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Abstract

:

Due to the increase in energy consumption and energy prices, the reduction in fossil fuel resources, and increasing concerns about global warming and environmental issues, it is necessary to develop more efficient energy conversion systems with low environmental impacts. Utilizing fuel cells in the combined process is a method of refrigeration and electricity simultaneous production with a high efficiency and low pollution. In this study, a combined process for the tri-generation of electricity, medium pressure steam, and liquid carbon dioxide by utilizing a molten carbonate fuel cell, a dual pressure Linde-Hampson liquefaction plant and a heat recovery steam generator is developed. This combined process produces 65.53 MW of electricity, 27.8 kg/s of medium pressure steam, and 142.9 kg/s of liquid carbon dioxide. One of the methods of long-term energy storage involves the use of a carbon dioxide liquefaction system. Some of the generated electricity is used in industrial and residential areas and the rest is used for storage as liquid carbon dioxide. Liquid carbon dioxide can be used for peak shavings in buildings. The waste heat from the Linde-Hampson liquefaction plant is used to produce the fuel cell inlet steam. Moreover, the exhaust heat of the fuel cell and gas turbine would be used to produce the medium pressure steam. The total efficiency of this combined process and the coefficient of performance of the refrigeration plant are 82.21% and 1.866, respectively. The exergy analysis of this combined process reveals that the exergy efficiency and the total exergy destruction are 73.18% and 102.7 MW, respectively. The highest rate of exergy destruction in the hybrid process equipment belongs to the fuel cell (37.72%), the HX6 heat exchanger (8.036%), and the HX7 heat exchanger (6.578%). The results of the sensitivity analysis show that an increase in the exit pressure of the V1 valve by 13.33% would result in an increase in the refrigeration energy by 2.151% and a reduction in the refrigeration cycle performance by 9.654%. Moreover, by increasing the inlet fuel to the fuel cell, the thermal efficiency of the whole combined process rises by 18.09%, and the whole exergy efficiency declines by 12.95%.
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1. Introduction


Fuel cells are one of the suitable alternatives to conventional power generation technologies from fossil fuels. They have been of interest to many researchers in recent years due to their low pollution and high performance [1]. Molten carbonate fuel cells (MCFC), as well as solid oxide fuel cells, are high-temperature fuel cells. The exhaust gases from them can be used in devices such as gas turbines and heat recovery steam generators (HRSG) [2]. Various studies on the modeling of MCFCs have been performed. The complexity of the studied models ranges from simple and brief models to more complex 3-dimensional models of fuel cells [3]. Haghighat et al. [4] analyzed a hybrid MCFC and a gas turbine unit by an external reforming reaction from an economical, technical, environmental, and optimization point of view. The output of the exergy assessment in the optimal state showed that the exergy efficiency increased by up to 51.7%. Mamaghani et al. [5] evaluated the technical, economical, and environmental aspects of an integrated plant with an MCFC, a gas turbine, and an organic Rankine power generation unit by the internal reforming reaction. Inlet fuel to the fuel cell was considered to be pure methane with a heating value of 50 MJ/kg. The results of the optimization showed that the exergy efficiency increased by up to 54.9%. Marefati et al. [6] performed an exergy analysis of a hybrid structure for the cogeneration of heat and power which consisted of an MCFC, a thermoelectric generator, a gas turbine, and solar collectors. The results of the energy analysis by the HYSYS package and the MATLAB programming showed an increase of 64.93% and 31.57% in the total performance and the electrical performance of the developed hybrid unit, respectively. Furthermore, the exergy efficiency and exergy destruction of the hybrid plant were found to be 41.2% and 59.12%, respectively.



Ahmadi et al. [7] conducted a multi-objective optimization of a hybrid electricity generation unit employing a MCFC and a Braysson cycle. To do so, they investigated several parameters of the integrated structure such as the flow density of the fuel cell, the gas turbine inlet temperature, and the effect of the heating part which transfers heat to the electricity generation cycle. Ahmadi et al. [8] optimized a freshwater production hybrid structure by combining the MCFC, a Stirling engine, and reverse osmosis water desalination. They implemented two methods of optimization for analyzing and improving the performance of the developed system. The selection of the final results from the obtained Pareto fronts was completed using the genetic algorithm and three well-known methods, namely, the fuzzy, LINMAP, and TOPSIS methods. Jokar et al. [9] investigated a multi-objective optimization of the hybrid structure for the generation of electricity and heat combining the MCFC and carbon dioxide (CO2) power generation unit (Brayton supercritical CO2 unit). The final results were selected by three well-known methods, namely, the fuzzy, LINMAP, and TOPSIS methods, from the Pareto fronts obtained by the genetic algorithm. Ryu et al. [10] developed three hybrid electricity generation structures using the outlet gases from the MCFCs at different positions of the supercritical CO2 power generation cycle. The output of the economic assessment revealed that the use of the supercritical carbon dioxide cycle in the MCFC ventilation unit is more affordable when the heating costs less than USD 28 per kilocalorie and the heat exchanger cost is less than USD 100 per kW. Haghighat et al. [11] carried out a thermodynamic, economic, and environmental assessment of an integrated plant of the MCFC, power generation cycle, refrigeration cycle, and the desalination unit. The developed hybrid structure produced 1439 kW of electricity, 132.8 kW of refrigeration, 550.9 kW of heat, and 356.7 kg/h of freshwater. The output of the optimization assessment showed that energy and exergy efficiencies increased from 47% to 51.9% and 48.7% to 79.9%, respectively. The simplified models estimate the performance of the fuel cell with moderate accuracy while the complex models require lots of iterative loops that extend the computation time. Therefore, developing an accurate model with a reasonable response speed and reliable results is one of the goals of many researchers [12]. Carrette et al. [13] studied the principles and applications of fuel cells by emphasizing the benefits of fuel cells compared to conventional techniques. Then, different types of fuel cells and a comparison between the theoretical efficiency and the actual efficiency of fuel cells with combustion engines was discussed. Rashidi et al. [14] reviewed the performance of a hybrid system including the turboexpander and the MCFC installed in Toronto, Canada. The thermodynamic analysis of the system revealed that the energy efficiency of the whole system was 60%. Kang et al. [15] simulated an integrated system including the molten carbonate fuel cell and investigated the influence of key parameters on plant efficiency. The results showed that to increase the efficiency of the MCFC’s system, its heat waste should be utilized in other energy systems. Moreover, the influence of the size and the operating conditions of the systems had little effect on their efficiency.



Carbon dioxide has better physical properties than air for storage since it has a critical temperature and pressure of 31 °C and 37.37 MPa, respectively. Therefore, liquid CO2 can be used as a working fluid in energy storage structures [16,17]. Aliyon et al. [18] investigated CO2 liquefaction units by several methods, such as the utilization of the vapor compression refrigeration cycle, the water–ammonia absorption refrigeration unit, and the Linde-Hampson refrigeration cycles. The simulation results revealed that the performance coefficient was the lowest (0.537) for the water–ammonia absorption refrigeration unit and was the highest (2.617) for the compression refrigeration cycle. Xu et al. [16] developed two combined power generation systems for peak hours by liquefying carbon dioxide and air. Solar collectors were used to heat the CO2 liquefaction unit. The round trip and exergy efficiencies of the CO2 liquefaction unit were 45.35% and 67.2%, respectively. Shakib et al. [19] utilized the waste heat from a gas turbine to produce steam in the HRSG system. This steam was implemented in the multi-stage flash distillation. Then they optimized the main parameters of the developed hybrid system by the genetic algorithm and particle swarm optimization. With these optimization algorithms, the exergy efficiency of the developed integrated structure increased from 3.5% to 4%. Moreover, Hosseini et al. [20] performed exergy, economic, and risk analyses on a freshwater production integrated structure using a gas turbine to produce steam in the HRSG system and the multi-stage flash distillation. Akrami et al. [21] performed exergy and exergoeconomic analyses of three power and CO2 generation integrated structures using a new hybrid cycle of biomass gasification, a gas turbine, a MCFC, an organic Rankine unit, and a CO2 separation and liquefaction unit. The results of the exergy assessment of the three hybrid structures revealed that the maximum value of exergy efficiency of the entire integrated unit and its specific power consumption parameters were 43.95% and 854.9 kgCO2/MWh, respectively. Ebrahimi-Moghadam et al. [22] investigated a combined structure for the cogeneration of power and heat in a residential complex using the Kalina power cycle and a gas turbine. The simulation results showed that the thermal efficiency, exergy efficiency, and period of return were 69.43%, 37.90%, and 3.34 years, respectively. Shokouhi Tabrizi et al. [23] applied a CO2 recompression Brayton unit and solar collectors in a city gas station to preheat the natural gas and generate power. The results showed that the exergy efficiency and period of return were 41% and 4 years, respectively. Ebrahimi-Moghadam et al. [24] investigated a hybrid configuration for the tri-generation of power, cooling, and heat by the Kalina unit and the ejector refrigeration plant and a regenerative turbine system. The simulation results revealed that the thermal, electrical, and exergy efficiencies were 36.55%, 37.87%, and 38.85%, respectively. Ghorbani et al. [25] investigated a new liquid CO2 cryogenic energy storage system for peak shaving by a post-combustion structure, a Linde-Hampson liquefaction unit, an organic Rankine, and gas turbine plants. Pinch, exergy, and sensitivity analyses were used to evaluate the developed integrated structure. Ebrahimi-Moghadam et al. [26] proposed a novel integrated structure for the cogeneration of the power and heat required by the gas pressure drop station. The simulation results revealed that the thermal and exergy efficiencies were 42.51%, and 38.17%, respectively. Ebrahimi-Moghadam et al. [27] evaluated a novel hybrid system for the trigeneration of power, cold, and heat using a gas turbine, a Kalina power production unit, and ejector systems. The combined process produced 1025.9 kW of power, 1642.3 kW of heat, and 304.9 kW of cooling.



There are some studies in the literature that suggest useful guidelines to enhance the efficiency of cogeneration systems. In fact, the principal purpose of the reported investigations is to optimize the necessary thermal energy, generated electricity, and economic prices of the process and finally to decrease the negative environmental impacts. To the best of our knowledge, no systematic investigation has been conducted in relation to the use of the waste heat and electricity generated in fuel cell systems in the CO2 liquefaction industry. In this study, an integrated structure for the tri-generation of electricity, steam, and liquid carbon dioxide is developed using a molten carbonate fuel cell, a dual pressure Linde-Hampson liquefaction plant, and a heat recovery steam generator. Energy, exergy, and sensitivity assessments are employed to investigate the thermodynamic laws and the main parameters of the combined system. After compression and preheating, the liquid CO2 can be used for peak shaving in industrial and residential areas.




2. Process Description


Fuel cells are a competitive alternative to conventional power generation technologies from fossil fuels due to their low pollution and high efficiency, especially in small-scale and scattered power generation [28]. The MCFCs are kind of high-temperature fuel cell which have many advantages but have received less attention. The high operating temperature of this type of fuel cell makes it compatible with different fuels. On the other hand, the high heat generated by the fuel cell can be recovered for heating applications [29]. In MCFCs, hydrogen is delivered to the anode and the cathode receives carbon dioxide and air to produce heat and electricity due to chemical reactions within the fuel cell. Since the MCFC operates at high temperatures, different hydrocarbon fuels can be used. Before the injection of hydrocarbon fuels, a reformer can be used to convert hydrocarbons to hydrogen using water vapor. Due to the endothermic reaction of the reformer, the heat required for this reaction is provided by electrochemical reactions inside the fuel cell. In the developed MCFC unit, the chemical energy of the natural gas is converted to power. The block diagram for the production of liquid CO2, electricity, and medium pressure steam using a molten carbonate fuel cell, a Linde-Hampson liquefaction plant, and a HSRG is illustrated in Figure 1. This combined configuration produces 65.53 MW of electricity, 27.80 kg/s of medium pressure steam, and 142.9 kg/s of liquid carbon dioxide.



The natural gas (stream A29) at a 25 °C temperature, 2.5 bar pressure and a 4.202 kg/s flow rate is mixed with the A28 steam stream and enters the reformer through stream A31 after it has been preheated in the HX5 heat exchanger by the return stream from the reformer. The required heat for generating the A28 vapor stream is provided by the high-temperature outflow from the C2 compressor located in the dual pressure Linde-Hampson liquefaction plant. In the reformer, an approximate amount of the methane of stream A31 reacts to produce the hydrogen required for the anode pole reaction. The outflow from the reformer (stream A32) enters the anode pole after transferring heat to the reformer inflow in the HX5 heat exchanger and produces electrons during the reaction with the carbonate ion. The process flow diagram of the combined configuration for the tri-generation of liquid carbon dioxide, electricity, and medium pressure steam using the molten carbonate fuel cell, a liquefaction plant, and a HSRG is presented in Figure 2.



The outflow from the anode is mixed with the A4 return flow and enters the catalytic burner through stream A36 so that its entire CO is converted to CO2. Air is compressed in the C2 compressor and then it is mixed with the outflow from the catalytic burner and enters the cathode. In the cathode, carbonate ions are produced due to a combination of carbon dioxide and oxygen to maintain the electrolyte concentration. The carbonate ion is carried from the cathode to the anode via the electrolyte. In the integrated structure, the carbonate ion is separated from the cathode outflow with a splitter and enters the anode pole. Part of the fuel cell outflow is used as a return flow to be combined with the outflow from the anode to enter the catalytic burner, and the rest enters the T1 gas turbine through stream A47 and produces 40.02 MW of electricity.



The A48 outflow of the gas turbine enters the economizer and the evaporator with a temperature of 461.4 °C to produce 27.8 kg/s of steam at the temperature of 182.7 °C and 10 bar pressure. The outflow from the evaporator then enters the environment at a temperature of 92.22 °C. The reactions that occur at the MCFC are listed below.



	
Cathode side reaction [30]:


    CO  2  + 0.5  O 2  + 2  e −  →   CO  3  2 −   ,  



(1)







	
Anode side reaction [11]:


    CO  3  2 −   +  H 2  →  H 2  O +   CO  2  + 2  e −  ,  



(2)







	
The overall reaction [31]:


   H 2  + 0.5  O 2  →  H 2  O + Electricity + Heat ,  



(3)










To evaluate the true output voltage of the fuel cell, an appropriate electrochemical modeling of the fuel cell is required [32,33].


    V  c e l l   =  E  e q   −  η  a c t   −  η  c o n c   −  η  o h m    ,  



(4)






   E  e q   =  E 0  +   R T   2 F   ln  {     P   H 2     P  C  O  2 , C        P   O 2         P   H 2  O    P  C  O  2 , a        }   



(5)






   η  a n   = 2.27 ×   10   − 9    e   (     E  a c t , a n     R T    )       (   P   H 2     )    − 0.42      (   P  C  O 2     )    − 0.17      (   P   H 2  O    )    − 1    



(6)






    η  c a t   = 7.505 ×   10   − 10    e   (     E  a c t , c a t     R T    )       (   P   O 2     )    − 0.43      (   P  C  O 2     )    − 0.009    ,  



(7)






    η  o h m   = 0.5 ×   10   − 4    e   (  3016  (   1 T  −  1  923    )   )     ,  



(8)






   i =   Z  n e  F   N  A  c e l l      ,  



(9)






    P  M C F C   = α × N ×  A  c e l l   × i ×  V  c e l l    ,  



(10)







Note that the reformer is applied to convert natural gas to the required hydrogen for the reactions of the molten carbonate fuel cell, so that based on the reactions with steam, CH4 is converted to CO2 and H2 [6].



	
Steam reforming reaction:


    CH  4  +  H 2  O ↔ CO + 3  H 2  ,  



(11)







	
Water-gas shift reaction:


  CO +  H 2  O ↔   CO  2  +  H 2  ,  



(12)







	
The overall reaction:


    CH  4  + 2  H 2  O ↔   CO  2  + 4  H 2   



(13)










Rxn Heat: 1.647 × 105 kJ/kmol.



Information on the structure of the MCFC system is given in [6]. Stream A1, which contains 97 mol % of carbon dioxide, enters the C2 compressor, and its pressure rises by 19.70 bar. Then stream A2 enters the HX4 heat exchanger with a temperature of 281.6 °C and provides the required heat to the steam entering the reformer. The discharged A3 stream is in a two-phase state and by the D2 flash drum, most of the carbon dioxide impurity is extracted in liquid form. The carbon dioxide flow is mixed with the A25 return stream and enters the C3 compressor through stream A6 at a temperature of 19.73 °C, 19.70 bar pressure, and a 179.6 kg/s flow rate, and its pressure increases by 39 bar.



The outflow of the C3 compressor goes to the HX1 heat exchanger and its temperature is reduced by 32 °C before it enters the D3 flash drum. The gas stream extracted from the top of the D3 flash drum is mixed with the A20 return stream and enters the C4 compressor through stream A12 and its pressure increases by 100 bar. The outflow of the C4 compressor enters the HX2 heat exchanger so that its temperature is reduced by 35 °C before it enters the HX3 heat exchanger and its temperature is reduced by the return cold flow. Stream A15 coming out of the heat exchanger goes to the V1 valve and with a pressure drop of 39 bar, its temperature decreases by 3.323 °C and stream A16 enters the D4 flash drum. The gas flow coming out of the D4 flash drum is used to chill the HX3 heat exchanger and then as a return flow, it is mixed with the carbon dioxide which has entered the second part. The liquid carbon dioxide outflow of the D4 flash drum goes to the V2 pressure reducing valve and its pressure decreases to 19.70 bar. With the decrease in the pressure, the carbon dioxide flow would be in a two-phase state. Stream A22 enters the D5 flash drum and the gas stream coming out of the top of the D5 flash drum is used to cool the HX3 heat exchanger and as a return flow, it blends with the CO2 which has entered the first part. The liquid CO2 flow from the bottom of the D5 flash drum is stored as the final product. More theory and background information on the Linde-Hampson liquefaction plant can be seen in [18].




3. Exergy Analysis


Exergy analysis by combining the first and second laws of thermodynamics has become one of the most important instruments for the quantitative and qualitative study of energy consumption in processes. The exergy of an energy source refers to the maximum work achievable when the process of the thermodynamic state identifies its source as dead [34]. The dead state is actually the same ambient conditions that are typically considered to be 25 °C and 1 atm pressure. The total exergy rate of a stream can be examined as the sum of the physical exergy and chemical exergy [35]:


   e =  e  p h   +  e  c h    ,  



(14)







The physical exergy of a stream can be determined as follows [36,37]:


    e  p h   =  (  h −  h 0   )  −  T 0   (  s −  s 0   )   ,  



(15)






    e  c h   =  ∑  (  x i   e i 0  ) + R  T 0     ∑   x i    L n  x i   γ i   ,  



(16)




where γ is the activity coefficient of component i, which can be more or less than one, and    e i 0    refers to the standard chemical exergy of any compound in the stream. The exergy balance relation for the control volume of the system is obtained from Equation (17) [38]:


    ∑ i   E  x i    +   ∑ i   ( 1 −  T   T k      )  Q k  =   ∑ e   E  x e    +  W ˙  + I  



(17)








4. Results and Discussion


A fuel cell is an electrochemical device that directly turns chemical energy into electrical energy. This conversion continues as long as fuel is injected into the fuel cell [39]. In fact, by eliminating the intermediate stages of energy conversion, fuel cells provide more energy conversion efficiency. In thermal power plants, chemical energy is first turned into heat and then into mechanical energy and finally, the mechanical energy is converted to electrical energy. Each of these stages causes an efficiency loss. Fuel cells do not store energy like a battery; rather, in a fuel cell, a state of energy is converted to another state in a manner that ensures that no material is consumed within the cell. Furthermore, the battery density is lower than the fuel cell, and the process of charging the battery is more sophisticated than filling the fuel tank of the fuel cell. In batteries, the potential of electrochemical conversions decreases after several charges, while in fuel cells there is no such limit. One method of storing energy during off-peak hours is to convert some of the electrical energy into liquid carbon dioxide. On the other hand, during the peak hours of energy consumption, power can be generated by cooling and compressing the liquid carbon dioxide to be used at peak hours. In this paper, molten carbonate fuel cells, the Linde-Hampson liquefaction plant, and a HSRG were used to produce liquid carbon dioxide, electricity, and medium pressure steam. The results of the energy, exergy, and sensitivity examinations of the combined process are presented as follows.



4.1. Energy Analysis


This hybrid structure of a molten carbonate fuel cell, a dual pressure Linde-Hampson liquefaction plant, and a HSRG produces 65.53 MW of electricity, 27.80 kg/s of medium pressure steam, and 142.9 kg/s of liquid CO2. The simulation of the hybrid structure was performed using the HYSYS V10 software and MATLAB V10 programming. Based on the obtained results from the literature, the Peng–Robinson equation of state was used for the simulation. The thermodynamic conditions of the streams in the integrated structure of liquid carbon dioxide, electricity, and medium pressure steam production using a molten carbonate fuel cell, a Linde-Hampson liquefaction plant, and a HSRG, are presented in Table 1.



The validation of the several parameters of the Linde-Hampson liquefaction cycle in this paper with reference [18] is illustrated in Figure 3. The results of the simulation analysis with the HYSYS software show that the fuel cell performance coefficient, total cooling duty, and refrigeration energy differ from the evaluated values reported in the reference article by 2.07%, 0.604%, and 2.022%, respectively. This indicates that the simulation results are acceptable.



Figure 4 shows the voltage variations in the current density change of the current density in the MCFC for this integrated structure and in [6]. The temperature and pressure of the fuel cell in the validation were considered to be 650 °C and 1 bar, respectively. The results of the validation show that the simulated fuel cell in this study is in an appropriate agreement with the one reported in [6]. To achieve the optimal design, it is necessary to evaluate the influence of each variable in the fuel cell system on its performance by sensitivity analysis.



Figure 5 shows the variations in power density, voltage, and efficiency of the fuel cell with the variation of current density in the operating conditions of the fuel cell used in the combined system. The design temperature and pressure of the fuel cell were 650 °C and 2.5 bar, respectively. The rate of voltage drop due to mass transfer and activation increased with the increase in current density.



As the current density increases, the cell voltage decreases due to irreversible losses. The power density rises with the increment in current density till it reaches a maximum value and then it starts to decrease. As the current density increases, the cell efficiency decreases due to the irreversible losses, and as a result, less of the generated heat is converted into electricity by the electrochemical reaction, and the rest is released as waste heat. This phenomenon leads to a reduction in power production and therefore, more air is needed to remove the excessive heat from the cell to cool it.



The inlet airflow to the cathode has an important impact on the regulation of the cell temperature, the size of the fuel cell unit, and the electricity consumption in the gears. The operational specifications of the fuel cell utilized in the hybrid process of producing liquid carbon dioxide, electricity, and medium pressure steam are presented in Table 2. The current density, fuel utilization, and cell voltage in the molten carbonate fuel cell were 0.2000 A·cm−2, 0.6800, and 0.7917 V, respectively. The results of the simulation of the hybrid process for the tri-generation of electricity, medium pressure steam, and liquid CO2 are presented in Table 3.



The MCFC cycle and the net overall thermal and overall thermal efficiencies of the developed combined configuration are 52.13%, 63.43%, and 82.21%, respectively. The simulation results reveal that the coefficient of performance and refrigeration energy in the dual pressure Linde-Hampson liquefaction plant is 1.866 and 26.54 MW, respectively.




4.2. Exergy Analysis


The exergy assessment of the combined process was performed by the relationship between the HYSYS package and MATLAB programming. The output of the exergy analysis of the processes including the physical, chemical, and total exergy of the streams are listed in Table 4.



The equations used for the exergy analysis of the integrated structure are presented in Appendix A. The input and output exergy, the exergy degradation, and the efficiency of the implemented devices in the combined process for the tri-generation of liquid carbon dioxide, electricity, and medium pressure steam are presented in Table 5.



For the exergy analysis, the performance of each part of the equipment should be evaluated from the irreversibility and exergy yield points of view. The simulation results show that the exergy yield of the valves is lower than other devices, while they had less irreversibility. Among the expansion valves, the V2 valve with 67.43% efficiency has the highest exergy yield and the V1 valve with 53.17% efficiency has the lowest exergy yield. Among the heat exchangers, the HX5 exchanger with 80.85% efficiency has the lowest exergy efficiency and the HX4 exchanger with 96.95% efficiency has the highest exergy efficiency. Among the heat exchangers, the HX6 exchanger has the highest exergy destruction with a magnitude of 8.258 MW, and the HX3 exchanger has the lowest exergy destruction with a magnitude of 0.2251 MW. Among the compressors of the developed hybrid process, the C3 compressor with 78.71% efficiency has the lowest exergy efficiency and the C2 compressor with 85.87% efficiency has the highest exergy yield.



Moreover, among the compressors, the C2 compressor has the highest exergy destruction with 4.651 MW and the C3 compressor has the lowest exergy destruction with 1.818 MW. The contribution of exergy destruction of each piece of equipment in the combined process is depicted in Figure 6 separately. The results show that compared to other equipment, the MCFC, heat exchangers, and compressors utilized in the combined process have the most exergy destruction with a share of 37.72%, 18.71%, and 12.26%, respectively. The total exergy efficiency and exergy destruction of the entire combined process is 73.18% and 102.7 MW, respectively.




4.3. Sensitivity Analysis


With the sensitivity study, important and influential parameters of the combined system of liquid carbon dioxide, electricity, and medium pressure steam production using a molten carbonate fuel cell, a Linde-Hampson double-effect refrigeration system, and a HSRG were identified and investigated and their behavior in regard to these changes was studied. Figure 7 shows the variation of the refrigeration cycle performance coefficient and the refrigeration cooling duty with the reduction in the outlet pressure of the V1 expansion valve. The results of the sensitivity analysis show that when the outlet pressure of the V1 expansion valve was increased from 39 bar to 45 bar, the amount of steam coming out of the D4 flash drum (in other words, the return flow of carbon dioxide) decreased, and as a result, the refrigeration cooling duty increased by 0.7165% and the refrigeration cycle performance coefficient was reduced by 9.654%.



The changes in the refrigeration load and the refrigeration energy with the reduction in the outlet pressure of the V1 expansion valve are presented in Figure 8. The results of the sensitivity analysis show that when the outlet pressure of the V1 expansion valve was increased from 39 bar to 45 bar, the amount of refrigeration energy in the refrigeration cycle increased by 2.151%. Moreover, by increasing the outlet pressure of the V1 expansion valve to 41 bar, the amount of the refrigeration load decreased and then increased to 45 bar.



Figure 9 shows the changes in electricity produced by the fuel cell and electrical efficiency with the reduction in fuel input to the fuel cell. The output illustrates that when fuel input to the fuel cell increased, the electricity generated by the fuel cell and electrical efficiency increased from 89.68 MW and 29.06% to 134.5 MW and 37.75%, respectively. The variation of the net overall thermal efficiency and the overall exergy efficiency with respect to the reduction in fuel input to the fuel cell is depicted in Figure 10. The output illustrates that when the fuel input to the fuel cell increased, the net overall thermal efficiency in the integrated structure increased by 18.09%, and the overall exergy efficiency decreased by 12.95%.





5. Conclusions


The storage of liquid carbon dioxide is a method of storing energy for long periods which is portable and can be used during peak hours. Providing the required electricity for the liquefaction cycle during off-peak hours is a concern of many researchers in this field. Using molten carbonate fuel cells as a source of high efficiency and low pollution power generation is one of the ways to provide electricity and heat to store energy during peak hours. In this research, a combined process for the production of electricity, medium pressure steam, and energy storage in the form of liquid carbon dioxide was developed. For co-production, a combination of a molten carbonate fuel cell, a dual pressure Linde-Hampson liquefaction plant and a heat recovery steam generator was used. The results of the energy and exergy analyses were as follows.



In this integrated structure, 4.202 kg/s of natural gas and 144 kg/s of carbon dioxide with impurities were the main input feed. The primary products of this integrated structure were 65.53 MW of electricity, 27.80 kg/s of medium pressure steam, and 142.9 kg/s of liquid CO2. The thermal efficiency of the fuel cell, the total thermal efficiency of the entire integrated structure, and the performance coefficient of the liquefaction plant were 46.94%, 82.21%, and 1.866, respectively. The results of the CO2 liquefaction plant validation showed that the performance coefficient of the developed refrigeration plant and the reference were 1.87 and 1.83, respectively. The low relative error of the compared parameters depends on the version of HYSYS software used for the simulation.



The output of the exergy investigation showed that fuel cells, heat exchangers, and compressors had the most exergy destruction with values of of 37.72%, 18.71%, and 12.26, respectively. Moreover, the heat exchangers had the highest exergy yield and the valves had the lowest exergy yield. The exergy efficiency and destruction of equipment results showed that the equipment with high exergy destruction shares, such as heat exchangers, also had high exergy efficiencies. Moreover, the equipment with low exergy efficiencies such as the expansion valves had a low exergy destruction share. Considering the above showed that the developed simulation had a high efficiency of 73.18%.



The results obtained from the sensitivity analysis showed that a 50% increase in fuel input to the fuel cell led to an increase in the electrical efficiency of the fuel cell and an increase in the thermal efficiency of the entire integrated structure by 37.75% and 18.09%, respectively. Moreover, the exergy yield of the entire hybrid process was reduced by 12.95%. Furthermore, by increasing the outlet pressure of the V1 expansion valve from 39 bar to 45 bar, the total cooling duty rate increased from 116.4 MW to 117 MW, and the refrigeration cycle performance coefficient decreased from 1.866 to 1.770.



As a suggestion for future works, the development of the power generation cycle in peak hours for network use could be mentioned. Advanced exergy and advanced exergoeconomic analyses could also be used to investigate the developed co-generation cycle.
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Table A1. Equations needed for the exergy analysis of the equipment employed in the developed integrated process [40,41,42,43].
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	Equipment
	Exergy Destruction
	Exergy Efficiency





	Heat Exchangers
	     X ˙   d e s   =  ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     
	    η  e x   = 1 −    (     ∑   m ˙  Δ x    ∑   m ˙  Δ h    )    h o t   +    (     ∑   m ˙  Δ x    ∑   m ˙  Δ h    )    c o l d     



	Compressors and Pumps
	      X ˙    d e s   =  W ˙  +  ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     
	    η  e x   =    ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     w ˙     



	Turbines
	      X ˙    d e s   = −  W ˙  +  ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     
	    η  e x   =   w ˙    ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t       



	Expansion Valves
	      X ˙    d e s   =  ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     
	    η  e x   =    x  o u t   Δ T   −  x  i n   Δ T      x  o u t   Δ P   −  x  i n   Δ P       



	Fuel Cell
	      X ˙    d e s   =  ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     
	    η  e x   =    ∑     (   m ˙  x  )    o u t      ∑     (   m ˙  x  )    i n       



	Flash Drums
	      X ˙    d e s   =  ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     
	    η  e x   =    ∑     (   m ˙  x  )    o u t      ∑     (   m ˙  x  )    i n       



	Cycle
	      X ˙    d e s   =  ∑     (   m ˙  x  )    i n   −  ∑     (   m ˙  x  )    o u t     
	    η  e x   =    ∑     (   m ˙  x  )    o u t      ∑     (   m ˙  x  )    i n       
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Figure 1. Block diagram of the hybrid system for the tri-generation of liquid carbon dioxide, electricity, and medium pressure steam. 
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Figure 2. Process flow diagram of the MCFC combined configuration with the liquefaction plant and a HSRG. 
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Figure 3. Validation of the process developed for the dual pressure Linde-Hampson liquefaction plant through a comparison of results of this system and the data in [18]. 
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Figure 4. The voltage variation with the current density change of the current density in the MCFC for this integrated structure and in [6]. 
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Figure 5. The variations in power density, voltage, and efficiency of the fuel cell with the variation of fuel cell current density in the operating conditions of the fuel cell. 
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Figure 6. The contribution of exergy destruction of each device in the hybrid process. (a) Exergy destruction of different devices. (b) Exergy destruction in the integrated unit. 
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Figure 7. The variation of the refrigeration cycle performance coefficient and refrigeration cooling duty with the reduction in the outlet pressure of the V1 expansion valve. 
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Figure 8. The changes in refrigeration load and refrigeration energy with the reduction in outlet pressure of the V1 expansion valve. 
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Figure 9. The changes in electricity generated by the fuel cell and electrical efficiency with the reduction in fuel input to the fuel cell. 
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Figure 10. The variation of the net overall thermal efficiency and overall exergy efficiency with respect to the reduction in fuel input to the fuel cell. 
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Table 1. The thermodynamic conditions of the streams in the combined process.
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	Stream
	Temperature (°C)
	Pressure (kPa)
	Molar Flow (kmol/h)
	Molar Enthalpy (kJ/kmol)
	Molar Entropy (kJ/kmol. °C)





	A1
	42.73
	210.00
	12,017.56
	−388,388.90
	169.63



	A2
	281.61
	1970.00
	12,017.56
	−378,527.46
	174.30



	A3
	28.88
	1970.00
	12,017.56
	−390,828.72
	144.16



	A4
	28.88
	1970.00
	313.14
	−286,813.78
	55.43



	A5
	28.88
	1970.00
	11,704.42
	−393,611.49
	146.53



	A6
	19.73
	1970.00
	14,714.00
	−392,930.75
	145.10



	A7
	82.41
	3900.00
	14,714.00
	−390,840.74
	146.59



	A8
	32.00
	3900.00
	14,714.00
	−393,375.22
	138.89



	A9
	32.00
	3900.00
	14,714.00
	−393,375.22
	138.89



	A10
	32.00
	3900.00
	0.00
	−287,348.87
	56.76



	A11
	30.00
	100.00
	95,982.91
	−285,832.16
	55.00



	A12
	27.32
	3900.00
	24,008.48
	−390,387.72
	138.07



	A13
	118.32
	10,000.00
	24,008.48
	−387,688.10
	139.82



	A14
	35.00
	10,000.00
	24,008.48
	−397,444.87
	110.76



	A15
	33.00
	10,000.00
	24,008.48
	−397,858.95
	109.41



	A16
	3.32
	3900.00
	24,008.48
	−397,858.95
	111.32



	A17
	25.00
	100.00
	95,982.91
	−286,220.69
	53.70



	A18
	30.00
	100.00
	602,898.75
	−285,832.16
	55.00



	A19
	3.32
	3900.00
	9288.61
	−386,666.14
	133.00



	A20
	20.00
	3900.00
	9288.61
	−385,630.58
	136.64



	A21
	3.32
	3900.00
	14,719.87
	−404,921.90
	97.64



	A22
	−19.77
	1970.00
	14,719.87
	−404,921.90
	98.45



	A23
	−19.77
	1970.00
	11,710.08
	−408,656.72
	88.17



	A24
	−19.77
	1970.00
	3009.79
	−390,390.94
	138.44



	A25
	−17.52
	1970.00
	3009.79
	−390,283.73
	138.87



	A26
	25.00
	101.00
	2960.00
	−286,355.93
	53.30



	A27
	25.01
	250.00
	2960.00
	−286,352.60
	53.30



	A28
	186.85
	250.00
	2960.00
	−236,409.66
	180.79



	A29
	25.00
	250.00
	915.20
	−72,323.31
	176.10



	A30
	145.36
	250.00
	3875.20
	−197,657.64
	184.79



	A31
	298.00
	250.00
	3875.20
	−191,866.78
	196.56



	A32
	550.00
	238.86
	4107.87
	−165,674.83
	208.40



	A33
	420.16
	250.00
	4107.87
	−171,137.70
	200.81



	A34
	661.63
	250.00
	0.00
	−37,096.93
	275.99



	A35
	661.63
	250.00
	24,068.18
	−37,097.14
	275.99



	A37
	667.89
	250.00
	0.00
	−31,504.55
	191.26



	A39
	25.00
	101.40
	19,900.00
	−6.81
	151.69



	A40
	133.10
	250.00
	19,900.00
	3180.72
	153.30



	A42
	650.60
	250.00
	0.00
	−30,992.08
	190.53



	A44
	650.00
	250.00
	19,458.98
	−10,217.62
	293.08



	A47
	650.23
	250.00
	22,462.82
	−31,313.37
	188.33



	A48
	461.39
	75.00
	22,462.82
	−37,726.61
	190.59



	A49
	170.90
	75.00
	22,462.82
	−47,021.89
	174.53



	A50
	92.22
	75.00
	22,462.82
	−49,445.03
	168.52



	A51
	50.00
	1000.00
	5555.34
	−284,341.99
	59.72



	A52
	169.80
	1000.00
	5555.34
	−274,544.09
	85.46



	A53
	182.70
	1000.00
	5555.34
	−236,958.95
	168.36



	A54
	169.80
	1000.00
	5555.34
	−274,544.09
	85.46



	A55
	25.00
	100.00
	602,898.75
	−286,220.69
	53.70
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Table 2. The operational specifications of the fuel cell utilized in the combined configuration.
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	Parameter
	Value





	Current density A.cm−2
	0.2000



	Fuel utilization
	0.6800



	Cell voltage (V)
	0.7917



	Total power produced (MW)
	102.6



	Effective area per cell (m2)
	0.7500



	Cell number
	88,159



	Fuel cell operating temperature (°C)
	650.0



	Fuel cell operating pressure (bar)
	2.500



	Fuel flow rate (kmol/h)
	915.2



	Ambient temperature fuel cell (°C)
	25.00



	Ambient pressure fuel cell (bar)
	1.000



	LHV of fuel (kJ/kg)
	46,837



	Inverter efficiency
	0.98
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Table 3. The results of the simulation of the combined configuration for tri-generation of electricity, medium pressure steam, and liquid CO2.
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	Parameters
	Value





	Refrigeration load (MW)
	49.55



	Refrigeration energy (MW)
	26.54



	Total cooling duty (MW)
	116.4



	Refrigeration cooling duty (MW)
	75.42



	Compression cooling duty (MW)
	41.06



	COP
	1.866



	Power produced (MW)
	77.08



	Power consumption (MW)
	142.6



	Net power output (MW)
	65.52



	MCFC cycle efficiency (HHV Base)
	    η  M C F C , H H V   =     W ˙   M C F C , A C       m ˙   f u e l , a n o d e   × H H  V  f u e l , a n o d e     = 0.4694   



	MCFC cycle efficiency (LHV Base)
	    η  M C F C , L H V   =     W ˙   M C F C , A C       m ˙   f u e l , a n o d e   × L H  V  f u e l , a n o d e     = 0.5213   



	Electrical efficiency (HHV Base)
	    η  E l e c t r i c a l , H H V   =     W ˙   M C F C , A C   +   W ˙   G T   −   W ˙   C o m p r e s s o r 1   −   W ˙   P u m p 1       m ˙   f u e l   × H H  V  f u e l     = 0.2998   



	Electrical efficiency(LHV Base)
	    η  E l e c t r i c a l , L H V   =     W ˙   M C F C , A C   +   W ˙   G T   −   W ˙   C o m p r e s s o r 1   −   W ˙   P u m p 1       m ˙   f u e l   × L H  V  f u e l     = 0.3330   



	Net overall thermal efficiency (HHV Base)
	    η  t h e r m a l , H H V   =     W ˙   M C F C , A C   +   Q ˙   H R S G   +   W ˙   G T   −   W ˙   C o m p r e s s o r 1 , 2 , 3 , 4   +   W ˙   P u m p 1       m ˙   f u e l   × H H  V  f u e l     = 0.6343   



	Net overall thermal efficiency (LHV Base)
	    η  t h e r m a l , L H V   =     W ˙   M C F C , A C   + +   Q ˙   H R S G   +   W ˙   G T   −   W ˙   C o m p r e s s o r 1 , 2 , 3 , 4   +   W ˙   P u m p 1       m ˙   f u e l   × L H  V  f u e l     = 0.7045   



	Overall thermal efficiency (HHV Base)
	    η  t h e r m a l , H H V   =     W ˙   M C F C , A C   +   Q ˙   H R S G   +   W ˙   G T   +   W ˙   e q u a l , r e f r i g e r a t i o n   −   W ˙   C o m p r e s s o r 1 , 2 , 3 , 4   +   W ˙   P u m p 1       m ˙   f u e l   × H H  V  f u e l     = 0.8221   



	Overall thermal efficiency (LHV Base)
	    η  t h e r m a l , L H V   =     W ˙   M C F C , A C   +   Q ˙   H R S G   +   W ˙   G T   +   W ˙   e q u a l , r e f r i g e r a t i o n   −   W ˙   C o m p r e s s o r 1 , 2 , 3 , 4   +   W ˙   P u m p 1       m ˙   f u e l   × L H  V  f u e l     = 0.9132   
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Table 4. The output of exergy assessment of processes including physical, chemical, and total exergy of the streams.
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	Stream
	Physical Exergy

(kW)
	Chemical Exergy

(kW)
	Total Exergy

(kW)
	Stream
	Physical Exergy

(kW)
	Chemical Exergy

(kW)
	Total Exergy

(kW)





	A1
	6045.04
	65,700.40
	71,745.43
	A29
	567.63
	205,008.79
	205,576.42



	A2
	34,312.96
	65,700.40
	100,013.36
	A30
	8760.19
	214,618.18
	223,378.36



	A3
	23,252.71
	65,700.40
	88,953.11
	A31
	11,215.69
	214,618.18
	225,833.86



	A4
	7.10
	287.74
	294.84
	A32
	17,143.70
	217,458.03
	234,601.74



	A5
	23,067.53
	65,590.74
	88,658.27
	A33
	13,494.40
	217,458.03
	230,952.43



	A6
	29,008.98
	82,087.87
	111,096.85
	A34
	0.00
	0.00
	0.00



	A7
	35,732.66
	82,087.87
	117,820.53
	A35
	480,837.44
	543,858.18
	1,024,695.62



	A8
	34,755.32
	82,087.87
	116,843.20
	A36
	4,743,988.53
	1,499,694.60
	6,243,683.13



	A9
	34,755.32
	82,087.87
	116,843.20
	A37
	0.00
	0.00
	0.00



	A11
	84.83
	83,185.94
	83,270.77
	A39
	10.14
	890.09
	900.23



	A12
	56,731.74
	132,451.37
	189,183.12
	A40
	14,973.28
	890.09
	15,863.37



	A13
	71,258.19
	132,451.37
	203,709.57
	A41
	4,878,913.39
	1,311,478.75
	6,190,392.14



	A14
	63,981.57
	132,451.37
	196,432.95
	A42
	0.00
	0.00
	0.00



	A15
	63,900.36
	132,451.37
	196,351.73
	A43
	4,815,855.29
	1,334,215.12
	6,150,070.42



	A16
	60,094.07
	132,451.37
	192,545.45
	A44
	489,176.71
	347,886.25
	837,062.96



	A17
	0.00
	83,185.94
	83,185.94
	A45
	4,395,835.95
	986,358.85
	5,382,194.81



	A18
	532.84
	522,516.96
	523,049.80
	A46
	4,319,744.56
	969,938.28
	5,289,682.84



	A19
	22,112.02
	50,412.58
	72,524.61
	A47
	76,706.44
	17,223.36
	93,929.80



	A20
	21,983.43
	50,412.58
	72,396.02
	A48
	32,488.03
	17,223.36
	49,711.39



	A21
	37,895.56
	82,125.28
	120,020.84
	A49
	4373.94
	17,223.36
	21,597.30



	A22
	36,914.12
	82,125.28
	119,039.40
	A50
	424.45
	17,223.36
	17,647.81



	A23
	30,795.33
	65,627.51
	96,422.84
	A51
	155.39
	18,070.33
	18,225.73



	A24
	6079.95
	16,536.61
	22,616.55
	A52
	3428.85
	18,070.33
	21,499.19



	A25
	6064.56
	16,536.61
	22,601.17
	A53
	23,284.33
	18,070.33
	41,354.67



	A26
	0.00
	9628.25
	9628.25
	A54
	3428.85
	18,070.33
	21,499.19



	A27
	2.92
	9628.25
	9631.17
	A55
	0.00
	522,512.25
	522,512.25



	A28
	9811.20
	9628.25
	19,439.44
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Table 5. The input and output exergy, exergy degradation, and efficiency of implemented devices in the combined process.
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	Components
	       X ˙     F u e l    ( MW )    
	       X ˙     P r o d    ( MW )    
	       X ˙     D e s    ( MW )    
	Efficiency





	HX1
	201.0
	200.1
	0.891
	0.9139



	HX2
	726.2
	719.4
	6.739
	0.8964



	HX3
	291.5
	291.3
	0.225
	0.9185



	HX4
	109.6
	108.3
	1.251
	0.9695



	HX5
	457.9
	456.7
	1.193
	0.8085



	HX6
	71.2
	62.95
	8.258
	0.8576



	HX7
	39.8
	39.14
	0.676
	0.9553



	T1
	93.92
	89.72
	4.201
	0.9050



	C1
	18.52
	15.86
	2.656
	0.8492



	C2
	104.6
	100.0
	4.651
	0.8587



	C3
	119.6
	117.8
	1.818
	0.7871



	C4
	207.1
	203.7
	3.477
	0.8069



	P1
	9.630
	9.631
	0
	0.9706



	MCFC
	246.8
	208.0
	38.768
	0.8429



	Reformer
	237.3
	234.6
	2.749
	0.9884



	V1
	196.3
	192.5
	3.806
	0.5317



	V2
	120.0
	119.0
	0.9814
	0.6743



	D1
	21.49
	21.49
	0.00
	1.0000



	D2
	88.95
	88.95
	0.00
	1.0000



	D3
	116.8
	116.8
	0.00
	1.0000



	D4
	192.5
	192.5
	0.00
	1.0000



	D5
	119.0
	119.0
	0.00
	1.0000



	Cycle
	383.1
	280.3
	102.7
	0.7318
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