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Abstract. Water scarcity threatens human life and it is likely to be a main concern in the next 19 

century. In this work, a novel multigeneration system (MGS) is introduced and assessed with 20 

energy, exergy, and economic analyses. This multigeneration system includes a gas cycle, multi-21 

effect distillation, an absorption refrigeration cycle, a heat recovery steam generator, and 22 

electrodialysis. Electrodialysis is integrated into this configuration to produce sodium hydroxide 23 

and hydrogen chloride from brine to prevent its release to the environment with harmful 24 

impacts. The other products are electricity, cooling, and demineralized water. For the evaluation 25 

of the proposed system, one computer code is provided in engineering equation solver software. 26 

For physical properties calculation, the library of this software is used.  The MGS produces 614.7 27 

GWh of electrical energy, 87.44 GWh of cooling, 12.47 million m3 of demineralized water, and 28 

0.092 and 0.084 billion kilograms of sodium hydroxide and hydrogen chloride over a year. Energy 29 

and exergy evaluations demonstrate that the MGS energy and exergy efficiencies are 31.3% and 30 

18.7%, respectively. The highest and lowest value of exergy destruction rate is associated with 31 

the combustion chamber and pump, respectively. The economic evaluation indicates that the net 32 

present value of this proposed system is 3.8 billion US$, while the internal rate of return and 33 

payback period respectively are 0.49 and 2.1 years.  34 

Keywords: Exergy, water shortage, Multigeneration system; Gas cycle, Economic analysis. 35 

 36 

 37 

 38 
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Introduction 39 

Water covers 70% of the earth as lakes, rivers, seas, and oceans, but only 3% of this resource is fresh 40 

water. Two-thirds of this freshwater is frozen and non-accessible for use. Thus, the fresh shortage is a 41 

considerable issue for humanity [1]. According to statistical data [2], around 1.2 billion people cannot 42 

access adequate water throughout the year. In addition, 2.7 billion people encounter a lack of water for 43 

one month of a year and 2.4 billion people are exposed to water diseases annually, with 2 million 44 

casualties each year [2].  45 

According to terminology, water shortage is usually named water scarcity. Water scarcity means an 46 

imbalance between the production and consumption of freshwater. It can happen throughout the year 47 

or for a limited time. Water scarcity is a significant concern for humanity since freshwater is an essential 48 

requirement for health and life. In addition, non-potable water is needed for agriculture, industry, and 49 

energy production. This need grows as the global population increases. Other environmental and social 50 

factors influence water scarcity, including climate change and living standards [3].  51 

Desalination technologies have been developed for over 50 years. Early studies were conducted during 52 

World War II and research has continued until now [4]. Desalination processes are classified by approach  53 

[5]: 54 

1) Thermal distillation  55 

This method is based on evaporation and condensation to continuously purify water and separate 56 

dissolved solids (DS) such as salt [5]. This method is common in the Middle East due to the cheap price of 57 

oil and natural gas. This method can be divided into multi-effect distillation (MED) and multi-stage flash 58 

(MSF). 59 

2) Membrane separation 60 

This method is based on filtration. Seawater (SW) flows through a membrane and non-dissolved solids are 61 

separated from the water. This method does not require any thermal energy and only electrical energy is 62 

consumed to meet the electrical energy needs of the reverse osmosis (RO) pumps. This method can be 63 

divided into reverse osmosis (RO) [6] and forward osmosis (FO) [7] processes.  64 

3) Other approaches 65 

Several other desalination methods also exist such as humidification-dehumidification (HDH) [8], 66 

membrane distillation (MD) [9], freezing, and solar stills [10].  67 
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When comparing thermal distillation and membrane separation, thermal separation is preferred at a large 68 

scale due to lower operation and maintenance costs and the possibility to use the energy of hot exhaust 69 

gas from various industries [11]. 70 

One of the oldest distillation methods is MED. This technology is used on a large scale and has been 71 

improved in recent years. In comparison with MSF, MED is preferable due to its low-temperature 72 

operation, higher capacity to produce potable water (PW), better heat transfer, and lower electrical 73 

power consumption of pumps [11].  74 

One of the disadvantages of the desalination process is the environmental concern of brine disposal. Brine 75 

disposal methods can be classified as injection to well, surface water, and land disposal [12]. All of these 76 

methods are harmful to the environment, by threatening marine life, degradation of soil and groundwater 77 

quality, etc. So, the conversion of exhaust brine from the desalination plant to useful and valuable 78 

materials has many economic and environmental benefits [13]. 79 

A gas turbine power generation system was introduced 70 years ago. Over the last 20 years, its usage has 80 

increased 20-fold, especially in regions with high NG resources [14].  81 

Gas turbine power generation systems have two major weaknesses [15]: 82 

1) Low efficiency (~20 - 45%) due to the dissipation of exhaust hot gas to the atmosphere [16]  83 

2) Significant effect of air temperature increase on gas turbine efficiency [17] 84 

There are various technologies to fix these defects such as inlet air cooler systems , bottom cycles to 85 

produce extra electrical power by utilizing the hot exhaust gases via a heat recovery steam generator 86 

(HRSG) [18], air bottom cycles (ABCs) [19]), integration with renewable energy resources for performance 87 

enhancement [20], integration with other power generation systems such as solid oxide fuel cells (SOFCs) 88 

[21], multigeneration systems (MGS) for production of various products simultaneously such as hydrogen 89 

[22], urea , and PW [23]. 90 

Thus, integration of MED with a gas cycle (GC) has benefits due to enhancing system performance. It has 91 

also further benefits if the portion of the plant downstream of the MED is integrated with a system that 92 

converts the brine to useful products to further increase system efficiency and reduce environmental 93 

impacts.  94 

Considerable research has been done on MGS, especially the integration of GCs with MED. In an early 95 

work of Chacartegui et al. , a feasibility study of the integration of the GC with the MED was carried out. 96 
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The results showed that this integration was beneficial from energy and economic points of view. 97 

Mokhtari et al. [24] performed thermoeconomic and exergy evaluations of a GC/MED/RO system. This 98 

proposed system produced 79.2×106 kWh/year of electricity and 10.3×103 m3/day PW. Rensonnet et al. 99 

[25] performed a thermoeconomic investigation for four different configurations including GC/RO, 100 

combined cycle (CC) with RO, CC/MED, and CC/MED/RO, respectively. The configuration of CC/MED/RO 101 

had the lowest unit cost at 0.15 US$/kWh. Ahmadi et al. [26] evaluated the integration of the MED with a 102 

GC (GC capacity of 48 MW). This integration produced 12294 m3/day PW with a 1.6 US$/m3 cost. The 103 

system exergy efficiency was 38.9%. In a similar study, Shakouri et al. [23] evaluated and optimized the 104 

integration of GC with MED from an economic point of view. They found that the 3-effect MED is the best 105 

choice with 0.51 kg/s distilled water (DW) production and 2 US$/m3 unit product cost (UPC).  106 

The integration of SOFC with GC, and MED is another interesting topic. Mohammadnia and Assadi [27] 107 

evaluated a hybrid system including GC, SOFC, HRSG, and MED with a thermal vapor compressor (TVC), in 108 

terms of energy, exergy, and economics. They calculated the gross output ratio (GOR), net output power, 109 

distilled water production, system total product cost (TPC), and system exergy efficiency as 7.6, 3219.3 110 

kW, 3.2 kg/s, 0.02 US$/s, and 59.4%, respectively. In a similar study, Ahmadi et al. [28] performed 111 

exergoeconomic optimization of a system consisting of GC, SOFC, and MED-TVC with a genetic algorithm 112 

(GA). The authors determined an increase in the system exergy efficiency from 57% to 63.5% and a drop 113 

in the electricity cost to 0.064 US$/kWh.  114 

Several systems were proposed as MGS for various products. Nazari and Porkhial [29] proposed an MGS 115 

including GC, organic Rankine cycle (ORC), Rankine cycle (RC), and absorption refrigeration cycle (ARC). 116 

This system used NG, biogas (BG), and solar energy via a parabolic trough collector (PTC), simultaneously. 117 

The products of the MGS were PW, cooling, and electrical power. The system exergy efficiency and TPC 118 

were 21.5%, and 77.3 US$/h, respectively. You et al. [30] assessed an MGS including GC, MED-TVC, ORC, 119 

and steam ejector refrigerator (SER) to produce PW, electricity, heating, and cooling. This MGS can 120 

produce 31.2 MW of electricity, 1.1 MW of heating, 4.2 MW of cooling, and 85.9 kg/s of PW. The calculated 121 

system exergy efficiency is 41.3%. In another study, Moghimi et al. [31] introduced an MGS consisting of 122 

GC, HRSG, MED, and an ejector refrigerator system (ERS). This MGS produced 85.6 kg/s PW, 2 MW cooling, 123 

and 30 MW electricity. The calculated system exergy efficiency is 36%. 124 

Considering the previous studies, the research gap in the literature is as follows: 125 

• Treatment of brine discharge downstream of MED to avoid environment harmfully 126 
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• Non-use of brine or converting it to useful products  127 

In this article, a new MGS consisting of GC, HRSG, MED-TVC, ARC, and electrodialysis (ELECD) is proposed 128 

to convert the brine to NaOH and HCl as valuable products. The system products are electricity, cooling, 129 

PW, NaOH, and HCl. This MGS is powered by NG. All aspects of this new MGS are examined by energy, 130 

exergy, and economic (3E) analyses.  In summary, The novelties of this research are as follows: 131 

• Presenting a new multiple production system with the aim of eliminating the environmental 132 
effects of brine 133 

• Energy, exergy , and economic analyses of the proposed system 134 

 135 

 136 

1) Modeling 137 

2.1. System layout and description 138 

Figure 1 illustrates the layout of the proposed MGS. In the GC, NG is compressed in the booster 139 

compressor (BC) (points 1&2). Then, it is reacted by pressurized air from the compressor (C) (points 3&4) 140 

in the combustion chamber (CC) to produce hot gas (point 5) that rotates the gas turbine (GT) and 141 

generator for electrical production (point 6). Then, it flows through the HRSG to produce superheated 142 

steam (point 7). After, it flows through the ARC to supply the electricity required by the generator of the 143 

ARC and produce cooling (point 8). In the steam cycle (SC), the pressurized water (point 11) exchanges 144 

the heat with exhaust GT hot gas to produce the superheated steam (point 9). The superheated steam is 145 

injected into the MED/TVC for DW production from the seawater (point 9). After, it goes to pump 1 (P1) 146 

(point 10).  147 

Figure 2 depicts the layout of the MED. The MED converts the SW (point 12) to DW (point 13) and 148 

dissipated brine (point 14). This system operates based on successive evaporation and condensation and 149 

has several stages named effects and one condenser. In the MED, TVC works by the superheated steam 150 

(point 19: motive steam) and it pressurizes the part of water vapor generated in the last effect (entrained 151 

steam). Produced steam supplies the energy needed by MED. 152 

In the first effect of the MED, the exit steam of the TVC goes in the tubes to evaporate the SW sprayed on 153 

them in the first effect. The steam in the tubes is condensed. The evaporated SW in the first effect is 154 

collected with evaporated brine in the flash boxes and goes into the tubes of the second effect. In flash 155 
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boxes, a small pressure drop causes a small portion of brine to evaporate. This process continues until the 156 

last effect. It is important to mention that number of effects is clarified based on the requested capacity 157 

of DW. To improve the performance of the MED, the SW is preheated in the preheater with distillate vapor 158 

(DV) in each effect 159 

Part of the dissipated brine is injected into the ELECD and it is converted to NaOH and HCl by electrolyzing 160 

the SW using electricity. This MGS has several subsystems: GC, SC, MED, ARC, and ELECD. The products 161 

are electricity, cooling, DW, NaOH, and HCl (points 15 and 16). The connections between the subsystems 162 

are depicted in Figure 3. 163 
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 164 

Figure 1. The layout of the proposed MGS (stream numbers are identified in the text) 165 
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 166 

Figure 2. Configuration of the MED 167 

 168 

Figure 3. General schematic of the studied system 169 
 170 

For the modeling, the following assumptions are considered [32]: 171 
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1. The reference environment temperature and pressure are 15 ℃ and 101.3 kPa, respectively. 172 

2. Heat loss is ignored. 173 

3. The thermodynamic processes in the C and GT are polytropic. 174 

4. Kinetic and potential energies are ignored. 175 

5. The efficiency of the CC is 98%.  176 

6. For the BC, C, and GT, the polytropic efficiencies are respectively 85%, 85%, 78%. 177 

7. DV and brine have an effective temperature at the exit.  178 

8. The DV is slightly superheated and completely pure.  179 

9.  The overall heat transfer coefficients in the MED are a function of temperature.  180 

10. The temperature difference in each effect is assumed equal. 181 

11. The feed water in the MED is distributed equally.  182 

2.2. Energy and Mass balance 183 

2.2.1. Gas cycle, Steam cycle, and Absorption refrigeration cycle 184 

Mass and energy balance equations are written as follows [33]: 185 

 186 

∑ 𝑚̇

𝑖𝑛

= ∑ 𝑚̇

𝑜𝑢𝑡

 (1) 

 187 

𝑄̇ − 𝑊̇ + ∑ 𝑚̇

𝑖𝑛

(ℎ +
𝑉2

2
+ 𝑔𝑍) = ∑ 𝑚̇

𝑜𝑢𝑡

(ℎ +
𝑉2

2
+ 𝑔𝑍) (2) 

 188 

The combustion reaction in the CC can be written as follows: 189 

1

𝑟𝑎
Cx1Hy1Oz1 + (𝑥𝑜2

O2 + 𝑥𝑁2
N2) → 𝑦𝐶𝑂2

CO2 + 𝑦𝑁2
N2 + 𝑦𝑜2

O2 + 𝑦𝐻2𝑂H2O (3) 

𝑦𝐶𝑂2
=  

𝑥1

𝑟𝑎
 (4) 

𝑦𝑁2
=  𝑥𝑁2

 (5) 

𝑦𝐻2𝑂 = 𝑥𝐻2𝑂 +
𝑦1

2𝑟𝑎
 (6) 

𝑦𝑂2
= 𝑧1 + 𝑥𝑂2

−
𝑥1

𝑟𝑎
−

𝑦1

4𝑟𝑎
 (7) 

𝑟𝑎 =
𝑛𝐴𝑖𝑟

𝑛𝐹𝑢𝑒𝑙
 (8) 

 190 
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where 𝑥𝑖  and 𝑦𝑖  specify the mass and mole fractions of i and 𝑟𝑎 depicts the air/fuel ratio. The NG molar 191 

composition used in the GC is presented in Table 1 [34]. 192 

Table 1. Molar composition of NG 193 

Component Mixture (%molar) 

CH4 80.4 

C2H6 8.5 

C3H8 4.1 

C4H10 4.8 

CO2 1.1 

N2 1.1 

 194 

The mass and energy balance equations for each component of the GC and SC are presented in Table 2.  195 

Table 2. Mass and energy rate balance equations for the component of the GC and SC 196 

No. Component Mass balance Energy balance 

GC 

1 Compressor ṁ3 = ṁ4 𝑊̇𝐶 =
𝑚̇3(ℎ4 − ℎ3)

𝜂𝐶
 

2 Booster compressor ṁ1 = ṁ2 𝑊̇𝐵𝐶 =
𝑚̇1(ℎ2 − ℎ1)

𝜂𝐵𝐶
 

3 Combustion chamber ṁ2 + ṁ4 = ṁ5 𝜂𝐶𝐶(𝑚̇4ℎ4 + 𝑚̇2ℎ2 + 𝑚̇2𝐿𝐻𝑉) = 𝑚5̇ ℎ5 

4 Gas turbine ṁ5 = ṁ6 𝑊̇𝐺𝑇 = 𝑚̇5(ℎ5 − ℎ6)𝜂𝐺𝑇  

SC 

5 Pump 𝑚̇10 = 𝑚̇11 𝑊̇𝑃 =
𝑚̇10(ℎ11𝑠 − ℎ10)

𝜂𝑃
 

6 HRSG 
ṁ6 = ṁ7  

ṁ9 = ṁ11 
ṁ6 (ℎ6 − ℎ7)𝜂𝐻𝑋 = ṁ9 (ℎ9 − ℎ11) 

ARC 

7 ARC ṁ7 = ṁ8 ṁ7(ℎ7 − ℎ8)𝐶𝑂𝑃 = 𝑄̇𝐶𝑜𝑜𝑙𝑖𝑛𝑔 

 197 
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The COP and 𝜂 mean the coefficient of performance (ARC) and efficiency. Subscript HX means heat 198 

exchanger. 199 

2.2.2. Multi-effect distillation 200 

The effect of temperature difference is considered as follows [35]: 201 

𝑇𝑖 − 𝑇𝑖−1 = ∆𝑇  (𝑖 = 2, … . , 𝑁)    in ∆𝑇 =
𝑇1 − 𝑇𝑁

𝑁 − 1
  (9) 

 202 

Here, T and N denote temperature and effects number. The subscript i specifies the number of effects. 203 

The temperature of the vapor inside the effects should be considered as follows [36]: 204 
 205 

𝑇𝑣𝑖 = 𝑇𝑖 − 𝐵𝑃𝐸  (10) 

Here, subscript v shows vapor. Boiling point elevation (BPE) is a factor that determines the salt effect on 206 

evaporation [36].  207 

The temperature in the flash boxes can be determined as follows due to non-equilibrium allowance 208 

(NEA)[37]: 209 

𝑇𝑖′ = 𝑇𝑣𝑖 + 𝑁𝐸𝐴  (11) 

where NEA is determined by [37]: 210 

𝑁𝐸𝐴 =
0.33(𝑇𝑣𝑖−1 − 𝑇𝑣𝑖)

𝑇𝑣𝑖
  

(12) 

The SW mass flow rate in each effect is calculated as follows [35]: 211 

𝑚̇𝑆𝑊,𝑖 =
𝑚̇𝑆𝑊

𝑁
 

(13) 

Mass and concentration balance relations are as follows [38, 39]: 212 

𝑚̇𝐷𝑊,𝑖 = 𝑚̇𝐵𝑊,𝑖−1 + 𝑚̇𝑆𝑊,𝑖 − 𝑚̇𝐵𝑊,𝑖 (14) 

𝑚̇𝑆𝑊,𝑖𝑥𝑆𝑊,𝑖 + 𝑚̇𝐵𝑊,𝑖−1𝑥𝐵𝑊,𝑖−1 = 𝑚̇𝐵𝑊,𝑖𝑥𝐵𝑊,𝑖 (15) 

  

where 𝑥 denotes salt concentration.  213 

The energy balance equation for each effect can be calculated as follows [38, 39]: 214 



12 
 

𝑚̇𝐷𝑊,𝑖𝐿𝑁 = [𝑚̇𝐷𝑊,𝑁−1 + ∑(𝑚̇𝐷𝑊,𝑟 + 𝑚̇𝐷𝑊,𝑖)𝑓𝑓 − (𝑁 − 1)

𝑁−2

𝐼=1

𝑚̇𝑆𝑊,𝑁] 𝐿𝑁−1 − 𝑚̇𝑆𝑊𝐶𝑃(𝑇𝑁 − 𝑇𝑆𝑊,𝑖)

+ 𝑚̇𝐵𝑊,𝑁−1𝐶𝑃∆𝑇 

(16) 

 215 

Here, ff and L denote flashing fraction and latent heat, while subscript r means entrained steam.  216 

The overall surface area of each effect, condenser, and preheater is calculated with the following relations 217 

[39, 40]: 218 

𝐴𝑒𝑓𝑓𝑒𝑐𝑡𝑠 =
[(𝑚̇𝐷𝑊,𝑁−1 + ⋯ + 𝑚̇𝐷𝑊,𝑁−2 + 𝑚̇𝐷𝑊,𝑟)𝑓𝑓 − (𝑁 − 1)𝑓𝑓𝑚̇𝑆𝑊,𝑁]𝐿𝑁−1

𝑈𝑒𝑓𝑓𝑒𝑐𝑡𝑠(𝑇𝑣,𝑁−1 − 𝑇𝑁)
 

(17) 

𝐴𝑐𝑜𝑛𝑑 =
[(𝑚̇𝑆𝑊 + (𝑚̇𝐷𝑊,𝑟𝑚̇𝐷𝑊,1 + ⋯ + 𝑚̇𝐷𝑊,𝑁−1)𝑓𝑓]𝐿𝑁

𝑈𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑐𝑜𝑛𝑑
 

(18) 

𝐴𝑝ℎ =
𝑁𝑚̇𝑆𝑊,𝑁[𝑇𝑆𝑊,𝑁 − 𝑇𝑆𝑊,𝑁+1]

𝑈𝑝ℎ𝐿𝑀𝑇𝐷𝑝ℎ
 

(19) 

 219 

Subscripts cond and ph represent respectively condenser and preheater of the MED. 220 

The coefficient U for the effects, cond, and ph of the MED can be expressed respectively as follows [39, 221 

40]: 222 

𝑈𝑒𝑓𝑓𝑒𝑐𝑡𝑠 = 1939.4 + 1.40562𝑇𝑒𝑓𝑓𝑒𝑐𝑡 − 2.07525 × 10−2𝑇𝑒𝑓𝑓𝑒𝑐𝑡
2 + 2.3186 × 10−3𝑇𝑒𝑓𝑓𝑒𝑐𝑡

3 (20) 

𝑈𝑐𝑜𝑛𝑑 = 1617.5 + 0.1537𝑇𝑐𝑜𝑛𝑑 − 0.1825𝑇𝑐𝑜𝑛𝑑
2 + 8.026 × 10−5𝑇𝑐𝑜𝑛𝑑

3 (21) 

𝑈𝑝ℎ = 14182.51642 + 11.383865𝑇𝑣,𝑁 + 13.381501𝑇𝑆𝑊,𝑁+1 (22) 

 223 

The ratio of entrained steam (𝑚̇𝑑𝑣,𝑁) to motive steam (𝑚̇𝑚 𝑜𝑟 𝑚̇9) can be expressed as follows [41]: 224 

𝑅𝑎 =
𝑚̇𝑚

𝑚̇𝐷𝑉,𝑁
 

(23) 

Ra is calculated by [38]: 225 

𝑅𝑎 = 0.235 
𝑃𝑠

1.19

𝑃𝐷𝑉,𝑁
1.04 (

𝑃𝑚

𝑃𝐷𝑉,𝑁
)0.015  (24) 

Here, P denotes pressure. 226 

The TVC outlet stream is described as follows [38]: 227 
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𝑚̇𝑠 = 𝑚̇𝐷𝑉,𝑁 + 𝑚̇𝑚 (25) 

where subscript s represents the outlet steam of the TVC. 228 

For evaluation of the MED, two factors should be calculated named recovery gained output ratio (GOR) 229 

and ratio (RR): 230 

𝐺𝑂𝑅 =
𝑚̇𝐷𝑊

𝑚̇𝑚
 

(26) 

𝑅𝑅 =
𝑚̇𝐷𝑊

𝑚̇𝑆𝑊
  (27) 

  231 

2.2.3. Electrodialysis  232 

In the ELECD, the following reaction takes place driven by electricity [42]: 233 

𝑁𝑎𝐶𝑙 + 𝐻2𝑂 → 𝑁𝑎𝑂𝐻+𝐻𝐶𝑙 (28) 

The precondition of this reaction in ELECD is that the salt concentration should exceed 26%. This sub-234 

system requires 0.73 kWh of electrical energy per kilogram of NaOH.  235 

2.2.4. Energy efficiency evaluation 236 

The energy efficiency of the GC, GC/SC/MED/ARC, and system are considered by the following relations: 237 

ƞ𝐺𝐶 =
𝑊̇𝐺𝑇 − 𝑊̇𝐶 − 𝑊̇𝐵𝐶

𝑚̇1𝐿𝐻𝑉
 

(29) 

ƞGC/SC/MED/ARC =
𝑊̇𝐺𝑇 − 𝑊̇𝐶 − 𝑊̇𝐵𝐶 − 𝑊̇𝑃1 + 𝑚̇7(ℎ7−ℎ8)𝐶𝑂𝑃 + 𝑚̇13ℎ13

𝑚̇1𝐿𝐻𝑉
 

(30) 

ƞ𝑆𝑦𝑠 =
𝑊̇𝐺𝑇 − 𝑊̇𝐶 − 𝑊̇𝐵𝐶 − 𝑊̇𝑃1 − 𝑊̇𝐸𝐿𝐸𝐶𝐷 + 𝑚̇7(ℎ7−ℎ8)𝐶𝑂𝑃 + 𝑚̇13ℎ13 + 𝑚̇15ℎ15 + 𝑚̇16ℎ16

𝑚̇1𝐿𝐻𝑉
 

(31) 

 238 

2.3. Exergy analysis 239 

Specific exergy is divided into four kinds (chemical, kinetic, physical, and potential) as considered below 240 

[43, 44]: 241 

𝛹 = ∑ 𝑥𝑖 𝛹𝑐ℎ𝑖 +
𝑉2

2
+ 𝑔𝑧 + (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) + 𝑇0 ∑ 𝑥𝑖 𝑅𝑖 ln𝑦𝑖 (32) 

 242 
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Here, 𝑥  and  𝛹 denote mass fraction and specific exergy respectively. Also, g is the gravitational 243 

acceleration, V and z are velocity and height, y and s denote mole fraction and specific entropy, and 244 

subscripts 0, i, and ch denote dead state, species, and chemical. Table 3 shows the EDR for each 245 

component of the MGS.  246 

Table 3. EDR equations for different components 247 

No. Component EDR  

1 Compressor 𝑚̇3𝛹3 + 𝑊̇𝐶 − 𝑚̇4𝛹4 

2 Booster compressor 𝑚̇1𝛹1 + 𝑊̇𝐵𝐶 − 𝑚̇2𝛹2 

3 Combustion chamber 𝑚̇2𝛹2 + ṁ4𝛹4 − 𝑚̇5𝛹5 

4 Gas turbine 𝑚̇5𝛹5 − 𝑚̇6𝛹6 − 𝑊̇𝐺𝑇  

5 Pump 1 𝑚̇10𝛹10 + 𝑊̇𝑃 − 𝑚̇11𝛹11 

6 HRSG 𝑚̇6(𝛹6 − 𝛹7) + 𝑚̇11(𝛹11 − 𝛹9) 

7 ARC 𝑚̇7(𝛹7 − 𝛹8) − 𝑄̇𝐴𝑅𝐶(1 −
𝑇0

𝑇𝐴𝑅𝐶
) 

8 MED/TVC 𝑚̇9𝛹9 + 𝑚̇12𝛹12 − 𝑚̇10𝛹10 − 𝑚̇13𝛹13 − 𝑚̇14𝛹14 

9 ELECD 𝑚̇14𝛹14 + 𝑊̇𝐸𝐿𝐸𝐶𝐷 − 𝑚̇15𝛹15 − 𝑚̇16𝛹16 

 248 

2.3.1. Exergy efficiency evaluation 249 

The exergy efficiency of the GC, GC/SC/MED/ARC, and the system can be written as follows: 250 

ƐGC =
𝑊̇𝐺𝑇 − 𝑊̇𝐶 − 𝑊̇𝐵𝐶

𝑚̇1𝛹1
 

(33) 

ƐGC/SC/MED/ARC =
𝑊̇𝐺𝑇 − 𝑊̇𝐶 − 𝑊̇𝐵𝐶 − 𝑊̇𝑃1 + 𝑄̇𝐴𝑅𝐶(1 −

𝑇0

𝑇𝐴𝑅𝐶
) + 𝑚̇13𝛹13

𝑚̇1𝛹1
 

(34) 

ƐSys =
𝑊̇𝐺𝑇 − 𝑊̇𝐶 − 𝑊̇𝐵𝐶 − 𝑊̇𝑃1 − 𝑊̇𝐸𝐿𝐸𝐶𝐷 + 𝑄̇𝐴𝑅𝐶(1 −

𝑇0

𝑇𝐴𝑅𝐶
) + 𝑚̇13𝛹13 + 𝑚̇15𝛹15 + 𝑚̇16𝛹16

𝑚̇1𝛹1
 

(35) 

 251 

2.4. Economic Investigation 252 
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The annual income (AI) of this proposed system is calculated based on product sales over a year minus 253 

the cost of the NG consumed in the MGS and is calculated as follows [45, 46]: 254 

𝐴𝐼 = 𝑌𝑒𝑙𝑒𝑐𝑐𝑒𝑙𝑒𝑐 + 𝑌𝑐𝑜𝑜𝑙𝑖𝑛𝑔𝑐𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝑌𝐷𝑊𝑐𝐷𝑊 + 𝑌𝑁𝑎𝑂𝐻𝑐𝑁𝑎𝑂𝐻 + 𝑌𝐻𝐶𝑙𝑐𝐻𝐶𝑙 − 𝑌𝑁𝐺𝑐𝑁𝐺 (36) 

Here, c represents products specific costs which can be found in Table 4, and Y denotes the annual 255 

products of the MGS [46-48]. Subscript elec denotes electricity. Note that the monetary values used in 256 

this article are 2021 US dollars. 257 

Table 4. Specific costs of products and fuel  258 

Quantity Unit Specific cost value  Ref. 

Products 

Electricity US$/kWh 0.13 [49] 

Cooling US$/kWh 0.056 [50] 

Demineralized water US$/m3 5.71 [51] 

NaOH US$/kg 0.73 [52] 

HCl US$/kg 0.336 [53] 

Fuel 

Natural gas US$/kWh 0.064 [50] 

 259 

The purchased equipment cost (PEC) of each component is presented in Table 5. 260 

Table 5. Investment and installation costs of components 261 

Component PEC (US$) Ref 

Compressor 
44.71𝑚̇3

0.95 − 𝜂𝐶
(
𝑃4

𝑃3
)𝑙𝑛(

𝑃4

𝑃3
) [54] 

Booster compressor 
44.71𝑚̇1

0.95 − 𝜂𝐵𝐶
(
𝑃2

𝑃1
)𝑙𝑛(

𝑃2

𝑃1
) [54] 

Combustion chamber 
28.98𝑚̇4

0.995 −
𝑃5

𝑃4

(1 + 𝑒𝑥𝑝 (0.015(𝑇5 − 1540)) [54] 

Gas turbine (
301.45𝑚̇5

0.94 − 𝜂𝐺𝑇
)𝑙𝑛(

𝑃5

𝑃6
)(1 + 0.025 (𝑇5 − 1570) [54] 

ARC 1.14(14740.2095(𝑄̇𝐴𝑅𝐶)−0.6849 + 3.29) [55, 56] 

HRSG 4745(
𝑚̇11(ℎ9)

𝑙𝑜𝑔(𝑇6 − 𝑇7)
)0.8 + 11820𝑚̇11 + 685𝑚̇1 [57] 

Pump 3540(𝑊̇𝑃)0.71 [57] 

MED TVC 16.14 × 989 × 𝑚̇9 × (
𝑇𝑚

𝑃𝑚
)0.05𝑃𝑒

−0.75 [58] 
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Effects 201.67𝑄̇ × 𝐿𝑀𝑇𝐷−1𝑑𝑝𝑆𝑊
0.15𝑑𝑝𝑠

−0.15 [58] 

Condenser 430×0.582×𝑄̇𝐿𝑀𝑇𝐷−1𝑑𝑝𝑆𝑊
0.01𝑑𝑝𝑠

−0.1 [58] 

ELECD 1000 𝑊̇  [42] 

 262 

According to the method explained in ref [59], the total capital investment (TCI) is divided into three 263 

categories: direct cost (DC), indirect cost (IC), and other costs (OC).  264 

The effect of the inflation rate on the TCI is shown below [60]: 265 

𝑇𝐶𝐼𝑛 = 𝑇𝐶𝐼0(1 + 𝑖)𝑛 (37) 

 266 

Here, n and i respectively are the number of years and the inflation rate (3.1%) [61]. The operation and 267 

maintenance cost (OMC) is calculated based on 3% of the TCI [45, 46].  268 

So, the total cost (TC) can be written as follows [59]: 269 

𝑇𝐶 = 𝑇𝐶𝐼𝑛 + 𝑂𝑀𝐶 (38) 

 270 

The simple payback period (SPP) can be calculated by [45, 46]: 271 

𝑆𝑃𝑃 =
𝑇𝐶

𝐴𝐼
 

(39) 

and the payback period (PP) as [45, 46]: 272 

𝑃𝑃 =
𝑙𝑛(

𝐴𝐼
𝐴𝐼 − 𝑟. TC)

𝑙𝑛(1 + 𝑟)
 

(40) 

 273 

where r denotes the discount factor (3%) [45, 46].  274 

NPV can be expressed as follows [45, 46]: 275 

𝑁𝑃𝑉 = 𝐴𝐼
(1 + 𝑟)𝑁 − 1

𝑟(1 + 𝑟)𝑁
− TC 

(41) 

where N presents the project lifetime (25 years) [59].  276 

The Internal rate of return (IRR) can be calculated by [46, 62]: 277 
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𝐼𝑅𝑅 =
𝐴𝐼

TC
[1 −

1

(1 + 𝐼𝑅𝑅)𝑁
] 

(42) 

 278 

2) Results and discussion 279 

For the MGS a computer code was written in the Engineering Equation Solver (EES). For the physical and 280 

thermodynamic properties of different flows (air, hydrogen, steam, SW, brine, DW, NaOH, HCl, NG, and 281 

hot exhaust gas), the existing library in EES was used. Table 6 shows the input data for the computer code. 282 

Figure 4 shows a flowchart of the procedure followed by the developed code. 283 

Table 6. Input data for the computer code 284 

Parameter Definition Unit Values 

𝑃4

𝑃3
 

Compressor pressure ratio - 11.1 

ra Air/fuel ratio - 3.1 

𝑚̇1 Fuel mass flow rate in BC kg/s 9.316 

COP ARC coefficient of performance - 0.8 

TBT Top brine temperature oC 63.6 

BBT Bottom brine temperature oC 48.6 

x12 Seawater salt concentration - 40.84 

x14 Brine salt concentration - 70 

T12 Seawater temperature oC 30 

N Number of effects - 5 

T1 Inlet fuel temperature of booster compressor oC 10 

T3 Inlet air temperature of the compressor oC 15 

P10 Inlet pump pressure in SC kPa 101.3 

P11 Outlet pump pressure in SC kPa 1600 

Sources: [23, 63-65]. 

 285 

 286 

 287 

 288 
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 289 

 290 

Figure 4. Flowchart of the developed code 291 

3.1. Model validation 292 

It is important to validate the results of energy analysis both theoretically and experimentally. For 293 

validation of the GC, Ref [66]  is used, in which the GE-F5 gas cycle is considered. Figure 5 shows the 294 

comparison of the model results and the results from Ref [66]. In Figure 5, the specific work output of the 295 

GC model is compared with the results of Ref [66] for three compression ratios of the compressor. The 296 

difference is around 4%. The comparison between the GC exergy efficiency of the model and the results 297 

from Ref [66] is depicted in Figure 6 for three compression ratios of the compressor. Similar to Figure 6, 298 

the difference is around 4%. 299 
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 300 

Figure 5. Comparison of specific work output between the model and Ref [66] for the GC 301 

 302 

Figure 6. Comparison of exergy efficiency between the model and Ref [66] for the GC 303 
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For the HRSG validation, Ref [67] is used, in which the pinch temperature, condenser, and boiler 304 

pressures are 30 K, 0.03, and 16 bar, respectively. The validation of the model confirms that the energy 305 

efficiency is 25% with a combustion chamber (CC) temperature of 1375 K. The obtained value by the 306 

model is 24.1%. The calculated difference is 3.6%.  307 

For validation of the MED, the cycle presented in Ref [23] is considered, as it is similar to the MGS 308 

proposed in this article. Table 7 shows the results of a comparison between the MED of Ref [23] and the 309 

proposed model. The difference is less than 4.3% for all comparisons. 310 

Table 7. Results of comparison between the MED of Ref [23] and the model proposed in this work 311 

Parameters Model Ref [23] Error (%) 

ṁ9 0.109 0.114 4.3 

ṁ13 1.049 1.078 2.6 

ṁ12 5.36 5.51 2.7 

ṁ14 1.21 1.18 2.5 

 312 

Since the ELECD power consumption is calculated based on real conditions, a validation of this subsystem 313 

is not needed.  314 

3.2. Results of energy and exergy analyses  315 

The thermodynamic properties in each stream of the proposed MGS are shown in Table 8. The 316 

specification of the MED is presented in Table 9. Table 10 shows the electricity produced and consumed 317 

by various components and net electrical power produced by the MGS, as well as cooling production by 318 

the ARC. The annual products of the MGS are presented in Table 11. The MGS produces 614.7 GWh of 319 

electrical energy, 97.44 GWh of cooling, 0.092 million tonnes of NaOH, 0.084 million tonnes of HCl, and 320 

12.48 million m3 of DW throughout the year. The ratio of cooling to electrical energy is equal to 15.8%. 321 

The ratio of cooling to electrical power is 15.8%. 322 

 323 

 324 

 325 

 326 
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Table 8. Thermodynamic properties for each flow 327 

Stream no. ṁ (kg/s) T (K) P (kPa) h (kJ/kg) Ψ (kJ/kg) 

1 9.316 283.2 101.3 554.9 47720.9 

2 9.316 544.7 1124 1574.0 48209.6 

3 610.6 288.2 101.3 288.5 6.0 

4 610.6 665.2 1124 676.3 350.0 

5 619.9 1138 1102 1396.0 776.2 

6 619.9 759 106 867.5 241.6 

7 619.9 358.1 103.8 375.5 29.1 

8 619.9 338.2 101.3 353.5 23.1 

9 87.7 739 1600 3397.0 1255.1 

10 87.7 373.1 101.3 419.0 44.1 

11 87.7 378.1 1600 441.3 50.4 

12 1923 303.2 101.3 118.7 1.9 

13 433.6 321.1 101.3 200.5 7.3 

14 66.83 321.8 101.3 185.2 10.5 

15 2.918 321.8 101.3 705.2 208.4 

16 3.202 321.8 101.3 705.2 571.6 

17 601.4 321.8 101.3 185.2 10.5 

 328 

Table 9. Specifications of the MED 329 

Parameter Unit 1 2 3 4 5 

Aph m2 25012 25655 26989 28346 29782 

Aeffects m2 367.9 370.2 372.8 375.6   

BPE 
oC 0.49 0.53 0.57 0.63 0.7 

Tb 
oC 63.6 59.8 56.1 52.3 48.6 

Tdv 
oC 63.1 59.3 55.5 51.7 47.9 

Tf 
oC 61.6 57.8 54 50.2 46.4 

Ueffect W/m2K 2644 2528 2434 2350 2277 

Uph W/m2K 15675 15581 15487 15392   

P kPa 23 19.3 16.2 13.4 11.1 

 330 

 331 

 332 

 333 
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Table 10. The electrical power produced and consumed by components and net electrical power 334 
productions of the MGS, as well as, cooling production by ARC  335 

Parameter Unit Value 

ẆC MW 231.20 

ẆBC MW 9.49 

ẆGT MW 327.9 

ẆP1 MW 1.95 

ẆELECD MW 8.41 

Ẇnet MW 76.83 

𝑄̇𝐴𝑅𝐶 MW 10.93 

GOR - 9.8 

RR - 0.23 

Aeffects,tot m2 135783 

Aeffects,ave m2 27157 

Acondenser m2 9316 

Aph,tot m2 1486 

AMED,tot m2 146585 

Table 11. Annual products of the MGS 336 

Parameter Unit Value 

Elec energy GWh 614.70 

Cooling GWh 87.44 

NaOH million tonne 0.092 

HCl million tonne 0.084 

DW million m3 12.48 

 337 

Figure 7 shows the GC, GC/HRSG/MED/ARC, and system energy and exergy efficiencies. By adding the 338 

MED and ARC to GC, the system energy efficiency (ENE) is increased from 25.3% to 32%, while adding the 339 

ELECD slightly decreased the system ENE from 32% to 31.3%. The reason for this increase is that the ELECD 340 

consumes a high amount of electrical energy and products of this subsystem (in the form of enthalpy of 341 

products) cannot supply its electrical power consumption. The exergy efficiency of the GC increases by 342 

adding MED/ARC from 19.6% to 20%. This increase is not considerable. Similar to system ENE, adding the 343 

ELECD decreases the exergy efficiency from 20% to 18.7% for the same reason explained previously. 344 
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 345 

Figure 7. GC, GC/MED/ARC, and system energy and exergy efficiencies 346 

The EDR percentage for each component of the MGS is presented in Figure 8. The highest percentage of 347 

EDR is related to CC and MED due to combustion reaction taking place in the CC and phase change (water 348 

to vapor and vice versa) taking place in the MED. After these two components, C features the highest EDR 349 

due to the electrical power consumption of C which is summed with the EDR (row 1 of Table 3). P1 features 350 

the lowest percentage of the EDR due to the low mass flow rate of water through it and a minor difference 351 

between inlet- and outlet-specific exergies of P1. Another low percentage of EDR is related to GT since 352 

this component produces electrical power which is subtracted from the EDR.  353 
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 354 

Figure 8. EDR percentage for each component of the MGS 355 

3.3. Economic survey results 356 

Figure 9 shows the percentage of TC for each subsystem. The highest and lowest percentages of TC are 357 

related to HRSG and ARC, respectively. The MED and GC represent 23.6% and 22.4% of TC, respectively.  358 
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 360 

Figure 9. Percentage of the TC for each subsystem 361 

Figure 11 shows the NPV, PP, and IRR for three cases, including GC, GC/HRSG/ARC/MED, and the total 362 

system. Adding HRSG, ARC, and MED to GC increases the NPV from 1.2 to 2.3 billion US$. IRR also 363 

increased from 0.29 to 0.34. PP decreased from 3.6 to 3.2 years. This can be justified because the 364 

economic values of extra products (cooling, DW) overcome the extra cost due to the addition of MED, 365 

HRSG, and ARC. 366 

By adding the ELECD to the previous case, the MGS becomes more economically viable. The NPV and IRR 367 

increased by around 65% and 44%, respectively, and PP decreased from 3.2 to 2.1 years. The previous 368 

justification for this result also applies in this case. 369 
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 371 

Figure 10. NPV, PP, IRR for GC, GC/HRSG/ARC/MED, and total system 372 

4.3. Parametric study 373 

Figure 11 shows the variation of GC/HRSG/MED/ARC and MGS, ENE, and exergy efficiency versus the 374 

number of effects (N). It is clear that by increasing N from 4 to 10, GC/HRSG/MED/ARC ENE is increased 375 

from 28.6% to 48.7%. Also, the MGS ENE increased from 28% to 47.2%. It can be concluded that N has a 376 

considerable effect on the system performance improvement from the energy point of view. The effect 377 

of increasing N on GC/HRSG/MED/ARC and MGS exergy efficiency is not considerable. This means that 378 

GC/HRSG/MED/ARC exergy efficiency is only increased from 19.9% to 20.8% by increasing N from 4 to 10. 379 

For the MGS exergy efficiency, the inverse trend is observed. That is, by increasing N from 4 to 10, the 380 

MGS EXE is decreased from 18.9% to 18.2%. The reason for this phenomenon is that the specific exergy 381 

of DW, NaOH, and HCl is low. Figure 12 shows the variation of GOR and RR of MED with N. Both of these 382 

factors are increased with increasing N and this increase is nearly linear. Although the increase of N is 383 

beneficial for the production of higher DW, economic and technical restrictions are noted. The value of N 384 

should be calculated and justified based on DW needs, budget, etc.  385 
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 387 

Figure 11. Variation of GC/HRSG/MED/ARC and MGS energy and exergy efficiencies versus the number 388 
of effects (N) 389 

 390 

Figure 12. Variation of GOR and RR of MED with N 391 
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Figure 13 shows the variation of NPV and PP for GC/HRSG/MED/ARC and MGS with N. Increasing N from 392 

4 to 10 causes an increase in NPV in both cases. The percentage increases of NPV for GC/HRSG/MED/ARC 393 

and MGS are 62.4% and 91%, respectively. The PP of GC/HRSG/MED/ARC and MGS are reduced from 3.4 394 

and 2.3 years to 3.3 and 2.1 years, respectively. 395 

 396 

Figure 13. Variation of NPV and PP for GC/HRSG/MED/ARC and MGS with N 397 

The variation of ENE of GC, GC/HRSG/MED/ARC, and MGS with ra is presented in Figure 14. Increasing ra 398 

causes a reduction of ENE in all three cases. For GC, this decrease is more than for the two other systems. 399 

Increasing ra  results in increasing the CC exhaust HOT gas mass flow rate and decreasing the CC 400 

temperature. 401 

The first effect causes an increase in the net power production of the GC while the second leads to an 402 

opposite effect. Integration of GC with HRSG/MED/ARC dampens this considerable reduction of ENE since 403 

a higher exhaust hot gas mass flow rate from the GT increases the heat transfer rate in the HRSG and 404 

causes more steam production in the HRSG than is used in the MED for DW production. The trend of 405 

GC/HRSG/MED/ARC is similar to that for MGS. 406 
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 407 

Figure 14. Variation of ENE of GC, GC/HRSG/MED/ARC, and MGS with ra 408 

Figure 15 shows the variation of exergy efficiency of GC, GC/HRSG/MED/ARC, and MGS versus ra. Similar 409 

to Figure 14, increasing ra causes a reduction in exergy efficiency in all three cases. The slope of reduction 410 

for exergy efficiency is also much higher than for ENE, of the three considered systems. 411 
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 413 

Figure 15. Variation of exergy efficiency of GC, GC/HRSG/MED/ARC, and MGS versus ra 414 

The variation of PP in the three cases (GC, GC/HRSG/MED/ARC, and MGS) versus ra is shown in Figure 17. 415 

The PP in all three cases is increased since TC increases due to increasing the size of components. 416 

Considering Figure 15, ENE in all three cases is also reduced. Considering these two reasons, PP is 417 

increased in all three cases. The slope of the curve is higher for GC in comparison with 418 

GC/HRSG/MED/ARC, and MGS. For example, when increasing ra from 2.1 to 4.5, the PP of GC is increased 419 

from 2.2 to 28.6 years. For GC/HRSG/MED/ARC and MGS systems, the PP is 6.6 and 3.5 years, respectively, 420 

which is much lower than for GC, since in these cases, increasing ra helps to increase the MED and ELECD 421 

product outputs.  422 
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 423 

Figure 16. Variation of PP in three cases GC, GC/HRSG/MED/ARC, and MGS versus ra 424 

Figure 17 shows the variation of GC, GC/HRSG/MED/ARC, and MGS energy efficiency with compressor 425 

pressure ratio. It seems that increasing the compressor pressure ratio is not beneficial due to the 426 

reduction in ENE. The compressor pressure ratio cannot be selected as low as possible since the GT power 427 

production is reduced. The selected GT expansion ratio is slightly lower than the compressor pressure 428 

ratio for avoiding backflow in the exhaust of GT. The variation of GC, GC/HRSG/MED/ARC, and MGS exergy 429 

efficiency versus compressor pressure ratio is depicted in Figure 18. The trend of the exergy efficiency 430 

evolution is similar to that for ENE (Figure 17).  431 
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 433 

Figure 17. Variation of GC, GC/HRSG/MED/ARC, and MGS energy efficiency with compressor pressure 434 
ratio 435 

 436 

Figure 18. Variation of GC, GC/HRSG/MED/ARC, and MGS exergy efficiency with compressor pressure 437 
ratio 438 
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Figure 19 shows the variation of ENE for GC, GC/HRSG/MED/ARC, and MGS energy efficiency versus air 439 

temperature. For the GC, the design is based on a constant volumetric flow rate. So, increasing air 440 

temperature causes a reduction in air density. Decreasing air density causes a reduction in air mass flow 441 

rate, power production, ENE, and exergy efficiency of the GC. This phenomenon has been reported 442 

elsewhere [14, 16, 68]. Considering Figure 20, the integration of GC with HRSG/MED/ARC as well as ELECD 443 

cannot offset entirely the reduction of exergy efficiency due to increasing air temperature, but it can 444 

dampen it. When increasing air temperature from 278 K to 310 K, the GC energy efficiency is reduced by 445 

around 24% while it is reduced to 12% for MGS. 446 

 447 

Figure 19. Variation of ENE for GC, GC/HRSG/MED/ARC, and MGS energy efficiency versus air 448 
temperature 449 

Figure 20 shows the variation of PP for GC, GC/HRSG/MED/ARC, and MGS with inflation rate (i). By 450 

increasing the inflation rate from 1% to 20%, the PP of MGS is increased from 2.07 to 2.87 years. This 451 

increase is the highest for the GC, at 79.8%. For the GC/HRSG/MED/ARC configuration, PP increases by 452 

around 63%. By comparing the percentages of PP increasing, it can be concluded that integrating GC with 453 

other subsystems can overcome the effect of the inflation rate.  454 
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 455 

Figure 20. Variation of PP for GC, GC/HRSG/MED/ARC, and MGS with inflation rate (i) 456 

4. Conclusions  457 

In this study, a new MGS configuration was proposed and evaluated by energy, exergy, and economic 458 

analyses. The products of this system are electricity, cooling, DW, NaOH, and HCl. This proposed system 459 

included GC, SC, ARC, HRSG, MED, and ELECD. The ELECD is used in this proposed system to produce useful 460 

products and avoid the release of brine into the marine ecosystem. With this configuration, the proposed 461 

system becomes more environmentally friendly. It is clear that, if superheated steam produced in HRSG 462 

is used in the steam cycle to produce electricity, the MGS ENE and exergy efficiency are improved. 463 

Decision-making about the products of an MGS is based on the needs of customers and investors 464 

considering that the point is to purchase their products and the promotion of enhanced energy and exergy 465 

efficiencies for the MGS. 466 

The main findings of this paper are as follows: 467 

• The MGS produced 614.7 GWh of electrical energy, 87.44 GWh of cooling, 12.48 million m3 of DW, 468 
0.092 million tonnes of NaOH, and 0.084 million tonnes of HCl 469 
 470 

• Integration of HRSG/MED/ARC to GC improved ENE from 25.3% to 32% while adding the ELECD 471 
decreased slightly the ENE from 32% to 31.3%. 472 
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 473 

• Integration of HRSG/MED/ARC to GC improved slightly exergy efficiency from 19.6% to 20% while 474 
adding the ELECD decreased the exergy efficiency from 20% to 18.7%. 475 
 476 

• The CC and MED feature the highest percentage of EDR while P1, BC, and GT exhibit the lowest 477 
percentage of EDR. 478 
 479 

• The integration of ELECD to the GC/HRSG/MED/ARC configuration decreases PP from 3.2 to 2.1 480 
years while the integration of HRSG/MED/ARC to GC does not have a considerable effect on PP 481 
improvement. Integration of ELECD to GC/HRSG/MED/ARC is strongly recommended from an 482 
economic point of view.  483 
 484 

The following future research is merited: 485 

• Integration of GC with SOFC can be attractive while other subsystems can be the same as in the 486 
present work.  487 

• Superheated steam produced in HRSG is used for electrical production in the steam turbine. The 488 
produced electricity can be fed to RO to produce PW. This system can then be compared with the 489 
present work. 490 

• Renewable energy resources can be attractive for producing superheated steam via concentrating 491 
solar technologies. This superheated steam can be used in MED, while the other subsystems are 492 
the same as in the present work. 493 

• Evaluation and calculation of the social cost of releasing brine to the environment and life cycle 494 
analysis of the proposed MGS. 495 

 496 

 497 
 498 

 Nomenclature 499 

Acronyms 

ABC Air bottom cycle 

ARC Absorption refrigeration cycle 

BC Booster compressor 

C Compressor 

CC Combined cycle/Combustion chamber 

DS Dissolved solids 

DV Distillate vapor 

DW Distilled water 

EDR Exergy destruction rate 

ELECD Electrodialysis 
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ENE Energy efficiency 

FO Forward osmosis 

G Generator 

GA Genetic algorithm 

GC Gas cycle 

GT Gas turbine 

HDH Humidification-dehumidification 

HRSG Heat recovery steam generator 

LMTD Logarithmic mean temperature difference 

MD Membrane distillation 

MED Multi-effect distillation 

MGS Multigeneration system 

MSF Multi-stage flash 

NEA Non-equilibrium allowance 

NG Natural gas 

ORC Organic Rankine cycle 

P Pump 

PTC Parabolic through collector 

PW Potable water 

RC Rankine cycle 

RO Reverse osmosis 

SC Steam cycle 

SER Steam ejector refrigerator 

SOFC Solid oxide fuel cell 

SW Seawater 

TPC Total product cost 

TVC Thermal vapor compressor 

Symbols 

A Surface area (m2) 

AI Annual income (US$) 

BBT Bottom brine temperature (oC) 

BPE Boiling point elevation (oC) 
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c Specific cost of products (US$/kWh) or (US$/kg) or 

(US$/m3) 

COP Coefficient of performance (-) 

CSA Civil, structural, and architectural work costs (US$) 

DC Direct cost (US$) 

E Electrical equipment and materials cost (US$) 

E&S Engineering and supervision cost (US$) 

ff Flashing fraction (-) 

g Gravitational acceleration (m/s2) 

GOR Gained output ratio (-) 

h Specific enthalpy (kJ/kg) 

i Inflation rate (-) 

IC Indirect cost (US$) 

I&C Instrumentation and controls cost (US$) 

IRR Internal rate of return (-) 

L Latent heat (kJ/kg) or cost of land (US$) 

LHV Lower heating value (kJ/kg) 

ṁ Mass flow rate (kg/s) 

N Number of effects (-) 

N Lifetime of the project (years) 

n Number of years (-) 

NEA Non-equilibrium allowance (oC) 

OC Other costs (US$) 
OMC Operation and maintenance cost (US$) 
P Pressure (kPa) 
PEC Purchased equipment cost ($) 

PEI Purchased-equipment installation (US$) 

PI Piping (US$) 

PP Payback period (years) 

Q̇ Heat transfer rate (kW) 

R Universal gas constant, R=8.314 (kJ/kmol.K) 

r Discount factor (-) 
ra Air-to-fuel ratio (-) 
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Ra The ratio of entrained steam to motive steam (-) 

RR Recovery ratio (-) 

s Specific entropy (kJ/kg.K) 

S&C Startup costs (US$) 

SF Service facilities cost (US$) 

T Temperature (oC or K) 

TBT Top brine temperature (oC) 

TC Total cost (US$) 

TCI Total capital investment (US$) 

U Overall heat transfer coefficient (W/m2K) 

V Velocity (m/s) 

WC Working capital cost (US$) 

Ẇ Work transfer rate (kW) 

x Salt concentration (-) 

x Mass fraction (-)  

y Mole fraction (-) 

Y Annual capacity (kWh/year) or (kg/year) or 

(m3/year) 

z Height (m) 

Greek symbols 

ƞ Energy efficiency (-) 

Ɛ Exergy efficiency (-) 

Ψ Specific exergy (kJ/kg) 

Subscripts 

0 Dead state 

BC Booster compressor 

C Compressor 

CC Combined cycle/Combustion chamber 

ch Chemical 

cond Condenser 

DV Distillate vapor 

DW Distilled water 
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elec Electrical  

ELECD Electrodialysis 

GT Gas turbine 

HX Heat exchanger 

i Species, Inlet flow 

m Motive steam 

N Effects number 

NG Natural gas 

P Pump 

ph Preheater 

s Steam 

SW Seawater 

v Vapor 
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