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ABSTRACT: The proposed poly-generation plant, which generates power, cooling, and freshwater, consists 

of five subsystems. A Solid Oxide Fuel Cell (SOFC) plant generates electricity using CH4 as fuel. Steam 

Reforming happens in the anode to generate the required H2 for the electrochemical process. The thermal 

energy of these processes enhances the exhaust gas temperature from the solid oxide fuel cell plant, which 

can be reused using a Kalina cycle and humidification-dehumidification-RO desalination plants. This exhaust 

gas from the afterburner of a solid oxide fuel cell evaporates the ammonia-water mixture in a Kalina cycle 

and preheats the feedwater to be entered in the humidifier of the desalination unit. There has been  

an evaluation of the effect of various system parameters such as turbine inlet temperature, compressor 

pressure ratio, carbon dioxide to methane molar ratio, steam generator temperature, and mass flow ratio of the 

desalination system on overall system performance. Also, single- and multi-objective optimization methods 

have been used to optimize the general system compared to the base model.  
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INTRODUCTION 

More than ever, developing cost-effective, reliable, 

sustainable, and secure power generation systems  

has become increasingly important as global energy 

demand continues to grow with population growth and 

rising living standards. Energy supply is a global 

problem when conventional fossil and nuclear fuel 

resources are concentrated in a limited number of 

geographical areas worldwide. At the same time, many 

other countries rely heavily on fuel imports. Power 
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generation requires a multidimensional solution that can 

simultaneously overcome the needs for higher 

efficiency, less pollution, the use of a wide variety of 

energy sources, etc. In recent years, multiple energy 

generation systems have emerged as a powerful solution 

to these problems. These systems operate as integrated 

systems and can be composed of several subsystems, 

such as power generation cycles, hydrogen production 

systems, refrigeration cycles, freshwater production 
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systems, and home heating systems[1]. 

Given the importance of energy conversion issues 

globally, using energy resources and the waste heat 

recovery industry can be a good way to increase multiple 

energy production systems[2]. In recent years, interest  

in using waste heat recovery has seriously increased,  

and researchers have proposed new methods for generating 

power through high and medium-temperature heat 

sources. Among the methods proposed for power cycles, 

the Gas Turbine Cycle - Modular Helium Reactor (GT-MHR) 

cycle due to its important features and characteristics such 

as less environmental pollution, economic cost, high 

reactor power, and also The high flow temperature of the 

gas turbine outlet can be used as a suitable high-

temperature source (above 500 ° C) and the base cycle in 

combination with other systems. In one example of a gas 

turbine modular helium reactor cycle, about 300 MW of 

thermal energy is wasted in the pre-cooler to minimize 

compressor consumption[3,4]. Due to the amount of heat 

lost in this part of the system, a combination of several 

systems can be used in connection with the base cycle (gas 

turbine cycle - modular helium reactor). Many studies have 

been used to recover the lost heat from the gas turbine 

outlet flow and use it as a suitable heat source to supply 

power generation, cooling and heating systems, etc. [5].  

Astolfi et al. first proposed using Organic Rankine 

Cycles (ORC) to recover heat loss from the gas turbine-

modular helium reactor cycle and power generation. Their 

results showed that the efficiency of the first law of the 

hybrid system increases by about 10.1-5.1% compared to 

the base cycle[6]. In another study, Zhai et al. studied the 

heat dissipation application of a gas turbine system-

modular helium reactor with a two-stage compressor  

as heat sources in two organic Rankin cycles. They 

concluded that the efficiency of the first and second laws 

of the case system Comments increased by 3%[7]. 

Orhan and Babu presented and analyzed heat loss 

recovery of the base cycle to produce power and pure 

water. Their results also showed that for every 50 ° C 

increase in turbine inlet temperature, energy efficiency 

increases by 2.5-4%, and pure water production rate 

decreases by 6.5%[8]. In another study, Zhong et al. 

investigated the heat lost in the base cycle for power 

generation and cooling using the ammonia-water cycle. 

They concluded that the efficiencies of the first and second 

laws increased 9-15 and 4-10%, respectively[9]. Also,  

in the continuation of the research of this combined system, 

they studied the economic exergy of the system, and  

the results showed that the unit cost of the combined 

system is reduced by 4.5% compared to the base cycle[10-24]. 

The application of different arrangements of organic 

Rankin cycles and ejector refrigeration to recover the lost 

heat of the base cycle was presented by  Han et al. 

[25]. They also evaluated the combined system and 

concluded that the highest exergy efficiency was about 

49.69%, 2% higher than the base cycle. Another study 

modeled thermodynamics and compared two systems 

combined with a base cycle (MHR/NH3-Water) suitable 

for the first and second laws of thermodynamics[26]. Also, 

the mass flow of helium in the combined Rankin organic 

cycle system is lower than in the combined water-

ammonia cycle. Cao et al. investigated the combined 

system of simultaneous production of modular helium gas 

turbine, Kalina cycle, and absorption refrigeration cycle 

from the energy and exergy economy perspective. Their 

simulations showed that in the input cycle of the base 

cycle, the net power is 304462 kW, the total irreversibility 

is 289976 kW, and the exergy efficiency of the total  

co-production cycle is 68.9%[27]. 

Thermoeconomic analysis evaluated a new system 

combining the gas turbine-modular reactor cycle, the 

water-ammonia absorption power cycle, and the Liquefied 

Natural Gas (LNG) cooling system. It concluded that  

in the case of Optimally, the highest net output power and 

the lowest exergy destruction rate of the system are 383 

and MW467[28]. 

The research proposed a combined system of hydrogen 

production and a gas turbine cycle-modular helium 

reactor. In this system, water electrolysis produces 

hydrogen, which breaks down water molecules into 

hydrogen and oxygen through heat recovered from the 

base cycle. The results showed that hydrogen production 

and base cycles increased energy efficiency by about 

50%[29]. 

Other researchers also produced hydrogen 

simultaneously through the electrolysis of water and 

power using nuclear power plants and concluded that 

hydrogen production costs about $ 2 H2/Kg[30]. Another 

study performed energy analysis and exergy of hydrogen 

production by combining organic Rankine cycles, base 

cycle, and electrolysis system (PEM). The results showed 

that by increasing the pressure ratio of the base cycle 

compressor, the exergy efficiency of the hybrid system  

is increased, and also the rate of hydrogen production 
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increases with increasing the inlet temperature of the 

helium gas turbine. In optimal conditions, the highest 

exergy efficiency and hydrogen production rates are 

49.21% and 56.2 kg/h, respectively[31]. Another study 

proposed a combined freshwater production system using 

dissipated heat recovery in a gas turbine-modular helium 

reactor cycle[32]. 

The results showed that freshwater production costs are 

reduced by about 34% compared to conventional 

desalination systems. Some researchers investigated the 

thermodynamic analysis of two reverse osmosis 

membrane process systems for freshwater production and 

the base cycle. The heat required for the desalination 

system is provided by recycling the base cycle heat.  

The results showed that the exergy efficiency of the hybrid 

system increases by about 10% and reaches 41%[32-34]. 

In another study, researchers developed an Artificial 

Neural Network (ANN)--based data-driven model using 

485,710 actual operation datasets for optimizing the SMR 

process. Data preprocessing was performed to improve  

the data quality, including outlier removal and noise filtering. 

A model with high accuracy (average R2 = 0.9987)  

was developed, which can predict six variables through 

hyperparameter tuning of a neural network model,  

as follows: syngas flow rate; CO, CO2, CH4, and H2 

compositions; and steam temperature. During 

optimization, the search spaces for nine operating 

variables, namely the natural gas flow rate for the feed 

and fuel, the hydrogen flow rate for desulfurization, 

water flow rate and temperature, airflow rate, SMR inlet 

temperature, and pressure, and Low-Temperature Shift (LTS) 

inlet temperature, were defined and applied to the 

developed model for predicting the thermal efficiencies 

for 387,420,489 cases. Subsequently, five constraints 

were established to consider the feasibility of the process, 

and the decision variables with the highest process 

thermal efficiency were determined. The process 

operating conditions showed a thermal efficiency of 

85.6%[35-50]. 

The main objective of this study paper is to study the 

integration of this system with a Combined Cooling, Heating, 

and Power cycle comprised of a gas turbine, an organic 

Rankine cycle, and an absorption refrigeration system. 

Energy and exergy analyses are applied to the system and the 

effect of key parameters on the system performance are 

analyzed.  

       The results show that under design conditions, the system  

can generate 33.67 kW of electricity, 2.56 kW of cooling, and 

1.82 ton per day of hot water with a round-trip energy 

efficiency of 53.94%. Also, exergy analysis reveals that wind 

turbines, combustion chambers, and compressed air storage 

systems have the highest amount of exergy destruction 

respectively. Finally, sensitivity analysis shows that 

parameters related to gas turbines are the most prominent 

parameters of the system which can change the performance 

of the system considerably [51]. 

In a study, a hybrid system composed of a gas turbine, 

an ORC cycle, and an absorption refrigeration cycle  

is proposed as a combined cooling, heating, and power 

system for residential usage. Thermodynamic analysis is 

applied to the system. Also, a parametric analysis is 

carried out to investigate the effect of different parameters 

on the system performance and output cooling, heating, 

and power. The results show that under design conditions, 

the proposed plant can produce 30 kW of power, 8 kW of 

cooling, and almost 7.2 tons of hot water with an efficiency 

of 67.6%. Moreover, parametric analysis shows that 

pressure ratio and gas turbine inlet temperature are  

the most important and influential parameters. After these 

two, ORC turbine inlet temperature is the most effective 

parameter as it can change both the net output power  

and energy efficiency of the system[52]. 

Another study attempts to go beyond the conventional 

framework of the integrated solar transcritical CO2  power 

cycle works, aimed at further utilization of available 

exergy as much as possible. This paper proposed a novel 

system for hydrogen and freshwater production in which  

a Stirling engine is used instead of a condenser, for  

the places with abundant access to solar radiation and sea, 

and least to freshwater sources. This proposal leads  

to further utilization of streams’ exergy through the system 

instead of wasting to the environment, and further power 

production by the engine followed by the higher 

products[53]. 

A novel solar power, water, and hydrogen cogeneration 

plant with recovery of cryogenic energy is proposed  

in this study to produce hydrogen and permeate water 

by gasification of Liquefied Natural Gas (LNG).  

A mathematical model is developed to simulate the 

system and an exergy and thermodynamic parametric analysis  

is carried out to investigate the effect of several 

thermodynamic parameters on overall system performance. 

A dynamic Reverse Osmosis (RO) desalination model is 

introduced 
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Fig. 1: The schematic of the proposed poly-generation system 

 

to produce different permeate and feed water mass flow 

rates. By the results, about 26.8% of the net produced 

power is recovered by a turbine located in RO brine 

discharge[54]. 

In a paper, a novel CO2  transcritical power cycle that 

is driven by solar energy integrated by a cryogenic LNG 

recovery unit is investigated. In the proposed cycle, the 

condenser unit of the CO2  power cycle is replaced by a 

Stirling engine. Thermodynamic and exergy analyses are 

carried out to evaluate the performance of the presented 

system. Furthermore, in order to investigate the impact of 

the utilization of Stirling engines instead of conventional 

condenser units, the proposed cycle is compared with the 

typical CO2  power cycle. The results show that employing 

the Stirling engine decreases the exergy destruction from 

17% in the typical cycle to 8.85%. In addition, the total 

generated power of the novel system is considerably 

boosted by about 15 kW in off-peak times and more than 

20 kW in the peak time. Moreover, the integration of the 

Stirling engine also decreases LNG mass flow rate. 

Therefore, the required heat exchanger area in the LNG 

heater is also lowered [55-67]. 

In recent years, significant research has been 

conducted on heat recovery from the modular gas turbine 

helium reactor cycle and its combination with various 

energy systems. A comprehensive study of energy and 

exergy analysis on multiple energy production and  

the combination of different systems has not been done  

on a pentageneration cycle, so due to limited fossil fuel 

resources and renewable energy sources, the idea of 

producing multiple products at the same time is both 

economically viable and more energy-efficient. In this 

study, to increase the efficiency of the base cycle, the use 

of wasted heat and multiple energy production,  

the combination of the base cycle (power generation) with 

hydrogen production system, absorption refrigeration 

cycle, desalination system, and home heating systems  

have been used. The objectives of this research include: 

1.  Introducing a new system of multiple energy production 

using a gas turbine cycle - modular helium reactor 

2. Comprehensive modeling of the proposed thermodynamics 

of the system 

3. Comprehensive parametric study to investigate the 

effect of different parameters on the performance of the 

hybrid system 

4. Optimization of thermodynamic conditions using the 

genetic algorithm to determine the combined system’s 

maximum energy efficiency and exergy.  

 

EXPERIMENTAL SECTION 

Conceptual model 

The proposed poly-generation plant, which generates 



Iran. J. Chem. Chem. Eng. Energy and Exergy Analysis and Optimization …  Vol. 42, No. 7, 2023 

 

Research Article                                                                                                                                                                  2359 

power, cooling, and freshwater, consists of five 

subsystems (shown in Fig. 1). A solid oxide fuel cell 

(SOFC) plant generates electricity using CH4 as fuel. 

Steam Reforming happens in the anode to generate the 

required H2 for the electrochemical process. The thermal 

energy of these processes enhances the exhaust gas 

temperature from the solid oxide fuel cell plant, which can 

be reused using a Kalina cycle and humidification-

dehumidification-RO desalination plants. This exhaust gas 

from the afterburner of a solid oxide fuel cell evaporates 

the ammonia-water mixture in a Kalina cycle and preheats 

the feedwater to be entered in the humidifier of the 

desalination unit. 

The operating fluid in the Kalina cycle is a constant 

mixture of water and ammonia. However, the fluid’s mass 

ratio varies during the processes of this plant because of 

the separator. Primarily, the recovered thermal energy 

from solid oxide fuel cells enhances the ammonia-water 

fluid’s temperature in the Kalina cycle’s evaporator. After 

that, the ammonia part is separated from the water fraction 

in a separator to generate power using a Kalina turbine. 

Also, the fluid separated in the separator transfers its heat 

to the output cold mixture of the Kalina pumping system 

in a recuperator unit. Then, the two separated fractions are 

mixed again, and transfer their remnant of heat to the 

liquified natural gas cold stream in the condenser. This 

should be considered that the total mass of ammonia-water 

is always fixed in the KC, and just mass fractions vary 

during the process. Thus the composition of the fluid 

never changes, and the unit is always steady. The 

generated cooling load in this cycle is potentially utilized 

for local uses. 

In contrast, the power produced by the turbine, solid 

oxide fuel cell, and Kalina turbine is injected into the grid, 

and a part is used in the RO desalination unit. The turbines 

of the plant also generate the needed power for the pumps. 

Briefly, the solid oxide fuel cell unit produces the needed 

electricity for compressors and pumps, and excess power 

is directed to the grid. 

 

Mathematical model 

In this paper, mathematical models and 

thermodynamic investigations are needed to study the 

energy and exergy performances of the proposed poly-

generation plant. This model is being made taking the 

steady-state condition, negligible pressure drops and 

losses of heat in the pipes, and inconsiderable variations of 

the potential and kinetic energies into account as the main 

simplification assumptions. 

 

Solid oxide fuel cell unit 

As the Solid oxide fuel cell uses H2 as the main fuel, 

CH4 is fed to the steam reformer system. CH4 is reformed 

to hydrogen in this steam-reforming process, as illustrated 

in Equation (1), respectively. Then, power is produced in 

the solid oxide fuel cell by hydrogen oxidation (As 

equation (2) shows). 

𝑀𝑒𝑡ℎ𝑎𝑛𝑒 + 𝑤𝑎𝑡𝑒𝑟 ↔ 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 +

𝐶𝑎𝑟𝑏𝑜𝑛 𝑚𝑜𝑛𝑜𝑥𝑖𝑑                                                                  (1) 

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 𝑂𝑥𝑦𝑔𝑒𝑛 ↔ 𝑊𝑎𝑡𝑒𝑟                                 (2) 

The generated power of the solid oxide fuel cell  

is calculated in Equation (3): 

𝑊𝐹𝐶 = 𝑖𝐴𝑎𝑐𝑡𝑁𝑐𝑒𝑙𝑙𝑉𝑐𝑒𝑙𝑙                                                     (3) 

In this Equation, i stands for the current density, Ncell 

for several cells, Aact for activation area, and Vcell for the 

voltage of the cell. Equation (4) represents Vcell estimation 

using the reversible voltage presented by VN and voltage 

losses of Vloss.  

𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑁 − 𝑉𝑙𝑜𝑠𝑠                                                           (4) 

𝑉𝑙𝑜𝑠𝑠 = 𝜁𝑜ℎ𝑚 + 𝜁𝑎𝑐𝑡 + 𝜁𝑐𝑜𝑛𝑐                                           (5) 

Also in Equation (5), ζohm, ζact, and ζconc stands for the 

ohmic, activation, and concentration overpotentials, 

respectively. 

 

Kalina cycle unit 

As mentioned above, the heat output from the Solid 

oxide fuel cell unit is first recovered by the Kalina cycle 

and then by the desalination unit. In the first stage, the 

operating fluid Kalina cycle unit (ammonia-water) 

evaporates as the Equation (6):  

𝑚𝐺(ℎ𝑝 − ℎ𝑞) = 𝑚6(ℎ7 − ℎ6)                                       (6) 

The mG stands for the mass flow rate of the solid oxide 

fuel cell. Following separating the mixture in the separator 

(as shown in Equations (7) and (8)), power can be 

generated in the turbine (see Equation (9)).  

𝑚7ℎ7 = 𝑚8ℎ8 + 𝑚1ℎ1                                                   (7) 

𝑚7𝑋7 = 𝑚8𝑋8 + 𝑚1𝑋1                                                  (8) 

𝑊𝑡𝑢𝑟 = 𝑚1(ℎ1 − ℎ2)                                                     (9) 
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The separated liquid flows to the recuperator and gives the 

thermal energy to the mixture pumped from the condenser 

as Equation (10) states:  

𝑚8(ℎ9 − ℎ8) = 𝑚5(ℎ6 − ℎ5)                                      (10) 

This operating liquid then flows through THV1 plant 

(as shown in Equation (11)) and then mixes again with the 

turbine outlet (as shown Equation (12)). 

ℎ9 = ℎ10                                                                       (11) 

𝑚2ℎ2 + 𝑚10ℎ10 = 𝑚3ℎ3                                             (12) 

The condenser uses the waste heat from the fluid in the 

LNG stream as a low-temperature heat exchanger as 

shown in Equation (13):  

𝑚3(ℎ4 − ℎ3) = 𝑚11(ℎ13 − ℎ12)                                  (13) 

Finally, the fluid is pumped again to enhance the 

pressure and reach the evaporator as can be seen  

in Equation (14): 

𝑊𝑝𝑢𝑚𝑝 = 𝑚4(ℎ5 − ℎ4)                                                (14) 

 

Liquied natural gas plant 

The Liquied natural gas pressure is enhanced by the 

LNG pump (as shown in Equation (15)) to pass through 

the Kalina cycle condenser and become gaseous (as seen 

in Equation (13)).  

𝑊𝐿𝑁𝐺,𝑃𝑢𝑚𝑝 = 𝑚11(ℎ12 − ℎ11)                                    (15) 

The turbine used can generate more power for the RO unit 

as Equation (16) shows: 

𝑊𝐿𝑁𝐺,𝑡𝑢𝑟 = 𝑚11(ℎ14 − ℎ13)                                       (16) 

The LNG output cooling capacity can be obtained 

through the cooling plant as shown in Equation (17): 

𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑚11(ℎ15 − ℎ14)                                         (17) 

 

Desalination unit 

The primary components of the desalination plant are 

heater, humidifier, dehumidifier and RO system. The 

heater (as seen in Equation (18)) transfers the heat of the 

operating fluid, when the mass and energy transfer occurs 

in the humidifier (see Equation (19)) and the dehumidifier 

(see Equation (20)). 

𝑄𝐻 = 𝑚30ℎ30 − 𝑚29ℎ29                                              (18) 

𝑚31ℎ31 − 𝑚30ℎ30 = 𝑚𝑑𝑎(ℎ33 − ℎ32)                         (19) 

𝑚29ℎ29 − 𝑚28ℎ28 + 𝑚34ℎ34 = 𝑚𝑑𝑎(ℎ32 − ℎ33)        (20) 

mda stands for the mass flow of dry air. Based on the output 

heat content to the heat obtained through heat transfer in 

the heater, the output ratio (GOR) can be calculated as 

equation (21) states: 

𝐺𝑂𝑅 =
𝑚34ℎ𝑓9

𝑄𝐻
                                                              (21) 

Where the hf9 is the latent heat of water evaporation. 

Among the existing desalination plants, which are 

powered by electrical energy, reverse osmosis plants have 

a bright future and promising performance. Due to the ys 

as the mass fraction of salt, salinity of brine and freshwater 

are calculated by equations (22) and (23): 

𝑚20𝑦𝑠,20 = 𝑚23𝑦𝑠,23 + 𝑚24𝑦𝑠,24                                 (22) 

𝑚23𝑦𝑠,23 = 𝑚22𝑦𝑠,22 + 𝑚26𝑦𝑠,26                                 (23) 

The plant recovery ratio or ratio of fresh water to feed-

in water is considered as Equation (24): 

𝑅𝑟 =
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑓𝑒𝑒𝑑−𝑖𝑛
=

m27

m25
                                                     (24) 

Furthermore, Equation (25) estimates the bypass mass 

rate considering the mass balance in the mixer:  

𝑚21 = 𝑚26(
𝑦𝑠,26−𝑦𝑠,23

𝑦𝑠,21−𝑦𝑠,23
)                                                 (25) 

 

Exergy equations 

An exergy analysis is a very useful to understand the 

performance of components of each system in an 

integrated performance and their ability to produce 

corelative impacts. In this sense, exch stands for chemicals 

exergy and exph for the physical exergies which must be 

determined. Then the exergy destruction can be calculated 

using the exergy equilibrium equations as seen in Table 1. 

For a given substance, the ex is exergy which can be calculated 

as Equation (26): 

𝑒𝑥 = 𝑒𝑐ℎ + 𝑒𝑥𝑝ℎ                                                          (26)  

The physical exergy (As shown in Equation (27)) shows 

that the maximum physical work potential that can be 

achieved by capturing the mass flow in thermomechanical 

equilibrium with the environment while obtaining the 

chemical exergy is dependent on the mass fraction of 

Kalina operating fluid (As seen Equation (28)).  
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Table 1: Exergy input and output values for different components 

of the integrated system 

Unit Exergy equilibrium equation 

FCG 

SOFC 
𝐸𝑥𝑗

𝑐ℎ + 𝐸𝑥𝑗
𝑝ℎ

+ 𝐸𝑥𝑖
𝑐ℎ + 𝐸𝑥𝑖

𝑝ℎ

= 𝐸𝑥𝑘
𝑐ℎ + 𝐸𝑥𝑘

𝑝ℎ
+ 𝐸𝑥𝑙

𝑐ℎ + 𝐸𝑥𝑙
𝑝ℎ

+ 𝐸𝑥𝐷,𝑆𝑂𝐹𝐶  

AC 𝐸𝑥𝑐 + 𝑊𝐴𝐶 = 𝐸𝑥𝑓 + 𝐸𝑥𝐷,𝐴𝐶  

FC 𝐸𝑥𝑏 + 𝑊𝐹𝐶 = 𝐸𝑥𝑒 + 𝐸𝑥𝐷,𝐹𝐶  

WP 𝐸𝑥𝑎 + 𝑊𝑊𝑃 = 𝐸𝑥𝑑 + 𝐸𝑥𝐷,𝑝𝑢𝑚 

AP 𝐸𝑥𝑜 + 𝐸𝑥𝑓 = 𝐸𝑥𝑝 + 𝐸𝑥𝑖 + 𝐸𝑥𝐷,𝐴𝑃 

FP 𝐸𝑥𝑛 + 𝐸𝑥𝑒 = 𝐸𝑥ℎ + 𝐸𝑥𝑜 + 𝐸𝑥𝐷,𝐹𝑃 

WP 𝐸𝑥𝑚 + 𝐸𝑥𝑑 = 𝐸𝑥𝑔 + 𝐸𝑥𝑛 + 𝐸𝑥𝐷,𝑊𝑃 

Mix 𝐸𝑥𝑔 + 𝐸𝑥ℎ = 𝐸𝑥𝑗 + 𝐸𝑥𝐷,𝑚𝑖𝑥 

AB 𝐸𝑥𝑘 + 𝐸𝑥𝑙 = 𝐸𝑥𝑚 + 𝐸𝑥𝐷,𝐴𝐵 

KC 

EVA 𝐸𝑥𝑝 + 𝐸𝑥6 = 𝐸𝑥𝑞 + 𝐸𝑥7 + 𝐸𝑥𝐷,𝐸𝑉𝐴 

SEP 𝐸𝑥7 = 𝐸𝑥1 + 𝐸𝑥8 + 𝐸𝑥𝐷,𝑆𝐸𝑃 

TUR 𝐸𝑥1 = 𝐸𝑥2 + 𝐸𝑥𝑇𝑢𝑟 + 𝐸𝑥𝐷,𝑇𝑢𝑟 

RECUP 𝐸𝑥8 + 𝐸𝑥5 = 𝐸𝑥9 + 𝐸𝑥6 + 𝐸𝑥𝐷,𝑅𝐸𝐶𝑈𝑃 

THV1 𝐸𝑥9 = 𝐸𝑥10 + 𝐸𝑥𝐷,𝑇𝐻𝑉1 

Pum 𝐸𝑥4 + 𝑊𝑝𝑢𝑚𝑝 = 𝐸𝑥5 + 𝐸𝑥𝐷,𝑝𝑢𝑚 

WH 𝐸𝑥3 + 𝐸𝑥12 = 𝐸𝑥4 + 𝐸𝑥13 + 𝐸𝑥𝐷,𝑐𝑜𝑛 

LNGC 

Tur 𝐸𝑥13 = 𝐸𝑥14 + 𝑊𝑇𝑢𝑟 + 𝐸𝑥𝐷,𝑇𝑢𝑟 

CU 𝐸𝑥13 = 𝐸𝑥14 − 𝐸𝑥𝑄,𝑣𝑎𝑝 + 𝐸𝑥𝐷,𝑐𝑜𝑛 

Pum 𝐸𝑥11 + 𝑊𝑝𝑢𝑚 = 𝐸𝑥12 + 𝐸𝑥𝐷,𝑝𝑢𝑚 

HDH-RO 

HUM 𝐸𝑥30 + 𝐸𝑥33 = 𝐸𝑥31 + 𝐸𝑥32 + 𝐸𝑥𝐷,𝐻𝑈𝑀 

DHUM 𝐸𝑥32 + 𝐸𝑥28 = 𝐸𝑥33 + 𝐸𝑥29 + 𝐸𝑥𝐷,𝐷𝐻𝑈𝑀 

ROM 𝐸𝑥20 = 𝐸𝑥23 + 𝐸𝑥24 + 𝐸𝑥𝐷,𝑅𝑂 

LPP 𝐸𝑥16 + 𝑊𝐿𝑃𝑃 = 𝐸𝑥17 + 𝐸𝑥𝐷,𝐿𝑃𝑃 

HPP 𝐸𝑥19 + 𝑊𝐻𝑃𝑃 = 𝐸𝑥20 + 𝐸𝑥𝐷,𝐻𝑃𝑃 

PTu 𝐸𝑥24 = 𝐸𝑥25 + 𝑊𝑃𝑇𝑈 + 𝐸𝑥𝐷,𝑃𝑇𝑈 

THV2 𝐸𝑥21 = 𝐸𝑥22 + 𝐸𝑥𝐷,THV2 

THV3 𝐸𝑥26 = 𝐸𝑥27 + 𝐸𝑥𝐷,THV3 

 

𝑒𝑥𝑝ℎ = (ℎ − ℎ0) + 𝑇0(𝑠 − 𝑠0)                                    (27) 

𝑒𝑥𝑐ℎ = [
𝑒𝑐ℎ

−0,𝑁𝐻3

𝑀𝑁𝐻3

] 𝑦 + [
𝑒𝑐ℎ

−0,𝐻2𝑂

𝑀𝐻2𝑂
]                                     (28) 

Equation (29) provides the share of the kth component 

in the overall exergy destruction rate. 

𝑌𝑘
∗ =

𝐸𝑥𝐷,𝑘

𝐸𝑥𝐷,𝑡𝑜𝑡
                                                                   (29) 

Finally, the total performance must be estimated  

to determine the efficiency of the system and compare it 

with other suggested plants (see Equations (30) and (31)). 

𝜂𝑒𝑛 =
𝑊𝑔𝑟𝑖𝑑+𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔+𝑚𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟ℎ𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟

𝑄𝑖𝑛
                 (30) 

𝜂𝑒𝑥 =
𝑊𝑔𝑟𝑖𝑑+𝐸𝑥𝑐𝑜𝑜𝑙𝑖𝑛𝑔+𝐸𝑥𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟

𝐸𝑥𝑖𝑛
                               (31) 

 

Optimization method 

Using the following algorithm called firefly, the 

optimum point of the decision parameters is calculated 

(see Fig. 2). 

{“Objective function f(x), x=(x1,…, xd)T 

Generate initial population of fireflies xi (i=1, 2, 3,.., n 

Light intensity Ii at Xi is determined by f(xi) 

Define light absorption coefficient γ 

While (t<maxGeneration) 

For i=1; n all n fireflies 

   For j=1; I all n fireflies 

        If (Ij>Ii), move firefly i towards j in d-dimension; end if 

         Attractiveness varies with distance r via exp[-γr] 

         Evaluate new solutions and update light intensity  

   End for j 

End for i 

Rank the fireflies and find the current best 

End while 

Post-process results and visualization.” 

The Pseudocode of the firefly optimization Algorithm (FO)} 

 

The optimization method is implemented on the plant 

using the mentioned algorithm. This method includes 

Exergy efficiency, energy efficiency, and other technical 

parameters of the condensing system (see Table 2). 

Moreover, the results of this optimization are compared 

with other studies that implemented a Genetic Algorithm 

(GA) (see table 3). The validation in this study is done by 

comparing the results of the simulation with other papers. 

The results are compared to the results of the Abbassi et al. 

to compare the results of the FO optimization process with 

the other optimization algorithms (GA).   

 

RESULTS AND DISCUSSION 

Data validation 

This section compares the modeling results for each 

subsystem with several sources in Table 3[19, 25, 36]. For 

the hydrogen production subsystem, the conversion 

percentage of methane and carbon dioxide and the amount 

of hydrogen production have been validated by Abbassi et al. 

in the molar ratio of water vapor to carbon equal to 1.32,  

the molar ratio of carbon dioxide to methane equal to 

0.98[45]. Also, the results of performance parameters of gas 

turbine system - modular helium reactor and absorption 
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Fig. 2: Firefly Algorithm schematics 

 

refrigeration cycle have been validated by Abbassi et al. [19]. 

The results show a good agreement between the 

parameters calculated in the present work and valid 

sources. 

 

Results 

According to the optimization methods mentioned in 

the previous section and considering the range of 

thermodynamic variables in Table 1, the optimal 

performance parameters of the energy analysis and exergy 

of the system are presented in Table 4. Decision variables 

and objective functions are compared with the baseline 

model. According to the results obtained in the multi -  

Table 2: Optimization variables considered in the optimization 

process 

Variable Range Variable Range 

Tj [850-950] S/C [2.0-3.0] 

Aact [0.005-0.015] T11 [90-130] 

PPTDKC,Recup [6-30] P11 [60-120] 

W/A [2.2-2.4] rLNG [9-15] 

TTDHeater [4-20] PPTDCon [6-30] 

T28 [295.6-301.2] TTDCon [6-30] 

  A/W [0.5-0.8] 

 

Table 3: Simulation results compared with the results [19] 

Variable This paper Abbassi et al. Error 

Tj 897.29 900 0.3% 

Aact 0.01 0.01 0.0% 

PPTDKC,Recup 9.82 10 1.8% 

W/A 2.26 2.333 3.1% 

TTDHeater 4.93 5 1.4% 

T28 297.28 298.15 0.3% 

S/C 2.5 2.5 0.0% 

T11 113.31 111.15 1.9% 

P11 101.05 101.325 0.3% 

rLNG 11.82 25 1.5% 

PPTDCon 24.1 25 3.6% 

TTDCon 24.85 25 0.6% 

A/W 0.72 0.7 2.9% 

 

objective optimization method, the energy efficiency  

and exergy of the multiple production systems compared 

to the base model have been improved by 1.57 and 0.7%, 

respectively, and reached 74.41 and 50.21%, respectively. 

Other results from other optimization methods are shown 

in Tables 4-6. 

Table 5 shows the values of exergy destruction, 

exergy destruction ratio, and exergetic efficiencies  

in various optimal modes for each component of  

the overall system compared to the baseline model. 

According to the optimal mode types for each 

component, the share of reactor exergy destruction due 

to heat transfer and internal nuclear  reactions is the 

highest. In the multi-objective optimization model, the 

base mode value is reduced to 1.38%. Also, the exergy 

destruction of the whole system in the multi-objective 

optimization model has been reduced by 0.74% 

compared to the base model. 
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Table 4: Optimum and technical inputs estimated for calculation of final results 

Parameter  Parameter  

Tj 897.29 S/C 2.5 

FUF 84.38 ɳFC 84.67 

i 5534.89 ɳAC 85.06 

Aact 0.01 ΔPSOFC 2.01 

Ncell 54692.12 ΔPHX 1.98 

Ne 2.01 ΔPAB 3.03 

iexc,an 6478.46 T11 113.31 

iexc,ca 2524.86 P11 101.05 

Difan 1.90E-05 rLNG 11.82 

Difca 4.90E-06 PPTDCon 24.1 

tan 4.90E-05 TTDCon 24.85 

tca 5.20E-05 A/W 0.72 

tele 1.07E-03 P1 3018.55 

tint 2.90E-03 T7 384.3 

T4 292.57 ɳKC,Tur 85.38 

PPTDKC,Recup 9.82 ɳKC,pum 75.18 

ɳHPP 90.53 ɳPelton,Tur 79.53 

ɳLPP 87.2 RRO 0.55 

MSR 0.98 T28 297.28 

FWS 34850.02 T30 353.81 

W/A 2.26 TTDHeater 4.93 

T31 299.04 ɳDHUM 84.28 

ɳHUM 84.4 ωa 93 

 

Table 5: Optimized results of the Energy analysis 

State T (K) P (kPa) n (mol/s) Mole fraction percentage 

    CH4 H2O H2 CO CO2  O2 N2 

a 298.09 101.16 6.46 0 100 0 0 0 0 0 

b 298.09 101.16 2.44 100 0 0 0 0 0 0 

c 298.09 121.76 194.65 0 0 0 0 0 21.5 78.5 

d 298.09 121.8 6.46 0 100 0 0 0 0 0 

e 312.35 121.8 2.44 100 0 0 0 0 0 0 

f 313.51 118.63 194.65 0 0 0 0 0 20.61 79.39 

g 900.26 118.63 6.46 0 100 0 0 0 0 0 

h 900.26 118.63 2.44 100 0 0 0 0 0 0 

i 900.26 118.63 194.65 0 0 0 0 0 20.78 79.22 

j 900.26 115.83 8.86 27.8 72.2 0 0 0 0 0 

k 955.86 115.83 14.08 0 71.17 10.69 1.44 16.7 0 0 

l 955.86 113.11 191.62 0 0 0 0 0 19.4 80.6 

m 1015.75 110.99 203.24 0 5.63 0 0 1.29 17.6 75.48 

n 943.42 108.12 203.24 0 5.63 0 0 1.29 17.6 75.48 

o 934.05 106.14 203.24 0 5.63 0 0 1.29 17.6 75.48 

p 394.23 106.14 203.24 0 5.63 0 0 1.29 17.6 75.48 

q 383.75 106.14 203.24 0 5.63 0 0 1.29 17.6 75.48 
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Table 6: Optimized results of the energy analysis 

 Fluid Composition T(K) P(kPa) Ex(kW) m(kg/s) 

1 A/W=98.9% 367.32 2983.3 1064.87 0.054 

2 A/W=98.9% 319.14 1094.03 1044.9 0.054 

3 A/W=72% 322.86 1081.22 2962.96 0.216 

4 A/W=72% 315.39 1085.77 2941.89 0.216 

5 A/W=72% 315.92 3017.4 2970.83 0.216 

6 A/W=72% 349.97 2984.82 2927.82 0.216 

7 A/W=72% 368.25 2984.74 2964.84 0.216 

8 A/W=59% 370.01 3029.55 1895.55 0.162 

9 A/W=59% 324.26 2992.64 1923.22 0.162 

10 A/W=59% 380.09 1089.3 1783.68 0.162 

11 CH4= 90.4%, C2H6= 5.4%, C3H8= 4.0%, N2= 0.2% 111.25 100.35 21489.47 0.082 

12 CH4= 90.4%, C2H6= 5.4%, C3H8= 4.0%, N2= 0.2% 111.18 1214.85 21539.29 0.082 

13 CH4= 90.4%, C2H6= 5.4%, C3H8= 4.0%, N2= 0.2% 295.71 1196.34 21803.44 0.082 

14 CH4= 90.4%, C2H6= 5.4%, C3H8= 4.0%, N2= 0.2% 242.44 448.3 21728.43 0.082 

15 CH4= 90.4%, C2H6= 5.4%, C3H8= 4.0%, N2= 0.2% 282.23 453.29 21784.89 0.082 

16 FWS=36,861ppm 320.54 100.85 11.99 10.56 

17 FWS=36,861ppm 320.54 645.59 13.43 10.56 

18 FWS=36,861ppm 320.54 627.73 30.26 10.56 

19 FWS=36,861ppm 320.54 603.71 30.26 10.56 

20 FWS=36,861ppm 320.54 6055.45 30.26 10.56 

21 FWS=36,861ppm 320.54 629.76 34.45 0.018 

22 FWS=36,861ppm 320.54 178.41 42.79 0.018 

23 Desalinated water 350 ppm 320.54 180.16 44.85 6.778 

24 Brine water 81,250 ppm 320.54 5065.09 48.99 3.781 

25 Brine water 81,250 ppm 320.54 100.48 53 3.781 

26 Freshwater 450 ppm 320.54 179.36 11.99 6.796 

27 Freshwater 450 ppm 320.54 100.78 13.43 6.796 

28 FWS=34,850 ppm 298.04 101.77 0 11.248 

29 FWS=34,850 ppm 329.69 100.71 20.6 11.248 

30 FWS=34,850 ppm 352.42 101.95 56.14 11.248 

31 RO feedwater 36,861 ppm 320.54 100.85 8.94 10.56 

32 Humid air, ωa = 93% 334.28 101.75 35.9 4.808 

33 Humid air, ωa = 93% 313.21 101.8 2.1 4.808 

34 Pure water 324.13 101.66 1.17 0.562 

TOTAL brine water 44,327 ppm 315.28 100.52 1 3.781 

TOTAL freshwater 356 ppm 297.69 101.36 1 7.358 

 
Fig. 3: Energy flow diagram 

 

Figs. 3 and 4 show the exergy and energy flow of the 

subsystems. 

 
Fig. 4: Exergy flow diagram 

 

Figs. 5 and 6 presets the exergy destruction for 

different parts of the system in the aforementioned   
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Fig. 5: Exergy destruction rate of each component in 

system 

 

 
Fig. 6: Exergy destruction of each subsystem in plant 

 

 

Fig. 7. Net energy output of each subsystem in different LNG 

pump pressure ratio 

 

configurations. The highest total exergy destruction was 

observed in the system with LNG system. Then Kalina 

cycle, while for the water preheating case, the most 

destruction was detected in the collector. The collector 

and humidifier exhibited the highest exergy destruction 

for the air-water preheating case.   

Fig. 8 shows the effect of humidifier inlet water 

 
Fig. 8: Water production to Exergy destruction of RO-HDH 

ratio in different LPP Pressure ratio 

 

 
Fig. 9: Water production to Exergy destruction of RO-HDH ratio in 

different RO feedwater temperature 

 

temperature on the humidification exergy efficiency for 

the three studied configurations. It can be easily concluded 

that exergy efficiency increased with the inlet water  

temperature of the humidifier. This behavior could be due 

to the higher vapor absorption ability at higher 

temperatures. Moreover, exergy efficiency in the air 

preheating case was lower than in the other cases.   

Fig. 10 shows the actual voltage changes of the fuel cell 

with current density. Increasing the current density reduces 

the actual voltage due to all the voltage drops inside the 

fuel cell. Fig. 11 shows the effect of the change in current 

density on the cycle's net power and the Gax cycle's 

cooling cycle. By increasing the current density and 

decreasing voltage, the production capacity of the fuel cell 

increases. On the other hand, the amount of hydrogen 

consumption in the fuel cell increases, and as a result, 

the flow of fuel and air entering the cycle and the power 

consumption of the compressors and the production 

capacity of the gas turbine increase. Finally, according  

to Fig. 5, the net output power of the cycle increases. Due to 

the increase in temperature and flow of turbine exhaust 
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Fig. 10: Power to grid in different SOFC operting temperatures 

(in K) and currents (mA/cm2) 

 

 
Fig. 11: Feedwater in different SOFC operting temperatures 

(in K) and currents (mA/cm2) 

 

gases, the amount of refrigeration produced in  

the evaporator increases. The energy efficiency changes 

 of the proposed cycle with the current density are plotted 

in Figs. 12 and 13. According to this Fig., the cycle 

efficiency increases as the current density increases. 

Increasing the current density reduces the SOFC 

efficiency, which ultimately reduces the total cycle exergy 

efficiency. Besides, the increase in current density is 

accompanied by an increase in the fuel flow inlet to the 

fuel cell, which increases the mass flow rate of the smoke 

entering the HRSG, so as shown in Fig. (12), with 

increasing current density, the mass flow of steam Also 

increases. 

 

 CONCLUSIONS 

This paper introduces a new combined cycle for 

simultaneous electric power-refrigeration production by 

combining solid oxide fuel cells with the Gax adsorption 

refrigeration cycle. After reviewing the results of modeling 

this cycle, the following items can be presented as 

 
Fig. 12. Cooling Supply in different SOFC operting 

temperatures (in K) and currents (mA/cm2) 

 

 
Fig. 13: Exergy and Energy efficiency in different SOFC 

operting current density 

 

summarizing the work. By adding the gas cycle to the solid 

oxide-gas turbine fuel cell system, the heat output 

 of the gas turbine exhaust gases can be used to produce 

refrigeration so that the combined cycle's energy 

efficiency increases significantly compared to the simple 

fuel cell cycle. As the current density increases, the net 

power of the cycle, the production coldness, and the flow 

rate of the input fuel to the cycle increase simultaneously, 

so that due to the greater increase in the useful output  

of the cycle, the energy efficiency increases with 

increasing current density. Increasing the operating 

temperature of the fuel cell causes the cycle efficiency  

to decrease first and then increase. Despite the increasing 

ambient temperature, the combined cycle's energy 

efficiency increases despite the decrease in system 

production capacity. 

 

Nomenclature 

FCG Fuel cell group 

SOFC solid oxide fuel cell 
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AC Air compressor  

FC Fuel compressor 

WP Water pump 

AP Air preheater 

FP Fuel preheater 

WP Water preheater 

Mix Mixer 

AB Afterburner 

KC Kalina cycle 

EVA Evaporator 

SEP Separator 

TUR Turbine 

RECUP Recuperator  

THV Throttle valve 

MED Multi-Effect Desalination 

GT Gas Turbine 

WSOFC Output power of SOFC (W) 

Vloss Voltage losses (V) 

Vcell Cell’s voltage (V) 

VN Reversible voltage (V) 

Aact Activation area (m2) 

ζconc Concentration overpotential (V) 

ex Exergy(Kw) 

m Mass flow(kg/s) 

X Mass fraction 

T Temperature(K) 

h Enthalpy (kJ/kg) 

s Entropy (kJ/kg.K) 

t Thickness (m) 

an anode 

ca cathode 

exc exchange 

ele Electrolyte 

int Interconnect 

S/C Steam-to-carbon ratio 

FWS Feedwater salinity (ppm) 

ω Relative humidity (%) 

W/A Water-to-air mass flow ratio 

Pum Pump 

WH Water heater 

LNGC LNG cooling 

CU         Cooling unit  

HDH humidification-dehumidification 

HUM Humidifier 

DHUM Dehumidifier 

ROM RO module 

LPP Low pressure pump 

HPP high pressure pump 

PTu Pelton turbine 

LNG Liquefied natural gas 

GOR gained output ratio 

RO Reverse osmosis 

TEG Thermoelectric generator 

PEMFC Proton Exchange Membrane Fuel Cell 

OWCA Open Water Close Air 

CPVT Concentrated Photovoltaic Thermal 

ys Mass fraction of salt 

Rr Recovery ratio 

Ncell Number of cells 

i Current density (A/m2) 

ζohm Ohmic overpotential (V) 

ζact Activation overpotential (V) 

ph physical 

ch chemical 

Q Heat (kW) 

P Pressure(kPa) 

FUF Fuel utilization factor (%) 

Ne Number of electrons 

Dif Effective gaseous diffusivity (m2/s) 

ɳ Efficiency 

ΔP Pressure drop (%) 

HX Heat exchanger 

r Pump pressure ratio 

PPTD Pinch point temperature difference (K) 

TTD Terminal temperature difference (K) 

A/W Ammonia-water mass fraction 

RRO Recovery ratio of RO unit 

MSR Membrane salt rejection ratio 
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