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Abstract 14 

In this study, a novel multigeneration system is considered from energy, exergy, and economic points of 15 

view. The combined system composed of biomass gasifier, CO2 cycle, cooling system, multi-effect 16 

distillation (MED), and electrodialysis was assessed. This integrated system produces electricity, cooling, 17 

distilled water, sodium hydroxide (NaOH), and hydrogen chloride (HCl). A parametric study regarding 18 

moisture content of biomass, the efficiency of expander I, LHV of biomass, the salt concentration of 19 

seawater, and a number of MED effects on system performance was conducted. The obtained energy and 20 

exergy efficiencies of modeled MGS are 75.1% and 88.4%. The highest and lowest exergy destruction rates 21 

(EDR) belong to the liquefied natural gas line and electrodialysis, respectively. The proposed MGS 22 

produces 73.17 GWh of cooling, 103 GWh of electrical energy, 1223 Ton of NaOH, 1114 Ton of HCl, and 23 

212.6 m3 of potable water annually. The influence of expander I on energy and exergy efficiencies of the 24 

CO2 cycle was investigated. Results revealed that increasing the LHV of the biomass results in a decrement 25 

of both energy and exergy efficiencies of MGS and recovery ratio. When considering the biomass moisture 26 

content, the efficiencies of exergy and exergy of MGS diminished with a rise in moisture amount.  27 
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1) Introduction 33 

 34 

One of the most severe challenges threatening human society is global warming. Based on recent studies, 35 

greenhouse gas (GHG) release is expected to rise by 50% and become the most dominant adverse factor 36 

responsible for climate change by 2050 [1]. The GHG principally originates from fossil fuels combustion. 37 

Therefore, the substitution of fossil fuels with clean energies is vital. The application of biomass-originated 38 

energy systems has been identified as a promising solution [2, 3]. Biomass gasification is an economic and 39 

high-efficiency method that makes possible biomass transformation to clean and flammable gaseous 40 

stocks using a gasifier [4]. The method's effectiveness remarkably influences the provided syngas yield 41 

and quality [5]. 42 

Besides, deficiency of water is a significant vital global concern endangering nowadays [6]. The United 43 

Nations reported that in 2050, nearly seven billion people in sixty nations would face drastic scarcity of 44 

water [7]. Seawater desalination is noticed as a viable and most used technique to cope with the growing 45 

requirement for cleaner water [8]. There are two main kinds of seawater desalination processes to 46 

produce distilled water (DW). The first is named the thermal desalination system (TES). Seawater is 47 

transformed to vapor by evaporation process and then chilled into purified water. Another approach 48 

comprises desalination methods promoted through diverse separation techniques like reverse osmosis 49 

(RO) [9]. Two attractive approaches in thermal desalination are the multi-effect evaporation desalination 50 

(MED) and multi-stage-flash (MSF) evaporation desalination [10]. MED continues as an attractive choice 51 

due to the lower rate of corrosion, the power needed, and the costs of desalted water compared with 52 

MSF [11]. 53 

Desalination of seawater provides a rich source of fresh water, a crucial supply for people's well-being and 54 

farming. While the application of desalination proceeds to expand, high-salinity brine evacuation is an 55 

environmental matter, causes a possible adverse consequence on the ecosystems [12]. The global brine 56 

production is about 141.5 million m3/day, which is principally released into ocean habitats [13]. As 57 

desalination application continues to develop, discharge of high-salinity brine could harm the 58 

environment and ecosystems. To improve the economic and environmental aspects of the desalination 59 

of seawater, developing technology to generate HCl and NaOH with low power use is essential. Chemical 60 

products on-site production from brine could eliminate the need of purchasing and transporting chemicals 61 

from elsewhere. The negative consequences of discharge of the brine on the environment and ecosystem 62 
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could be minimized by recovering the chemical resources of the brine. In addition, it makes it possible to 63 

recycle back brine to the freshwater partially [14]. 64 

Junjie et al. [15] proposed a cogeneration power cycle integrated with an improved MSF desalination 65 

mechanism. They showed that the concentration of the brine in each stage and the average yearly capital 66 

expense of freshwater generation is possible to decline by 21.8% and 10.7%, respectively, compared with 67 

conventional MSF. Meratizaman et al. [16] studied a unified system composed of MED, solid oxide fuel 68 

cell (SOFC), and gas turbine (GT) cycles. For the economic assessment, the yearly expense is applied. Their 69 

conclusions revealed that the integration of MED and SOFC-GT systems improved the cycle economically.  70 

Najafi et al. [17] analyzed a SOFC-GT-MSF linked system exegetically, economically, and environmentally. 71 

They optimized this cycle by a multi-objective genetic algorithm (MOGA) to obtain the optimum operating 72 

variables. Their achieved outcomes confirmed that exergetic productivity and whole expense were 73 

achieved at optimum point, namely 46.7% and 3.76 million USD/year, respectively. Mokhtari et al. [18] 74 

evaluated a combined cycle including GT, MED, and RO systems to produce water and electricity in the 75 

Iran southern region in the outskirts of the Persian Gulf. According to their analysis, higher than required 76 

energy led to a decrease of 0.5 dollars per m3 in unit product cost while a hybrid cycle is implemented. 77 

Shamoushaki et al. [19] conducted thermodynamic, exergy, economic and environmental evaluation of 78 

hybrid cycle composed of SOFC-GT systems. The multi-objective optimization of the integrated system by 79 

non-dominated sorting genetic algorithm II (NSGA-II) was conducted. They calculated the cost rate, 0.0435 80 

US$/s, and efficiency of exergy of 57.7% at the optimum point. Also, the payback time was obtained at 81 

about 3.12 years.  82 

Khanmohammadi and Atashkari [20] proposed a new multigeneration biomass-based cycle combined 83 

with a desalination unit to provide electricity, fresh water, and hot water. The optimization has been 84 

carried out using the genetic algorithm to determine the optimum design variables amount. The 85 

combustion chamber and gasifier had the highest values of exergy destruction ratio (approximately 84%). 86 

Moghimi et al. [21] assessed a combined cooling, heating, and power (CCHP) hybrid cycle composed of 87 

GT, MED-thermal vapor compression (TVC), and ejector refrigeration cycle (ERC). The obtained exergy 88 

efficiency of the combined system was 2.1% greater than the single Brayton system. Also, their analyzed 89 

cycle showed a power production of 30 MW, cooling and heating capacities of 3.14 MW, and freshwater 90 

production of 85.57 kg/s. Rashidi and Khorshidi [22] studied a biomass gasification-based system for 91 

generating CCHP based on the exergy concept. The multi-objective optimization and fuzzy clustering 92 

methods were applied to find the optimum solution. They compared the obtained results with two diverse 93 
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optimization approaches, and the fruitfulness of the recommended process was validated employing 94 

different execution indicators. Ghaebi and Ahmadi [23] modeled a SOFC-GT system integrated with 95 

humidification-dehumidification (HDH) desalination and heat recovery steam generator (HRSG) units. The 96 

obtained results showed that the combined cycle produces heating, net electricity, and distilled water 97 

(370.2 kW, 1605 kW, and 345.7 kg/h, respectively). Mohammadi et al. [24] compared six different 98 

configurations of trigeneration systems based on the GT cycle. Diverse desalination and chiller systems 99 

were united with a coupled cycle. The consequences explicated the most reliable cost-effective 100 

arrangement was gas turbine combined cycle with wet cooling tower integrated with double effect 101 

absorption chiller (DEABC) and RO. Energetic and economic analysis of biomass-based integrated cycle 102 

with ORC to heat recovery and carbon storage has been performed by Georgousopoulos et al. [25]. 4.61% 103 

efficiency of combined system improvement has been achieved by proposing this system. 104 

Vojdani et al. [26] performed the techno-economic and environmental assessment and multi-objective 105 

optimization of a cogeneration system composed of MED and SOFC-GT. According to the proposed 106 

system, the generated power, efficiency of exergy, and emission increased up to 6.5%, 8.4%, and 5.8% as 107 

opposed to SOFC-GT standalone system. Zoghi et al. [27] assessed a biomass-driven multi-production 108 

cycle composing a modified Kalina-LNG subsystem, electrolyzer, and thermoelectric generator. They 109 

calculated hydrogen and natural gas mass flow rates at 5.77 kg/h and 4.42 kg/s. Cao et al. [28] studied a 110 

new hybrid biomass-solar-based coupled system combined with hydrogen production. The multi-111 

objective optimization of the system was carried out according to power cost and CO2 emissions. The 112 

results showed that at the optimum solution, exergetic efficiency, Levelized cost of energy (LCOE), and 113 

carbon dioxide emission were 30.4%, 61.4 $/MWh, and 0.46 kg/kWh. Lak Kamari et al. [29] investigated 114 

an integrated system based on biofuel to generate electricity, bio-products, and heat. Their assessment 115 

showed 15% energy saving is possible with the designed system. Exergy, economic, exergonic, and 116 

optimization of a multipurpose cycle were done by Safder et al. [30]. The optimization outcomes 117 

determined that the combined system produced electricity, cooling, and freshwater (28.7 MW, 13.6 kg/s, 118 

and 3.4 MW, respectively). Thermo-economic evaluation of a biomass/natural gas-driven combined 119 

system has been studied by Jalili et al. [31]. The highest and lowest irreversibilities were related to gas 120 

cycle and double-effect absorption unit with 61% and 6% of total exergy destruction, respectively. Cao et 121 

al. [32] assessed a biomass gasification-fueled triple combined system from a thermos-economic aspect. 122 

The optimization of the integrated cycle was performed by a genetic algorithm to minimize the LCOE. The 123 

system showed a 6.7% higher efficiency applying CO2 as a working fluid instead of helium. Xu et al. [33] 124 

studied a multi-production cycle including solid oxide electrolyzer, desalination, and ORC units supplied 125 
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by biomass energy. Exergy efficiency and cost are obtained at 17.16% and 26 $/GJ at optimized results. 126 

Musharavati et al. [34] conducted a combined system optimization to produce power and freshwater. 127 

Optimized electricity generation and desalinated water are obtained at 5127 kW and 38.6 kg/s.  128 

Based on the above previous researches, there are no studies regarding a configuration of the 129 

multigeneration system (MGS) powered by biomass to produce electrical power, cooling, DW, sodium 130 

hydroxide (NaOH), and hydrogen chloride (HCl). In this MGS, steam is provided via biomass; then, this 131 

produced steam meets the energy needs of the CO2 cycle and MED. In addition, liquid natural gas (LNG) is 132 

used as a heat sink to decrease the condenser pressure and increase the electrical power production via 133 

the CO2 cycle. After absorbing heat from the condenser of the CO2 cycle, the NG is used via an expansion 134 

turbine and cooler to produce electrical power and cooling. Also, another subsystem is added to MGS for 135 

the brine (B) discharge treatment. To be brief, the innovative aspects of the present study are as follows: 136 

(i) Proposal of a novel configuration of MGS powered by biomass 137 

(ii) Investigation of brine treatment to decrease the effects of B release on the environment. 138 

(iii) Comprehensive system analyses include energy, exergy, and economic analyses  139 

 140 

2) Methodology 141 

2.1. Model configuration 142 

Figure 1 depicts the system configuration. In the gasifier, biomass in the presence of heat is converted to 143 

biogas (points 1, 2, 3). The hot syngas heats the pressurized water via heater (points 3, 4, 5, 23). The syngas 144 

is burned in the boiler to convert hot water to steam (points 6 to 8). The steam is divided into two streams 145 

(points 9 & 10). The steam in point 9 is used in a multi-effect distillation (MED) system to produce 146 

demineralized water (DW) from the seawater (SW) (points 12 & 13). The part of dissipated brine (B) is 147 

converted to NaOH and HCl via electrodialysis (ELECD) (points 14 to 16). Another part of steam (point 10) 148 

meets the energy needs of the carbon dioxide (CO2) cycle evaporator (Eva) (points 18, 20 to 21). In the 149 

CO2 cycle, the liquefied CO2 is used as a working fluid. This cycle operates similarly to the Rankine cycle. 150 

The liquefied CO2 is pressurized via pump I (PI). Then, it transfers the heat with steam within the Eva to 151 

change to superheated steam (SHS) (points 10, 18, 20 to 21). The SHS rotates the expander I (EXP I) and 152 

generator (G) to produce electricity (points 21 & 22). The low-pressure steam flows through a condenser 153 

to dissipate heat and change to saturated liquid. Since the CO2 cycle condenser temperature is lower than 154 

the environment, the liquefied natural gas (LNG) is used for this target (points 19, 22, 24 to 25). In the LNG 155 

line, the high-pressure LNG absorbs the heat from the CO2 low-pressure steam (points 24 & 25). Then, it 156 
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expands through expander II (EXP II) and G to produce electricity. Furthermore, the low pressure and cold 157 

LNG is used in the cooler to produce cooling (points 26 & 27). Figure 2 shows the layout of the MED. MED 158 

works based on subsequent evaporation and condensation in different stages named effects. This system 159 

converts the seawater (SW) to the demineralized (DW) and brine (B). Steam flows through tube bundles 160 

(point 9), and it is used to evaporate the sprayed SW on the tube bundles. Then, it is condensed as DW. 161 

The parts of SW sprayed on tube bundles evaporate and go to the second effect, and part of it accumulates 162 

in the bottom of the effect and goes to the flash boxes, which contain more salt than seawater. This part 163 

of B is evaporated in the flash boxes due to pressure drop arising from the effect to the flash box, and it 164 

goes to the second effect. The non-evaporated B is dissipated to the environment. This process continues 165 

until the last effect. The connection between subsystems and components is depicted in Figure 3.  166 
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 167 

Figure 1. The layout of the proposed system 168 
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 169 

Figure 2. The layout of the MED 170 

 171 

Figure 3. The connection/interaction between subsystems and components 172 

2.2. Energy and mass balance assessment 173 

The following assumptions are noticed for the energy assessment [35-39]: 174 

1. The system operates at steady-state conditions.  175 
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2. The dead-state temperature and pressure are 15 ℃ and 101.3 kPa. 176 

3. The heat losses are neglected. 177 

4. The thermodynamic procedure in P and EXP is supposed polytropic, and the efficiency is 178 

assumed to be 85%. 179 

5. Kinetic and potential energy are ignored. 180 

6. DW and B have the effect temperature at the exit.  181 

7. The overall heat transfer coefficient in MED is a function of temperature.  182 

8. The temperature difference between each effect is equal. 183 

9. The MED feed water is distributed equally.  184 

10.  The heat exchanger effectiveness factor is 85%. 185 

The general mass and energy balance equations are shown below [40]: 186 

∑ �̇�

𝑖𝑛

= ∑ �̇�

𝑜𝑢𝑡

 (1) 

 187 

�̇� − �̇� + ∑ �̇�

𝑖𝑛

(ℎ +
𝑉2

2
+ 𝑔𝑍) = ∑ �̇�

𝑜𝑢𝑡

(ℎ +
𝑉2

2
+ 𝑔𝑍) (2) 

 188 

where �̇� , h, V,  𝑊,̇  Z, g  and �̇� are the mass flow rate, enthalpy, velocity, power, height, gravitational 189 

acceleration, and heat transfer rate, respectively. 190 

2.2.1. Steam/water line 191 

The gasification reaction is as follows [41, 42]: 192 

𝐶𝐻𝑎𝑂𝑏𝑁𝑐 + 𝑤𝐻2𝑂 + 𝑚 (𝑂2 + 3.76𝑁2) →  
𝑛𝐻2

𝐻2 + 𝑛𝐶𝑂𝐶𝑂 + 𝑛𝐶𝑂2
 𝐶𝑂2 + 𝑛𝐻2𝑂  𝐻2𝑂 + 𝑛𝐶𝐻4

 𝐶𝐻4 + 𝑛𝑁2
𝑁2   

(3) 

 

𝐶 𝐻𝑎𝑂𝑏𝑁𝑐 represents the biomass general chemical formula. The a, b, c coefficients depict the 193 

stoichiometric content of H, O, and N in the biomass. 𝑤 and m denote the moisture and air content. 194 

Regarding the mass balance in equation 1 for C, H, O, and N, the following relations can be written [41, 195 

42]: 196 

𝑛𝐶𝑂 + 𝑛𝐶𝑂2
+ 𝑛𝐶𝐻4

= 1 (4) 

2𝑛𝐻2
+ 2𝑛𝐻2𝑂 + 4𝑛𝐶𝐻4

= 𝑎 + 2𝑤 (5) 

𝑛𝐶𝑂 + 2𝑛𝐶𝑂2
+ 𝑛𝐻2𝑂 = 𝑏 + 𝑤 + 2𝑚 (6) 



10 
 

2𝑛𝑁2
= 𝑐 + 7.52𝑚 (7) 

 197 

Also, the following equilibrium reactions should be taken into account [41, 42]: 198 

𝐶 + 2𝐻2  ↔  𝐶𝐻4              𝐾 =
𝑛𝐶𝐻4𝑛𝑡𝑜𝑡

(𝑛𝐻2)2  (
𝑃𝑔

𝑃𝑜
) = exp(

−∆𝐺

𝑅𝑢𝑇𝑔𝑎𝑠𝑖𝑓𝑖𝑒𝑟
)     (8) 199 

𝐶𝑂 + 𝐻2𝑂 ↔  𝐶𝑂2 + 𝐻2      𝐾 =
𝑛𝐶𝑂2

 𝑛𝐻2

𝑛𝐶𝑂 𝑛𝐻2𝑂
= exp(

−∆𝐺

𝑅𝑢𝑇𝑔𝑎𝑠𝑖𝑓𝑖𝑒𝑟
)                (9) 200 

P, T, ∆𝐺, 𝑅𝑢  are the pressure, temperature, changes in the Gibbs free energy, and global gas constant. 201 

The combustion reaction in the boiler can be written as [43]: 202 

1

𝑟𝑎

𝐶𝑥1𝐻𝑦1𝑂𝑧1 + (𝑥𝑜2
𝑂2 + 𝑥𝑁2

𝑁2) → 𝑦𝐶𝑂2
𝐶𝑂2 + 𝑦𝑁2

𝑁2 + 𝑦𝑜2
𝑂2 + 𝑦𝐻2𝑂𝐻2𝑂 (10) 

𝑦𝐶𝑂2
=  

𝑥1

𝑟𝑎

 (11) 

𝑦𝑁2
=  𝑥𝑁2

 (12) 

𝑦𝐻2𝑂 = 𝑥𝐻2𝑂 +
𝑦1

2𝑟𝑎

 (13) 

𝑦𝑂2
= 𝑧1 + 𝑥𝑂2

−
𝑥1

𝑟𝑎

−
𝑦1

4𝑟𝑎

 (14) 

𝑟𝑎 =
𝑛𝐴𝑖𝑟

𝑛𝑆𝐺

 (15) 

 203 

𝑥𝑖 and 𝑦𝑖  are the mass and mole fractions of i. 𝑟𝑎 specifies the ratio of air/syngas. SG stands for the syngas.  204 

In the water/steam line, the mass and energy balance relations for each component are listed in Table 1.  205 

Table 1. The mass and energy balance correlations for each component in the water/steam line 206 

No. Component Mass balance Energy balance 

1 HW 
�̇�5 = �̇�6 

ṁ3 = ṁ4 
�̇�3(ℎ3 − ℎ4)𝜂𝐻𝑋 = ṁ5(ℎ6 − ℎ5) 

2 P II �̇�23 = �̇�5 �̇�𝑃𝐼𝐼 = �̇�5(ℎ5 − ℎ23) 

3 MX �̇�23 = �̇�11 + �̇�18 �̇�23ℎ23 = �̇�11ℎ11 + �̇�18ℎ18 

 207 

In this table, HW and MX mean water heater and mixer, respectively.  208 

2.2.2. CO2 cycle/LNG heat sink 209 
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The mass and energy balance equations for the CO2 cycle and LNG line are brought in Table 2.  210 

 211 

Table 2. The mass and energy balance equations for the CO2 cycle and LNG line 212 

No. Component Mass balance Energy balance 

1 P I 
�̇�19 = �̇�20 

 
�̇�𝑃𝐼 = 𝜂𝑃�̇�5(ℎ5 − ℎ23) 

2 Eva 
�̇�20 = �̇�21 

�̇�10 = �̇�18 
�̇�10(ℎ10 − ℎ18)𝜂𝐻𝑋=�̇�19(ℎ21 − ℎ19) 

3 EXP I �̇�21 = �̇�22 �̇�𝐸𝑋𝑃𝐼 = 𝜂𝐸𝑋𝑃�̇�21(ℎ21 − ℎ22) 

4 Cond 
�̇�22 = �̇�19, 

�̇�24 = �̇�25 
�̇�𝐶𝑜𝑛𝑑 = 𝜂𝐶𝑜𝑛𝑑�̇�24(ℎ25 − ℎ24)=�̇�19(ℎ22 − ℎ19) 

5 EXP II �̇�25 = �̇�26 �̇�𝐸𝑋𝑃𝐼𝐼 = 𝜂𝐸𝑋𝑃�̇�25(ℎ25 − ℎ26) 

6 Cooler 
ṁ26 = ṁ27 

 
�̇�𝐶𝑜𝑜𝑙𝑒𝑟=�̇�26(ℎ26 − ℎ27) 

 213 

In Table 2, Eva and Cond mean evaporator and condenser.  214 

2.2.3. Multi-effect distillation (MED) 215 

The effect temperature difference is calculated by the following relation [44]: 216 

𝑇𝑖 − 𝑇𝑖−1 = ∆𝑇 ==
𝑇1 − 𝑇𝑁

𝑁 − 1
  (16) 

 217 

N and T are the effects number and temperature. The subscript i denotes the effect number.   218 

The vapor temperature in effects is calculated by [45]: 219 

𝑇𝑣𝑖 = 𝑇𝑖 − 𝐵𝑃𝐸  (17) 

 220 

Subscript v denotes vapor. Boiling point elevation (BPE) is defined as a parameter for determining the 221 

effect of salt on evaporation temperature [45].  222 
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Considering the non-equilibrium allowance (NEA), the flash box temperature can be calculated by [46]: 223 

𝑇𝑖′ = 𝑇𝑣𝑖 + 𝑁𝐸𝐴  (18) 

where NEA is calculated by  [46]: 224 

𝑁𝐸𝐴 =
0.33(𝑇𝑣𝑖−1 − 𝑇𝑣𝑖)

𝑇𝑣𝑖

  
(19) 

The mass concentration and energy  balance equations for each effect can be calculated by [47, 48]: 225 

�̇�𝐷𝑊,𝑖 = �̇�𝐵𝑊,𝑖−1 + �̇�𝑆𝑊,𝑖 − �̇�𝐵𝑊,𝑖 (20) 

�̇�𝑆𝑊,𝑖𝑥𝑆𝑊,𝑖 + �̇�𝐵𝑊,𝑖−1𝑥𝐵𝑊,𝑖−1 = �̇�𝐵𝑊,𝑖𝑥𝐵𝑊,𝑖  (21) 

  

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

𝑁−2

𝐼=1

�̇�𝑆𝑊,𝑁] 𝐿𝑁−1 − �̇�𝑆𝑊𝐶𝑃(𝑇𝑁 − 𝑇𝑆𝑊,𝑖)

+ �̇�𝐵𝑊,𝑁−1𝐶𝑃∆𝑇 

(22) 

 226 

𝑥, 𝐿, and 𝑓𝑓  represent the salt concentration, latent heat, and flashing fraction. Subscript r denotes 227 

entrained steam. 228 

The overall surface area of each effect and condenser is calculated by [48, 49]: 229 

𝐴𝑒𝑓𝑓𝑒𝑐𝑡𝑠 =
[(�̇�𝐷𝑊,𝑁−1 + ⋯ + �̇�𝐷𝑊,𝑁−2 + �̇�𝐷𝑊,𝑟)𝑓𝑓 − (𝑁 − 1)𝑓𝑓�̇�𝑆𝑊,𝑁]𝐿𝑁−1

𝑈𝑒𝑓𝑓𝑒𝑐𝑡𝑠(𝑇𝑣,𝑁−1 − 𝑇𝑁)
 

(23) 

𝐴𝑐𝑜𝑛𝑑 =
[(�̇�𝑆𝑊 + (�̇�𝐷𝑊,𝑟�̇�𝐷𝑊,1 + ⋯ + �̇�𝐷𝑊,𝑁−1)𝑓𝑓]𝐿𝑁

𝑈𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑐𝑜𝑛𝑑

 
(24) 

 230 

 LMTD and U denote logarithmic mean temperature difference and overall heat transfer coefficient. 231 

Subscript cond denotes condenser. 232 

U for the effects and condenser can be calculated by the following relations [48, 49]: 233 

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

3 (25) 

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

3 (26) 

 234 

The recovery ratio (RR) and gained output ratio (GOR) of the MED can be calculated by the following 235 

relations [48, 49]: 236 
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𝑅𝑅 =
�̇�𝐷𝑊

�̇�𝑆𝑊

 
(27) 

𝐺𝑂𝑅 =
�̇�𝐷𝑊

�̇�9

 
(28) 

  237 

2.2.4. Electrodialysis (ELECD) 238 

ELECD is a system to convert the B to NaOH and HCl. This system consumes electricity. In the ELECD, the 239 

following reaction can be considered [50]: 240 

𝑁𝑎𝐶𝑙 + 𝐻2𝑂 → 𝑁𝑎𝑂𝐻+𝐻𝐶𝑙 (29) 

The minimum salt concentration for using this system is 26%. This system needs 0.73 kWh/kg NaOH of 241 

electrical energy [50].  242 

2.2.5. System energy efficiency 243 

The CO2 cycle and system energy efficiencies (ENE) are calculated by the following relations: 244 

ƞ𝐶𝑂2 𝑐𝑦𝑐𝑙𝑒 =
�̇�𝑛𝑒𝑡,𝐶𝑂2 𝑐𝑦𝑐𝑙𝑒

�̇�1(ℎ10 − ℎ18)
 

(30) 

ƞ𝑆𝑦𝑆

=
�̇�𝑛𝑒𝑡,𝑆𝑦𝑠 + �̇�𝐶𝑜𝑜𝑙𝑒𝑟 + �̇�15ℎ15 + �̇�16ℎ16 + �̇�13ℎ13

�̇�1𝐿𝐻𝑉 + �̇�24(ℎ24 − ℎ27)
 

(31) 

 245 

In which, �̇�𝑛𝑒𝑡,𝐶𝑂2 𝑐𝑦𝑐𝑙𝑒  and �̇�𝑛𝑒𝑡,𝑆𝑦𝑠 are calculated by the following relations: 246 

�̇�𝑛𝑒𝑡,𝐶𝑂2 𝑐𝑦𝑐𝑙𝑒 = �̇�𝐸𝑋𝑃𝐼−�̇�𝑃𝐼 (32) 

�̇�𝑛𝑒𝑡,𝑆𝑦𝑠 = �̇�𝐸𝑋𝑃𝐼−�̇�𝑃𝐼 + �̇�𝐸𝑋𝑃𝐼𝐼−�̇�𝑃𝐼𝐼 − �̇�𝐸𝐿𝐸𝐶𝐷 (33) 

 247 

2.3. Exergy assessment and system exergy efficiency 248 

Specific exergy is classified into four categories denoted as chemical, kinetic, physical, and potential as 249 

noticed below [51, 52]: 250 

𝛹 = ∑ 𝑥𝑖 𝛹𝑐ℎ𝑖 +
𝑉2

2
+ 𝑔𝑧 + (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) + 𝑇0 ∑ 𝑥𝑖 𝑅𝑖 𝑙𝑛𝑦𝑖 (34) 

 251 
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𝛹 and x denote specific exergy and mass fraction. g, z, and V are acceleration of gravity, velocity, and 252 

height. s and y depict specific entropy and mole fraction. ch, 0, and i are chemicals, standard conditions, 253 

and species. Table 3 presents the exergy destruction rate (EDR) for all equipment of the MGS.  254 

Table 3. The EDR for all system components 255 

No. Component EDR (kW) 

1 Cooler �̇�26𝛹26 − �̇�𝐶𝑜𝑜𝑙𝑒𝑟(1 −
𝑇26

𝑇0

) − �̇�27𝛹27 

2 EXP II �̇�25𝑒25 − �̇�26𝑒26 − �̇�𝐸𝑋𝑃𝐼𝐼 

3 Cond �̇�22𝛹22 − �̇�19𝛹19 + �̇�24𝛹24 − �̇�25𝛹25 

4 EXP I �̇�21𝑒21 − �̇�22𝑒22 − �̇�𝐸𝑋𝑃𝐼  

5 Eva �̇�20𝛹20 − �̇�21𝛹21 + �̇�10𝛹10 − �̇�18𝛹18 

6 P I �̇�19𝛹19 − �̇�20𝛹20 + �̇�𝑃𝐼 

7 Gasifier �̇�1𝛹1 + �̇�2𝛹2 − �̇�3𝛹3 

8 MED �̇�9𝛹9 + �̇�12𝛹12 − �̇�10𝛹10 − �̇�13𝛹13 − �̇�14𝛹14 

9 ELECD �̇�14𝛹14 + �̇�𝐸𝐿𝐸𝐶𝐷 − �̇�15𝛹15 − �̇�16𝛹16 

10 P II �̇�23𝛹23 − �̇�5𝛹5 + �̇�𝑃𝐼𝐼 

11 Heater �̇�3𝛹3 − �̇�4𝛹4 + �̇�5𝛹5 − �̇�6𝛹6 

12 MX �̇�11𝛹11 + �̇�18𝛹18 − �̇�23𝛹23 

13 Boiler �̇�4𝛹4 − �̇�7𝛹7 − �̇�8𝛹8 + �̇�6𝛹6 

 256 

The CO2 cycle and system exergy efficiencies (EXE) are calculated by the following relations: 257 

Ɛ𝐶𝑂2 𝑐𝑦𝑐𝑙𝑒 =
�̇�𝑛𝑒𝑡,𝐶𝑂2 𝑐𝑦𝑐𝑙𝑒

�̇�1(𝛹10 − 𝛹18)
 

(35) 

Ɛ𝑆𝑦𝑠 =
�̇�𝑛𝑒𝑡,𝑆𝑦𝑠 + �̇�𝐶𝑜𝑜𝑙𝑒𝑟(1 −

𝑇26

𝑇0
) + �̇�15𝛹15 + �̇�16𝛹16 + �̇�13𝛹13

�̇�1𝐿𝐻𝑉 + �̇�24(𝛹24 − 𝛹27)
 

(36) 



15 
 

 258 

The biomass chemical exergy can be calculated by [53]: 259 

𝛹𝑐ℎ = 𝛽(𝐿𝐻𝑉 + 𝜔ℎ𝑓𝑔) (37) 

𝛽 =
1.0439 + 0.1882(𝐻/𝐶) − 0.2509(1 + 0.7256(𝐻/𝐶)) + 0.0383(𝑁/𝐶)

1 − 0.3035(𝑁/𝐶)
 (38) 

 260 

hfg denotes the enthalpy of vaporization. 261 

2.4. Economic evaluation 262 

The annual income (AI) of the MGS is calculated by selling the products annually and it is calculated by 263 

the following relation [54, 55]: 264 

𝐴𝐼 = 𝑌𝑒𝑙𝑒𝑐𝑐𝑒𝑙𝑒𝑐 + 𝑌𝑐𝑜𝑜𝑙𝑖𝑛𝑔𝑐𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝑌𝐷𝑊𝑐𝐷𝑊 + 𝑌𝑁𝑎𝑂𝐻𝑐𝑁𝑎𝑂𝐻 + 𝑌𝐻𝐶𝑙𝑐𝐻𝐶𝑙 (39) 

c and Y represent products specific costs and annual products (Table 4). Subscript elec denotes electricity.  265 

Table 4. The specific cost of fuel and products  266 

No. Specific cost of products and fuel Unit Value  Ref. 

Products 

1 Electricity $/kWh 0.12 [56] 

2 Cooling $/kWh 0.06 [57] 

3 Demineralized water $/m3 5.8 [58] 

4 Sodium hydroxide $/kg 0.74 [59] 

5 Hydrochloric Acid $/kg 0.35 [60] 

6 LNG $/kg 0.009 [61] 

 267 

The purchased equipment cost (PEC) for all components is depicted in Table 5. 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 
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Table 5. PEC for all components 276 

No Component PEC ($) Ref 

1 P I 103.3892+0.05361𝑙𝑜𝑔𝑊+0.1538(𝑙𝑜𝑔�̇�𝑃)̇2̇
 [23] 

2 Eva  (𝐴/0.093)0.78 [23] 

3 EXP I  102.6259+1.43981𝑙𝑜𝑔�̇�𝐸𝑋𝑃−0.1776(𝑙𝑜𝑔�̇�𝐸𝑋𝑃)̇ 2̇
 [23] 

4 Cond  (𝐴/0.093)0.78 [23] 

5 EXP II 
479.34 (

�̇�8

0.93 − 𝜂𝐸𝑋𝑃

) ln (
𝑃8

𝑃9

)(1 − exp(0.036𝑇8 − 54.4)) 
[57] 

6 Cooler 1.218 × exp (0.4692 + 0.1203 ln(�̇�𝐶𝑜𝑜𝑙𝑒𝑟) + 0.0931(ln(�̇�𝐶𝑜𝑜𝑙𝑒𝑟))
2

) [58] 

7 Boiler 283�̇�𝑖𝑛 [62] 

8 Gasifier 1600 (3600�̇�1)0.67 [63] 

9 Heater 8500 + 409𝐴0.85 [64] 

10 
P II 3540(�̇�𝑃)0.71 [65] 

11 

MED 

Effects 201.67�̇� × 𝐿𝑀𝑇𝐷−1𝑑𝑝𝑆𝑊
0.15𝑑𝑝𝑠

−0.15 [66] 

12 
Condenser 430×0.582×�̇�𝐿𝑀𝑇𝐷−1𝑑𝑝𝑆𝑊

0.01𝑑𝑝𝑠
−0.1 [66] 

13 
ELECD 1000 �̇�𝐸𝐿𝐸𝐶𝐷 [50] 

 277 

For estimating the surface area of the HX, the logarithmic method is used and the following relation is 278 

considered [67]: 279 

�̇� = 𝑈𝐴𝐹𝑡Δ𝑇𝐼𝑛 (40) 

Where U, �̇�, A, Ft, and Δ𝑇𝐼𝑛 are the overall heat transfer coefficient, heat transfer rate, surface area, 280 

correction factor, and logarithmic mean temperature difference. The overall heat transfer coefficient for 281 

HX is considered to be 700 W/m2K.  282 

 283 
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According to ref [68], total capital investment (TCI) is classified into three types. They are direct cost (DC), 284 

indirect cost (IC), and other costs (OC). Table 6 shows the components of DC, IC, and OC as a percentage 285 

of the PEC.  286 

Table 6. The components of DC, IC, and OC as a percentage of the PEC 287 

No. Items Percentage 

1 Piping (PI) 10 

2 Instrumentation and controls (I&C) 6 

3 Electrical equipment and materials ( E) 10 

4 Land (L) 4 

5 Civil, structural, and architectural work (CSA) 17 

6 Service facilities (SF) 34 

7 Engineering and supervision (E&S) 25 

8 Construction costs including contractor’s profit 30 

9 Contingencies 24 

10 Startup costs (S&C) 9 

11 Working capital (WC) 17 

 288 

The inflation rate effect on the TCI is calculated by [69]: 289 

𝑇𝐶𝐼𝑛 = 𝑇𝐶𝐼0(1 + 𝑖)𝑛 (41) 

 290 

n and i depict the years' number and the rate of inflation (3.1%) [70]. Operation and maintenance cost 291 

(OMC) is considered to be 3% of the TCI [54, 55].  292 

Thus, the total cost (TC) is calculated as follows [68]: 293 

𝑇𝐶 = 𝑇𝐶𝐼𝑛 + 𝑂𝑀𝐶 (42) 

 294 

The simple payback period (ZS) index is calculated by [54, 55]: 295 

𝑍𝑆 =
𝑇𝐶

𝐴𝐼
 

(43) 

The payback period (ZP) index can be obtained by [54, 55]: 296 

𝑍𝑃 =
𝑙𝑛(

𝐴𝐼
𝐴𝐼 − 𝑟. TC

)

𝑙𝑛(1 + 𝑟)
 

(44) 

 297 

r depicts the  discount factor (3%) [54, 55].  298 
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The net present value (NPV) is calculated by the following relation [54, 55]: 299 

𝑍𝑁 = 𝐴𝐼
(1 + 𝑟)𝑁 − 1

𝑟(1 + 𝑟)𝑁
− TC 

(45) 

N refers to the life cycle of the project (25 years) [68]. The Internal rate of return (ZIR) can be obtained as 300 

follows [54, 55, 71]: 301 

𝑍𝐼𝑅 =
𝐴𝐼

TC
[1 −

1

(1 + 𝐼𝑅𝑅)𝑁
] 

(46) 

 302 

3) Results and discussion 303 

For the MGS investigation, a computational program is developed in the engineering equation solver 304 

(EES). The thermodynamic properties of all working fluids are considered via the external library of EES. 305 

The input data of the computational program is brought in Table 7. The biomass used in the gasifier is 306 

Alfalfa with the CH1.324O0.594N0.063 chemical formula, a molecular weight of 23.68 kg/kmole, and LHV of 307 

12233.8 kJ/kg [72, 73]. The flowchart of the computer code is depicted in Figure 4. 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 
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Table 7. Input data of system modeling 322 

No. Parameter Definition Unit Values 

1 T24 LNG temperature oC T19-10 

2 P25 Outlet EXP II pressure kPa 121.6 

3 �̇�1 Working fluid mass flow rate in CO2 cycle kg/s 10 

4 w Moisture ratio in biomass - 0.34 

5 TBT Top brine temperature oC 66.3 

6 BBT Bottom brine temperature oC 40 

7 x12 Seawater salt concentration - 35 

8 x14 Brine salt concentration - 60 

9 m Equ 3 - 0.187 

10 N Number of effects - 4 

11 T25 Inlet EXP II temperature oC 25 

12 P24 LNG tank pressure kPa 658.5 

13 P22 Condenser pressure in CO2 cycle kPa 607.8 

14 P21 Evaporator pressure in CO2 cycle kPa 1519.5 

15 ra Air/fuel ratio in boiler - 2.1 

16 T4 Syngas outlet temperature from heater oC 85 

17 T6 Water outlet temperature from heater oC 75 
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1323 

 324 

Figure 4. Flowchart of the computer code  325 

3.1.  Model validation 326 

Validation of model results is essential to use the research results in the related industry or further 327 

research. In this work, the configuration of the proposed system is novel. So, validation of the whole 328 

system is not feasible and each sub-system was validated individually.   329 

The data from ref [72] is considered for the gasifier. The considered biomass feed type is bean straw with 330 

0.1294 kg/s mass flow rate and 0.0006 kmole/kmole intake air to biomass ratio. The gasifier products 331 

predicted by the computer model and ref [72] are shown in Figure 5, confirming the good agreement. For 332 

the MED validation, ref [74] is considered. Table 8 depicts the results of the comparison, which also 333 

validates the model. The ref [75] is considered to validate the CO2 cycle with the LNG heat sink. The CO2 334 

and LNG turbines' power production and pumps power consumption are compared. Table 9 shows a 335 

comparison between the present work and reference [75]. From these comparisons, it can be concluded 336 

that the computer model provides reliable data.  337 
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 338 

Figure 5. The comparison between gasifier products of the computer model and ref. [72] 339 

Table 8. The compared results of the generated model and ref. [74] for the MED validation 340 

No. Parameter Unit Model Ref [74] Error (%) 

1 �̇�13 kg/s 0.802 0.8125 1.6 

2 �̇�14 kg/s 0.056 0.055 1.8 

3 GOR - 9.2 9.4012 2.1 

 341 

Table 9. Comparison between the model and ref. [75] for the CO2 cycle 342 

No. Parameters Unit Model Ref [75] Error (%) 

1 �̇�𝐸𝑋𝑃 𝐼 kW 14.2 14.66 3.1 

2 �̇�𝑃𝐼 kW 4.98 4.778 4.2 

3 �̇�𝐸𝑋𝑃  𝐼𝐼 kW 7.19 7.464 3.6 

4 �̇�𝑃 𝐼𝐼 kW 3.81 3.693 3.1 

 343 

 344 

0

5

10

15

20

25

30

nH2 nCO nCO2 nH2O nCH4 nN2

M
o

la
r 

fr
ac

ti
o

n
 (

%
)

Components

Ref

Model



22 
 

3.2. Energy and exergy assessment results 345 

The thermodynamic characteristics of all MGS streams, such as mass flow rate, pressure, temperature, 346 

specific enthalpy, and specific exergy, are reported in Table 10. The MED specification is summarized in 347 

Table 11. The electrical power production and consumption for various components and the cooling 348 

production of the MGS are shown in Table 12. It seems that the expander (EXP II) in the LNG line produces 349 

more electrical power than the expander in the CO2 cycle due to high pressure of NG after exchanging 350 

heat with the condenser of the CO2 cycle. The products of the system are shown in Table 13. The MGS 351 

products are 73.17 GWh of cooling, 103 GWh of electrical energy, 1223 Ton of NaOH, 1114 Ton of HCl, 352 

and 212.6 m3 of PW annually. This system consumes 17130.2 Ton/year of Alfalfa biomass. The calculated 353 

ratio of cooling to power is 71%.  354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 
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 370 

Table 10. The thermodynamic characteristics of all MGS streams 371 

No ṁ (kg/s) P (kPa) T(oC) h (J/kg) e (J/kg) 

1 0.5948 101.3 10 16300.0 11890000.0 

2 0.6476 101.3 10 283507.0 6692.0 

3 1.242 202.6 430.8 642994.0 5551000.0 

4 1.242 192.6 85 126876.0 5149000.0 

5 4.399 121.6 32.5 136240.0 3580.0 

6 4.399 121.6 75 314025.0 69086.0 

7 1.353 101.3 480 716477.0 641162.0 

8 4.399 101.3 125 2726000.0 607337.0 

9 2.2 101.3 125 2726000.0 607337.0 

10 2.2 101.3 125 2726000.0 607337.0 

11 2.2 101.3 40 167586.0 6213.0 

12 112.5 101.3 25 99766.0 1364.0 

13 7.384 101.3 39.46 165255.0 5905.0 

14 1.034 101.3 313.2 154184.0 7910.0 

15 0.03869 101.3 313.2 686848.0 214779.0 

16 0.04245 101.3 313.2 686848.0 589373.0 

17 9.303 101.3 313.2 154184.0 7910.0 

18 2.2 101.3 25 104844.0 1606.0 

19 10 607.8 -52.81 -419369.0 199761.0 

20 10 1520 -52.46 -418448.0 200504.0 

21 10 1520 115 71690.0 155362.0 

22 10 607.8 55.15 21267.0 97147.0 

23 4.399 101.3 32.5 136215.0 3552.0 

24 59.5 658.5 -62.81 -200676.0 297925.0 

25 59.5 658.5 48 46196.0 278333.0 

26 59.5 101.3 -51.17 -165844.0 66293.0 

27 59.5 101.3 20 -12119.0 381.9 

 372 

 373 

 374 

 375 

 376 

 377 
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 378 

Table 11. The MED specification 379 

No. 
Variable Unit 1 2 3 4 

1 Aeffects m2 13.02 177.4 194.9 210.3 

2 BPE oC 0.417 0.452 0.49 0.538 

3 Tb oC 66.3 57.5 48.8 40 

4 Tdv oC 65.9 57.1 48.3 39.5 

6 Ueffect W/m2K 6319 2605 2383 2219 

7 P kPa 26.03 17.4 11.3 7.2 

8 Acondenser m2 277.7 

8 GOR - 3.36 

9 RR - 0.065 

 380 

Table 12. The electrical power production and consumption for various components 381 

No. Items  Unit Values 

1 ẆEXP I kW 504.23 

2 ẆEXP II kW 12490 

3 ẆP I kW 9.2 

4 ẆP II kW 0.14 

5 ẆELECD kW 111.5 

6 Q̇Cooler kW 9146 

 382 

Table 13. The products of the system 383 

No. Products Unit Values 

1 Electrical energy GWh 103 

2 Cooling energy GWh 73.17 

3 NaOH Ton/year 1223 

4 HCl Ton/year 1114 

5 PW m3/year 212.6 

 384 

Figure 6 shows the energy and exergy efficiencies (ENE and EXE) of the CO2 cycle and MGS. According to 385 

Figure 6, the CO2 cycle ENE and EXE are 8.5% and 37.1%; however, the MGS ENE and EXE are 75.1% and 386 

88.4%, respectively. So, it can be concluded that the MGS is beneficial from the energy and exergy point 387 
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of view. In the CO2 cycle, the difference between the heat source and sink temperatures is T21-T18, while 388 

in the MGS, it is T7-T24. According to the Carnot efficiency, ((1 −389 

TL

TH
), TL and TH: heat sink and source temperatures), by increasing heat source and sink temperatures, 390 

the efficiency of all engines is improved. Thus, the ENE and EXE of the MGS are improved considerably. 391 

In comparison between MGS and CO2 cycle, the ENE of the MGS is much higher due to the higher 392 

number of products than the CO2 cycle.   393 

The EDR percentage of all MGS sub-systems including CO2 cycle, steam, LNG lines, MED, and ELECD, is 394 

depicted in Figure 7.  The highest percentage of EDR belongs to the LNG line due to LNG's high mass flow 395 

rate in this line. After the LNG line, the steam line features the most significant percentage of the EDR 396 

owing to the high temperature and mass flow rate of steam. 14.7% and 10.4% of the EDR are related to 397 

the CO2 cycle and MED. The lowest portion of the EDR is related to ELECD due to the low mass flow rate 398 

of brine. In the CO2 cycle, the evaporator features the biggest portion of the EDR because of heat transfer 399 

taking place between steam and CO2. The P I has the lowest rate of the EDR arising from a slight difference 400 

within thermodynamic features in the inlet and outlet of the P I. The EXP I and Cond have 3.9% and 6.97% 401 

of EDR percentage. In the steam line, the most distinguished portion of the EDR belongs to the boiler 402 

because of burning syngas and changing the water to steam that two important sources of the EDR named 403 

heat transfer and combustion reaction. The EDR percentage of the gasifier and heater is similar. The EDR 404 

percentage of P II is negligible.   405 



26 
 

 406 

Figure 6. The energy and exergy efficiencies of the CO2 cycle and MGS 407 
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 410 

(b) 411 

 412 

(c) 413 

 414 

(d) 415 

Figure 7. The exergy destruction rate percentage of MGS sub-systems (a) total system, (b) CO2 cycle (c) 416 

steam line, (d) LNG line  417 

3.3. Economic analysis results 418 
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Figure 8 shows the percentage of AI for all products of the MGS. The highest and lowest percentages of 419 

the AI are related to electricity and PW. In addition, cooling represents the second part of the AI. The AI 420 

of NaOH is roughly twice the AI of HCl. By considering Tables 5 & 6 and equation 42, TC of the MGS is 421 

equal to 7.459×106 $. Considering equations 43 to 46, the SPP, PP, NPV, and IRR are equal to 2.78 years, 422 

2.94 years, 3.929×107 $, and 0.36, respectively. 423 

 424 

Figure 8. The percentage of the annual income for all products of the MGS 425 

3.4. Parametric study 426 

The variation of the CO2 cycle ENE and EXE versus polytrophic performance of EXP I (ȠEXP I) is depicted in 427 

Figure 9. If the ȠEXP I is doubled (50% to 100%), the ENE and EXE of the CO2 cycle are also doubled. This 428 

trend shows the importance of ȠEXP I on the cycle ENE and EXE.  Since increasing the ȠEXP I  has a direct 429 

effect on the ENE and EXE of the CO2 cycle. 430 

Figure 10 shows the variation of ENE, EXE, and EDR of the CO2 cycle versus condenser pressure (P22). 431 

Increasing the P22 from 600 to 1000 kPa causes reductions in ENE, EXE, and EDR of the CO2 cycle, since an 432 

increase in P22 causes a reduction in EXP I power production and P I power consumption. However, 433 

reduction in EXP I power production is more than P I power consumption. 434 
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 435 

Figure 9. The variation of the CO2 cycle energy and exergy efficiencies versus polytrophic performance of 436 
EXP I (ȠEXP I) 437 
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Figure 10. The variation of energy and exergy efficiencies, and EDR of the CO2 cycle versus condenser 439 
pressure (P22) 440 

For the parametric study of the gasifier, other types of biomass were taken into account (Table 14). The 441 

chemical formula, LHV, and molecular weight of the different biomass types are summarized in this table. 442 

The specifications of these biomass types were included in the computer code. Figure 11 displays the ENE 443 

and EXE of the MGS that uses these types of biomass. It is clear that with increasing the LHV of the 444 

biomasses, both the ENE and EXE of the MGS decrease. It can be concluded that by increasing the LHV of 445 

the biomass, the recovery ratio declines.    446 

Table 14. The chemical formula, molecular weight, and LHV for different types of biomass [72, 73] 447 

Cases Name Chemical Formula Molecular weight (kg/kmole) LHV (kJ/kg) 

1 Oats strand CH1.269O0.626N0.013 23.46 12480 

2 Rapeseed CH1.491O0.832N0.011 24.95 13084 

3 Wheat straw CH1.434O0.675N0.031 24.69 13215.2 

 448 

 449 

Figure 11. The energy and exergy efficiencies of the MGS that uses different types of biomass 450 
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to hydrogen in the moisture, it reduces the exhaust temperature of the biogas produced in the gasifier 453 

and heat recovered in the heater. 454 

 455 

Figure 12. The energy and exergy efficiencies of the MGS versus moisture content (w) in the biomass 456 

Figure 13 shows the variation of DW and B with xf (salt concentration of seawater). Increasing xf from 15 457 

to 50 causes a reduction in DW mass flow rate while increasing B mass flow rate (although the effect of 458 

this increase is more pronounced for B than DW).  459 

Figure 14 shows the variation of the GOR of the MED system with xf. Increasing xf decreases the GOR of 460 

the MED system. By increasing xf from 15 to 50, the GOR of the MED system decreases by around 12.5%. 461 

Since more steam should be consumed to separate salt from the seawater that has a direct effect on 462 

system performance.   463 
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 465 

Figure 13. The variation of DW and brine with xf 466 
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Figure 14. The variation of the GOR of the MED system with xf 468 
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Figure 15 displays the change of PP and SPP against the number of MED effects (N). The slope of both 469 

curves is negative in this figure. This means that PW increase due to N increase overcomes the increasing 470 

TIC. Hence, the SPP and PP are decreased. 471 

   472 

Figure 15. The variation of PP and SPP with number of MED effects (N) 473 
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4) Conclusion 475 
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 The proposed system consumes 17130.2 Ton/year of Alfalfa biomass. Also, the calculated ratio of 485 

cooling to power is 71%. 486 

 The obtained ENE and EXE of modeled MGS are 75.1% and 88.4%, respectively. 487 

 The most significant portion of EDR belongs to the LNG line (mainly owing to the high value of 488 

LNG's mass flow rate) and the steam line (mainly because of steam's high mass flow rate and 489 

temperature). The lowest percentage of the EDR belongs to the ELECD arising from the low mass 490 

flow rate of B. 491 

  The highest and lowest percentages of the AI are relevant to electricity and PW. 492 

 SPP, PP, NPV, and IRR values are obtained at 2.78 years, 2.94 years, 3.929×107 $, and 0.36, 493 

respectively. 494 

 Increasing the efficiency of the EXP I from 50% to 100% causes the ENE and EXE of the CO2 cycle 495 

being also doubled. 496 

 With increasing the LHV of the biomasses, the ENE and EXE of the MGS are decreased. It can be 497 

concluded that by increasing the LHV of the biomass, the recovery ratio is decreased. 498 

 Increasing biomass moisture content reduces the ENE and EXE of the MGS.  499 

 Increasing the salt concentration of seawater from 15 to 50 leads to a reduction in DW mass flow 500 

rate while rising B mass flow rate, and further decreases the GOR of the MED system by around 501 

12.5%. 502 

 The SPP and PP decrease when raising the number of MED effects. 503 

 504 

For future development of this MGS, the researches should concentrated on the power consumption of 505 

ELECD that all of dissipated brine can be converted to beneficial products and it does not harm the 506 

environment.  507 

 508 

Nomenclature 509 

Abbreviations 

B Brine  

CCHP Combined cooling, heat, and power 

Cond Condenser 
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DEABC Double effect absorption chiller 

DV Distillate vapor 

DW Distilled water 

EDR Exergy destruction rate 

Elec Electrical 

ELECD Electrodialysis 

ENE Energy efficiency 

ERC Ejector refrigeration cycle 

EXE Exergy efficiency 

EXP Expander 

G Generator 

GHG Greenhouse gas 

GT Gas turbine 

HW Heat water 

LCOE Levelized cost of energy 

LMTD Logarithmic mean temperature difference 

LNG Liquefied natural gas 

MED Multi-effect distillation 

MGS Multigeneration system 

MOGA Multi-objective genetic algorithm 

MSF Multi-stage flash 

MX Mixer 

NEA Non-equilibrium allowance 
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NG Natural gas 

NSGA II Non-dominated sorting genetic algorithm II 

P Pump 

RO Reverse osmosis 

SG Syngas 

SOFC Solid oxide fuel cell 

SW Seawater 

TES Thermal desalination system 

TVC Thermal vapor compressor 

Symbols 

A Surface area (m2) 

AI Annual income ($) 

BPE Boiling point elevation (oC) 

c Specific cost of products ($/kWh) or ($/kg) or ($/m3) 

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

DC Direct cost ($) 

E Electrical equipment and materials cost ($) 

E&S Engineering and supervision cost ($) 

Ft Correction factor (-) 

ff Flashing fraction (-) 

g Gravitational acceleration (m/s2) 

G Gibbs function (kJ/kg) 

GOR Gained output ratio (-) 
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h Specific enthalpy (kJ/kg) 

i Inflation rate (-) 

IC Indirect cost ($) 

I&C Instrumentation and controls cost ($) 

IRR Internal rate of return (-) 

K Equilibrium constant (-) 

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

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 ($) 

OMC Operation and maintenance cost ($) 

P Pressure (kPa) 

PEC Purchased equipment cost ($) 

PEI Purchased-equipment installation ($) 

PI Piping ($) 

PP Payback period (years) 

Q̇ Heat transfer rate (kW) 

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

r Discount factor (-) 
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ra Air-to-fuel ratio (-) 

RR Recovery ratio (-) 

s Specific entropy (kJ/kg.K) 

S&C Startup costs ($) 

SF Service facilities cost ($) 

T Temperature (oC or K) 

TC Total cost ($) 

TCI Total capital investment ($) 

U Overall heat transfer coefficient (W/m2K) 

V Velocity (m/s) 

WC Working capital cost ($) 

Ẇ Rate of work transfer (kW) 

x Salt concentration (-) 

x Mass fraction (-)  

y Mole fraction (-) 

Y Yearly capacity (kWh/year) or (kg/year) or (m3/year) 

z Height (m) 

Greek symbols 

𝛽 Correction factor (-) 

ƞ Energy efficiency (-) 

Ɛ Exergy efficiency (-) 

Ψ Specific exergy (kJ/kg) 

Subscripts 
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0 Dead state 

B Brain  

ch Chemical 

cond Condenser 

DV Distillate vapor 

DW Distilled water 

elec Electrical  

ELECD Electrodialysis 

EXP Expander 

HX Heat exchanger 

i Species, Inlet flow 

N Effects number 

P Pump 

s Steam 

SW Seawater 

v Vapor 

 510 
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