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Abstract

:

Multi-effect distillation with thermal vapor compression (MED-TVC) is a highly energy-efficient desalination technology that can provide a reliable and sustainable source of high-quality water, particularly in areas with limited energy infrastructure and water resources. In this study, a numerical model based on exergoeconomic approach is developed to analyze the economic performance of a MED-TVC system for seawater desalination. A parallel/cross feed configuration is considered because of its high energy efficiency. In addition, a parametric study is performed to evaluate the effects of some operational parameters on the total water price, such as the top brine temperature, seawater temperature, motive steam flow rate, and number of effects. The obtained results indicate that the total water price is in the range of 1.73 USD/m3 for a distilled water production of 55.20 kg/s. Furthermore, the exergy destructions in the effects account for 45.8% of the total exergy destruction. The MED effects are also identified to be the most relevant component from an exergoeconomic viewpoint. Careful attention should be paid to these components. Of the total cost associated with the effects, 75.1% is due to its high thermodynamic inefficiency. Finally, the parametric study indicates that adjusting the top brine temperature, the cooling seawater temperature, the motive steam flow rate, and the number of effects has a significant impact on the TWP, which varies between 1.42 USD/m3 and 2.85 USD/m3.
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1. Introduction


Desalination technologies have become an important pillar of the world’s freshwater supplies; they are effective in supporting countries and industries to satisfy their water needs. There are many desalination plants around the world on which communities depend for their economic activity and portable water supply. As desalination systems become a common application in the world, different desalination technologies are available, such as membrane techniques and thermally driven techniques [1]. In this regard, desalination systems are generally designed and optimized from an energy and economic perspective. The exergy-based method has been successfully used for the analysis and optimization of energy and the economic performance of desalination systems [2,3,4,5,6].



Multi-effect desalination is among the thermal desalination systems to receive significant attention for its high efficiency, operational and maintenance simplicity, the feasibility of using low-grade heat, and economic sustainability [7,8]. MED integrated in a thermal vapor compressor system has recently received much attention in research; the major advantages of MED-TVC desalination systems are high thermal efficiency with low energy requirement, a small condenser size, and reasonable production costs [9].



A number of studies have been conducted to analyze the energetic performance of MED-TVC systems using the exergy approach [10,11,12,13,14,15,16,17], in which exergy analysis revealed that the thermo-compressor and effects are the major sources of exergy destruction in a MED-TVC system. Hamed et al. [10] applied an exergy analysis to evaluate and compare the performance of a TVC system with those of the conventional MEB and MVC desalination systems. It was observed that the TVC system generates the lowest exergy destruction among the three systems. In addition, a major part of the exergy destruction in the TVC system occurs in the first effect and in the thermo-compressor. In [11], the thermo-compressor and the evaporator were also identified as the main sources of exergy destruction for single- and multi-effect thermo-vapor compression systems.



Al Asfour et al. [12] conducted a parametric study using energy and exergy analysis for three configurations of a multi-effect thermal vapor compression desalination system. The results revealed that the steam ejector and evaporators are the major sources of exergy destruction in the three configurations. The decrease in the top brine temperature leads to a decrease in the specific heat consumption and exergy destruction. Choi et al. [13] presented an energy and exergy analysis for a MED-TVC system developed by Hyundai Heavy Industry for identifying the system’s efficiency improvement potential. It was found that the largest specific exergy losses in the MED-TVC desalination system occur in the TVC and the effects. Comprehensive thermal and exergy analyses for MED and MED–TVC systems were conducted to reveal the mechanism of the system’s internal exergy loss [14].



The exergy consumption of the MED TVC system is evidently higher than for the MED system, and the exergy efficiency of the system improves as the number of suction effects increases. Binamer [15] developed a mathematical model of a MED-TVC desalination system to evaluate the system performance using energy and exergy analysis. It was shown that the first effect accounted for about 31% of the total destruction of the exergy effects. The specific exergy destruction is significantly reduced when increasing the number of effects as well as operating at lower top brine temperatures. Sadri et al. [16] also developed a mathematical model to predict and optimize the exergy efficiency of a MED-TVC system. The model could predict the effects of various variables on the performance of the system. The authors indicated that careful attention should be paid to evaporators, since they are the main sources of exergy destruction. Menasri et al. [17] presented a MED–TVC system model based on energy and exergy analyses. The results revealed that the main sources of exergy destruction in the MED-TVC system are the ejector and the evaporators, while a parametric study revealed that operating with a lower brine temperature and lower motive steam flow rate is recommended to improve the overall efficiency.



In recent studies, the economic performance of MED-TVC desalination systems has been analyzed by using the exergoeconomic method. Elsayed et al. [9] conducted an exergoeconomic analysis on four different feed configurations for a MED-TVC desalination system. The effect of the economic variables, such as cost index, interest rate, and electricity cost, on the total water price was investigated. Their results showed that the parallel cross feed (PCF) configuration has the minimum production cost (2.09 USD/m3). In another study, Elsayed et al. [1] also developed an exergoeconomic model to analyze the performance of a multi-effect desalination plant integrated to a mechanical vapor compressor unit (MED-MVC). The results indicated that the total water price was 1.63 USD/m3. Samaké et al. [18] performed an exergoeconomic analysis of a multiple-effect desalination system with ejector vapor compression. Both forward and parallel/cross configurations were considered. It was found that the required total capital investment and the unit cost of the produced potable water always increase when the number of effects increases.



In recent studies, Javadi et al. [19,20,21] have explored the use of different combinations, including gas and steam, parabolic solar collectors, MED desalination units, and reverse osmosis, to generate water and electricity. They worked on the optimization of these cogeneration systems through performing exergy, economic, and environmental analyses. Ghasemiasl et al. [22] conducted an economic optimization for a cogeneration system consisting of gas and steam turbines, a MED system, and a solar farm; the results showed that the interest rate of freshwater production increased from 6 to 12 due to the increase in the number of effects.



Based on the review mentioned above, it is obvious that MED-TVC desalination systems have attracted the attention of many researchers. Most studies focus on the exergy analysis of MED-TVC desalination systems; however, few focus on their economic analysis. The present study will add more value to the existing studies by providing a detailed economic analysis using an exergoeconomic approach for a MED-TVC desalination system, in order to estimate the total water price and identify the most relevant components of the system from an exergoeconomic point of view. By analyzing the costs and benefits of different design options, operational strategies, and maintenance practices, decision makers can identify ways to improve the efficiency and effectiveness of the MED-TVC system. In addition, a parametric study is conducted here to evaluate the effect of some process parameters on the total water price, such as top brine temperature, seawater temperature, motive steam flow rate, and number of effects.




2. MED-TVC System Description


A schematic diagram of the MED-TVC desalination system is presented in Figure 1. The MED-TVC system mainly consists of four effects (evaporators); a steam ejector (thermo-compressor); a condenser; and pumps for seawater, brine, and distillate. As shown in this figure, the feed configuration of MED integrated with the TVC unit considered in the present study is PCF. The cooling seawater flow (stream 1) enters the condenser to cool the distillate water and increase the seawater feed temperature (stream 2). The seawater leaves the condenser (stream 3) and is divided into two streams. One stream (stream 4) returns to the tank and the other stream (stream 5) is directed to the effects and split into four parts (streams 25–28). Motive steam (stream 7) is supplied to the steam ejector and is mixed with entrained steam (stream 6), which was separated from the steam generated from the last effect (stream 12).



The combined vapor streams are then compressed in the ejector to meet the first thermal requirement (stream 8). The other part (stream 13) enters the condenser and heats the seawater to a higher temperature. Thereby, it condenses as distillate water and passes to the product line (stream 14). The vapor generated from the first effect (stream 9) is passed through demisters and enters effect number two (stream 10), and so on into the next effect (stream 11). The brine remaining in the feed water of the first effect (stream 15) is directed to the second effect and so on to the other effects (streams 16–18). In the last effect, raw water is discharged as brine (stream 19). At the same time, the condensate steam leaving the first effect (stream 20) is divided into two streams. One stream (stream 31) is fed to the water to the steam cycle of the steam power plant, while the other stream (stream 24) flows with all streams collected from the four effects (streams 21–23) in the fresh water line (stream 29).




3. Mathematical Modeling of the System


3.1. Thermodynamic Analysis


The thermodynamic model of the proposed MED-TVC desalination system was developed in MATLAB 7.9 software using mass and energy conservation equations according to the following assumptions:




	-

	
The desalination plant operates in a steady state condition.




	-

	
The effects have a similar temperature difference and the feed-flow rate is constant.




	-

	
The distillate and vapor are salt-free.




	-

	
A pump average efficiency of 75% is considered.









In addition, the model includes the equations for calculating the physical properties of the seawater and the heat transfer coefficients. A detailed description of seawater properties’ (enthalpy, entropy, chemical potential and density) calculation and the thermodynamic model developed for a combined cycle for the MED-TVC desalination system were previously presented by the authors [17,23].




3.2. Exergy Analysis


Exergy analysis involves calculation of the exergy flow of each stream and the exergy destruction of each component of the system. Neglecting the kinetic and potential energies, the exergy flow rate of each stream is given as follows:


      E  ˙    p h   =   m  ˙  [   h −   h   0     −   T   0     s −   s   0     ]  



(1)






      E  ˙    c h   =   m  ˙  ∑   ω   k   (   µ   k   s   −   µ   0 k   0   )  



(2)







The global exergy of each flow is defined as follows:


    E  ˙  =     E  ˙    p h   +     E  ˙    c h    



(3)







The exergy destruction is defined as the irreversibility rate of the system. For each component, the exergy destruction rate can be obtained by the following equation:


      E  ˙    D , k   =     E  ˙    F , k   −     E  ˙    P , k    



(4)








3.3. Exergoeconomic Analysis


The method of exergoeconomic analysis was used to evaluate the economic performance of the MED-TVC system presented in this study. There are several exergoeconomic approaches reported in the literature [24]; the specific exergy costing method (SPECO), which is one of the most widely applied methods for energy systems, is used in this study.



The SPECO method consists of three basic steps, including the definition of control volumes for all components, the development of auxiliary equations according to the fuel and product rules, and the formulation of the cost balance equations [25].



In an exergoeconomic analysis, the cost balance for each system component can be written as:


   ∑      C  ˙    o u t , k     =  ∑      C  ˙    i n , k     +     Z  ˙    k    



(5)






      C  ˙    i   =   c   i       E  ˙    i    



(6)







The term     Z  ˙    represents the total cost rate associated with the capital investment of the component, as defined by [26,27]:


      Z  ˙    k   =   C R F φ   Z   k     N    



(7)







CRF is the capital recovery factor, which is given as follows:


  C R F =   i   ( 1 + i )   n       ( 1 + i )   n   − 1    



(8)







    Z   k     represents the purchase cost of the component that is calculated based on the cost formulas in the literature [9,18]. It is noted that the purchase cost of each component has been updated to the year 2020 by using the chemical engineering plant cost index (CEPCI) [28].


  C o s t   a t   r e f e r e n c e   y e a r = o r i g i n a l   c o s t ×   c o s t   i n d e x   f o r   t h e   r e f e r n c e   y e a r   c o s t   i n d e x   f o r   t h e   o r i g i n a l   y e a r    



(9)







Combining Equation (5) for all the MED-TVC system components with the appropriate auxiliary equations, a linear equation system is developed to obtain the unknown flows costs.


        E  ˙    k     ×   c   k   =       Z  ˙    k      



(10)







The remaining cost balances and corresponding auxiliary equations for each component of the system are given in Table 1 [9,18].




3.4. Performance Indicators







	
Total water price (TWP), which is the ratio between the cost streams of water exiting the desalination unit to the amount of the desalinated water [29].


  T W P =       C  ˙    4   +     C  ˙    19   +     C  ˙    30   +     C  ˙    32         m  ˙    30   × 3.6    



(11)







	
Exergy destruction cost rate (      C  ˙    D , k    ), defined as [30]


      C  ˙    D , k   =   c   F , k       E  ˙    D , k    



(12)







	
Exergoeconomic factor calculated by:


    f   k   =       Z  ˙    k         Z  ˙    k   +     C  ˙    D , k      



(13)














4. Results and Discussion


First, it should be noticed that the developed thermodynamic model of the MED-TVC system was validated using the reported data of a model developed by Elsayed et al. [9]. The input values for validation and the validation results are given in Table 2. As shown in this table, there is good agreement between the current results and the available data in [9].



The results of the exergy and exergoeconomic analyses and the parametric study are presented in the next sections. The main initial parameters used to simulate the MED-TVC system are provided in Table 3. The simulation results, including the mass flow rate, temperature, specific exergy, and cost rate of all of the matter streams shown in Figure 1, are summarized in Figure 2. The fresh water production for the evaluated system is 55.2 kg/s (198.7 m3/h), and the total water price (TWP) is found to be around 1.73 USD/m3. This value is of the same range as those reported in the literature for other MED-TVC units, varying between 0.41 USD/m3 and 2.09 USD/m3 [1,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30].The difference can be attributed to the MED-TVC unit configuration and the cost index used to update the equipment purchase cost.



4.1. Exergy Analysis


Table 4 contains the results obtained from the exergetic analysis, i.e., exergy rates associated with fuel, product, exergy destruction and exergy destruction ratios for each component. It can be seen that the components that should be improved first are the evaporators and the TVC unit. The exergy destruction of the evaporators is 1946.3 kW, which accounts for 45.8% of the system exergy destruction, and the exergy destruction of the TVC unit is 1730.8 kW, which accounts for 40.7% of the system exergy destruction. This is mainly due to the heat transfer process in the effects associated with phase change and to the high pressure of motive steam and the temperature difference through the TVC unit.



The second priority for improvement is the condenser; the exergy destruction for this component is 381.5 kW. While pumps (except the feed pump) have the smaller share of exergy destruction, ranging from 0.1% to 3.5%, the improvement is less important than the improvement of the above-mentioned components. Therefore, designers should focus on evaporators, TVC unit, and condenser to improve the exergetic performance of a desalination plant. It should be noted that the exergy destruction in the effects can be reduced by increasing the number of effects [17]. On the other hand, seawater preheater before the condenser inlet can be used to improve the exergy performance of the condenser by recovering energy from the fresh water outlets to increase the temperature of the seawater at the inlet of the condenser.




4.2. Exergoeconomic Analysis


Table 5 and Figure 3 show the results of the exergoeconomic analysis of the components of the MED-TVC system. Different exergoeconomic variables were calculated for each component, such as the investment cost rate (      Z  ˙    k    ), the cost rates associated with exergy destruction (      C  ˙    D , k    ), the exergoeconomic factor (  f  ), and the sum of (      Z  ˙    k   +     C  ˙    D , k    ). According to (      Z  ˙    k    ), values, the cheapest component is the TVC unit (0.7 USD/h) and pumps (0.71 USD/h), and the most expensive component is the effects (72.4 USD/h) and condenser (7.7 USD/h), due to the required large heat transfer area. In addition, for all components, low values of the exergoeconomic factor (  f  ) were observed, except for the pump (60%). A low value of the exergoeconomic factor suggests a decrease in the cost rates associated with the exergy destruction of a component.



It can be seen from Figure 3 that the highest sum (      Z  ˙    k   +     C  ˙    D , k    ) is for the effects, followed by the condenser. The exergoeconomic factor of the effects is 24.9%, suggesting that the capital cost has a relatively much lower rate than the cost of exergy destruction. Therefore, 75.1% of the total cost associated with the effects is due to its high thermodynamic inefficiency (high exergy destruction). The second cost ineffective component in the system is the condenser; its exergoeconomic factor is observed to be 8.6%, meaning that only 8.6% of the cost is owing to component capital cost and 91.4% of the cost is because of high exergy destruction. The third cost ineffective component in the system is found to be the TVC unit, and its exergoeconomic factor is obtained to be approximately 2.4%, which means that only 2.4% of the cost is owing to component capital cost and 97.6% of the cost is owing to high exergy destruction.




4.3. Parametric Study


A parametric study was carried out in order to investigate the effect of certain parameters on the total water price of the MED-TVC system. The key parameters of the study were the top brine temperature, seawater temperature, motive steam flow rate, and number of effects.



4.3.1. Effect of the Top Brine Temperature


Figure 4 shows the variations in the total water price of the MED-TVC system as the top brine temperature changes. It can be seen that the TWP monotonically decreases over the given range of TBT, but its rate of decrease is lower (from 1.8 USD/m3 to 1.42 USD/m3) as a higher TBT is approached. This trend in the TWP is explained by the nature of variation of the cost streams of water exiting the desalination unit with an increase in TBT. Although the distillate production increases linearly with TBT, the variation of the cost streams of water with an increase in TBT is not linear, and there is a small increase in the slope of increase in the cost streams with TBT. This feature is attributed to the variation of LMTD with an increase in TBT.




4.3.2. Effect of the Seawater Temperature


Figure 5 shows the variation of total water price with the seawater temperature. As it can be seen from this figure, the increase in the cooling seawater temperature leads to an increase in the TWP of the system. The TWP is increased by 12%, from 1.6 USD/m3 to 1.79 USD/m3. The reason is that the increase in the seawater temperature results in an increase in the feed water temperature, and feed water with higher temperatures needs lower heat to be preheated. Therefore, the lower the specific heat consumption, the lower the TWP. This is because the energy required to desalinate seawater depends on the difference in temperature between the feed seawater and the heated evaporator surface. Warmer seawater requires less energy to heat to the boiling point, which results in lower energy consumption and operating costs. However, there are some limitations to the benefits of warmer seawater. For example, if the temperature of the seawater is too high, it may cause scaling or fouling of the heat exchangers, which can decrease the efficiency of the desalination process and increase maintenance costs. The obtained results indicate that the increase in the seawater temperature from 25°C to 33°C leads to a 10% increase in the TWP of the MED-TVC system.




4.3.3. Effect of the Motive Steam Flow Rate


The influence of the motive steam flow variation on the total water price is shown in Figure 6. It is observed that an increase in the motive steam flow rate from 6 to 10 kg/s leads to a slight increase in the TWP. The increase in the TWP is only 2.3% when the motive steam flow rate rises from 6 to 9 kg/s and then increases by 4.4% when the motive steam flow increases to 10 kg/s. This can be explained by the higher influence of the motive steam flow on the specific heat consumption because the addition of steam flow rate leads to an increase in the temperature and the pressure of compressed vapor. This will lead to the generation of more vapors and, consequently, more distillate water, but higher energy will be needed to evaporate the seawater in all effects. Therefore, the amount of freshwater production is more sensitive to the motive steam flow rate of the MED-TVC system than the total water price.




4.3.4. Effect of the Number of Effects


The number of effects used in a MED-TVC process is an important factor in determining the total water price. Figure 7 shows the variation of the total water price with the number of effects. As shown in this figure, the TWP monotonically rises with the addition of more effects to the MED-TVC system, due to the increase in the capital and operating costs of the desalination process. By adding more effects, freshwater production and energy efficiency increase, but this also increases the capital cost, maintenance cost, and downtime, which can lead to a higher total water price. It is estimated that the increase in the total water price is about 26% as the number of effects increases from 4 to 10. The minimum TWP is obtained at four effects. Therefore, using four effects is preferable for the MED-TVC system to obtain the lowest price of desalinated water.






5. Conclusions


In this paper, a parallel/cross MED-TVC desalination system with four effects was investigated, and its performance was evaluated using exergy and exergoeconomic approaches. In addition, a parametric study was performed to analyze the effects of several operating parameters on the system economic performance. The main conclusions arising from the present study can be summarized as follows:




	-

	
The total water price of the MED-TVC system is estimated to be 1.73 USD/m3 for a freshwater production of 16.16 kg/s.




	-

	
Among all system components, the effects, TVC unit, and condenser are the most relevant components from an exergetic and an exergoeconomic point of view.




	-

	
The top brine temperature, cooling seawater temperature, motive steam flow rate, and number of effects have significant effects on the economic performance of the MED-TVC system.









Finally, an exergoenvironmental analysis using life cycle assessment is needed and will be performed in a future study to evaluate the environmental impact of the MED-TVC desalination system and improve its ecological performance.
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Nomenclature








	Symbols
	Description



	   A   
	heat transfer area (m2)



	     C  ˙    
	cost rate (USD/h)



	       C  ˙    e l e c     
	electricity cost (USD/kWh)



	C
	cost per exergy unit (USD/GJ)



	     c   F , k     
	cost rate of the exergy of fuel (USD/GJ)



	D
	distillate production (m3/h)



	     E  ˙    
	exergy rate (kW)



	       E  ˙    c h     
	chemical exergy(kW)



	       E  ˙    D , k     
	exergy destruction (kW)



	       E  ˙    F , k     
	exergy rate of the fuel (kW)



	       E  ˙    p h     
	physical exergy (kW)



	       E  ˙    P , k     
	exergy rate of the product (kW)



	   h   
	specific enthalpy (kJ/kg)



	     h   0     
	specific enthalpy at ambient conditions (kJ/kg)



	I
	interest rate (%)



	K
	kth component



	     m  ˙    
	mass flow rate (kg/s)



	N
	operating hours(h)



	P
	pressure (kPa)



	N
	lifetime of the unit desalination (yr)



	   s   
	specific entropy (kJ/kg K)



	     s   0     
	specific entropy at ambient conditions (kJ/kg K)



	   T   
	temperature (°C)



	   S C C   
	specific chemical cost (USD/m3)



	   S H C   
	specific heat consumption (USD/m3)



	   S L C   
	specific labor cost (USD/m3)



	U
	heat transfer coefficient (W/m2°C)



	       W  ˙    B     
	brine pump power (kW)



	       W  ˙    C o n d     
	condensate pump power(kW)



	       W  ˙    p     
	product pump power (kW)



	       W  ˙    s w     
	feed pump power (kW)



	   Z   
	component purchasing cost (USD)



	     Z  ˙    
	capital investment cost rate (USD/h)



	   φ   
	maintenance factor (%)



	     ω   k     
	mass fraction (kg/kg)



	   μ   
	chemical potential (kJ/kg)



	     ƞ   P     
	pump efficiency (%)



	Abbreviations
	



	LMDT
	Logarithmic Mean Temperature Difference



	MEB
	Multi-Effect Boiling



	MED
	Multiple-Effect Desalination



	MVC
	Mechanical Vapor Compression



	PCF
	Parallel Cross Feed



	SPECO
	Specific Exergy Costing Method



	TBT
	Top Brine Temperature



	TVC
	Thermal Vapor Compression



	TWP
	Total Water Price
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Figure 1. Schematic diagram of the MED-TVC desalination system with parallel cross feed configuration. 
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Figure 2. Cost flow diagram of the MED-TVC system. 
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Figure 3. The sum of (      Z  ˙    k   +     C  ˙    D , k    ) for the MED-TVC system components. 
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Figure 4. Effect of top brine temperature on the TWP. 
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Figure 5. Effect of cooling seawater temperature on the TWP. 
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Figure 6. Effect of motive steam flow rate on the TWP. 
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Figure 7. Influence of the number of effects on the TWP. 
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Table 1. Exergy and cost balance equations with corresponding auxiliary equations for the MED-TVC system [9,18].
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	Item
	Fuel Exergy
	Product Exergy
	Cost Balances
	Auxiliary Equations





	TVC
	       m  ˙    7   (   e   7   −   e   8   )   
	       m  ˙    6   (   e   8   −   e   6   )   
	       C  ˙    6   +     C  ˙    7   +     Z  ˙    T V C   =     C  ˙    8     

     Z   T V C   = 15962.46       m  ˙    8     (     T   6       P   6     )   0.55       P   8     − 0.75     
	       C  ˙    7   = S H C × D   



	Effect 1
	       E  ˙    8   −     E  ˙    20     
	       E  ˙    9   +     E  ˙    15   −     E  ˙    25     
	      C  ˙    8   +     C  ˙    25   +     Z  ˙    E f 1   =     C  ˙    9   +     C  ˙    15   +     C  ˙    20    

 

    Z   E f 1   = 201.67   U A     d P   t     0.15       d P   s     − 0.15    
	         C  ˙    8         E  ˙    8     =       C  ˙    20         E  ˙    20       

         C  ˙    15         E  ˙    15     =       C  ˙    25         E  ˙    25       



	Effect 2
	       E  ˙    9   −     E  ˙    21     
	       E  ˙    10   +     E  ˙    16   −     E  ˙    15   −     E  ˙    26     
	      C  ˙    9   +     C  ˙    15   +     C  ˙    26   +     Z  ˙    E f 2   =     C  ˙    10   +     C  ˙    16   +     C  ˙    21    

 

    Z   E f 2   = 201.67   U A     d P   t     0.15       d P   s     − 0.15    
	         C  ˙    9         E  ˙    9     =       C  ˙    21         E  ˙    21       

         C  ˙    16         E  ˙    16     =       C  ˙    26         E  ˙    26       



	Effect 3
	       E  ˙    10   −     E  ˙    22     
	       E  ˙    11   +     E  ˙    17   −     E  ˙    16   −     E  ˙    27     
	      C  ˙    10   +     C  ˙    16   +     C  ˙    27   +     Z  ˙    E f 3   =     C  ˙    11   +     C  ˙    17   +     C  ˙    22    

 

    Z   E f 3   = 201.67   U A     d P   t     0.15       d P   s     − 0.15    
	         C  ˙    10         E  ˙    10     =       C  ˙    22         E  ˙    22       

         C  ˙    17         E  ˙    17     =       C  ˙    27         E  ˙    27       



	Effect 4
	       E  ˙    11   −     E  ˙    23     
	       E  ˙    12   +     E  ˙    18   −     E  ˙    17   −     E  ˙    28     
	      C  ˙    11   +     C  ˙    17   +     C  ˙    28   +     Z  ˙    E f 4   =     C  ˙    12   +     C  ˙    18   +     C  ˙    23    

 

    Z   E f 4   = 201.67   U A     d P   t     0.15       d P   s     − 0.15    
	         C  ˙    11         E  ˙    11     =       C  ˙    23         E  ˙    23       

         C  ˙    18         E  ˙    18     =       C  ˙    28         E  ˙    28       



	Condenser
	       E  ˙    13   −     E  ˙    14     
	       E  ˙    3   +     E  ˙    2     
	      C  ˙    2   +     C  ˙    13   +     Z  ˙    C o n   =     C  ˙    3   +     C  ˙    14    

 

    Z   C o n   = 201.67   U A     d P   t     − 0.15       d P   s     − 0.15    
	         C  ˙    13         E x  ˙    13     =       C  ˙    14         E x  ˙    14       



	PumpSW
	       W  ˙    s w     
	       E  ˙    2   −     E  ˙    1     
	      C  ˙    1   +     C  ˙    w , 1   +     Z  ˙    s w p   =     C  ˙    2    

 

    Z   s w p   = 13.92         m   2   ∗ ∆ P     0.55   ∗         ƞ   P     1 −   ƞ   P         1.05    
	      C  ˙    1   =   S L C + S C C   × D  

 

      C  ˙    w , 1   =     C  ˙    e l e c    



	PumpP
	       W  ˙    p     
	       E  ˙    30   −     E  ˙    29     
	      C  ˙    29   +     C  ˙    w , 2   +     Z  ˙    p p   =     C  ˙    30    

 

    Z   p p   = 13.92         m   30   ∗ ∆ P     0.55   ∗         ƞ   P     1 −   ƞ   P         1.05    
	       C  ˙    w , 2   =     C  ˙    e l e c     



	PumpCond
	       W  ˙    C o n d     
	       E  ˙    32   −     E  ˙    31     
	      C  ˙    31   +     C  ˙    w , 3   +     Z  ˙    D i s t p   =     C  ˙    32    

 

    Z   C o n d   = 13.92         m   32   ∗ ∆ P     0.55   ∗         ƞ   P     1 −   ƞ   P         1.05    
	       C  ˙    w , 3   =     C  ˙    e l e c     



	PumpB
	       W  ˙    B     
	       E  ˙    19   −     E  ˙    18     
	      C  ˙    18   +     C  ˙    w , 4   +     Z  ˙    B p   =     C  ˙    19    

 

    Z   B p   = 13.92         m   19   ∗ ∆ P     0.55   ∗         ƞ   P     1 −   ƞ   P         1.05    
	       C  ˙    w , 4   =     C  ˙    e l e c     










[image: Table] 





Table 2. Validation results of MED-TVC model.
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Parameter

	
Reference [9]

	
Present Model




	
Inputs

	

	






	
Number of effects

	
4

	
4




	
Motive pressure (kPa)

	
2300

	
2300




	
Top brine temperature (°C)

	
60.1

	
60.1




	
Last brine temperature (°C)

	
45.4

	
45.4




	
Seawater temperature (°C)

	
31.5

	
31.5




	
Feed temperature (°C)

	
41.5

	
41.5




	
Feed content (g/kg)

	
35

	
35




	
Brine content (g/kg)

	
53

	
53




	
Motive steam flow rate (kg/s)

	
8.89

	
8.89




	
Outputs

	

	




	
Distillate production, D (kg/s)

	
56.12

	
59.9




	
Gain output ratio (GOR)

	
6.31

	
6.73




	
Specific cooling seawater flow (  s   M   s w   =     m  ˙    s w   / D  )

	
6.7

	
7.4




	
Specific heat consumption (SHC = 2330/GOR)

	
369.3

	
346.2
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Table 3. Parameters assumed for the simulations.
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	Parameter
	Value





	Cooling seawater temperature (°C)
	31.5



	Feed seawater temperature (°C)
	41.5



	Top brine temperature (°C)
	60.5



	Motive pressure (kPa)
	2300



	Motive steam flow rate (kg/s)
	8.8



	Number of effects
	4



	Interest rate (%)
	5



	System lifetime (yr)
	20



	Annual system operating hours (h)
	7884



	Specific labor cost (USD/m3)
	0.05 a



	specific chemical cost (USD/m3)
	0.025 a



	Specific steam cost (USD/m3)
	1.28 a



	electrical energy cost (USD/kWh)
	0.08 a







Note: a Adapted from [9].
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Table 4. Exergetic analysis results.
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	Item
	       E  ˙    F , k      (kW)
	       E  ˙    P , k      (kW)
	       E  ˙    D , k      (kW)
	       E  ˙    D , k      (%)





	TVC
	2813.3
	1082.5
	1730.8
	40.7



	Effect
	3925.5
	3314.1
	1946.3
	45.8



	Condenser
	670.2
	288.7
	381.5
	8.9



	Pumpsw
	170.2
	20.2
	150.0
	3.5



	Pumpp
	34.9
	2.3
	32.6
	0.8



	PumpB
	32.5
	29.7
	2.8
	0.1



	PumpCond
	4.4
	0.9
	3.5
	0.1










[image: Table] 





Table 5. Exergoeconomic analysis results.






Table 5. Exergoeconomic analysis results.





	Item
	       Z  ˙    k      (USD/h)
	       C  ˙    D , k      (USD/h)
	   f    (%)





	TVC
	0.7
	28.6
	2.4



	Effects
	72.4
	217.3
	24.9



	Condenser
	7.7
	81.7
	8.6



	Pumpsw
	0.2
	13.2
	1.5



	Pumpp
	0.2
	2.5
	7.4



	PumpB
	0.3
	0.2
	60



	PumpCond
	0.01
	0.3
	3.2
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