖−1ℎ𝑏,𝑖−1−𝑚𝑏,𝑖ℎ𝑏,𝑖+ 𝑄𝐸,𝑖 

𝑪𝟑𝟏 𝑪𝟑𝟐 𝑪𝟑𝟑 𝑪𝟑𝟒 𝐴𝑐𝑒,𝑖𝜌𝑏,𝑖𝑋𝑏,𝑖 [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )] [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 ] 
𝑚𝑓,𝑖𝑋𝑓,𝑖+𝑚𝑏,𝑖−1𝑋𝑏,𝑖−1−𝑚𝑏,𝑖𝑋𝑏,𝑖 

As mentioned in MED-TVC process description, some of the vapor generated in the last effect is 

entrained by the TVC and the remaining portion is directed to the condenser to raise the feed 

temperature and eventually this vapor is completely condensed. In the present study, a detailed 

model for the condenser is developed which can predict the dynamic variation of condenser 

pressure, condenser liquid level, and the feed temperature with time. The condenser is treated 

similarly to the evaporator of the effects. It is sectioned into three lumps; condensate liquid, vapor, 

and tube as shown in Figure 38c. As shown the condenser assumed to have a cross-sectional area 𝐴𝑐𝑐 and a total height of 𝐻𝑐𝑜𝑛 while the condensate pool height is 𝐿𝑐𝑜𝑛 and vapor height 
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is 𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛. Combined mass, and energy for vapor and condensate lumps in the condenser are 

given by equation 34. Mass balance of the liquid and vapor lumps can be written as: 

[𝐷11 𝐷12𝐷21 𝐷22] [𝑑𝐿𝑐𝑜𝑛 𝑑𝑡⁄𝑑𝑇𝑐𝑜𝑛 𝑑𝑡⁄ ] = [𝐷13𝐷23] (52) 

where:  𝑫𝟏𝟏 𝑫𝟏𝟐 𝑫𝟏𝟑 𝐴𝑐𝑐(𝜌𝐿,𝑐𝑜𝑛− 𝜌𝑣,𝑐𝑜𝑛) [𝐴𝑐𝑐𝐿𝑐𝑜𝑛 𝑑𝜌𝐿,𝑐𝑜𝑛𝑑𝑇 + (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)𝐴𝑐𝑐 𝑑𝜌𝑣,𝑐𝑖𝑛𝑑𝑇 ] (𝑚𝑣,𝑛 − 𝐷𝑒𝑣) − 𝑚𝑐𝑜𝑛,𝑂 𝑫𝟐𝟏 𝑫𝟐𝟐 𝑫𝟐𝟑 𝐴𝑐𝑐(𝜌𝐿,𝑐𝑜𝑛ℎ𝑐𝑜𝑛− 𝜌𝑣,𝑐𝑜𝑛ℎ𝑣) [𝐴𝑐𝑐𝐿𝑐𝑜𝑛ℎ𝑐𝑜𝑛 𝑑𝜌𝐿,𝑐𝑜𝑛𝑑𝑇+ (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)ℎ𝑣𝐴𝑐𝑐 𝑑𝜌𝑣,𝑐𝑜𝑛𝑑𝑇+ 𝐴𝑐𝑐𝐿𝑐𝑜𝑛𝜌𝐿,𝑐𝑜𝑛 𝑑ℎ𝑐𝑜𝑛𝑑𝑇+ (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)𝜌𝐿,𝑐𝑜𝑛𝐴𝑐𝑐 𝑑ℎ𝑣𝑑𝑇 ] 

(𝑚𝑣,𝑛 − 𝐷𝑒𝑣)ℎ𝑣,𝑛 − 𝑚𝑐𝑜𝑛,𝑂ℎ𝑐𝑜𝑛,𝑂 − 𝑄𝑐𝑜𝑛 

 

Figure 38 Control volume with different terms for (a) first effect, (b) ith effect and (c) condenser. 

In order to obtain the transient nature of feed seawater temperature, condenser tube enthalpy is 

assumed to be the average enthalpy of the feed and cooling seawater as ℎ𝑇,𝑐𝑜𝑛 = ℎ𝑓+ℎ𝑐𝑤2  . The rate 

of change of feed water temperature with time can be written as,  

𝑑𝑇𝑓𝑒𝑒𝑑𝑑𝑡 = 2(𝑄𝑐𝑜𝑛 +𝑚𝑐𝑤ℎ𝑐𝑤 − 𝑚𝑐𝑤ℎ𝑓)𝜌𝑡𝑢𝑏𝑒,𝑐∀𝑡𝑢𝑏𝑒,𝑐 𝑑ℎ𝑓𝑑𝑇  
(53) 
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𝑄𝑐𝑜𝑛 = 𝑈𝑐𝑜𝑛𝐴𝑐𝑜𝑛 (𝑇𝑣,𝑛−𝑇𝑓) − (𝑇𝑐𝑜𝑛−𝑇𝑐𝑤)𝑙𝑛 [ 𝑇𝑣,𝑛−𝑇𝑓𝑇𝑐𝑜𝑛−𝑇𝑐𝑤]  
(54) 

6.4.3. TVC unit model 

An accurate prediction of the TVC performance is needed to ensure the reliability of the overall 

MED-TVC process. Enhancement of the TVC entrainment efficiency promotes the performance 

of MED significantly and therefore the entrainment ratio is the most critical parameter in the 

modeling of the MED-TVC system. Due to the rapid dynamic response of ejector unit to changes 

in input parameters compared to other MED components, the TVC is considered to be in a quasi-

steady state situation and therefore, no dynamic equations are needed [183]. However, to estimate 

the performance of TVC, an accurate quasi-steady equation for the entrainment ratio that relates 

the different input and output parameters of the ejector is required. Several approaches are 

available in the literature to evaluate entrainment ratios.  Most of these methods need tedious and 

lengthy mathematical, computational procedures and use many correction factors [73]. The 

entrainment ratio 𝑅𝑎 depends on the expansion ratio 𝐸𝑟 = 𝑃𝑠𝑃𝑛 and the compression ratio 𝐶𝑟 = 𝑃𝑑𝑃𝑛  

as given in the Power’s graphical data chart used to relate the amount of motive steam and 

entrained vapor [32, 91]. El-Dessouky and Ettouney [73] proposed a semi–empirical correlation 

for entrainment ratio by introducing motive steam pressure correction factor (PCF) and entrained 

vapor temperature correction factor (TCF). Bin Amer [188] eliminated these correction factors 

used in [73] for simplicity and his results were tested and compared with those obtained by the 

Power’s chart for validity in the range of motive pressure 3000 ≥𝑃𝑠 ≥ 2000 kPa. Hassan and 

Darwish [92] used the Power’s chart and correlated the entrainment ratio 𝑅𝑎 as a function of 𝐸𝑟 
and 𝐶𝑟 as presented in Table 27. The results from these correlations were compared with the 

Power's chart and with the two semi-empirical correlations mentioned in [73, 188]. These 𝑅𝑎 
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correlations agree with the Power's charts. However, the two semi-empirical equations give 

inaccurate estimates which could be 50% lower than the values from the Power's chart under 

certain conditions. In this regard, the correlations by Hassan and Darwish [92] are used to obtain 𝑅𝑎 for the TVC unit in the present study. 

Table 27 Correlated data equation for the Power’s curves [92] 

−1.93 + 2.15𝐶𝑟 + 113.49 𝐸𝑟⁄ − 0.52𝐶𝑟2 − 14735.97 𝐸𝑟2⁄ − 31.85𝐶𝑟 𝐸𝑟⁄ + 0.048𝐶𝑟3+ 900786.04 𝐸𝑟3⁄ − 495.58𝐶𝑟 𝐸𝑟2⁄ + 10.025𝐶𝑟2 𝐸𝑟⁄  

𝐸𝑟 ≥ 100 −3.21 + 3.93𝐶𝑟 + 27.24 𝐸𝑟⁄ − 1.19𝐶𝑟2 − 141.42 𝐸𝑟2⁄ − 22.54𝐶𝑟 𝐸𝑟⁄ + 0.13𝐶𝑟3+ 348.5 𝐸𝑟3⁄ − 41.79𝐶𝑟 𝐸𝑟2⁄ + 6.44𝐶𝑟2 𝐸𝑟⁄  

100 ≥  𝐸𝑟≥ 10 −1.61 + 11.03 ln𝐶𝑟 + 13.53 𝐸𝑟⁄ − 14.93 ln𝐶𝑟2 − 34.44 𝐸𝑟2⁄ − 48.48 ln 𝐶𝑟 𝐸𝑟⁄+ 6.46 ln 𝐶𝑟3 + 29.97 𝐸𝑟3⁄ − 70.81 ln 𝐶𝑟 𝐸𝑟2⁄ + 46.96 ln𝐶𝑟2 𝐸𝑟⁄  

10 ≥  𝐸𝑟≥ 2 

6.4.4. Model Limitations  

The current dynamic model should be used only when the assumptions stated are valid.  However, 

it should be noted that these limitations do not usually apply in most applications. First, the effect 

of non-condensable gases (NCG) is not considered in the model.  The presence of NCG dissolved 

in the supplied seawater can have a significant effect on the evaporation and condensation 

processes inside the evaporator and condenser which may in turn deteriorate the performance of 

these units [199]. However, in an actual operation, the feed seawater is always properly deaerated 

and vented physically to avoid the accumulation of NCG to guarantee normal operation of the 

plant. Otherwise, these NCG can be released in the flashing chambers and transferred to the MED 

effects through the injection lines.  This will decrease the heat transfer coefficients in the heat 

exchanger surfaces and significantly degrade the thermal performance of the MED plant [200]. 

Second, the dynamic model must have a reliable prediction for the TVC component. The empirical 

correlations used to describe the TVC unit are valid and accurate within 20% over the range of 

compression ratios up to 5, expansion ratios up to 1000, and entrainment ratios from 0.25 to 5 [92]. 
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The ranges are fairly broad and cover most MED-TVC operations.  Finally, the cross-sectional 

areas of the effects and condenser are assumed to be constant in the model. However, to include 

other designs such as horizontal cylindrical shell and tube effects, a geometrical equation that 

relates the brine height with the cross-section area of the effect can be easily implemented.  

6.4.5. Numerical solution 

The first-order nonlinear ODEs derived above for the condenser and evaporators are solved 

simultaneously using the Runge-Kutta fourth order method through a FORTRAN code. The 

solution procedure starts by obtaining the steady-state solution for the MED-TVC system. In the 

steady state solution, the temperature, feed flow rate, brine flow rate, vapor flow rate and salinity 

at each effect are calculated in addition to the evaporators and condenser surface areas. The steady-

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

equal heat transfer areas for the evaporators as shown in  Figure 39. The maximum difference in 

heat transfer areas is calculated and an error criterion ԑ =0.01 m2 is used. If the error criterion is 

not satisfied, a new iteration sequence is initiated. The new iteration starts with the calculations of 

the new heat transfer areas. 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 until 

the error criterion is met. After the steady-state solution is obtained, it is used as the initial condition 

for the dynamic response calculations as presented in Figure 39. At each time step, the temperature, 

liquid level, and salinity are calculated in each effect. The condenser temperature, condenser 

distillate level and feed temperature are also calculated. The brine and vapor flow rates among the 

effects are calculated based on the liquid level and the saturation pressure in each effect. The 

entrainment ratio of the thermal-compressor is updated at every time step using the correlations 

given in [92]  and the values of the pressure at the last effect and the pressure of the motive steam. 
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A time step was chosen to be 0.1 s to eliminate numerical instability [179]. Any parameter can be 

changed (or disturbed) from its steady state value for a specified time period. The MED operating 

condition is expected to deviate from the steady state condition upon the introduction of 

disturbances.  If the MED is stable, it should return to steady state operation when the disturbances 

are removed.  

 

Figure 39 Block diagram of an MED-TVC system steady-state and dynamic models. 

 Models validation 

6.5.1. Validation of steady-state calculations 

The results from the developed steady-state model are checked against actual data from several 

commercial MED-TVC plants in Trapani, Tripoli, Sidem (western area of UAE) and Kish Iceland 

[72, 100, 201, 202]. The comparison between the calculated and actual performance parameters 

shows good agreement as shown in Table 28. The percentage error in the GOR ranges from 2.55 

to 8.29%.  
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Table 28 Validation of MED–TVC model results against data from commercial plants. 

 Input data for the MED–TVC model  

Trapani [201] Tripoli [72] Sidem [202] Kish Iceland 
[100] 

Number of effects 12 4 4 5 

Motive steam 
pressure, kPa 

4500 2300 2400 1000 

Motive steam flow 
rate, kg/s 

6.67 8.89 6.361 2.89 

Top brine temperature 
T1, °C 

62.2 60.1 59 68 

last brine temperature 
Tn, °C 

37 45.4 47 54 

Temperature drop / 
effect, °C 

2.3 4.9 4 3.5 

Feed temperature Tf, 
°C 

35 41.5 44 44 

Seawater temperature 
Tcw, °C 

22 31.5 33 33 

Feed content, g/kg 40 35 47 45a 

Brine content, g/kg 60 53 71.5 70a 

System performance 

 Model Actual Model Actual Model Actual Model Actual 

Gain output ratio 
(GOR) 

15.41 15.617 6.342 6.508 7.588 8.275 7.72 8 

Distillate production 
kg/s 

98.69 104.167 56.38 57.861 48.27 52.64 22.311 23.148 

Brine flow rate, kg/s 200.56 209.72 106.783 109.21 97.129 106.25 51.326 54.629 

Feed flow rate, kg/s 299.25 313.889 163.163 167 145.398 158.88 73.637 77.778 

Steam flow rate to 1st 
effect 

11.98 NA 14.72 14.44 12.853 NA 5.31 NA 

Entrained flow from 
last effect 

5.31 NA 5.83 5.55 6.492 NA 2.42 NA 

Entrainment Ratio for 
TVC 

1.256 NA 1.525 1.601 0.98 NA 1.194 NA 

%Error GOR 5.26 2.55 8.29 3.5 

a, Assumed values     

6.5.2. Dynamic response validation  

There is a dearth of published dynamic response data for the actual MED and MSF desalination 

plants. Manufacturers of MED and MSF plants, perhaps due to competition reason, are not 

revealing their plant data especially the plant dynamic response with actual disturbances that the 
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unit may be exposed to. So the dynamic model results are compared with a lab-controlled three-

effect MED plant of shell and tube evaporators with a total freshwater production of 3 m3/day 

[191]. The heat source used in this plant is a hot water stream that is introduced to the first effect. 

The vapor produced in the first effect is used to heat the second effect and so on. The vapor 

temperature in each effect is measured when the hot water heat source is shut off for a certain time 

interval. To investigate the validity of the dynamic model under experimentally similar conditions, 

the heat supplied to the first effect is set as the disturbance in the numerical model.  Its value is set 

to zero at the time of hot water shutdown and is returned to its steady-state value at the end of the 

disturbance period. A comparison between the vapor temperature in each effect obtained from the 

dynamic model simulation and the data provided in [191] is shown in Figure 40. The average 

absolute error between the actual and simulated data for each effect is 2% which indicates good 

agreement between the simulation and the measured experimental data. 

 

Figure 40. The Vapor temperature of the evaporators for simulated model and experiment [191]. 
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 Results and discussion 

In order to study the dynamic response of MED-TVC desalination plants, the developed model is 

applied to a plant in the western area of Abu Dhabi plant [202]. All the available data for this plant 

are considered. The initial brine/condenser liquid level was assumed to be 0.25 m based on the 

actual effects and condenser dimensions. The dynamic response of the plant is studied when four 

stepwise changes (disturbances) in operational parameters from the nominal steady-state values 

are allowed. These disturbed parameters include motive steam flow rate, cooling seawater flow 

rate and cooling seawater temperature which are denoted as 1st, 2nd and 3rd disturbances, 

respectively, plus the change in feed seawater salinity. It is assumed that the disturbances are 

applied for a certain time interval and returned back to its steady state operational values. 

The 1st disturbance is considered to be a 10% stepwise reduction in the steady-state value of the 

motive steam flow rate (6.36 kg/sec) at 1000 s, and this reduction lasts for 9000 s. This disturbance 

may be attributed to a decrease in the supplied power to the boiler. At the beginning of the 1st 

disturbance, the thermal energy delivered to the first effect drops due to the sudden decrease in the 

motive steam. This leads to a reduction in vapor temperature (Figure 41b) and evaporation rate. 

Consequently, an increase in the brine level for effects 1 to 3 is experienced as shown in Figure 

41a. The rate of increase in the brine level in each effect is lower than that of the previous one. It 

is interesting to notice that when the disturbance is applied with a fixed motive steam pressure, the 

steam ejector sucks a lower amount of entrained vapor from the last effect which causes a small 

sudden increase in vapor temperature in the last effect as shown in Figure 41b. This slight increase 

in last effect pressure plus the drop in the brine flow rate from the upstream effects is the reason 

for the decrease in brine level in the last effect as shown in Figure 41a. Similarly, in a reverse 
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manner, when the disturbance ends at 10000 s, the ejector sucks in more vapor leading to a sudden 

drop in the last effect vapor temperature and a rise in the brine level.  

The response of the vapor lump in each effect is much faster than the response of the liquid lump. 

So, the vapor pressure response is faster than the hydrostatic brine level response. As soon as the 

1st disturbance starts the brine lump is subjected to a lower saturation pressure due to the decrease 

in the effect temperature. This decreases the brine mass flow rate as shown in Figure 41c. After 

some time, the brine flow rate increases gradually due to the buildup of the hydrostatic pressure as 

the brine accumulates and its level increases. Conversely, at the end of the disturbance, the motive 

steam increases again and causes an increase in the temperature and pressure of each effect, which 

increases the brine mass flow rate. Figure 41d shows the vapor flow rate from each effect and the 

steam flow rate to the first effect. It is clear that at the beginning of the disturbance, the 

instantaneous decrease in the steam supplied to 1st effect is sensed rapidly in the form of a sudden 

drop in the vapor mass flow rate from the subsequent effects. However, the system is slower to 

return to steady state vapor flow rate values when the disturbance ends. To reach steady state 

values after the disturbance is off, it takes about 5000 seconds for the brine level and brine flow 

rate and 3000 seconds for vapor temperature and vapor mass flow rate. 
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Figure 41 Variation for different parameters with 1st disturbance. 

The 2nd disturbance is a 5% stepwise reduction applied to the steady-state value of the cooling 

seawater mass flow rate (253 kg/sec) at 1000 s, and this reduction lasts for 9000 s. This reduction 

in mass flow rate could be attributed to a reduction in pump efficiency. Reducing the mass flow 

rate of the cooling seawater directly increases the feed water temperature and condenser pressure. 

Figure 42 shows the variation of the parameters under investigations as soon as the 2nd disturbance 

is applied. The brine levels for all effects decrease due to the increase in feed temperature which 

enhances evaporation. After the disturbance is off, it takes approximately 5000 seconds for the 

MED to return to steady-state operation. During the disturbance period, the vapor temperature and 

mass flow rate increase due to the increase in feed temperature as shown in Figure 42 (b,d). The 

brine mass flow rate is driven by vapor pressure and the hydrostatic pressure of the brine. Since 
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the vapor pressure response is faster compared to the response of the brine level, the brine flow 

rate increases in all effects at the beginning of the disturbance due to the increase in vapor 

temperature and pressure. As the brine level decreases due to enhanced evaporation, the brine 

hydrostatic pressure decreases which in turn reduces the brine flow rate as shown in Figure 42c. 

Reducing the cooling seawater mass flow rate results in an increase in the condenser pressure. This 

creates a small sudden decrease in the vapor mass flow rate from the last effect as shown in Figure 

42d.  Increasing the brine flow rate from the upstream effects at the beginning of the 2nd  

disturbance produces a jump in brine level in the last effect but it gradually decreases as the vapor 

temperature increases due to the enhanced evaporation as shown in Figure 42a. At the end of the 

2nd disturbance, the reverse behavior occurs.  

The 3rd disturbance is a 10% stepwise reduction applied to the steady-state value of the cooling 

seawater temperature (33oC) at 1000 s, and this reduction lasts for 9000 sec. It may be dictated by 

the weather and ambient condition as an external uncontrollable parameter that affects seawater 

temperature [203].  As the cooling seawater temperature decreases, the feed temperature decreases 

for all effects at the same time. This leads to a reduction in the evaporation rate and in vapor 

temperature which in turn produces an increase in the brine level in all effects as shown in Figure 

43(a,b). Similar to the previous scenarios of 1st disturbance, the brine flow rate decreases as soon 

as the 3rd disturbance is applied due to the rapid decrease in the pressure in the effects, it then 

increases gradually as the hydrostatic pressure due to the brine level increases as shown in Figure 

43c. At the end of the disturbance, it is expected that the vapor flow rate will follow the reverse 

behavior. However, the outcome from the vapor flow rate is interesting: immediately after 

returning cooling seawater temperature to its steady state original value, vapor flow rate is 

drastically decreased to lower values and this effect is more significant in the 3rd and 4th effect. 
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This can be attributed to the sudden increase in the condenser pressure due to the increase in the 

cooling seawater temperature. The effect of condenser back pressure travels backward to the 4th 

and 3rd effects, as shown in Figure 43d, with a minimal impact on the 1st effect.  

 

Figure 42 Variation for different parameters with 2nd disturbance. 

The change of MED unit installation region may cause a change in seawater salinity, i.e., it is a 

parameter of site location condition. A reduction is applied to steady-state value of the seawater 

feed salinity from 47 g/kg to 35 g/kg to investigate the effect of different salinity values on the 

plant steady-state characteristics. One of the advantages of the developed dynamic model is that it 

can predict the steady state solution if the program is allowed to run for a relatively long-time 

interval. Reducing the feed salinity leads to a lower BPE which reduces the difference between 

brine and vapor temperature in effects. As seen in Figure 44, the vapor temperature and vapor flow 

rate increase in all effects upon applying the salinity change. This increase in the vapor rate 
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increases the total freshwater production from 48.3 to 49.7 kg/s. In addition to that, the specific 

heat transfer area which represents the total area of the effects per unit mass of the distilled water 

production decreases from 35.1 to 34.9 m2-s/kg. Compared to the other previous three 

disturbances, changing the seawater salinity seems to have minimal effect on the MED 

performance. This shows that unlike RO desalination technique, the MED-TVC plants can handle 

high salinity sea water without a considerable drop in performance.  

 

Figure 43 Variation for different parameters with 3rd disturbance. 
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Figure 44 Variation for vapor temperature and flow rate with feed seawater salinity change. 

 Conclusions 

In the current work, a steady/dynamic model for a MED-TVC desalination plant with a 

parallel/cross flow configuration is developed and validated against available steady-state data 

from a commercial plant and experimental data available in the literature. The model has some 

limitations such as the effect of non-condensable gases is not considered.  The model is used to 

investigate the system behavior under different disturbances that simulate the real conditions that 

the plant may be exposed to. The simulation results reveal that the disturbances in motive steam 

flow rate and in cooling seawater temperature have the largest effect on the plant performance 

while a disturbance in the cooling seawater mass flow rate has only a moderate effect. Changing 

seawater salinity shows a slight effect on the total distillate and the specific heat transfer area. The 

dynamic simulation results reveal that the vapor temperature response is quick and is affected 

mainly by disturbances in the motive steam flow rate and cooling seawater temperature. For all 

applied disturbances, the change in the brine level is the slowest compared to the changes in vapor 

temperature, and brine and vapor flow rates.  
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CHAPTER 7 EFFECT OF INPUT PARAMETERS INTENSITY AND 
DURATION ON DYNAMIC PERFORMANCE OF MED-TVC PLANT** 

 Abstract 

Multi-Effect-Desalination (MED) may be exposed to fluctuations (disturbances) in input 

parameters during operation. Therefore, there is a requirement to analyze the transient behavior of 

such MED systems. In this work, a dynamic model is developed and used to examine the effect of 

abrupt and ramp changes in the main operational parameters on the plant behavior and 

performance. The results show that the disturbance intensity variation has a major role in the 

desalination plant behavior. For the current MED-TVC configuration, it is recommended to limit 

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

avoid dry out in the evaporators. A reduction in the motive steam flow rate and cooling seawater 

temperature of more than 20% and 35% of the nominal operating values, respectively, may lead 

to flooding in the evaporators and a complete plant shutdown. On the other hand, the disturbance 

period has a minimal effect on plant performance if it avoids the critical values of the disturbance 

intensity that can cause plant shutdown. Simultaneous combinations of two different disturbances 

with opposing effects result in a modest effect on the plant operation and they can be used to 

control and mitigate the flooding/drying effects of the disturbances. For simultaneous 

combinations of disturbances with similar effect, the plant needs an accurate control system to 

avoid an operational shutdown.  

                                                 
** Mohamed L. Elsayed, Osama Mesalhy, Ramy H. Mohammed, Louis C. Chow, “Effect of Input Parameters Intensity and 

Duration on Dynamic Performance of MED-TVC Plant.” Applied Thermal Engineering, volume 139, July 2018, pages 210-221. 

 

https://www.sciencedirect.com/science/article/pii/S1359431117363081#!
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 Introduction 

Much research has been done to compare the merits of various desalination processes integrated 

with renewable energy systems [63, 160, 162], including Multi-effect-desalination (MED), 

multistage flash (MSF) and reverse osmosis (RO) [65, 163, 164]. Significant advantages have been 

demonstrated in several scenarios  for RO over MED and MSF; however, there has been rapidly 

increasing interest to use MED in the countries near the Persian Gulf and the Arabian Sea, where 

ambient conditions are challenging with seasonal high seawater temperatures and saline 

concentrations [204] and the resources of solar energy is abundant [166]. MED process requires 

less comprehensive seawater pretreatment as in RO. Also, MED is considered to be an attractive 

approach for desalination because of the combination of low economic costs and low energy 

consumption, especially when MED is combined with electricity cogeneration using solar or waste 

heat. Furthermore, MED showed better performance compared to RO or MSF processes using the 

newly proposed figure of merit, called the universal performance ratio (UPR) which represents the 

ratio of evaporative energy to the primary energies not the deriving energies. The reported values 

of UPR for RO, MED and MSF were 102.3, 131.0 and 60.3, respectively [64]. Adding thermal or 

mechanical vapor compression (TVC, MVC) to thermal desalination system improves the overall 

efficiency as it requires less cooling seawater and lowers electricity consumption [32, 39, 117, 

205]. In VC desalination, low-temperature vapor is recovered from certain locations of the thermal 

desalination system and converted to vapor with high temperature. A significant amount of 

research in detailed and simplified modeling of steady-state operation of MED has been made by 

various researchers using different solution techniques to determine various MED features and 

product cost [170, 196, 206-209]. The main conclusions of these contributions include the 

following, for all MED configurations, increasing the number of effects at a constant production 

rate increases the Gained Output Ratio (GOR) which represents the distillate product per amount 
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of heat source supplied. Also, at a constant number of effects and brine blow down the temperature, 

an increase in the top brine temperature (TBT) improves the system GOR and reduces the required 

specific heat transfer area as a result of an increase in the temperature drop and the overall heat 

transfer coefficient. 

Multi-effect evaporation systems may be generally exposed to fluctuations (disturbances) in input 

parameters during operation. These disturbances could be changes due to the environment such as 

cooling water swings with the weather or the time of day and heating source swings. Another type 

of disturbances is called “turndown” which represents the changes in gross plant throughput and 

this is done intentionally to handle for example power demand swings [168]. Therefore, it is 

important to analyze the transient behavior of MED output based on the changes of the input with 

time to get a better understanding of the desalination process performance and behavior. Dynamic 

simulation predicts the system behavior from start up to shut down and can be used to establish 

advanced control strategies, test operating scenarios, address potential problems related to 

unexpected transient events, and produce a comparatively stable output during the production 

period. Also, it helps engineers to better understand and develop optimal control strategies, prevent 

significant damages caused by malfunction, and troubleshoot disorders [169, 210]. Applications 

of dynamic modeling include off-line or on-line modeling to investigate the transient behavior of 

the system and execute control strategies [211].  

Burdett and Hollanu [189] developed the first dynamic model for a 17-effect MED.  The state 

variables at the end of each time step were obtained using the Newton-Raphson method. Later on, 

results for a dynamic model for a 10-effect MED were obtained by using the Euler method to 

integrate the time derivatives of the state variables. The analytical results of a step change in the 

heating steam temperature show a fair  agreement compared to the experimental data from 150 
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m3/day pilot MED in Israel [197]. Their experimental results show that for small overall ΔT and 

consequently inter-effect ΔP, plant performance drops. Cadet et al. [212] formulated a detailed 

evaporator model based on energy and mass balance incorporating semi-empirical equilibrium 

formulas for a sugar plant industry.  Miranda and Simpson [176] described a steady and dynamic 

lumped model of multi-effect evaporators (MEE) using data collected in a tomato concentrate 

industrial plant. Their model assumes the total mass in each effect is not accumulated due to 

concentrate level control. Tonelli et al. [177] presented an open-loop dynamic response of triple 

effect evaporators for apple juice concentrators with the backward  arrangement and preheating. 

A series of dynamic blocks corresponding to each stage are linked together to yield the complete 

dynamic model that includes the possibility of simulating dead-time lag between effects. 

Considerable disturbances in the inlet steam pressure and feed flow rate were applied and the 

results compared well with experimental response results from an actual unit located in Unipektin, 

Zurich. The dynamic behavior of four effect MED systems was introduced by Aly and Marwan 

[179]  which allowed the study of system start-up, shutdown and load changes using time-

dependent conservation equations of mass, energy, and salt. The overall heat transfer coefficient 

was assumed to change linearly with temperature but no industrial or actual data for validation was 

used. Kumar et al. [178] modeled transient behavior of a sextuple tubular falling film evaporator 

system with mixed feed in the paper industry by means of energy and material balance equations 

following the work in [179]. Dynamic disturbance of ±10% was applied to the liquor feed 

concentration, flow rate, steam and feed temperatures to predict the response in effects temperature 

and product concentration. Their results show that the effect temperature reaches steady state faster 

compared to the liquor concentration. Medhat Bojnourd et al. [184] presented lumped and 

distributed models for four-MEEs to concentrate whole milk, following the work conducted in 
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[213, 214] but with some modification. The transient behavior due to disturbances in input 

variables was investigated and compared with real data for an actual industrial unit. A slightly 

better prediction of the distributed model against the lumped model was obtained, especially in 

predicting the effect temperature, though the lumped model is simpler and requires less simulation 

time compared to the distributed model. 

El-Nashar and Qamhiyeh [180] presented a lumped model to estimate the dynamic behavior of 

Multi-Effect-Stack (MES) evaporators. Conservation equations of mass and energy were derived 

and solved simultaneously for each effect. The numerical results showed a reasonable agreement 

with real data taken from an operating desalination plant at Abu Dhabi throughout plant start-up. 

A dynamic simulator was proposed for a MED-VC unit as work-in-progress for steady state and 

the dynamic behaviors [141] by using the same equations in [179] but no system response due to 

load change was shown. Roca, et al. [181] experimentally tested a solar assisted-MED unit and 

compared their results with a simplified dynamic model based on the work developed in [179]. 

Mazini [183] used the same approach of [179] and modeled the distillate level of the condenser 

and a thermo-compressor. In addition, their model was validated by using actual data from an 

operating plant in Kish Island in Iran. At CIEMAT-Plataforma Solar de Almerı´a (PSA), a study 

described the dynamic nature and performance of a 14 forward-MED unit in a vertical 

arrangement. The object-oriented Modelica language was used to develop the non-linear first 

principles model [182]. Furthermore, this model was divided into sub-models that encapsulated 

and covered the dynamics of each one of the sub-processes that took place in the system in order 

to study the plant performance in different scenarios and design operating strategies to improve its 

efficiency [215]. Shahzad et al. [56, 67] presented a simulation model for predicting the transient 

behavior of an advanced hybrid MED and adsorption cycle (AD) desalination pilot plant installed 
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in Singapore. The simulation model used the actual characteristics of the adsorbent/adsorbate. 

Conservation equations of mass and energy were applied to the subcomponent of the advanced 

cycle. The advanced MEDAD cycle offers a 2.5~3 fold increase in freshwater production 

compared to the traditional MEDs for the same TBT by allowing some of MED effects to operate 

below ambient temperature. Cipollina et al. [185] developed a dynamic model for a 12-effect 

MED-TVC based on available data from the Trapani plant in Italy using the equation-based 

process simulator gPROMS®. Specific disturbances on the main input parameters were 

implemented to investigate the system behavior. Negligible variations were predicted for the 

increase in the seawater temperature, while a slight reduction in the plant GOR was shown when 

the seawater temperature was reduced. 

In the current study, a dynamic model for a parallel/cross flow MED-TVC system including four 

effects, an end condenser, and a steam jet ejector is considered. Three nonlinear ODEs are obtained 

for three state variables, namely the brine level, brine salinity and vapor temperature, to represent 

the dynamic behavior of each evaporator effect. In addition, a detailed model for the condenser is 

developed which can predict the dynamic variation of the condenser pressure, condenser liquid 

level and the feed temperature with time. Also, an accurate model for steam jet ejectors is used in 

order to evaluate the performance of the TVC unit. Eventually, the set of equations are linked, 

combined and solved simultaneously using the Runge-Kutta fourth order method through a 

FORTRAN code to obtain the system dynamic behavior. The steady state solution is used as the 

initial input for the dynamic response calculations. The dynamic model investigates the plant 

behavior and performance under various intensity and duration of disturbances introduced in the 

main operational parameters that include the motive steam flow rate, motive steam pressure, 

cooling seawater flow rate and cooling seawater temperature. A constraint on the brine level inside 
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the effects is assigned to define the critical limits for the fluctuations of the input parameters to 

avoid plant shutdown due to flooding or dry out. After studying the effects of individual 

disturbances on the MED-TVC behavior and performance, the effects of simultaneous 

combinations of two different disturbances in assisting and opposing effects direction are studied 

as well.  

 MED-TVC combination arrangement 

Multi-effect-desalination operates in three common configurations: forward-feed FF, backward 

feed BF, and parallel feed PF. A thermal vapor compressor (TVC) is integrated with the last effect 

to form a typical MED-TVC system which consists of a train of effects, thermal vapor compressor, 

condenser, a boiler which supplies the motive steam, and pumps, along with an operating control 

system as shown in Figure 45. Seawater is preheated to the feed water temperature by passing 

through the condenser. The major portion of the seawater is directed back to sea, while the 

remaining preheated feed seawater is distributed to a sequence of successively lower pressure 

vessels, called effects. Feed is sprayed into each evaporation effect and flows down as a thin liquid 

film along the outside walls of the horizontally installed tubes inside each effect. Motive steam 𝑚𝑚𝑠 extracted from a boiler or a power plant steam turbine at a relatively high motive pressure 𝑃𝑆 

enters through the TVC. The motive steam entrains a portion 𝐷𝑒𝑣of the vapor 𝑚𝑣,𝑛generated in the 

last effect of the MED system at pressure 𝑃𝑛. The remaining vapor 𝑚𝑣,𝑛 − 𝐷𝑒𝑣 is used to preheat 

the seawater in the condenser. The ratio of the motive steam to the entrained vapor flow rate is 

called the entrainment ratio (𝑅𝑎).  
The TVC unit improves the GOR and decreases the cost of input energy by recompressing the 

entrained vapor with the motive steam to form hot compressed steam [188]. For a MED-TVC 
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system, the GOR is defined as the ratio of the rate of total distillate produced to the flow rate of 

motive steam supplied to TVC unit. Steam from the TVC flows inside the tubes of the 1st effect 

with a mass flow rate of 𝑚𝑚𝑠 + 𝐷𝑒𝑣 and discharge pressure of 𝑃𝑑. The thermal compression 

process is not an efficient one. However, it can increase the performance of the MED system 

significantly and reduce the specific energy consumption [216]. The supply steam to the 1st effect 

raises the temperature of the thin film of feed seawater around the tubes 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 second effect which is at a lower pressure 

and temperature than the first effect. Simultaneous vapor condensation inside the tubes and 

seawater film evaporation outside the tubes occurs in all the effects. Also, unevaporated seawater 

brine from the first effect enters the second effect to harness its energy by flashing at a lower 

pressure. The brine flow process also continues through all effects to the last effect. This manner 

of feed water and brine flow is shown in Figure 45 and is known as the parallel/cross configuration. 

The vapor inside the second to the last effect is generated by both evaporation and flashing. The 

fresh water and concentrated brine are cascaded to the last effect where they are drawn out by 

pumps. 

 

Figure 45 Schematic diagram of a MED-TVC system with a thermo-compressor. 
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 In order to estimate the performance of TVC, a quasi-steady equation for the entrainment ratio 

that relates the different input and output parameters of the ejector is required. Several approaches 

are available in the literature to calculate entrainment ratios. Most of these methods need tedious 

and lengthy mathematical computational procedures and use many correction factors [73]. The 

entrainment ratio 𝑅𝑎 depends on the expansion ratio 𝐸𝑟 = 𝑃𝑠𝑃𝑛 and the compression ratio 𝐶𝑟 = 𝑃𝑑𝑃𝑛  

as given in the Power’s graphical data chart used to relate the amount of motive steam and 

entrained vapor [32, 91]. For the TVC model, the correlations of 𝑅𝑎 as a function of 𝐸𝑟 and 𝐶𝑟 
obtained by Hassan and Darwish [92], which are suitable for the range of typical MED operation 

conditions, are used in the current model. The results from these correlations were compared with 

the Power's chart and with the two semi-empirical correlations mentioned in [73, 188]. These 𝑅𝑎 

correlations agree with the Power's charts. However, the two semi-empirical equations gave 

inaccurate estimation which could be 50% lower than the values from the Power's chart under 

certain conditions. 

 Dynamic Model Development 

In order to predict changes in the MED-TVC system variables under the transient operating 

condition, a dynamic model of four-effect with a parallel/cross flow configuration is considered. 

Each evaporator is divided into three lumps: brine, vapor, and tube lump. For each lump, energy, 

mass, and salt balance are written. The assumptions used in generating the MED-TVC system 

dynamic model are listed as follows [179, 189]:  

23. The accumulation of mass and energy in the evaporator tubes is taken to be negligible 

compared to the accumulation of mass and energy in the brine pool inside an effect. 

24. Non-condensable gases effect on evaporator operation is taken to be insignificant. 
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25. The brine stream from the i-1 effect is assumed to flash adiabatically upon entering the i 

effect. 

26. Thermophysical properties for the brine and vapor are considered to be temperature and 

salinity dependent. Appropriate correlations are selected from [73].  

27. Thermodynamic penalty representing the temperature difference between the brine pool 

and the vapor generated in an effect is taken as the Boiling Point Elevation (BPE). 

28. The thermo-compressor has quick dynamic response compared to other components [183]. 

It is considered to be in a quasi-steady state condition and modeled by the correlations from 

[92]. 

29. The vapor and distillate are salt-free. 

Prior to solving the dynamic model, the steady state conservation equations of mass, energy, and 

salt are solved to obtain the steady-state values of all the parameters in the plant. The solution is 

carried out iteratively to adjust the temperature drop across the effects to yield the same evaporator 

area for all the effects. The details of the steady state solution model are similar to [73] and are not 

mentioned here. The solution of the steady-state model is considered as the initial condition for 

the dynamic model. Figure 46 shows schematic diagrams for the first and ith effect evaporators and 

the condenser. Based on the work in [179, 183] and the assumptions stated above, the mass, energy, 

and salt balance equations for the ith effect evaporator are presented. The evaporator is assumed to 

have a cross-sectional area 𝐴𝑐𝑒,𝑖 and a total height 𝐻𝐸. The brine pool height 𝐿𝑏,𝑖 and vapor height 𝐻𝐸 − 𝐿𝑏,𝑖 are shown in Figure 46 b. Brine pool to pool flow between effects is represented by 𝑚𝑏,𝑖 = 𝐶𝑏,𝑖√∆𝑃𝑏,𝑖 where ∆𝑃𝑏,𝑖 = 𝑃𝑖−1 − 𝑃𝑖 + 𝜌𝑏𝑔(𝐿𝑏,𝑖−1 − 𝐿𝑏,𝑖) and the vapor flow from an 

effect to the next is calculated from 𝑚𝑣,𝑖 = 𝐶𝑣𝑖√∆𝑃𝑣𝑖 where ∆𝑃𝑣𝑖 = 𝑃𝑖−1 − 𝑃𝑖. Combined lumps 

mass, energy and salt balances for ith evaporator effect are given by equations 1, 2 and 3 

respectively [179, 183]: 
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Figure 46 Control volume with different terms for (a) first effect, (b) ith effect and (c) condenser. 

𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖 − 𝜌𝑣,𝑖) 𝑑𝐿𝑏,𝑖𝑑𝑡+ [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 ) + (𝐻𝐸 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖] 𝑑𝑇𝑣,𝑖𝑑𝑡+ [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 + 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 ] 𝜕𝑋𝑏,𝑖𝜕𝑡= 𝑚𝑓,𝑖 +𝑚𝑏,𝑖−1 −𝑚𝑏,𝑖 −𝑚𝑣,𝑖 

(55) 

 𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖ℎ𝑏,𝑖 − 𝜌𝑣,𝑖ℎ𝑣𝑖) 𝑑𝐿𝑏,𝑖𝑑𝑡 + [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 ) +𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 ) + 𝜌𝑣,𝑖(𝐻𝐸 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑ℎ𝑣,𝑖𝑑𝑇𝑣,𝑖 + ℎ𝑣,𝑖(𝐻𝐸 −𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖] 𝑑𝑇𝑣,𝑖𝑑𝑡 + [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 + 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 +𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 ] 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝑚𝑓,𝑖ℎ𝑓,𝑖 +𝑚𝑏,𝑖−1ℎ𝑏,𝑖−1 −𝑚𝑏,𝑖ℎ𝑏,𝑖 + 𝑄𝐸,𝑖 

(56) 

𝐴𝑐𝑒,𝑖𝜌𝑏,𝑖𝑋𝑏,𝑖 𝑑𝐿𝑏,𝑖𝑑𝑡 + [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )] 𝑑𝑇𝑣,𝑖𝑑𝑡+ [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 + 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 ] 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝑚𝑓,𝑖𝑋𝑓,𝑖 +𝑚𝑏,𝑖−1𝑋𝑏,𝑖−1 −𝑚𝑏,𝑖𝑋𝑏,𝑖 

(57) 

In the current study, a detailed model for the condenser is developed in order to predict accurately 

the dynamic variation of condenser pressure, condenser liquid level, and the feed temperature with 
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time. The condenser has a major role in the MED-TVC plant operation as it is used to condense 

the fraction of the vapor generated in the last effect which is not entrained by the TVC. The 

condensation process raises the cooling seawater to the required feed temperature. The condenser 

is sectioned into three lumps; condensate liquid, vapor, and tube as shown in Figure 46c. Combined 

mass balance for liquid and vapor lumps is written as: 

𝑑𝑀𝑐𝑜𝑛𝑑𝑡 =  (𝑚𝑣,𝑛 − 𝐷𝑒𝑣) − 𝑑𝑀𝑣𝑑𝑡 − 𝑚𝑐𝑜𝑛,𝑂 
(58) 

The terms 
𝑑𝑀𝑐𝑜𝑛𝑑𝑡 , 𝑑𝑀𝑣𝑑𝑡   can be written in terms of the rate of change of vapor temperature, and 

condensate level. By assuming the condenser has a cross sectional area 𝐴𝑐𝑐 and a total height of 𝐻𝑐𝑜𝑛 while the condensate pool height is 𝐿𝑐𝑜𝑛 and vapor height is 𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛, the final mass 

balance equation in the condenser takes the following form.  

𝐴𝑐𝑐(𝜌𝐿,𝑐𝑜𝑛 − 𝜌𝑣,𝑐𝑜𝑛) 𝑑𝐿𝑐𝑜𝑛𝑑𝑡 + [𝐴𝑐𝑐𝐿𝑐𝑜𝑛 𝑑𝜌𝐿,𝑐𝑜𝑛𝑑𝑇 + (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)𝐴𝑐𝑐 𝑑𝜌𝑣,𝑐𝑜𝑛𝑑𝑇 ] 𝑑𝑇𝑐𝑜𝑛𝑑𝑡= (𝑚𝑣,𝑛 − 𝐷𝑒𝑣) − 𝑚𝑐𝑜𝑛,𝑂 

(59) 

Energy balances for condensate liquid, vapor and tube lumps are given as follow: 

𝑑𝑀𝑐𝑜𝑛ℎ𝑐𝑜𝑛𝑑𝑡 =  𝑚𝑐𝑜𝑛ℎ𝑐𝑜𝑛 − 𝑚𝑐𝑜𝑛,𝑂ℎ𝑐𝑜𝑛,𝑂 = 𝑀𝑐𝑜𝑛 𝑑ℎ𝑐𝑜𝑛𝑑𝑇𝑐𝑜𝑛 𝑑𝑇𝑐𝑜𝑛𝑑𝑡 + ℎ𝑐𝑜𝑛𝑑 𝑑𝑀𝑐𝑜𝑛𝑑𝑡   (60) 

𝑑𝑀𝑣ℎ𝑣𝑑𝑡 =  (𝑚𝑣,𝑛 − 𝐷𝑒𝑣)ℎ𝑣,𝑛 − 𝑚𝑐𝑜𝑛ℎ𝑐𝑜𝑛 − 𝑄𝑐𝑜𝑛 = 𝑀𝑣 𝑑ℎ𝑣𝑑𝑇𝑐𝑜𝑛 𝑑𝑇𝑐𝑜𝑛𝑑𝑡 + ℎ𝑣 𝑑𝑀𝑣𝑑𝑡  
(61) 

𝑀𝑇,𝑐𝑜𝑛 𝑑ℎ𝑇,𝑐𝑜𝑛𝑑𝑡 =  𝑚𝑐𝑤ℎ𝑐𝑤 − 𝑚𝑐𝑤ℎ𝑓 + 𝑄𝑐𝑜𝑛    ,       𝑀𝑇,𝑐𝑜𝑛 = 𝜌𝑇,𝑐𝑜𝑛∀𝑇,𝑐𝑜𝑛 
(62) 

By combining Eqs. (43) and (44), the following equation is obtained: 
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𝐴𝑐𝑐(𝜌𝐿,𝑐𝑜𝑛ℎ𝑐𝑜𝑛 − 𝜌𝑣,𝑐𝑜𝑛ℎ𝑣) 𝑑𝐿𝑐𝑜𝑛𝑑𝑡
+ [𝐴𝑐𝑐𝐿𝑐𝑜𝑛ℎ𝑐𝑜𝑛 𝑑𝜌𝐿,𝑐𝑜𝑛𝑑𝑇 + (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)ℎ𝑣𝐴𝑐𝑐 𝑑𝜌𝑣,𝑐𝑜𝑛𝑑𝑇 + 𝐴𝑐𝑐𝐿𝑐𝑜𝑛𝜌𝐿,𝑐𝑜𝑛 𝑑ℎ𝑐𝑜𝑛𝑑𝑇
+ (𝐻𝑐𝑜𝑛 − 𝐿𝑐𝑜𝑛)𝜌𝐿,𝑐𝑜𝑛𝐴𝑐𝑐 𝑑ℎ𝑣𝑑𝑇 ] 𝑑𝑇𝑐𝑜𝑛𝑑𝑡 = (𝑚𝑣,𝑛 − 𝐷𝑒𝑣)ℎ𝑣,𝑛 − 𝑚𝑐𝑜𝑛,𝑂ℎ𝑐𝑜𝑛,𝑂 − 𝑄𝑐𝑜𝑛 

(63) 

Equations 41 and 45, representing mass and energy balance for condenser lumps, can be simplified 

to the following equations, 

𝐷11 𝑑𝐿𝑐𝑜𝑛𝑑𝑡 + 𝐷12 𝑑𝑇𝑐𝑜𝑛𝑑𝑡 = 𝐷13 
(64) 

𝐷21 𝑑𝐿𝑐𝑜𝑛𝑑𝑡 + 𝐷22 𝑑𝑇𝑐𝑜𝑛𝑑𝑡 = 𝐷23 
(65) 

where 𝐷1(1,2,3) and 𝐷2(1,2,3) are the coefficients for mass and energy balance equations in the 

condenser, respectively.  Finally, the derivatives of the distillate level and condenser temperature 

can be calculated from, 𝑑𝐿𝑐𝑜𝑛𝑑𝑡 = 𝑫𝟐𝟐𝑫𝟏𝟑 − 𝑫𝟏𝟐𝑫𝟐𝟑𝑫𝟏𝟏𝑫𝟐𝟐 − 𝑫𝟏𝟐𝑫𝟐𝟏 
(66) 𝑑𝑇𝑐,𝑐𝑜𝑛𝑑𝑡 = 𝑫𝟏𝟏𝑫𝟐𝟑 − 𝑫𝟐𝟏𝑫𝟏𝟑𝑫𝟏𝟏𝑫𝟐𝟐 − 𝑫𝟏𝟐𝑫𝟐𝟏 (67) 

In order to obtain the transient nature of feed seawater temperature, the condenser tube enthalpy is 

assumed to be the average of the feed and cooling seawater enthalpies and is given as ℎ𝑇,𝑐𝑜𝑛 =ℎ𝑓+ℎ𝑐𝑤2  . Substituting this into Eq. (43), the rate of change of feed water temperature with time can 

be written as,  

𝑑𝑇𝑓𝑒𝑒𝑑𝑑𝑡 = 2(𝑄𝑐𝑜𝑛 +𝑚𝑐𝑤ℎ𝑐𝑤 − 𝑚𝑐𝑤ℎ𝑓)𝜌𝑡𝑢𝑏𝑒,𝑐∀𝑡𝑢𝑏𝑒,𝑐 𝑑ℎ𝑓𝑑𝑇  
(68) 

where𝑄𝑐𝑜𝑛 = 𝑈𝑐𝑜𝑛𝐴𝑐𝑜𝑛 (𝑇𝑣,𝑛−𝑇𝑓)−(𝑇𝑐𝑜𝑛−𝑇𝑐𝑤)𝑙𝑛[ 𝑇𝑣,𝑛−𝑇𝑓𝑇𝑐𝑜𝑛−𝑇𝑐𝑤]  
(69) 
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By solving Eqs. (47-55), the condenser liquid level, condenser vapor temperature, and feed 

temperature can be calculated at each time step. The condenser pressure is assumed to be equal to 

the saturation temperature at the condenser temperature.   

A FORTRAN code is developed in order to simultaneously solve the first-order nonlinear ODEs 

for the condenser and evaporators using the Runge-Kutta fourth order method. In the beginning, 

the steady-state solution for the MED-TVC system is obtained.  This solution is then used as the 

initial conditions for the dynamic response calculations. In the steady state solution, the 

temperature, feed flow rate, brine flow rate, vapor flow rate and salinity at each effect are 

calculated in addition to the evaporators and condenser surface areas. At each time step, the 

temperature, liquid level, and salinity are calculated in each effect. The condenser temperature, 

condenser distillate level and feed temperature are also calculated. The brine and vapor flow rates 

among the effects are calculated based on the liquid level and the saturation pressure in each effect. 

The entrainment ratio of the thermal-compressor is updated at every time step using the 

correlations given in [92] and the values of the pressure at the last effect and the pressure of the 

motive steam. A time step was chosen to be 0.1 s to eliminate the instability in the solution [179].  

The model solution flow is presented in Figure 47. Any parameter can be changed (or disturbed) 

with various intensity from its steady state value abruptly or in a ramp form for a specified time 

period. The MED-TVC operating condition is expected to deviate from the steady state condition 

upon the introduction of disturbances. If the MED-TVC is stable, it should return to its original 

steady state operation when the disturbances are removed. Behavior indicator parameters such as 

brine level, effect temperature and vapor flow between effects are obtained in addition to the 

performance indicator parameters such as GOR as a function of time while the disturbances are 

applied or removed from the dynamic model solution. 
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Figure 47 Flow chart for the solution procedure of the dynamic model disturbance. 

 Model validation 

7.5.1. Validation of steady-state calculations 

To verify the results of the present steady-state model, a comparison with actual data from the 

literature for several commercial MED-TVC plants is made. For this purpose, the following values 

available in real plants with different installation capacities such as Sidem (western area of UAE), 

Trapani and Tripoli [72, 201, 202] are introduced in Table 29. A comparison between the results 

calculated by the present model and the corresponding values of actual data from commercial 

plants is shown in Table 29. The percentage error in the GOR ranges from 2.55 to 8.29%. 

Table 29 Validation of MED–TVC model results against data from commercial plants. 

MED–TVC model Input 
data 

Sidem [202] Trapani [201] Tripoli [72] 

Number of effects 4 12 4 

Motive steam pressure, kPa 2400 4500 2300 

Motive steam flow rate, 
kg/s 

6.361 6.67 8.89 

Top brine temperature T1, 
°C 

59 62.2 60.1 

last brine temperature Tn, 
°C 

47 37 45.4 

Temperature drop / effect, 
°C 

4 2.3 4.9 



174 
 

Feed temperature Tf, °C 44 35 41.5 

Seawater temperature Tcw, 
°C 

33 22 31.5 

Feed content, g/kg 47 40 35 

Brine content, g/kg 71.5 60 53 

System performance 

 Model Actual Model Actual Model Actual 

Gain output ratio (GOR) 7.588 8.275 15.41 15.617 6.342 6.508 

Distillate production kg/s 48.269 52.6388 98.69 104.167 56.38 57.861 

Brine flow kg/s 97.129 106.25 200.56 209.72 106.78
3 

109.21 

Feed flow kg/s 145.39
8 

158.88 299.25 313.889 163.16
3 

167 

Steam flow rate to 1st 
effect 

12.853 NA 11.98 NA 14.72 14.44 

Entrained flow from last 
effect 

6.492 NA 5.31 NA 5.83 5.55 

Entrainment Ratio for TVC 0.98 NA 1.256 NA 1.525 1.601 

% Error GOR 8.29 5.26 2.55 

7.5.2. Dynamic response validation  

Published real transient data or curves that characterize the behavior or performance of actual 

MED and MSF desalination plants are scarce, especially during startup or shutdown. 

Manufacturers of MED and MSF plants, perhaps due to competition reason, are not revealing their 

plant data especially the plant dynamic response with actual disturbances that the unit may be 

exposed to. So, the dynamic model results are compared with a lab-controlled three-effect MED 

plant of shell and tube evaporators with a total freshwater production of 3 m3/day. This MED plant 

operational and design parameters are available in [191]. The heat source used in this plant is a hot 

water stream that is introduced to the first effect. The vapor generated in the first effect is used to 

heat the second effect and so on. The vapor temperature in each effect is measured when the hot 

water heat source is shut off for a certain time interval (disturbance). 



175 
 

 

Figure 48. Temperature profiles of the vapor in each evaporator for the current simulation and 
the experiment in [191].  

 

 In order to investigate the validity of the dynamic model under experimentally similar conditions, 

the heat supplied to the first effect is set as the disturbance in the numerical model.  Its value is set 

to zero at the time of hot water shutdown and is returned to its steady-state value at the end of the 

disturbance period. Figure 48 shows a comparison between the transient representation of vapor 

temperature in each effect obtained from the present dynamic model and the data published in 

[191]. The average absolute error between the actual and simulated data for each effect is 2% 

which indicates good agreement between the simulation and the published experimental data. 

 Results and Discussion 

The steady and dynamic models in this study are applied to a plant in Western Abu Dhabi when it 

is subjected to perturbations from the design steady-state values of the main input parameters both 

in duration and intensity. For this plant operating at steady state, the specific thermal and electrical 

power consumption are 72.6 and 1.88 kWh/m3, respectively [202]. Using the energy conversion 
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factors given in [64] , the value of UPR at steady state operation can be determined to be 95.5, 

which is consistent with the results for thermal desalination units found in the literature [64, 65]. 

In real operation, the operating parameters may not be maintained constant due to the changes in 

weather conditions and fluctuations in power supplied to the plant. The deviations of the operating 

parameters away from the design steady state values may: i) lead the plant to reach another steady 

state condition with different performance or, ii) disrupt the plant operation due to the drying or 

flooding of one or more of the effects. Whether these situations occur depends on the intensity and 

the time duration of the imposed disturbances. Three disturbances are selected as a step 

increase/decrease from the steady state values of the operational parameters. These disturbed 

parameters include cooling seawater flow rate, cooling seawater temperature, and motive steam 

flow rate which is denoted as a, b, and c disturbances, respectively. The amplitude and duration of 

each disturbance are changed to study the effect of the disturbance intensity and duration on the 

plant performance. In addition to that, a 10% reduction in motive steam pressure at constant 

entrainment ratio is considered to determine the effect of motive steam pressure on the plant 

behavior and performance indicators. The initial brine/condenser liquid level was assigned to 0.25 

m. Based on the actual effect dimensions, two constraints are imposed on the brine level, Lb<1.0 

m and Lb>0.1 m, to avoid flooding or dry out conditions, respectively.  

7.6.1. Effect of disturbance intensity 

The dynamic responses of the brine level, vapor temperature, and vapor mass flow rate in the first 

and last effects are shown in Figure 49 for disturbances a, b, and c. All disturbances last for 10,000 

s while their intensities are changed. In disturbance a, the reduction in cooling seawater mass flow 

rate ranges from 2-12% of the steady-state value. It can be seen from Figure 49a(i) that the brine 

level for all effects decreases gradually due to enhanced evaporation accompanied by the reduction 
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in mass flow rate of the cooling seawater. This disturbance directly increases the feed water 

temperature which enhances the vapor flow rate and vapor temperature in all effects. For the 

current MED-TVC configuration and dimensions, it is found that a 12% reduction in cooling 

seawater flow rate causes the brine level of the first effect to reach to the assigned constraint for 

dry out. So, the further decrease is not permissible because the vapor in the first effect may blow 

through the second effect. This will disrupt the flashing and evaporation process and the plant will 

subject to operational failure [217]. Although this disturbance may offer enhancement in the 

evaporation process inside the evaporators it may cause rapid shutdown of the plant due to dry out 

in the first effect. Also, decreasing cooling seawater mass flow rate is accompanied by an increase 

in condenser pressure and temperature. The rapid response of the vapor lump of the condenser 

causes a sudden drop in vapor mass flow rate from the last effect due to the increase in the 

condenser pressure (back pressure of the last effect) as shown in Figure 49a(iii). Increasing the 

temperature of the feed due to the reduction in cooling seawater mass flow rate enhances the 

evaporation and increases the vapor pressure. This helps in pushing more brine to flow to the last 

effect which results in an increase in its brine level at the beginning of applying disturbance at the 

last effect. The brine level gradually decreases due to the enhanced evaporation. At the end of the 

disturbance, the reverse behavior occurs. A 12% reduction in cooling seawater results in about a 

6% increase in vapor flow rate from the first and last effect.  Evaporator dry out and a relatively 

small enhancement in the vapor produced inside the effects are the main outcome of the reduction 

in seawater flow rate [185]. 

Figure 49b(i) shows that the disturbance due to a reduction in the seawater temperature causes a 

rapid increase in the brine level in all effects.  This rise in brine level is due to the reduction in 

evaporation rate and vapor temperature in each effect. Brine flow rate increases gradually with the 
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hydrostatic level of the brine level. A back pressure is experienced in the condenser due to the 

increase in seawater temperature that decreases the vapor flow rate to a minimum value at the end 

of applied disturbance as shown in Figure 49b(iii). Further decrease in the cooling seawater 

temperature up to 35% of the original value results in a continuous increase and decrease in the 

hydrostatic pressure of brine level and vapor temperature, respectively. Reduction in cooling 

seawater temperature causes a decrease in the plant performance and the plant may be exposed to 

operation malfunction [218] because the vapor temperature inside an effect can drop and increase 

significantly at the start and end of the disturbance.  
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Figure 49 Variation of different parameters with the intensity of the disturbances a, b, and c. 

For the third disturbance, reducing the supplied motive steam flow rate to the TVC unit results in 

a rapid decrease in the vapor temperature and flow rate in the first and last effects as shown in 

Figure 49c(ii and iii). Due to the reduction in the evaporation process in all effects, the hydrostatic 

pressure of the brine level increases gradually and thus the brine mass flow rate. A reduction of 

the motive steam flow rate up to 20% of the steady-state value causes a higher increase in the 
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amount of brine level and flow rate as shown in Figure 49c(i). Disturbance in motive steam flow 

rate is linked to a change or a swing in the supplied power to the boiler or the pressure of the steam 

extracted from the power plant turbine, which is considered random unrelated plant operations. 

Reduction in motive steam flow rate is considered critical as it causes a decrease in the desalination 

plant performance and may lead to filling up the entire vapor space below the demister and cause 

evaporator flooding.  This clearly is not acceptable during operation and will lead to a plant 

shutdown. It is recommended for the current plant design to avoid working with motive steam with 

20% reduction of the steady-state designed value as shown in Figure 49c(ii). In order to keep a 

steady course operation and maintain relevant parameters in the plant under control throughout the 

whole plant operation with disturbances, knowledgeable control-room operators and field 

operators must be particularly skilled [168]. It is also recommended to smoothen out the dangerous 

behavior such as a fast change in temperature that the plant may be exposed to due to the increase 

in the intensity of disturbances. This could be done by implementing a specified startup procedure 

that fits these disturbances [218].  

In actual practice, a change in motive steam pressure is associated with a proportional change in 

the motive steam mass flow rate [91, 104]. But to study the separate effect of changing the motive 

steam pressure, a 10% increase in motive steam pressure is allowed while the steam mass flow 

rate is kept constant. It is found that increasing the motive steam pressure results in a negligible 

change in the total steam discharged from TVC unit which means that the change in the motive 

steam pressure will have a negligible change to the plant behavior and performance indicators. 

This could be attributed to the nature of the relationship between expansion ratio 𝐸𝑟, compression 

ratio 𝐶𝑟 and entrainment ratio 𝑅𝑎 plotted on Power’s chart [91] at constant entrainment ratio, where 

the slope 𝑑𝐶𝑟/𝑑𝐸𝑟 is very small (~0.00135 for 𝑅𝑎 = 1.0). The change in expansion ratio due to 
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the 10% increase in the motive steam pressure results a negligible variation in 𝐶𝑟 and inlet steam 

temperature to the 1st effect, so changing the motive steam pressure intensity was not considered 

further in the current study. 

7.6.2. Effect of disturbance applied duration 

In addition to evaluating the system behavior due to the change in disturbance intensity, it is 

important to investigate the effect of disturbance applied duration on the desalination plant 

characteristics. So, a stepwise increase in the applied disturbance duration is allowed while the 

intensity is fixed at 8% reduction in the cooling seawater flow rate. Figure 50a shows the variation 

of brine level, vapor temperature, and vapor mass flow rate for the first and last effect. In terms of 

dynamic characteristics of the investigated system indicators, the vapor temperature has the fastest 

response while the brine level has the slowest response. Successive increase in the applied duration 

of the disturbance over 9000 s causes the system to reach a complete steady state condition during 

the application of the disturbance. Duration of the disturbance has a minimal effect on plant 

performance if the critical values of the disturbance intensity that can cause plant shutdown are 

avoided. For a 8% reduction in cooling water flow rate in the current plant design, disturbance 

duration is not considered critical since the brine level in the first effect will never reach the dry 

out condition.  

In case of applying an intensity higher than the critical limits assigned in the last section, there is 

a need to determine the controlling period in which plant shutdown can be avoided. Figure 50b (i, 

ii and iii) show the brine level dynamic response for 13, 40 and 25 % reduction of the cooling 

seawater flow rate, cooling seawater temperature, and motive steam flow rate, respectively. When 

the brine level reaches the values assigned for effect for flooding or dry out, the simulation stops. 
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For the aforementioned intensities, it is found that the time required for the plant to avoid a 

shutdown is as follow: (i) the 1500s for a reduction in cooling seawater flow rate, (ii) 4500s for a 

reduction in cooling water temperature and motive steam flow rate.  

 

Figure 50  (a) Variation of different parameters with applied disturbance duration of cooling 
water flow rate. (b) Brine level for different applied disturbance duration. 

7.6.3. Effect of combined disturbances  

In some occasions, two or more types of variation in the main input parameters may occur 

simultaneously during the plant operation. These disturbances may have co-effect (enhancing 

effect) or opposing-effect on the plant operation when applied simultaneously. In order to 

investigate the simultaneous disturbances in opposing directions, two sets are considered. The first 

reduction set is a combination of (10% mcw+10% mms) and the second reduction set is a 

combination of (10% mcw+10% Tcw). Figure 51a shows the effect of these disturbances applied 

simultaneously or individually for a duration of 15000 s on the brine level of the 1st and last effects. 
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As discussed earlier, a reduction in motive steam flow rate and cooling water temperature increases 

the brine level in the first effect towards the flooding limit while reducing the cooling water flow 

rate has the opposing effect. Applying these combinations of the simultaneous reductions would 

result in a more modest effect on the plant operation as shown in Figure 51a(i,ii). So, it is possible 

to intentionally control the cooling water and motive steam flow rates to mitigate the 

flooding/drying effects of the disturbances in other parameters.   

 

Figure 51 Variation of brine level for separate and simultaneous applied disturbances. 

 

Another two combination sets of simultaneous disturbances in co-effect direction are investigated. 

The first set is a combination of 10% reduction in Tcw and 10% reduction in mms while the second 

set represents 10% reduction in mcw and a 2% increase in mms. Indeed, the individual disturbances 
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in the first and second sets increase and decrease the brine level in the 1st effect, respectively as 

shown in Figure 51b. But it is still under the assigned value for evaporator flooding or dry out 

conditions. In the case of applying the first set, it results in a significant change in the plant and 

the condition of evaporator flooding is reached. Similarly, with the second set, the brine level in 

the 1st effect reaches the assigned condition for evaporator drying with only 2% increase in the 

motive steam flow rate and 10% reduction in cooling water mass flow rate after a relatively small 

time. This indicates that the plant needs an accurate control system to avoid these types of co-

effect simultaneous disturbances that they may lead to an operational shutdown. The overall 

influences of the applied simultaneous disturbances on the total product and the GOR of the plant 

compared to the original steady state operating condition are presented quantitatively in Table 30 

for the opposing-effect combination sets and the individual disturbances. It can be noted that the 

GOR and the total product of the plant are more sensitive to the reduction in the cooling water 

temperature and the motive steam mass flow rate, respectively.   

Table 30 Variation of MED-TVC performance indicators for individual and simultaneous 

disturbances. 

 Opposing-effect sets 

Variable 10% 
mcw 

10% 
mms 

10% Tcw 1st set 2nd set 

% change in total production 
3.69 % 

-12.33 
% 

-8.016 % -9.456 % 
-5.24 % 

% change in GOR  
3.68 % 

-2.585 
% 

-8.06 % 0.586 % 
-5.25 % 

7.6.4. Effect on Plant Performance    

As shown in Figure 52a, a decrease in cooling seawater flow rate (lower than the design value) 

boosts the amount of condensate in each effect. This, in turn, increases the plant total production 

of fresh water and GOR [198]. On the other hand, there is a chance that the plant may be exposed 
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to a shut down due to dry out in the effects if the cooling seawater flow reduction exceeds a certain 

limit. In actual start-up process of  MED plant, if the cooling water flow rate is lower than the 

steady state condition a higher system GOR is obtained but this leads to a longer start-up time 

[219]. In contrast, a reduction in cooling seawater temperature or motive steam flow rate results in 

a decrease in the production of fresh water and GOR. The reason behind these behaviors is that 

the decrease in seawater temperature or motive steam decreases the top brine temperature. This 

results in a decrease in the flashing and evaporation rates in all effects which in turn generates less 

vapor and increases the brine level in all the effects. The total productions of the fresh water are 

52.2, 39.3 and 37.9 kg/s (designed value=49 kg/s) at the maximum (critical) applied disturbances: 

12% reduction in cooling seawater flow rate, 35% reduction in cooling seawater temperature and 

20% reduction in motive steam flow rate reduction, respectively.  

At the start and end of all the disturbances, the value of GOR shows over and undershoots in its 

value. The over or undershoots due to the reduction in cooling water mass flow rate and cooling 

water temperature is attributed to the rapid response of the vapor pressure in the effects to the 

disturbances as shown in Figure 52 (b,c). This generates a favorable or adverse pressure gradient 

for the vapor flow among the effects which results in a sudden increase or decrease in the 

freshwater production. However, the over or undershoots in GOR due to the disturbance in motive 

steam flow rate are more prominent as shown in Figure 52c. This is attributed to the change in the 

denominator of GOR definition. At the beginning of reducing the motive steam flow rate, the GOR 

value shoots up due to the decrease in motive steam in the denominator of GOR definition and the 

late response of the plant to the abrupt change. On the contrary, at the end of this disturbance, a 

sudden drop in GOR value occurs. 
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Figure 52 Transient response of GOR for step (abrupt and ramp) reduction in disturbances. 

Abrupt reduction in the main input parameters in the desalination plant is considered the worst-

case scenario the plant would be exposed to during normal operation. So, a ramp disturbance with 

a linear variation in the main input parameters is investigated to figure out the difference between 

both (abrupt and ramp) types on the plant characteristics and performance. The magnitude of 

reduction and applied duration of the ramp and abrupt disturbances are fixed. However, in the case 

of ramp reduction, a ramp time of 500 s is considered. Ramp time represents the time that the 

designed value of input parameter takes to reach the value of the reduction at the beginning of 

disturbance application. On the other hand, before the end of the disturbance, ramp time represents 

the time needed to reach the designed values of input parameter as shown in the insert of Figure 

52a. Ramp time smoothens the transition in the reduction of input parameters and in turn removes 

the overshoots and undershoots in GOR as shown in Figure 52. However, both types of disturbance 
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application (abrupt or ramp) lead to similar conclusions regarding the increase or decrease in GOR 

for the plant upon exposing to a disturbance.  

 Conclusions 

A detailed model for transient modeling of parallel/crossflow configurations MED-TVC system 

has been developed and validated with experimental data available in the literature. The model is 

then used to investigate the effect of the fluctuations in magnitude and duration of the main 

operational parameters on the plant behavior and performance. The operational parameters 

included are: motive steam flow rate, motive steam pressure, cooling seawater flow rate and 

cooling seawater temperature. The results show that the disturbance intensity variation plays a 

major role in the desalination plant behavior. For the current MED-TVC configuration and 

dimensions, it is recommended to limit the reduction in the seawater cooling flow rate to under 

12% of the designed steady-state value to avoid dry out in the evaporators. Also, a reduction in the 

motive steam flow rate and cooling seawater temperature of more than 20% and 35% of the 

nominal operating values may lead to flooding in the evaporators and complete plant shutdown. It 

is also shown that a change in the motive steam pressure at constant entrainment ratio has a 

negligible effect on the plant performance and behavior. On the other hand, the disturbance period 

has a minimal effect on plant performance if it avoids the critical values of the disturbance intensity 

that can cause plant shutdown. Simultaneous combinations of two different disturbances with 

opposing effects result in a modest effect on the plant operation and the combinations can be used 

to control and mitigate the flooding/drying effects of the disturbances. For co-effect combinations, 

the plant needs an accurate control system to avoid an operational shutdown. A ramp type 

disturbance mitigates the changes in input parameter disturbances and eliminates the over/under-

shoots in the GOR observed when disturbances are applied and removed in an abrupt manner. 
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CHAPTER 8 TRANSIENT AND THERMO-ECONOMIC ANALYSIS 
OF MED-MVC DESALINATION PROCESS** 

 Abstract 

An exergo-economic model is used to assess the performance of a multi-effect desalination plant 

integrated to a mechanical vapor compressor unit (MED-MVC) with a water production capacity 

of 1500 m3/day. The results show that the second law efficiency (𝜂𝐼𝐼 ) is 2.8%. The MVC and 

evaporator units are responsible for about 39 and 52% of the total exergy destruction, respectively. 

The total water price (TWP) is 1.70 $/m3 when calculated using a simple conventional economic 

model and 1.63 $/m3 when calculated using an exergy-based cost model. Increasing the number of 

effects from 1 to 6 results in a 39% reduction in the specific power consumption (SPC), a 70% 

increase in 𝜂𝐼𝐼  and a 24% decrease in TWP. A dynamic model is developed to investigate the 

effect of fluctuations of compressor work (Ẇ𝑐) and inlet seawater temperature (T𝑠𝑤) on the plant 

behavior and performance. The dynamic model results show that the disturbance in Ẇ𝑐 has a 

significant effect on the plant transient behavior and may cause the plant to cease operation while 

a disturbance in T𝑠𝑤 has only a moderate impact. Increasing T𝑠𝑤 above a certain value of the 

steady-state condition without proper control on the plant response could lead to evaporator dry 

out. In term of performance, a reduction in Ẇ𝑐 causes a decrease in the plant production capacity 

and SPC, while it increases the plant performance ratio (PR). On the other hand, a reduction in the 

inlet T𝑠𝑤 causes a reduction in the plant production capacity and PR and an increase in SPC for 

the same compressor work. Furthermore, a comparison between a MED-MVC system and a MED 

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

analysis of MED-MVC desalination system” Energy volume 167, January 2019, pages 283-269. 
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integrated to a thermal vapor compressor system (MED-TVC) reveals that the latter system is 

rather sensitive to the reduction in T𝑠𝑤 due to the presence of the condenser unit in the MED-TVC. 

The response of the MED-MVC system is slower than the MED-TVC which is due to the high 

thermal capacity of the preheaters for the feed in the MED-MVC. 

 Introduction 

Seawater desalination is considered a viable solution for drinking water shortage besides other 

integrated solutions such as water management, reclamation and better water conservation. There 

are two primary desalination techniques: membrane (non-thermal) and evaporation (thermal) 

processes. Membrane techniques such as reverse osmosis (RO) are characterized by low energy 

consumption but also low water product quality associated with residuals of borides, chlorides and 

bromides, as well as high maintenance cost and short membrane lifespan [220]. Thermally-driven 

processes such as Multi-Effect Desalination (MED), Multi-Stage Flash Desalination (MSF), 

Mechanical and Thermal Vapor Compression (MVC and TVC) are usually used in countries such 

as Gulf co-operation countries (GCC) where the supplied feed seawater is exhibited to changes in 

feed quality arising from fine sand,  silt, harmful algae blooms (HABs) and  water salinity 

fluctuation [56]. Recovering the latent heat of condensation in the product vapor was proposed 

through heat pump concepts such as TVC and MVC units to allow further evaporation of seawater 

when the temperature level of the produced vapor is too low for stable evaporation. The MVC 

evaporation system has been widely studied and frequently applied as a solution for medium-scale 

(100-4000 m3/day) water reclamation desalination and solution concentration for high-salinity 

wastewater treatment (salt recovery) [105]. The advantages associated with MVC systems are 

high-quality water recovered that need little or no treatment, compact equipment, low operating 

cost, stable operation and simple integration with renewable energy systems [106]. The low 
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capacity of available vapor compressors, low volumetric flow and low-pressure head limit the 

production capacity of MED-MVC systems to 5000 m3/day [108].  

Various studies for MVC systems are available in the literature and include steady-state 

mathematical model development, simplified design methods, experimental research and 

performance prediction. For instance, Helal and Al-Malek [125] presented a hybrid diesel/solar 

photovoltaic (PV) assisted MVC desalination system. The system was to supply small 

communities in remote areas with drinkable water at a production capacity of 120 m3/day. A diesel 

engine was used to overcome the uncertainty in the availability of solar energy. Henderson et al. 

[126] proposed a wind/diesel hybrid driven MVC desalination system for off electric grid locations 

in the USA. Optimization of a similar plant driven by wind/PV hybrid was carried out by Zejli et 

al. [127] for a water production capacity of 120 m3/day. An energy storage system was used to 

store the extra power generated to address the intermittent nature of the renewable energy used.  

Exergy analysis is known as a powerful tool to analyze the performance of mechanical and thermal 

systems. Using such method to analyze seawater desalination systems is a practical approach to 

identify the components with high thermodynamic irreversibilities [77]. Such information is useful 

to show which components in the system have room for improvement to increase the overall 

exergy efficiency and to optimize designs [78]. Alasfour and Abdulrahim [129]  applied a steady-

state model using the second law of thermodynamics to a single-effect MVC unit. The results 

indicated that an increase in the temperature drop across the effect causes an increase in exergy 

destruction. Nafey et al. [38] analyzed a MED-MVC system with a two-effect forward-feed 

configuration plant and showed that the specific power consumption (SPC), second law exergetic 

efficiency (ηII) and the unit product cost are 9.4 kWh/m3, 5.7% and 1.7 $/ m3, respectively. Ahmadi 

et al. [111] compared a single- and two-effect mechanical vapor recompression (MVR) and 
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showed that energy saving can be achieved by using the two-effect MVR rather than the single-

effect one. Also, the reduction in heat transfer area was 5.6 m2 for the two-effect system compared 

to the single-effect one. 

Recently, MED-MVC systems have been used as brine concentrators before sending the brine to 

crystallizers or evaporation ponds. These system combinations are called Zero liquid discharge 

(ZLD) systems [221]. Typically, the crystallizers have a constant evaporation capacity. Thus the 

evaporator rejected brine mass or content should be controlled to maintain the optimum operational 

conditions, leading to energy savings and prevention of scale formation. Therefore, the system 

transient behavior needs to be predicted to conduct control strategies, examine different scenarios 

of operation, handle the possibility of unexpected transient conditions, and guarantee a relatively 

stable output through the production duration [169].  

Thermal desalination systems may be exposed to unexpected fluctuations (disturbances) in input 

parameters throughout their operation periods that include environmental changes such as swings 

in the feed seawater temperature due to varying weather condition and swings in the supplied heat 

source. The second type of fluctuations is called “turndown” that represents the possible change 

in total plant output. This type of disturbance is carried out by design to address a swing in the 

power requirement [168]. Dynamic simulation can predict the system behavior from start up to 

shut down and can be used to establish advanced control strategies and test operating scenarios. It 

can also address potential problems related to unexpected transient events, and produce a 

comparatively stable output during the production period [210]. Several efforts were made to study 

the dynamic characteristics of conventional thermal desalination MED [181, 182, 215, 222] and 

MED-TVC systems [90, 179, 183, 185]. For instance, at CIEMAT-Plataforma Solar de Almerı´a 

(PSA), a transient operation model of the MED plant in a vertical arrangement was developed and 
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solved using the object-oriented Modelica language [182]. The model was divided into sub-models 

that encapsulated and covered the dynamics of each one of the sub-processes that took place in the 

system in order to study the plant performance in different scenarios and design operating 

strategies to improve its efficiency [215]. Furthermore, Roca et al. [222] developed a dynamic 

model using Modelica for MED systems and the results were validated using data from the PSA 

facility. Two first-order models for the distillate production and outlet MED temperature as a 

function of inlet MED temperature were obtained by linearizing the dynamic model in [215] and 

good agreement was obtained for a wide operation range. For MED-TVC systems, Mazini et al. 

[183] developed a lumped dynamic model and validated it with actual data from a MED-TVC 

operating plant. Although disturbances in feed flow rate and seawater temperature were 

considered, the physics of the system response was not clearly illustrated. Cipollina et al. [185] 

used the gPROMS® dynamic simulator to predict the transient behavior of a MED-TVC based on 

available data from the Trapani plant in Italy. The dynamic operation was obtained by applying 

changes to specific disturbances on the main input parameters. Negligible variations were 

predicted with an increase in the seawater temperature, while a slight reduction in the plant gain 

output ratio (GOR= distillate to steam supplied ratio) was shown when the seawater temperature 

was reduced. Recently, a comprehensive model was developed by Elsayed et al. [90] to study the 

dynamic characteristics of different feed configurations of MED systems and MED-TVC as well. 

The simulation results revealed that MED-TVC with parallel/cross feed has the fastest response 

compared to slower response associated with backward and forward feed for the same applied 

disturbances. Furthermore, the MED-TVC is more susceptible to the heat sink disturbances 

compared to the other traditional MED configurations. 
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There have been very few efforts to model the dynamic nature of the MVC evaporation systems. 

For instance, El-Khatib et al. [223] proposed a transient model through control of multiple inputs 

and outputs to an MVC single-effect desalination unit. The model is limited to the dynamic 

representation of the vapor temperature inside the effect without considering the level of the brine 

pool or the brine salinity. Two changes were applied to the MVC unit, namely a variation in the 

production of distillate flow rate and the inlet feed flow rate of ±20 %. The model results were not 

validated by experimental or actual operating data. Kishore et al. [141] proposed a dynamic 

simulator for the MED-MVC system as work-in-progress for steady state and the dynamic 

behaviors. However, no system response due to load change was shown. Another contribution in 

dynamic simulation and control for a single-effect MVC to investigate the acceptable level of 

parameter disturbances in the dairy industry was made by Winchester and Marsh [224]. It is 

essential to study the dynamic behavior of a MED-MVC system subject to changes in the input 

operating parameters to improve the understanding of the process behavior and performance. In 

the present study, a dynamic model to study the transient behavior of a parallel/cross feed MED-

MVC desalination system is developed based on the work on MED-TVC reported by Elsayed et 

al. [90] by adding features that are in the MED-MVC but not in the MED-TVC. The present model 

is also modified and customized with equations that dynamically track the behavior of four effects, 

two preheaters and a mechanical compressor unit. Three nonlinear ordinary differential equations 

are derived for three state variables, namely the vapor temperature, brine salinity and brine level, 

to simulate the dynamics of the evaporator effect. Also, a dynamic model for the brine and distillate 

preheaters is developed to obtain the transient variation of the inlet and outlet stream temperatures. 

Finally, the entire set of equations is solved simultaneously using the Runge-Kutta fourth-order. 

The dynamic model yields the plant behavior and performance under various fluctuations in the 
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main input operating conditions that include the compressor work and inlet seawater temperature. 

Furthermore, the exergo-economic analysis is used to assess the MED-MVC system performance 

and to obtain the total water price compared to the simple conventional economic method. 

 MED-MVC process description 

A parallel/cross feed (PCF) multi-effect-desalination integrated with a mechanical vapor 

compression unit is considered in the present study. A schematic diagram of MED-MVC is shown 

in Figure 53. A typical  MED-MVC system contains major elements such as a train of horizontal 

falling film evaporators, MVC unit, pre-heaters for intake seawater, a boiler which supplies the 

external steam, pumps for brine and product, a venting system to remove non-condensable gases, 

along with an operating control system [225]. Each evaporator consists of a shell that houses tube 

bundles of horizontal falling film tubes, spray nozzles, demister and space for the vapor and brine 

pool. Vapor compression is a cyclic process [110], so the entire vapor generated in the last effect 

is routed through a wire mesh mist eliminator (demister) to separate water droplets from the vapor 

before entering the compressor. The vapor is compressed to the desired target temperature and 

pressure before directing it as supply steam to the inside of the 1st effect tube bundles. The supply 

steam from the MVC unit condenses inside the tube bundles by rejecting its latent heat to the 

continuously sprayed thin film of the seawater feed on the exterior wall of the tube bundles. The 

temperature of the feed seawater around the tubes in the 1st effect is raised to its saturation 

temperature that is known as top brine temperature (TBT). Part of the supplied seawater feed to 

the 1st effect vaporizes, and the vapor flows into the 2nd effect which is at a lower pressure and 

temperature than the first effect. The evaporated portion of the feed in each effect works as a heat 

source for the following effect. In all effects, condensation and evaporation occur simultaneously 

inside and outside the tubes for vapor and thin sprayed seawater film, respectively. The 
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unevaporated portion of the supplied seawater feed (brine) from the first effect flows into the 

second effect to utilize its energy by flashing due to the abrupt decrease in pressure when the brine 

leaves the first effect and enters the second effect. The brine continues to flow through all effects 

until it finally reaches the last effect as shown in Figure 53. The vapor inside the 2nd to the last 

effect is produced by both evaporation and flashing. The concentrated brine and fresh water 

produced are drawn to the preheaters by pumps at a temperature above the ambient temperature.  

In the MED-MVC system, there is no need for a condenser as in conventional MED systems, but 

two multi-flow plate-type heat exchangers (pre-heaters) are needed to recuperate the heat from 

both the product and brine blowdown streams. The feed seawater is split into two streams, and its 

temperature is elevated by passing through the pre-heaters. The supplied feed seawater is divided 

and directed into a series of consecutively lower pressure effects. The supplied feed is atomized 

and directed to the outside walls of the horizontally installed tubes forming a thin liquid film. 

Industrial MED-MVC desalination plants operate at temperatures between about 50-70°C. At such 

low temperature, the conditions favoring the deposition of insoluble sulfates and carbonates do not 

exist [226], and the risk of material corrosion is minimal.  

Electricity is the only required source to operate the MED-MVC system. However, for start-up 

purpose and maintaining normal operating conditions without compressor surge, external steam 

(make-up steam) obtained from a steam boiler or extracted from a steam turbine may be needed to 

raise the 1st effect temperature to the TBT [36, 113]. The mechanical energy required for a MED-

MVC desalination system can be provided through the energy produced by a steam power plant 

(mechanically shaft driven). Also, electricity-driven MVC can be used by drawing electrical power 

from the electricity grid or a renewable energy source, or electrical energy generator if electricity 

services are not available. It has been demonstrated that the use of a MED-MVC system coupled 
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with an electrical power generator is suitable for use in remote locations where water transport is 

expensive [127]. Energy is needed to activate the MVC unit, pumps, vacuum system and other 

control components. It is worth noting that the MVC unit represents the main power consuming 

component in MED-MVC system [129]. This power required depends on the vapor compression 

ratio, the thermodynamic efficiency of the polytropic process and the efficiency of the electric 

motor if one is used. For the MED-MVC system, the SPC (kWh/m3) is represented in terms of the 

enthalpy difference of the compressed vapor (supply steam) and the inlet vapor from the last effect. 

 

Figure 53  MED-MVC desalination system diagram. 

 Models development 

8.4.1. Steady-state model 

The steady-state conservation equations of mass, energy, and salt are solved to obtain the steady-

state values of all the parameters in the plant. The assumptions used in the steady-state model for a 

MED-MVC system are listed as follows:  
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30. Since the presence of non-condensable gases is normally vented out of the MED system 

whenever needed, the effect of non-condensable gases on evaporator performance is not 

considered. 

31. Properties of the seawater brine and water vapor depend on temperature and salt content 

[73].  

32. The temperature difference between the brine pool and vapor generated in an effect is due 

to the following reasons; (i) boiling point elevation (BPE), and (ii) non-equilibrium allowance 

(NEA). 

33. The vapor and produced freshwater are salt-free. 

Using the above assumptions, the steady-state mass, energy and salt balance equations for a MED-

MVC system are obtained and presented in Table 31.  

Table 31  Conservation equations for a MED-MVC system. 

Equations  First effect Second to last effect (n) F  B D 

Mass 𝐵1 = 𝐹1 − 𝐷1 𝐵𝑖 = 𝐹𝑖 − 𝐷𝑖 + 𝐵𝑖−1 − 𝑑𝑖   ∑𝐹𝑖𝑛
𝑖=1  

𝐵𝑛 ∑𝐷𝑖𝑛
𝑖=1+ 𝑑𝑖 Salt  𝐹1. 𝑋𝑓 = 𝐵1. 𝑋1 𝐵𝑖. 𝑋𝑖 = 𝐵𝑖−1. 𝑋𝑖−1 + 𝐹𝑖 . 𝑋𝑓 

Energy 𝐷1= 𝑄𝑠,1 − 𝐹1(ℎ1 − ℎ𝑓)𝜆1 ,  𝑑1 = 0 

𝐷𝑖 = (𝐷𝑖−1 + 𝑑𝑖−1). 𝜆𝑖−1𝜆𝑖 − 𝐹𝑖(ℎ𝑖 − ℎ𝑓)𝜆𝑖 ,  𝑑𝑖 = 𝐵𝑖−1(ℎ𝑖−1 − ℎ𝑖)𝜆𝑖  

Total mass balance 𝐹 = 𝐵 + 𝐷 
Total salt balance 𝐹. 𝑋𝑓 = 𝐵.𝑋𝑛 𝑑𝑖 , Vapor produced by brine flashing. 
D, Total distillate flow rate. 
F, Total feed flow rate. 
B, Total brine flow rate. 

The isentropic work of the MVC unit is calculated from: 

𝑊̇𝑖,𝑐 = 𝑚̇𝑠 𝛾. 𝑃𝑛. 𝑣𝑛(𝛾 − 1) ((𝑃𝑠𝑃𝑛)𝛾−1𝛾 − 1) 

(70) 

where 𝛾 is the specific heats ratio, Ps is the pressure at the compressor outlet which is the saturation 

pressure at the steam inlet temperature Ts, Pn is the pressure at the compressor inlet, and 𝑣𝑛 is the 

specific volume of the vapor from the last effect.  
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The energy supplied to the first effect as shown in Figure 54 is defined as: 

𝑄𝑠,1 = 𝑚̇𝑠. 𝜆𝑠 + 𝐸𝑆𝐻   ;     𝐸𝑆𝐻 = 𝑚̇𝑠(ℎ𝑣,𝑇𝑠́ − ℎ𝑣,𝑇𝑠)   (71) 

where 𝑚̇𝑠. 𝜆𝑠  represents the heat of condensation at Ts of the vapor produced in the last effect and 𝐸𝑆𝐻 represents the rate of energy gained by compression above the saturation condition, ℎ𝑣,𝑇𝑠́ is the 

enthalpy of the superheated vapor at the compressor exit, and ℎ𝑣,𝑇𝑠 is the saturation enthalpy of the 

compressed vapor.  

 

Figure 54 Temperature-Entropy (T-S) diagram for a MED-MVC system operation. 

 

The actual compressor work can be calculated from: 

Ẇ𝑐 = 𝑚̇𝑠. (ℎ𝑣,𝑇𝑠́ − ℎ𝑣,𝑇 ) (72) 

where ℎ𝑣,𝑇𝑛 is the saturated vapor enthalpy at the compressor inlet. 

The primary contributor to the SPC  in a MED-MVC system is the compressor work which depends 

on the compressor efficiency, compression ratio and inlet vapor specific volume. The secondary 

consumptions are due to vacuum pumps and starting up the boiler [112]. The SPC is calculated by:  
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SPC(𝑘𝑊ℎ m3⁄ ) = Ẇcompressor + ∑ẆpumpsD (m3 ℎ⁄ )  
 (73) 

The performance ratio (PR) is calculated by the following relation as suggested by Nafey [38] which 

is modified to accommodate the actual work converted to the primary fuel energy. For conventional 

fossil fuel-based power plant, Shahzad et al. suggested a thermal to work conversion factor less 

than 0.45 [65]. 

PR = 𝐷𝜆𝑑𝑚̇𝑠. 𝜆𝑠 + Ẇc𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙=0.35 
(74) 

Different modeling methods exist for the modeling of (chevron) plate heat exchangers. For design 

purposes, the thermal effectiveness method and the log-mean-temperature-difference (LMTD) 

method are often used to model the steady-state performance of a plate heat exchanger. In this 

regard, two multi-flow direction plate type heat exchangers with an effectiveness of 0.8 are used in 

the current simulation to preheat the seawater inlet feed. The total feed is divided into two portions: 

one portion flows into the brine heat exchanger and the second portion flows into the distillate heat 

exchanger. The heat transfer areas for both heat exchangers are calculated based on the log mean 

temperature differences and the estimated overall heat transfer coefficients for the plate type heat 

exchangers (UB and UD) using the following equations: 

𝐴𝑏,𝐻𝐸𝑥 = 𝑚̇𝐵(ℎ𝑏,𝑛 − ℎ𝑜,𝑏)𝑈𝐵. 𝐿𝑀𝑇𝐷𝑏,𝐻𝐸𝑥    ,   𝐴𝑑,𝐻𝐸𝑥 = 𝑚̇𝐷(ℎℎ𝑖𝑛,𝑑 − ℎ𝑜,𝑑)𝑈𝐷 . 𝐿𝑀𝑇𝐷𝑑,𝐻𝐸𝑥  
 

(75) 

The log mean temperature differences in the brine and distillate preheaters 𝐿𝑀𝑇𝐷𝐻𝐸𝑥(𝐵,𝐷) are 

calculated using the following equations: 
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𝐿𝑀𝑇𝐷𝑏,𝐻𝐸𝑥 = (𝑇𝑏,𝑛−𝑇𝐹,𝑏)−(𝑇𝑜,𝑏−𝑇𝑐𝑤)𝑙𝑛[𝑇𝑏,𝑛−𝑇𝐹,𝑏𝑇𝑜,𝑏−𝑇𝑠𝑤 ]  ,  𝐿𝑀𝑇𝐷𝑑,𝐻𝐸𝑥 = (𝑇ℎ𝑖𝑛,𝑑−𝑇𝐹,𝑑)−(𝑇𝑜,𝑑−𝑇𝑐𝑤)𝑙𝑛[𝑇ℎ𝑖𝑛,𝑑−𝑇𝐹,𝑑𝑇𝑜,𝑑−𝑇𝑠𝑤 ]    
 

(76) 

The mixing temperature of the distillate from the plant (𝑇ℎ𝑖𝑛,𝑑) is calculated by: 

𝑇ℎ𝑖𝑛,𝑑 = ∑ 𝐷𝑖𝑛−1𝑖=1 𝑐𝑃[𝑇𝑣,𝑖]𝑇𝑣,𝑖 + 𝐷𝑛𝑐𝑃[𝑇𝑠]𝑇𝑠𝐷𝑐𝑃[𝑇ℎ𝑖𝑛,𝑑]  

 

(77) 

The total heat transfer coefficient for the plate type heat exchangers is calculated using: 

𝑈𝐵,𝐷 = [ 1ℎ𝑜 + 1ℎ𝑜 + 𝑅𝑓,𝑜 + 𝑅𝑓,𝑜 + 𝛿𝑝𝑙𝑎𝑡𝑒𝑘𝑤𝑎𝑙𝑙 ]−1  

(78) 

where kwall is the thermal conductivity of the stainless steel plates, and the inner/outer convective 

heat transfer coefficients (hi, ho) are obtained using the following correlation [227]: 

ℎ𝑜,𝑖 = 0.2536𝑅𝑒0.65𝑃𝑟0.4 (𝑘𝑤𝑎𝑙𝑙𝐷𝑒𝑞 ), 𝑅𝑒 = 𝜌𝑉𝐷𝑒𝑞𝜇 , 𝐷𝑒𝑞 = 4(𝑊.𝑡𝑝𝑙𝑎𝑡𝑒)2(𝑤+𝑡𝑝𝑙𝑎𝑡𝑒)~2𝑡𝑝𝑙𝑎𝑡𝑒   

 

(79) 

where w is the plate width, 𝛿𝑝𝑙𝑎𝑡𝑒 is the plate thickness and tplate is the plate spacing. The velocity 

of each stream is V (m/s) and 𝑅𝑒 is the stream flow Reynolds number. The previous equation is 

valid for water in the following ranges: 𝑅𝑒 > 400, 1.5 < 𝑃𝑟 < 5.0 [227].  

The second law exergetic efficiency for a MED-MVC system is the ratio of the exergy employed 

to change the salinity of the products (the minimum work of separation) to the total exergy 

consumed [228] and is calculated by:  

𝜂𝐼𝐼 = 1 − 𝐸̇𝐷,𝑡𝑜𝑡𝑎𝑙𝐸̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 = 𝑊̇𝑚𝑖𝑛𝐸̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 (80) 

where, 𝐸̇𝑖𝑛,𝑡𝑜𝑡𝑎𝑙 is the sum of the exergies at the various inlet fluid streams in addition to the exergies 

supplied to the compressor and pumps. 𝐸̇𝐷,𝑡𝑜𝑡𝑎𝑙 is the exergy consumption and can be expressed as 
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the sum of the subsystem exergy destructions. 𝑊̇𝑚𝑖𝑛 is the minimum work input for the salt 

separation for a certain amount of seawater feed from a state of 25oC, 1 atm and a salinity of 36 ppt 

to fresh water with zero salinity, while rejecting the saline water at the same temperature and 

pressure. For a steady flow adiabatic process this work is equal to the difference between the stream 

exergies at the outlets and inlet [78]. 

𝑊̇𝑚𝑖𝑛 = 𝐸̇𝑜,𝑏 + 𝐸̇𝑜,𝑑 − 𝐸̇𝑠𝑤 (81) 

where, 𝐸̇𝑜,𝑏 and 𝐸̇𝑜,𝑑  represent the exergy of the outlet brine and distillate, respectively, while 𝐸̇𝑠𝑤 

represents the exergy of the inlet feed water stream. 

8.4.2. Simple cost model 

The production cost is divided into direct/indirect costs and annual operating cost. The direct 

capital costs (DCCs) represent the costs that are directly associated with the desalination plant 

construction and the process components purchase [93].  Table 32 presents the equations used to 

estimate the price of the MED-MVC system components. The other direct costs (land, well 

construction, auxiliary equipment and building construction) are estimated to be ~80K $ following 

the approach given in [95] for a fixed production capacity (1500 m3/day). The total DCC is equal 

to the summation of the purchased equipment for the MED-MVC system in Table 32 plus the other 

remaining costs. Also, the indirect capital cost IDCC (freight, insurance, construction overhead, 

owner's costs and contingency costs) is expressed as a percentage of the total direct capital cost 

and is estimated by IDCC = 0.15*DCC [95]. 
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Table 32  Purchased cost equations for MED-MVC system components. 

The operating costs include all expenses afforded after plant commissioning and during real 

operation and are classified as variable and fixed costs. The variable operating costs are those 

related to the price of electrical power, heat source, chemicals for pre/post-treatments and other 

requirements that depend on the plant production capacity and standards. The fixed operating costs 

are used for the plant operation and are related to the plant capacity or taken as a factor of the direct 

capital cost (DCC). A cost index from Marshall and Swift equipment chemical engineering plant 

cost index (PCI) is used to accommodate the equipment price change and to fit the current time 

calculations (year 2018) [229]. Since the compressor cost often presents the most considerable part 

of the MVC direct costs, a linearly dependent compressor cost of the compressor work is assumed 

based on the work done by Lukic et al. [95]. Both variable and fixed operating costs are obtained 

based on published data from the literature [73]. Also, maintenance costs are taken as a portion of 

the fixed operating cost. Investment and operating costs analyses are performed for each 

configuration using an interest rate of 5%. The costs associated with owning and plant operation 

depend on the financing type, the capital requirement and the components expected life. The 

annualized cost method is used to estimate the annual capital cost of system components in this 

Component Purchase cost (Zk) ($) Comments Ref. 

Preheater 
(heat 
exchanger) 

𝐙𝒑𝒓𝒆𝒉𝒆𝒂𝒕𝒆𝒓 = 𝟏𝟎𝟎𝟎(𝟏𝟐. 𝟖𝟐 + 𝑨𝑯𝒆𝒙𝟎.𝟖 ) S for shell side and t for 
tube side, 𝑑𝑝 (kPa), A 

(m2), 𝑈 (𝑘𝑊/𝑚2. 𝑘) 

[74] 

MED effect 
(evaporator) 

𝐙𝒆𝒇𝒇𝒆𝒄𝒕= 𝟐𝟓𝟎. 𝟐𝟔 × 𝑼𝑨𝒆𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒐𝒓𝒅𝒑𝒕−𝟎.𝟎𝟏𝒅𝒑𝒔−𝟎.𝟏 

[94] 

Water pump 𝐙𝒑𝒖𝒎𝒑= 𝟏𝟑. 𝟗𝟐 × 𝒎̇𝒘𝒂𝒕𝒆𝒓𝟎.𝟓𝟓∆𝑷𝟎.𝟓𝟓 ( 𝜼𝒑𝟏−𝜼𝒑)𝟏.𝟎𝟓 

𝜂𝑝 = 0.9, ∆𝑃 (𝑘𝑃𝑎) 
Compressor 
(MVC) 

𝐙𝑴𝑽𝑪 = 𝟕𝟗𝟒. 𝟔𝟖 × 𝑾̇𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓 + 𝟔𝟔. 𝟏𝟏 𝑊̇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 (Watt) [95] 

Other direct 
costs 

𝐙𝒓𝒆𝒔𝒕 = 𝟐𝟏𝟔𝟑𝟓. 𝟒 × 𝑫𝟎.𝟏𝟕𝟕𝟑 𝐷 (m3/day) 
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study for 20 years plant lifetime and plant maintenance factor (𝜙) of 1.06. Table 33 presents the 

equations used to obtain the annual capital and operating costs using the amortization cost. 

Table 33 Simple cost model equation for MED-MVC system. 

8.4.3. Exergy-economic model  

Levelized annual cost values for all components are used in the evaluation and cost optimization. 

The hourly capital investment (CI) cost for each component based on the actual annual number of 

operating hours (N) is calculated as: 

𝑍̇𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝐶𝐼 ($/ℎ) = 𝑍𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 . 𝐶𝑅𝐹.𝜙𝑁  
(82) 

The exergo-economic analysis is used to estimate the cost rate of the product streams of the system. 

The cost balance expresses the variable 𝐶̇ that denotes a cost rate associated with an exergy stream: 

stream of matter, power, or heat transfer. According to the conservative nature of costs [97], the 

Parameter Equation Comments Ref. 

Capital recovery factor, 1/y 𝑪𝑹𝑭 = 𝒊. (𝟏 + 𝒊)𝒏𝒕(𝟏 + 𝒊)𝒏𝒕 − 𝟏 
i is the interest rate 5%, nt (20 
year) 

[73] 

Annual fixed costs, $/y 𝑨𝑭𝑪 = (𝟏. 𝟑𝟖 × 𝑫𝑪𝑪)× 𝑪𝑹𝑭 

 

Annual electric power cost, $/y 𝑨𝑬𝑷𝑪 = 𝑪𝒆. 𝑺𝑷𝑪.𝑫/𝝓 Specific electricity cost 𝑪𝒆 =𝟎. 𝟎𝟖 $𝒌𝑾𝒉 
Annual chemical cost, $/y 𝑨𝑪𝑪 = 𝑺𝑪𝑪 .𝑫 𝝓⁄   Specific chemical cost 𝑺𝑪𝑪 =𝟎. 𝟎𝟐𝟓 $𝒎𝟑 
Annual labor cost, $/y 𝑨𝑳𝑪 = 𝑺𝑳𝑪 .𝑫 𝝓⁄   Specific labor cost 𝑺𝑳𝑪 =𝟎. 𝟏 $𝒎𝟑 
Operating and maintenance 
annual costs, $ 

𝑶𝑴𝑪 = 𝟎. 𝟎𝟐 × 𝑪𝑹𝑭× 𝑫𝑪𝑪 

 

Total annual cost, $/y 𝑻𝑨𝑪= 𝑨𝑭𝑪 + 𝑨𝑬𝑷𝑪+ 𝑨𝑪𝑪 + 𝑨𝑳𝑪 + 𝑶𝑴𝑪 

 

Total water price $/m3 𝑻𝑾𝑷𝒔𝒊𝒎𝒑𝒍𝒆 = 𝑻𝑨𝑪.𝝓𝑫  D ( 𝒎𝟑𝒚𝒆𝒂𝒓) 
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cost rate associated with the system product 𝐶̇𝑃 ($ℎ) is equal to the total rate of expenditure used to 

generate this product in a component, namely the fuel cost resulting from the cost associated with 

the exergy flows 𝐶̇𝐹 ($ℎ) and the cost rates of the capital investment (CI) and operating and 

maintenance (OM): 

𝐶̇𝑃 =∑ Ċ𝐹 + 𝑍̇𝑘𝐶𝐼 + 𝑍̇𝑘𝑂&𝑀 (83) 

The above cost balance equation is applied to the MED-MVC system components to obtain the 

product stream cost. Typically, the number of unknown cost parameters is higher than the number 

of cost balance equations for the component, so additional auxiliary thermodynamic equations are 

used to accommodate this difference. Usually, the auxiliary equations represent the equality of the 

average cost of the inlet and exit for the same stream, and they are formulated based on different 

principles (exergy extraction, multiple outputs, and external assessment) [98]. To include the labor 

and chemical cost (non-exergy related costs) in the exergo-economic analysis, inlet feed stream to 

the feed pump was considered as 𝐶̇𝑜($/ℎ) = (𝑆𝐿𝐶 + 𝑆𝐶𝐶)($/𝑚3) × 𝐷(𝑚3/ℎ). The total water price 

(TWP𝑒𝑥𝑒𝑟𝑔−𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐) ($/𝑚3) from the exergo-economic analysis is calculated by dividing the cost 

rates of all the outlet streams (distillate and brine) ($/ℎ) from the MED-MVC unit by the total 

production rate of the plant (𝑚3/ℎ). 
8.4.4. Dynamic model 

Following the steady-state solution, a generic dynamic model for a four-effect MED with an MVC 

unit and two preheaters is developed. Each evaporator effect consists of three lumps: vapor, brine, 

and tube lump. It is assumed that the accumulation of mass and energy in the evaporator tubes is 

negligible compared to the accumulation of mass and energy in the brine pool inside an effect 
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[189]. The dynamic model equations of the ith evaporator effect combined lumps mass, energy and 

salt balances are given by equations (15), (16) and (17), respectively [90]. Each effect is assumed 

to have a cross-sectional area 𝐴𝑐𝑒,𝑖 and a total height 𝐻𝐸. The brine pool height 𝐿𝑏,𝑖 and vapor 

height 𝐻𝐸 − 𝐿𝑏,𝑖 are shown in Figure 55 for the ith effect. The brine pool to pool flow between 

effects is represented by 𝑚𝑏,𝑖 = 𝐶𝑏,𝑖√∆𝑃𝑏,𝑖 where ∆𝑃𝑏,𝑖 = 𝑃𝑖−1 − 𝑃𝑖 + 𝜌𝑏𝑔(𝐿𝑏,𝑖−1 − 𝐿𝑏,𝑖) and the 

vapor flow from one effect to the next is calculated from 𝑚𝑣,𝑖 = 𝐶𝑣𝑖√∆𝑃𝑣𝑖 and ∆𝑃𝑣𝑖 = 𝑃𝑖−1 − 𝑃𝑖.  
 𝐶11 𝑑𝐿𝑏,𝑖𝑑𝑡 + 𝐶12 𝑑𝑇𝑣,𝑖𝑑𝑡 + 𝐶13 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝐶14 

(84) 

𝐶21 𝑑𝐿𝑏,𝑖𝑑𝑡 + 𝐶22 𝑑𝑇𝑣,𝑖𝑑𝑡 + 𝐶23 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝐶24 
(85) 

𝐶31 𝑑𝐿𝑏,𝑖𝑑𝑡 + 𝐶32 𝑑𝑇𝑣,𝑖𝑑𝑡 + 𝐶33 𝜕𝑋𝑏,𝑖𝜕𝑡 = 𝐶34 
(86) 

where the coefficients (𝐶11 , … … 𝐶34) are shown in Table 34. 

Table 34 Rate coefficients of the ith effect dynamic equations for a MED-MVC system. 

𝑪𝟏𝟏 𝑪𝟏𝟐 𝑪𝟏𝟑 𝑪𝟏𝟒 𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖− 𝜌𝑣,𝑖) [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 ) + (𝐻𝐸 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖] [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 {𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 + 𝑑𝜌𝑏,𝑖𝑑𝑋 }] 𝑚𝑓,𝑖 +𝑚𝑏,𝑖−1−𝑚𝑏,𝑖 −𝑚𝑣,𝑖 𝑪𝟐𝟏 𝑪𝟐𝟐 𝑪𝟐𝟑 𝑪𝟐𝟒 𝐴𝑐𝑒,𝑖(𝜌𝑏,𝑖ℎ𝑏,𝑖− 𝜌𝑣,𝑖ℎ𝑣𝑖) [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 {𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 + ℎ𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖} (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )+ (𝐻𝐸 − 𝐿𝑏,𝑖)𝐴𝑐𝑒,𝑖 {𝜌𝑣,𝑖 𝑑ℎ𝑣,𝑖𝑑𝑇𝑣,𝑖+ ℎ𝑣,𝑖 𝑑𝜌𝑣,𝑖𝑑𝑇𝑣,𝑖}] 
[𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖ℎ𝑏,𝑖 (𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖+ 𝑑𝜌𝑏,𝑖𝑑𝑋 )+ 𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝜌𝑏,𝑖 𝑑ℎ𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖 ] 

𝑚𝑓,𝑖ℎ𝑓,𝑖+𝑚𝑏,𝑖−1ℎ𝑏,𝑖−1−𝑚𝑏,𝑖ℎ𝑏,𝑖+ 𝑄𝑠,1 

𝑪𝟑𝟏 𝑪𝟑𝟐 𝑪𝟑𝟑 𝑪𝟑𝟒 𝐴𝑐𝑒,𝑖𝜌𝑏,𝑖𝑋𝑏,𝑖 [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 (1 + 𝜕𝐵𝑃𝐸𝜕𝑇𝑣,𝑖 )] [𝐴𝑐𝑒,𝑖𝐿𝑏,𝑖 {𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑇𝑏,𝑖 𝜕𝐵𝑃𝐸𝜕𝑋𝑏,𝑖+ 𝜌𝑏,𝑖 + 𝑋𝑏,𝑖 𝑑𝜌𝑏,𝑖𝑑𝑋 }] 
𝑚𝑓,𝑖𝑋𝑓,𝑖+𝑚𝑏,𝑖−1𝑋𝑏,𝑖−1−𝑚𝑏,𝑖𝑋𝑏,𝑖 
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Figure 55 Schematic diagram of the three lumps for the ith effect. 

The detailed transient characteristics of heat exchangers (HExs) described by partial differential 

equations are complicated and are not suitable for practical use [230]. Therefore, a lumped model 

is used to estimate the preheaters outlet temperature variation with time. Both preheaters are 

considered as counter-flow plate heat exchangers as shown in Figure 56. The cold stream of 

seawater feed is heated by circulating the hot fluid (brine and distillate) through the other side of 

the plate wall. The last effect brine temperature and distillate mixing temperature represent the hot 

fluid stream temperatures in the brine and distillate preheaters, respectively. The following 

assumptions are made in developing the mathematical model for both preheaters [230] where 

spatial temperature distributions are not considered:  

i) Heat losses to the environment are negligible 

ii) The heat capacity of fluids is significantly higher than that of the metallic walls. 

iii) Mass accumulation inside the pre-heaters is not considered. 

𝑚𝑓,𝑖 ,𝑋𝑓,𝑖, 𝑇𝑓,𝑖
Vapor lump 𝑇𝑣,𝑖

𝑚𝑏,𝑖−1, 𝑋𝑏,𝑖−1, 𝑇𝑏,𝑖−1 𝑚𝑏,𝑖 , 𝑋𝑏,𝑖,𝑇𝑏,𝑖

𝑚𝑣,𝑖 , 𝑇𝑣,𝑖

𝑚𝑣𝑏,𝑖 , 𝑇𝑣,𝑖
𝑄𝐸,𝑖

Tube lump

Brine lump 𝑇𝑏,𝑖

𝑚𝑣,𝑖−1, 𝑇𝑣,𝑖−1

𝐿𝑏,𝑖
𝐻

𝑚𝑏𝑡,𝑖 , 𝑇𝑏,𝑖
𝑚𝐷,𝑖
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Based on the assumptions above, the energy balance equations for the preheaters are presented 

as:  

Brine 

preheater 𝒅𝑻𝑭,𝒃𝒅𝒕 = 2𝑈𝑏𝐴𝑏,𝐻𝐸𝑥𝐿𝑀𝑇𝐷𝑏,𝐻𝐸𝑥 − 𝑚̇𝐹,𝑏 [𝑇𝐹,𝑏𝑐𝑃[𝑇𝐹,𝑏,𝑋𝑓] − 𝑇𝑠𝑤𝑐𝑃[𝑇𝑠𝑤,𝑋𝑓]]𝜌[𝑇𝑚,𝐹,𝑋𝑓]𝑐𝑃[𝑇𝑚,𝐹,𝑋𝑓]∀𝐻𝐸𝑥,𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠  

 
(87)  

𝒅𝑻𝒐,𝒃𝒅𝒕 = 2 𝑚̇𝐵 [𝑇𝑏,𝑛𝑐𝑃[𝑇𝑏,𝑛,𝑋𝑏] − 𝑇𝑜,𝑏𝑐𝑃[𝑇𝑜,𝑏,𝑋𝑏]] − 𝑈𝑏𝐴𝑏,𝐻𝐸𝑥𝐿𝑀𝑇𝐷𝑏,𝐻𝐸𝑥𝜌[𝑇𝑚,𝑏,𝑋𝑏]𝑐𝑃[𝑇𝑚,𝑏,𝑋𝑏]∀𝐻𝐸𝑥,𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠  

(88)  

Distillate 

preheater 𝒅𝑻𝑭,𝒅𝒅𝒕 = 2𝑈𝑑𝐴𝑑,𝐻𝐸𝑥𝐿𝑀𝑇𝐷𝑑,𝐻𝐸𝑥 − 𝑚̇𝐹,𝑑 [𝑇𝐹,𝑑𝑐𝑃[𝑇𝐹,𝑑,𝑋𝑓] − 𝑇𝑠𝑤𝑐𝑃[𝑇𝑠𝑤,𝑋𝑓]]𝜌[𝑇𝑚,𝐹,𝑋𝑓]𝑐𝑃[𝑇𝑚,𝐹,𝑋𝑓]∀𝐻𝐸𝑥,𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠  

 
(89)  

𝒅𝑻𝒐,𝒅𝒅𝒕 = 2 𝑚̇𝐷 [𝑇ℎ𝑖𝑛,𝑑𝑐𝑃[𝑇ℎ𝑖𝑛𝑑,𝑑] − 𝑇𝑜,𝑑𝑐𝑃[𝑇𝑜,𝑏]] − 𝑈𝑑𝐴𝑑,𝐻𝐸𝑥𝐿𝑀𝑇𝐷𝑑,𝐻𝐸𝑥𝜌[𝑇𝑚,𝑑]𝑐𝑃[𝑇𝑚,𝑑]∀𝐻𝐸𝑥,𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠  

(90)  

where 𝑚̇ represents flow rate of the streams of cold and hot fluids (kg/s), cp is the streams heat 

capacities (kJ/kg.K), 𝜌 is fluid density (kg/m3), U is the total heat transfer coefficient (in 

kW/m2.K), A is the heat transfer area (m2) for both preheaters, ∀ is the effective volume (m3) of 

the preheaters channels, and 𝐿𝑀𝑇𝐷 is the logarithmic mean temperature difference in the brine 

and distillate preheaters. 

 

Figure 56 Control volume for preheaters of (a) distillate and (b) brine. 
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The MVC unit is considered to be in a quasi-steady-state condition since the mechanical vapor 

compressor has a rapid dynamic response compared to the other heat transfer components. The 

compressor efficiency 𝜂𝑐 is determined by comparing the steady-state isentropic and actual 

compressor work and is used as an input to the dynamic model. Both the isentropic work and the 

compressor isentropic efficiency are used to obtain the instantaneous compression ratio of the 

MVC unit. From the compression ratio, the inlet steam temperature can be determined. The main 

differences and commonalities between the present dynamic model for the MED-MVC and the 

dynamic model for the MED-TVC described in [90] are: (i) the core of the MED which is the 

evaporator unit is treated the same way using the lumped model developed in [90]; (ii) there is no 

dynamic model for the condenser unit needed in the MED-MVC,  a compressor model is included 

instead; (iii) two preheater units are dynamically simulated in the MED-MVC; (iv) The MED-

TVC system operates on thermal energy from an external source such as a steam power plant or 

boiler, while the MED-MVC system uses a compressor unit to recycle the vapor from the last 

effect to the first effect. 

As shown in Figure 57, the steady-state solution procedure for MED-MVC system starts by 

assuming the brine temperature in all effects and the energy supplied to the first effect. Then, the 

steady-state conservation equations in Table 31 are solved to obtain the feed and brine flow rates 

as well as the vapor generated in each effect. The mass flow rate imbalance between the vapor 

produced in the last effect and the required steam for the first effect is minimized iteratively by 

modifying the term 𝐸𝑆𝐻. This calculation continues until a specified error criterion is achieved 

(𝜀=10-4). This value for error criterion is determined to be small enough so that the solution 

obtained is independent of it. The mixing temperature of the distillate is used to calculate the actual 
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feed temperature by solving the equations of the brine and distillate feed preheaters. The entire 

calculations are repeated until the specified feed temperature is reached. From the steady-state 

solution, parameters such as the vapor and brine temperature, the vapor and brine flow rate and 

salinity at each effect are used as initial input for the dynamic model calculations. A FORTRAN 

code is developed to solve both the steady-state and dynamic models. The system of ordinary 

differential equations is solved by using the fourth-order Runge-Kutta method. By solving Eqs. 

(84)-(90), the vapor temperature, brine level, effect salinity, preheaters outlet temperatures and 

supplied feed temperature are obtained at each time step. The brine and vapor flow rates between 

effects are adjusted based on the vapor pressure calculated in the effects. In the dynamic model, 

the compressor work and seawater temperature can be disturbed with different intensities from the 

steady-state condition for a pre-specified duration. Indicator parameters such as the effect 

temperature, brine level and vapor flow across effects are calculated with time. The performance 

indicator parameters such as PR and SPC are obtained as well.  

 

Figure 57 Procedures of the MED-MVC steady-state and dynamic models solution method. 
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 Results and discussion 

8.5.1. Steady-state operation and exergo-economic analysis 

The focus of this study is to present a generic steady-state and dynamic model which can be easily 

modified to describe any number of effects for MED-MVC systems and two independent 

preheaters for the inlet seawater. The steady-state model is validated using the actual operational 

parameters of  MED-MVC plant located in Flamanville, France [113], which operates with four 

effects in s parallel/cross feed configuration integrated with a MVC unit. Table 35 shows the 

currently steady-state model resulting values for the process variables which show excellent 

agreement compared with the data reported in [113]. Exergy analysis overcomes the shortcomings 

of energy analysis by identifying the causes, locations and actual magnitudes of waste due to 

thermodynamic inefficiencies [78]. The minimum work of separation 𝑊̇𝑚𝑖𝑛 for the separation of 

39.44 kg/s of seawater into 17.6 kg/s of fresh water and 21.84 kg/s of brine with a salinity of 65 

ppt at the same temperature and pressure can be determined independently by using the relation 

developed by Cerci [153]. For a recovery ratio of ~40%, the relation gives 28.16 kW, which is 

sufficiently close to the result obtained from equation (81).  

There are two causes of exergy destruction in the MED systems. The first is due to the heat transfer 

across the temperature difference between hot and cold streams in each evaporator effect and the 

preheaters. Also, exergy destructions in the pump and compressor are due to irreversibilities in the 

pump and compression processes. The exergy destruction (kW) for the main components of MED-

MVC are presented in Figure 58. A significant source of exergy destruction occurs in MVC unit 

(39%) and evaporators (52.6%). This can be attributed to the thermodynamic inefficiency of the 

MVC unit and the heat transfer in the effects that are associated with phase change processes. The 

high exergy destructions in the evaporators indicate that the evaporation process itself is highly 
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inefficient. Therefore, modifications and improvements to the process must be considered. This 

can be reduced by increasing the number of effects, though the number is limited by the operating 

compression ratio of MVC units currently available. Also, the economic consideration due to 

increasing the heat transfer surface needed to achieve evaporation and condensation processes 

should be accounted. Other components such as brine and distillate feed heaters introduce exergy 

destructions that nearly equal to 7.0%. Moreover, Figure 58 indicates that the highest exergetic 

efficiencies belong to pumps. It should be noted that the exergetic efficiency of the MED-MVC 

plant is quite low (2.82%), which reveals its high irreversibilities that is close to the values 

presented in the reported literature [38, 154].  

 

Table 35 Operational steady-state conditions for MED-MVC system. 

Configuration Model Flamanville [113] % error 

Inlet seawater temperature, °C 25 -- 

Feed content in, g/kg 36 -- 

Brine content out, g/kg 65 -- 

Steam temperature Ts, °C 62.5 -- 

last effect brine temperature Tn, °C 50.3 -- 

Pressure ratio 1.85 1.86 0.5 

Distillate production (D), m3/h 64.0 62.5 2.4 

Feed flow (F), m3/h 141.45 140 1 

Brine flow (B), m3/h 78.34 77.5 1 

Feed temperature Tf, °C 48.03 49 1.9 

Compressor actual work (Ẇ𝑐𝑜𝑚𝑝), kW 690 650 6.1 

Performance ratio PR 3.44 -- -- 
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Figure 58 Cost flow diagram with exergy destruction for main component of MED-MVC systems. 

 

A simple conventional economic model treating the MED-MVC plant as a whole unit is used to 

calculate the annualized cost of the plant and to estimate the total water price for a MED-MVC 

system. The total levelized fixed cost associated with CI&IM of the components per hour basis is 

19.98 $/h. The most expensive components are the evaporators (~10.13 $/h) while the cheapest 

are the pumps (~0.3 $/h). The costs for the MVC unit and the preheaters are 7.3 and 1.3 $/h, 

respectively. However, to indicate the contribution of each flow stream and each component in the 

final product cost, an exergo-economic analysis is applied to all MED-MVC components and flow 

streams. When conducting a thermoeconomic analysis for the current MED-MVC system, a cost 
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balance equation is used to correlate the exergy instead of the energy of the flow stream with the 

pricing value of the component. The exergy-cost unit analysis is more reasonably distributed and 

is meaningful than the energy-based ones. The non-exergy related costs represented by chemical 

cost and labor cost are added to the exergo-economic model as input stream in the feed seawater. 

Further, it should be mentioned that there is no additional information to appropriately apportion 

the value of other cost and indirect cost between the product streams (distillate and brine) in the 

cost exergy equations. The other costs (80K $) and indirect capital costs (0.15 DCC) are calculated 

on a per hour basis, and a value of 3.65 $/h is obtained. For simplicity, these costs are divided 

equally between distillate and brine streams. Solving the exergy-cost balance equations, the cost 

rates for various streams at different locations in the MED-MVC plant are obtained. The cost rate 

pricing for all flow streams through the MED-MVC system of 1500 m3/day production capacity 

is shown as a diagram in Figure 58 with the estimated production cost of 1.70 and 1.63 $/m3 using 

simple conventional economic model and exergy-based cost model, respectively. Both methods 

results are consistent with the results for MED-MVC desalination system and similar systems 

found in the literature [38, 95, 157, 231]. Besides showing the cost flow rate at each stream point, 

the figure shows flow exergy, temperature and stream flow rate as well. To some extent, both 

methods (simple economical method and the exergo-economic method) have a similar estimation 

for the final product price (freshwater). However, the exergo-economic method slightly 

underestimates the water price, and this is directly attributed to the assumptions used in the 

auxiliary equations and the uncertainty associated with the cost due to round-off [98].  

The primary contributor to the SPC in a MED-MVC system is the power required for the MVC 

unit which depends on the compressor efficiency, compression ratio and inlet vapor specific 

volume. The operation cost can be reduced by increasing the performance ratio (PR) or decreasing 
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the SPC. Therefore, efforts are made to reduce the cost associated with the MVC. This can be done 

by reducing the vapor flow rate through the MVC unit by installing more effects N while keeping 

the same overall temperature difference. On the other hand, capital cost can be reduced by reducing 

the required specific heat transfer area (SA) for the evaporators and pre-heaters units. For the MED-

MVC, to decrease the SA, the TBT must be increased. The increase in TBT may require specific 

chemical pre-treatments and add cost for better tube material and higher maintenance. Increasing 

N has its limits as this increases the required SA for evaporation due to the decrease in the 

temperature difference between the effects. Consequently, capital cost savings should be 

considered along with the increase in operating cost. It is essential to determine the optimal balance 

between the design parameters of N and TBT that achieves the best economic operation. The 

decrease in the SPC with increasing the number of effects N has its limit as shown in Figure 59. A 

single-effect MVC has the highest SPC due to the amount of vapor flow (displacement volume) 

through the MVC unit, leading to the highest TWP. Adding a second effect increases the 𝜂𝐼𝐼 and 

reduces the SPC as shown in Figure 59. Although this increases the SA, the TWP reduces to ~ 1.6 

$/m3 due to a reduction in the operating cost of the MVC unit. Further increase in the number of 

effects from 2 to 6 brings little increase in the ηII and little change in the SPC. On the other hand, 

the TWP keeps increasing with the increase in N which is due to the continuous increase in SA 

(capital cost). Increasing N beyond 6 leads to an increase in the SPC and a decrease in ηII  for a 

fixed production capacity. This is attributed to the large decrease in the volumetric vapor flow rate 

through the MVC unit which may not be sufficient to generate the required amount of vapor in the 

first effect. Increasing the number of effects from 2 to 10 causes an increase in the TWP by 16% 

approximately. The main reason for not using multiple effects beyond 6 in MVC systems is the 

practical limitation of the displacement volume of the commercially available compressors [159].  
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Figure 59 Effect of the number of effects on SPC, ηII  and TWP. 

8.5.2. Dynamic analysis 

First, the dynamic model results are justified with a three-effects lab-scale MED plant with a total 

production capacity of 3 m3/day. The detailed description of the steady-state operating conditions 

of the 3-effect plant and the results of the dynamic model validation are presented in [90]. In a real 

application, the operational conditions may not be kept constant due to the changes in climate 

conditions and the rate of the designed heat source flow rate or electrical power to the plant. These 

fluctuations from the design steady-state values may i) cause the plant to approach a new steady-

state condition; ii) agitate the plant performance thus causing production capacity changes; or iii) 

in some occasions, lead the plant to reach dry out or flooding. Thus, the model describes the 

relationships between the disturbance input parameters (compressor work and inlet seawater 

temperature) and the output process variables (effects temperature, brine level, brine flowrate and 

vapor flow rate). A linear change in the main input parameters is considered that form a ramped 

type disturbance with the pre-specified magnitude of change and applied duration. Based on the 

actual evaporator configuration dimensions, the initialized brine level was chosen as 0.25 m [232]. 
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Two limitations are assigned on the brine level, Lb< 1.0 m and Lb> 0.1 m to avoid flooding or dry 

out conditions, respectively. 

In some situations, a disturbance (or fluctuation) is applied to the work supplied to the MVC unit 

to change total plant output. If intentional, this change is called “turndown“ and is carried out to 

address the power demand swings [168]. This turndown ratio may reach 50%, meaning the 

minimum flow is half of the maximum design flow. The system variables namely: brine level, 

vapor temperature, supplied steam temperature, brine flow rate and vapor flow rate are calculated 

to assess the impact of a 10% ramp reduction in the supplied compressor work on the system 

variables as shown in Figure 60. The applied ramp reduction starts at the time of 5,000 s with a 

ramp time of 1,000 s. The system is allowed to run with this reduced compressor work until it 

reaches another steady-state condition.  The reduction in the supplied energy to the MVC unit 

causes a decrease in the compression ratio and the temperature of the supplied steam to the first 

effect. The response of the vapor lump in each effect is much faster than the response of the liquid 

lump (brine level) due to the higher thermal capacity of the liquid compared to that of the vapor. 

Consequently, a reduction in the vapor temperature and pressure in all effects is experienced at the 

beginning of the disturbance. This leads to a gradual decrease in the brine and condensed vapor 

flow rates in the preheaters, which in turn decreases the feed temperature to the effects. 

Furthermore, the steam temperature decreases due to the reduction in the vapor temperature in the 

last effect. The reduction in both vapor and feed temperatures eventually results in more 

accumulation of the brine in the effects and increases the brine level as shown in Figure 60. The 

build-up in the brine level causes the hydrostatic pressure for the brine lump to increase, pushing 

the hot brine to flow from one effect to the next and to cause the feed temperature to rise. This 
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increase in the feed temperature enhances the vapor temperature and slightly reduces the brine 

level to attain a new steady-state operating condition.  

 

Figure 60 Brine level, vapor temperature, brine and vapor flow for a 10% reduction in 
compressor work. 

Figure 61 shows the effect of the application of a 10% increase in the inlet seawater temperature 

(2.5oC) on the plant process variables. At the beginning of the disturbance, the feed temperature 

to all effects increases at the same time. This improves the evaporation rate and increases the vapor 

temperature in all the effects and the increase in vapor pressure inside the effects increases the 

brine flow rate. However, the reduction in the brine level causes a gradual decrease in the brine 

flow rate as shown in Figure 61. The dynamic response of the feed preheaters to the variations in 

brine and distillate flow rates causes the vapor temperature and vapor flow rate to go up before 

they reach their steady-state values as shown in Figure 61.  
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Figure 61 Brine level, vapor temperature, brine and vapor flow for a 10% increase in inlet 
seawater temperature. 

The economics, steady-state performance and transient behavior of a MED–MVC system are 

compared to those of a MED-TVC system with a similar production capacity. The MED-TVC 

system, operating with four effects and a bottom condenser, is investigated using the model 

developed by Elsayed et al. [90] under the same constraints for the freshwater production rate (17.6 

kg/s) and rejected brine salinity (65 ppt). The calculated values of the GOR and TWP for a fresh 

water production rate of 1500 m3/d are 3.99 and 1.6 $/m3, respectively for the MED–MVC, and 

6.4 and 2.6 $/m3, respectively for the MED-TVC. Dynamic simulations for both systems under a 

15% reduction in the inlet seawater temperature (3.75oC) are performed. As shown in Figure 62, 

the MED-TVC is rather sensitive to the decrease in seawater temperature which affects the 

condenser unit as mentioned in Elsayed et al. [90]. This sensitivity causes a significant increase 
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and decrease in the brine level and production capacity, respectively in the MED-TVC system 

compared to the MED-MVC system. The MED-MVC system has a slower response due to the 

high thermal capacity of the brine/distillate feed preheaters compared to the low thermal capacity 

of the condenser’s vapor lump in the MED-TVC system.  

 

Figure 62 First effect brine level and plant total distillate production with a 15% decrease in the 
inlet seawater temperature for MED-TVC and MED-MVC systems. 

Next, the effect of the intensity of the applied disturbances on the vapor temperature and brine 

level of the first effect is shown in Figure 63. The compressor work and seawater temperature have 

been reduced by up to 30% and 25% of the steady-state values, respectively. For the current MED-

MVC configuration and dimensions, it is noted that a significant reduction in compressor work 

could lead to a substantial decrease in the temperature difference between the first effect brine and 

the steam at compressor exit. For instance, the steam temperature supplied by the MVC unit 

approaches the brine pool temperature for a 30% reduction in the compressor work. In this case, 

although the evaporation can still occur between the sprayed feed and the steam temperature inside 

the tubes, the hot brine pool temperature will drop with time, and the brine level in the 1st effect 

will reach the flooding condition. In addition to approaching the flooding condition, operating the 
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MED-MVC evaporator unit at higher brine levels than designed may lead to salt deposition and 

light scaling at the bottom of the tubes [233]. The reduction in the inlet seawater temperature 

reduces the feed temperature causing the brine level to increase, but it does not affect the 

temperature difference between the steam supplied and the first effect temperature brine. However, 

as shown in Figure 61, increasing the seawater temperature above 10% of the steady-state 

condition would lead to dry out in the first effect evaporator. A dry out condition means the vapor 

generated in the 1st effect may storm through the 2nd effect. This blowout of the vapor through the 

brine pipes will perturb the brine flashing and feed evaporation processes where the plant may be 

exposed to operational failure.  

 

Figure 63 First effect brine level, and vapor temperature with intensity of reduction in: (a) 
compressor work, (b) inlet seawater temperature. 
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Figure 64 Effect of step changes of compressor work and seawater temperature on the MED-
MVC total distillate production, PR and SPC. 

A plot of the variations of the PR, SPC and total distillate production with step changes in the 

compressor work and inlet seawater temperature is shown in  Figure 64. The dependence of PR 

and SPC on Ẇ𝑐 and T𝑠𝑤 is approximately linear. As shown in  Figure 64a, a decrease in the 

compressor work below the steady-state designed condition decreases the condensation rate 

(distillate) in each effect. But since the magnitude of the decrease in the total distillate production 

rate is less than the reduction in compressor work, PR increases and SPC decreases. A reduction 

in inlet seawater temperature results in a decrease in the production of fresh water, brine blowdown 

temperature and PR which in turn causes an increase in SPC for the same supplied compressor 
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work [73]. The reduction in the supplied seawater temperature decreases the TBT which leads to 

a decrease in the brine flashing and seawater evaporation rates in all effects as shown in Figure 

64b. This results in less vapor generation and higher brine level increase in all the effects.  

 Conclusions 

Within the current work, a new formulation for the steady-state thermodynamic model of MED-

MVC desalination systems operating in parallel/cross configuration has been presented. The 

steady-state solution reveals that the ηII is 2.82%. The exergy destructions in the MVC unit and 

evaporators combine to approximately 90% of the total exergy destruction in the system. The most 

expensive components are the evaporator units with a cost of ~10.13 $/h compared to 7.3, 1.3 and 

0.3 $/h for MVC unit, preheaters and pumps, respectively. The TWP for the MED-MVC with a 

1500 m3/day production capacity is 1.70 and 1.63 $/m3 using a simple conventional economic 

model and a specific exergy cost model, respectively. Sensitivity analysis shows that a two-effect 

MVC system is superior to the single-effect MVC system, but the number of effects N that can be 

implemented is limited. Increasing N from 2 to 6 results in little change in the SPC or ηII . On the 

other hand, the value of TWP increases by approximately 16% as N increases from 2 to 10. 

The dynamic model results show that the disturbances in compressor work have a significant effect 

on the plant transient behavior while a disturbance in the inlet seawater temperature has only a 

moderate impact. A reduction in compressor work leads to a reduction in the steam temperature 

that causes an increase in the effects brine level. For instance, the steam temperature supplied by 

the MVC unit approaches the brine pool temperature when a 30% reduction in the compressor 

work occurs. So, any further decrease in compressor work may lead to flooding in the effects and 

the plant may cease to operate. A decrease in the inlet seawater temperature reduces the feed 
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temperature causing the brine level to increase, but this does not affect the temperature difference 

between the steam supplied and the first effect temperature. On the other hand, increasing the 

seawater temperature above 10% of the steady-state condition without proper control on the plant 

response could lead to dry out in the effects. Thermo-economic and dynamic response comparisons 

between the MED-MVC and MED-TVC systems reveal that: (i) the TWP for the MED-TVC is 

higher than the MED-MVC; (ii) the MED-TVC is more sensitive to the reduction in the seawater 

temperature than the MED-MVC; (iii) the MED-MVC is slower in response compared to the 

MED-TVC. In term of performance, a reduction in compressor work causes a decrease in the plant 

total distillate production capacity, but an increase in PR and a decrease in SPC. On the other hand, 

a reduction in the inlet seawater temperature decreases the TBT, which causes a decrease in brine 

flashing and feed evaporation rates with an increase in the brine levels in the effects. This leads to 

a reduction in the production of fresh water, a decrease in PR and an increase in the SPC for the 

same supplied compressor work.  
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CHAPTER 9 GENERAL DISCUSSION AND CONCLUSIONS 

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) by developing robust 

mathematical models under various conditions and validating them with available designed 

experimental data in the literature. The detailed objectives of this dissertation were to: 

 

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

performance for MED operating with the different configuration as a function of the process 

heat source temperatures flow rate, feed concentration, and flow rate. 

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

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

location installation. 

3 Use of 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. 

9.1 Research findings 

An extensive amount of research outcome has been accomplished since the beginning of this study. 

Furthermore, the objectives were achieved, and the principle findings of the research were reported 

through 6 papers listed in Chapters 3-8, which can be summarized as: 

9.1.1. Exergy and thermo-economic analysis for MED-TVC systems (Ch.3) 
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• The 1st law analysis for MED-TVC system show that, the PCF configuration has the lowest 

specific heat consumption (SHC) and the lowest total power consumption (TPC) compared 

to the other feed configurations, but it has a high specific cooling water flow rate. On the 

other hand, the BF configuration has a smaller specific cooling seawater flow rate. The 

electric power consumption is higher for the FF configuration due to the required high 

pumping power. Also, the study reveals that the exergy destruction in the TVC unit and 

evaporator units, represent the highest share of the total exergy destruction in the system. 

The 2nd law efficiency is the highest for PCF, while the PF has the lowest value.  

• A detailed thermo-economic analysis of the BF and PCF configurations of MED-TVC 

system show that the most expensive (highest investment cost) components are the 

evaporator units. The lower value of the exergo-economic factor (𝑓𝑘) for the TVC unit 

shows that the cost associated with the TVC unit is dominated by the exergy destruction 

while the remaining part is determined by the hourly capital investment (𝑍̇𝑘) value of the 

component. Reducing the exergy destruction in the TVC unit could be cost effective for 

the entire system even if this would increase the capital investment costs associated with 

this component. Part of the exergy destruction in the TVC unit can be avoided by reducing 

the motive steam pressure without affecting the flow rate of the motive steam. So, TVC 

motive steam pressure is a key design variable because it affects the exergy associated with 

the inlet stream as well as the performance and investment cost of the TVC unit. Changes 

in cost index, interest rate and electricity cost have a minimal effect on the total water price. 

On the other hand, changing the specific steam cost has a significant effect on the TWP, 

especially for the FF configuration. 



226 
 

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

approach (Ch.4) 

• A new formulation for the steady-state thermodynamic model of MED-MVC desalination 

systems operating in different feed configurations has been developed. Of the four 

configurations, the FF configuration yields the lowest SPC, followed by the PCF 

configuration. The study reveals that the exergy destructions in the MVC unit and 

evaporator units represent the highest share of the total exergy destruction in the system. 

Other components, such as the brine and distillate feed heaters, have much lower shares in 

the exergy destruction. The second law efficiency is the highest for the PCF configuration, 

while the BF has the lowest value. The most expensive (highest investment cost) 

components are the evaporator units. For the PF and FF configurations, the low values of 

the variable 𝑓𝑘 for the MVC unit, evaporator units and the two preheaters show that the 

costs associated with these components are dominated by exergy destruction with the 

remaining costs determined by the 𝑍̇𝑘value. Reducing the exergy destruction in these units 

could be cost effective for the entire system even if this would increase the associated 

capital investment costs. Sensitivity analysis show that the MED-MVC system is superior 

to the single-effect MVC system, but there is a limit on the number of effects N that can be 

implemented. Increasing the number of effects from 2 to 6 results in no significant increase 

in the SPC or ηII for both the PF and FF configurations. On the contrary, the value of TWP 

increases by 15 and 63% as the number of effects increases from 2 to 10 for the FF and 

PCF configurations, respectively. Also, lowering the steam temperature supplied by the 

MVC unit from 110 to 55oC results in 100% increase in the ηII , and 20 and 40 % decrease 

in the SPC and TWP, respectively. By using average values for the economic parameters, 

different cost models are used to estimate the average total water price for the BF, FF, PF 
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and PCF configurations as 3.0, 1.69, 2.4 and 1.7 $/m3, respectively. Changes in the cost 

index and interest rate have a minimal effect on the total water price. On the other hand, 

changing the electricity cost has a significant effect on the TWP. The TWP for the PCF 

configuration could reach 0.92 $/m3 if the electricity cost is 0.03 $/kWh. 

9.1.3. Transient Performance of MED/MED-TVC systems with Different Feed Configurations (Ch.5) 

• Detailed dynamic modeling of different feed configurations reveals that the MED-TVC 

has the fastest response compared to other types of feed configurations and the FF requires 

a longer time to reach steady state condition. In the case of the heat source disturbance, the 

backward feed has the highest increase in the brine level followed by MED-TVC, while 

PF and PCF show only a moderate increase in the brine level. For the MED-TVC process, 

the vapor flow rate is highly reduced compared to the other configurations for the case of 

a reduction in the heat source flow rate. For the heat sink disturbance, MED-TVC process 

is the most sensitive among the configurations, and this could be attributed to the smaller 

size of the condenser compared to the PCF or other configurations. However, for the 

cooling seawater temperature disturbance, BF has the highest increase in the brine level 

that is progressively transmitted from the last effect.  

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

(Ch.6) 

• The dynamic developed model for MED-TVC system has some limitations such as the 

effect of non-condensable gases is not considered. The model is used to investigate the 

system behavior under different disturbances that simulate the real conditions that the plant 

may be exposed to. The simulation results reveal that the disturbances in motive steam 

flow rate and in cooling seawater temperature have the largest effect on the plant 
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performance while a disturbance in the cooling seawater mass flow rate has only a 

moderate effect. Changing seawater salinity shows a slight effect on the total distillate and 

the specific heat transfer area. For all applied disturbances, the change in the brine level is 

the slowest compared to the changes in vapor temperature, and brine and vapor flow rates.  

9.1.5. Effect of Input Parameters Intensity and Duration on Dynamic Performance of MED-TVC 

Plant (Ch.7) 

• The developed model is used to investigate the effect of the fluctuations in magnitude and 

duration of the main operational parameters. The results show that the disturbance intensity 

variation plays a major role in the desalination plant behavior. For the current MED-TVC 

configuration and dimensions, it is recommended to limit the reduction in the seawater 

cooling flow rate to under 12% of the designed steady-state value to avoid dry out in the 

evaporators. Also, a reduction in the motive steam flow rate and cooling seawater 

temperature of more than 20% and 35% of the nominal operating values may lead to 

flooding in the evaporators and complete plant shutdown. It is also shown that a change in 

the motive steam pressure at constant entrainment ratio has a negligible effect on the plant 

performance and behavior. On the other hand, the disturbance period has a minimal effect 

on plant performance if it avoids the critical values of the disturbance intensity that can 

cause plant shutdown. Simultaneous combinations of two different disturbances with 

opposing effects result in a modest effect on the plant operation and the combinations can 

be used to control and mitigate the flooding/drying effects of the disturbances. For co-

effect combinations, the plant needs an accurate control system to avoid an operational 

shutdown. A ramp type disturbance mitigates the changes in input parameter disturbances 

and eliminates the over/under-shoots in the GOR observed when disturbances are applied 

and removed in an abrupt manner. 
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9.1.6. Transient and Thermo-Economic Analysis of MED-MVC Desalination Process (Ch.8) 

• The MED-MVC system dynamic model results show that the disturbances in compressor 

work have a significant effect on the plant transient behavior while a disturbance in the 

inlet seawater temperature has only a moderate impact. A reduction in compressor work 

leads to a reduction in the steam temperature that causes an increase in the effects brine 

level. For instance, the steam temperature supplied by the MVC unit approaches the brine 

pool temperature when a 30% reduction in the compressor work occurs. So, any further 

decrease in compressor work may lead to flooding in the effects and the plant may cease 

to operate. A decrease in the inlet seawater temperature reduces the feed temperature 

causing the brine level to increase, but this does not affect the temperature difference 

between the steam supplied and the first effect temperature. On the other hand, increasing 

the seawater temperature above 10% of the steady-state condition without proper control 

on the plant response could lead to dry out in the effects.  

• Thermo-economic and dynamic response comparisons between the MED-MVC and MED-

TVC systems reveal that: (i) the TWP for the MED-TVC is higher than the MED-MVC; 

(ii) the MED-TVC is more sensitive to the reduction in the seawater temperature than the 

MED-MVC; (iii) the MED-MVC is slower in response compared to the MED-TVC. In 

term of performance, a reduction in compressor work causes a decrease in the plant total 

distillate production capacity, but an increase in PR and a decrease in SPC. On the other 

hand, a reduction in the inlet seawater temperature decreases the TBT, which causes a 

decrease in brine flashing and feed evaporation rates with an increase in the brine levels in 

the effects. This leads to a reduction in the production of fresh water, a decrease in PR and 

an increase in the SPC for the same supplied compressor work.  
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9.2 Recommendation for Future Research 

In the current dissertation, a comprehensive simulation has been conducted and new steady state 

and dynamic models formulations has been developed for predicting energy, exergy, thermo-

economic and dynamic performance for MED, MED-TVC and MED-MVC desalination systems. 

Nevertheless, there are several more research aspects recommended for the future research. Here 

are some suggested topics: 

1- System comparison. The developed dynamic models for MED, MED-TVC and MED-

MVC systems need to be further tested to simulate the transient performance when these 

systems exposed to equal changes in input parameters. 

2-  Renewable energy sources. The potential use of renewable energy such as geothermal or 

solar energy integration to MED systems need to be addressed in term of dynamic 

performance.  System integration is not limited to water production and could be extended 

to cooling, heating and electricity production. Therefore, there is an opportunity to 

maximize the utilization factor of thermal energy produced through these renewable energy 

resources during different operating periods. 

3- Water-power integration. A key performance parameter is the thermal/electrical energy 

required per unit mass of water produced. We have assumed that this energy for the various 

configurations is supplied through the grid in this study. Future integration between power 

(upper) cycle with the thermal desalination method may focus on the transient operation of 

the system integration in order to obtain a realistic system operational. 

4- Developed model implementation. The advantages of the current developed models are 

in their applicability to different industrial applications where multi-effect evaporation 

(MEE) systems are used such as food processing and dairy, petroleum, petrochemical, 
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pharmaceuticals, pulp and paper, sugar and desalination of water. Therefore, using these 

heuristic models to improve the design and operating conditions of MEE would be of great 

use for future research. 
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