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A solid oxide fuel cell (SOFC) is regarded as the first choice of high-efficiency and clean power generation technology in the 21st century due to its characteristics of high power generation efficiency and low pollutant emission. In this paper, hydrogen is used as a fuel for SOFCs using the EBSILON platform. A sensitivity analysis of the solid oxide fuel cell–gas turbine (SOFC–GT) system with steam reinjection is carried out to investigate the effect of the steam reinjection mass flow rate on the improvement of the electrical efficiency of the system and on the values of the other parameters. The results show that the variation in the steam reinjection mass flow rate has an effect on other parameters. Changes in several parameters affect the electrical efficiency of the system, which reaches 74.11% at a pressure ratio of 10, SOFC inlet temperature of 783.15 K, turbine back pressure of 70 kPa, and steam reinjection mass flow rate of 6.16 kg/s. Future research can optimize the overall parameter selection of the system in terms of economy and other aspects.
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1 INTRODUCTION
In recent years, global energy shortages and global warming have led both developed and developing countries to recognize the importance of reliable and sustainable power generation (Morrison, 2004) and develop a strategy to control CO2 emissions (Kang et al., 2020). It is well known that traditional energy sources such as fossil fuels like oil and coal have been used for a long time and have had an impact on the environment. In particular, the greenhouse effect is caused by the large amount of carbon dioxide gas produced when these fuels are burned (Lelieveld et al., 2019). As a result, low-carbon, high-calorific value hydrogen energy is gaining importance. The use of hydrogen fuel in practical applications has been growing rapidly due to technological advances and the increasing awareness of the environmental and economic benefits of using hydrogen energy (Liu et al., 2020). Hydrogen energy is already widely used in fuel cells, rocket engines, and internal combustion engines (Ngoh and Njomo, 2012). Solid oxide fuel cells (SOFCs) convert the chemical energy in the fuel directly into electrical energy through an electrochemical redox reaction. Due to its high efficiency and low pollutant and carbon emissions, the SOFC has become the most promising way of power generation (Yi, 2000), and it also provides an efficient way of using hydrogen energy for power generation. The SOFC is a high-temperature fuel cell with an operating temperature of 923.15–1,273.15 K (Huang, 2004), and its exhaust has a high value for utilization. SOFCs can be combined with gas turbines to form a combined power generation system to improve the electrical efficiency of the system, which is an effective means to use the heat from SOFC exhaust. Some scholars have also proposed coupling the SOFC with other equipment to form a cogeneration waste heat utilization method (Wu et al., 2019; Ding et al., 2023).
The solid oxide fuel cell–gas turbine (SOFC–GT) system generally consists of a compressor, preheater, reformer, SOFC, combustion chamber, expander, and generator. Many scholars have analyzed and studied the SOFC–GT system (Chen et al., 2006; Suther et al., 2011; Gandiglio et al., 2013; Shamoushaki et al., 2017; Biert et al., 2018; Cheng et al., 2019; Yu et al., 2020), not only to perform sensitivity analysis on key parameters, such as pressure ratio (Suther et al., 2011; Gandiglio et al., 2013; Shamoushaki et al., 2017; Biert et al., 2018; Yu et al., 2020), fuel utilization (Suther et al., 2011; Shamoushaki et al., 2017; Biert et al., 2018), SOFC operating temperature (Suther et al., 2011; Shamoushaki et al., 2017; Biert et al., 2018; Yu et al., 2020), and turbine inlet temperature (Suther et al., 2011; Shamoushaki et al., 2017), but also to optimize the selection of parameters for the system. It was found that increasing the pressure within a certain range would lead to an increase in the electrical efficiency of the system, and continuing to increase the pressure would lead to a decrease in the electrical efficiency. However, the different parameter settings used in different studies lead to differences in the resulting optimal pressure ratios. The effect of fuel utilization is more complex and, together with the isentropic efficiency of the turbine, determines the system electrical efficiency. When considering the effect of the SOFC’s operating temperature, the higher the SOFC’s operating temperature, the higher the electrical efficiency of the system. The turbine inlet temperature is negatively correlated with the system electrical efficiency. At the same time, it is found through the study of the SOFC–GT system that even if there is heat recovery, the exhaust temperature grade of the system is high, and it still has great utilization value (Chen et al., 2006).
There has been a great deal on the waste heat utilization of SOFC–GT system exhaust, and since the exhaust temperature of the SOFC–GT system is generally greater than 573.15 K, some scholars pass the exhaust into the heat recovery steam generator (HRSG) to generate superheated steam (Kuchonthara et al., 2003; Motahar and Alemrajabi, 2009; Onda et al., 2003; Ahmadi et al., 2017; Chitgar et al., 2019; Kumar and Singh, 2019; Karimi et al., 2020; Mojaver et al., 2020; Singh and Singh, 2021; Zhong et al., 2022; Guo et al., 2023; Liu et al., 2023; Xia et al., 2023). A large number of studies also exist on the utilization of the superheated steam generated by the waste heat, one is to inject the generated steam into the GT in the upstream SOFC–GT system for utilization (Kuchonthara et al., 2003; Motahar and Alemrajabi, 2009; Onda et al., 2003), and the other is to utilize the generated steam in other ways to complete the waste heat utilization (Ahmadi et al., 2017; Chitgar et al., 2019; Kumar and Singh, 2019; Karimi et al., 2020; Mojaver et al., 2020; Singh and Singh, 2021; Zhong et al., 2022; Guo et al., 2023; Liu et al., 2023; Xia et al., 2023), including, but not limited to, refrigeration systems (Singh and Singh, 2021), supercritical CO2 cycle (Guo et al., 2023; Xia et al., 2023), Carina cycles (Chitgar et al., 2019), organic Rankine cycles or steam Rankine cycles (Cheng et al., 2019; Kumar and Singh, 2019; Karimi et al., 2020; Mojaver et al., 2020; Xia et al., 2023), and other utilization methods (Ahmadi et al., 2017; Zhong et al., 2022).
The SOFC–GT systems in the three studies that use steam to recover waste heat from downstream to upstream for power generation have essentially similar system structures, but there are differences. Although the structure of each system differs, the main idea of all three studies is to achieve waste heat recovery by preheating air and fuel and generating superheated steam as a way to achieve an increase in system electrical efficiency. For the way to inject steam back into the GT in the upstream SOFC–GT system for utilization, this paper is called the SOFC–GT system with steam reinjection. For the parameters of the SOFC–GT system with steam reinjection, Kuchonthara et al. (2003) investigated the effect of pressure ratio, fuel utilization, and turbine inlet temperature on the system. The results show that the system with heat and steam recovery has higher overall efficiency than the system with only heat recovery and that higher efficiency can be achieved at high turbine inlet temperatures and optimal pressure ratios. Motahar and Alemrajabi (2009) used exergy performance as an evaluation standard to study the impact of pressure ratio, current density, and pinch point temperature difference on the system. It was found that there is an optimal pressure ratio for exergy efficiency to reach the maximum. The lower the current density, the greater the exergy efficiency; the smaller the pinch point temperature difference, the greater the exergy efficiency. Onda et al. (2003) studied the effects of fuel cell operating temperature and pressure, fuel–air recirculation ratio, current density, fuel–air utilization rate, and fuel reforming rate on the power generation efficiency of the system.
The literature review shows that the researchers have analyzed the parameters of the systems they have studied, establishing the relationship between the variation in the system parameters and the evaluation indicators. However, we also note that for the SOFC–GT system with steam reinjection, the researchers have studied it with a defined steam reinjection mass flow rate and have not considered the effect of changes in the steam reinjection mass flow rate on the system and other thermodynamic parameters. In this paper, hydrogen is used as the fuel of the SOFC, and the electrical efficiency of the system is used as the evaluation index to study the thermodynamic characteristics of the SOFC–GT system with steam reinjection. Moreover, this study carried out the thermodynamic analysis of system parameters such as steam reinjection mass flow rate, compressor pressure ratio, fuel cell inlet temperature, and turbine back pressure. This study focuses on the variable steam reinjection mass flow rate. By studying the influence of the change in the steam reinjection mass flow rate on the trend of the system evaluation indexes and other parameters, this study not only establishes the relationship between the system parameters and evaluation indexes but also identifies the optimal value or optimal selection range of the other thermodynamic parameters, so as to provide a reference for the engineering application of the SOFC–GT system with steam reinjection.
2 SYSTEM SCHEME
2.1 Solid oxide fuel cell–gas turbine system
Figure 1A shows the schematic diagrams of an SOFC–GT system. Air and gas fuel are directed to the air compressor (AC) and fuel compressor (FC) through pipelines 1 and 2, respectively, to be compressed to a given pressure and then through pipelines 3 and 4, respectively, into the preheater (PH1 and PH2) to absorb the heat from the turbine exhaust for preheating. The heated air and fuel are then transported to the cathode channel and anode channel of the SOFC through pipes 5 and 6. In SOFCs, the gaseous fuel reacts electrochemically with the oxygen in the air to produce electricity directly. The exhaust from the SOFC enters the afterburner (AB). The fuel that is not involved in the electrochemical reaction is reignited with the remaining oxygen in the air to further increase the temperature of the spent gas, which is then injected into the turbine (TUR) through pipeline 7 to perform expansion work. The expansion work of the turbine partly drives the AC and FC, and the other part drives the generator (GEN) to generate electricity. As the turbine exhaust temperature is still high, heat recovery is achieved using the PH to heat the compressed gas to a given temperature.
[image: Figure 1]FIGURE 1 | (A) SOFC–GT system; (B) SOFC–GT system with steam reinjection.
2.2 Solid oxide fuel cell–gas turbine system with steam reinjection
The research on the SOFC–GT system shows that even if the heat recovery system is set, the outlet gas temperature of pipeline 9 in Figure 1A is still high, which still has great utilization value (Chen et al., 2006). In this paper, the SOFC–GT system of steam reinjection constructed using the waste heat generated from the spent gas in pipeline 9 is shown in Figure 1B, which is called the SOFC–GT system with steam reinjection. Therefore, the SOFC–GT system can also be referred to as the SOFC–GT system without steam reinjection. As shown in Figure 1B, the top cycle part is similar to the SOFC–GT system, but the spent gas discharged from the PH1 and PH2 is directed to the HRSG through pipeline 9 to heat water and produce steam. The water at ambient temperature and pressure enters the water pump (WP) through pipe 10 and pressurizes to a pressure higher than the outlet pressure of AB and then enters the HRSG. The water absorbs the waste heat from the top circulation exhaust in the HRSG and converts it into superheated steam, which is injected into the outlet of the AB through pipeline 12, mixed with the exhaust from AB, and then, directed to the turbine for work through the pipeline.
3 THERMAL PERFORMANCE ANALYSIS MODEL
3.1 Solid oxide fuel cell model
The SOFC model in this paper is based on the SOFC model in EBSILON software, but the influence of input air and fuel parameter changes needs to be considered. The power generated by the SOFC is determined according to the following equation:
[image: image]
where WSOFC is the power generated by the SOFC. mf is the fuel mass flow rate. LHV is the low heating value of fuel. ηeSOFC is the electricity generation efficiency of the SOFC. Uf is the fuel utilization rate of the SOFC.
It has been proven that when the SOFC inlet pressure is greater than 2 bar, the inlet pressure has a negligible effect on the SOFC electricity generation efficiency. However, the inlet temperature of the SOFC has a certain effect on the SOFC electricity generation efficiency. The relationship between SOFC electricity generation efficiency and SOFC inlet temperature was investigated by Hanbing et al. (2021), and the results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Effect of SOFC inlet temperature on electricity generation efficiency.
The SOFC electricity generation efficiency in Eq. 1 can be derived from the relationship between SOFC electricity generation efficiency and inlet temperature in Figure 2, which can be obtained by curve fitting as follows:
[image: image]
where TinSOFC is the SOFC inlet temperature.
The mass conservation equation for each component in the fuel cell is shown in Eq. 3
[image: image]
where subscript i is the gas composition. Subscript k is the chemical reaction component. Min is the mass flow rate of gas into the SOFC. Mout is the mass flow rate of gas out of the SOFC. V is the chemical reaction equivalence factor. R is the chemical reaction rate.
3.2 Compressor model
The compressor is used to increase the pressure of liquid from the condenser, and the outlet pressure of the compressor can be calculated as follows (Wu et al., 2021):
[image: image]
where PinC and PoutC are the pressures of compressor inlet gas and outlet gas, respectively. πC is the compressor pressure ratio.
Neglecting the heat loss of the compressor, its isentropic efficiency is defined as shown in Eq. 5
[image: image]
where ηC’ is the isentropic efficiency of the compressor. hinC and houtC are the enthalpies of the inlet and outlet gases of the compressor, respectively.
Since the gas mixture is an ideal gas, the isentropic enthalpy of the compressor can be derived from Eq. 6 (Wu et al., 2021). Then, the power consumption of the compressor can be found according to Eq. 7 (Wu et al., 2021).
[image: image]
[image: image]
where TinC and [image: image] are the temperatures of the gas inlet and outlet of the compressor, respectively. κ is the adiabatic index of the gas being compressed, and mC is the mass flow rate at the compressor inlet. WC is the power consumption of the compressor.
3.3 Turbine model
The outlet pressure of the turbine can be found using the following equation (Chen et al., 2019):
[image: image]
where PinTUR and PoutTUR are the pressures of turbine inlet gas and outlet gas, respectively. πTUR is the expansion ratio of the turbine.
Similar to the compressor, the isentropic temperature for TUR adiabatic operation can be found when the gas mixture is an ideal gas, and the isentropic enthalpy can be determined from the isentropic temperature. The isentropic enthalpy is incorporated into Eq. 9 (Chen et al., 2019) to find the actual outlet enthalpy.
[image: image]
From this, the work done by the turbine can be found according to the following equation (Chen et al., 2019):
[image: image]
where WTUR is the TUR output power.
3.4 Afterburner model
Neglecting the heat dissipation loss in the AB, the temperature of the gas mixture after complete combustion of the fuel is obtained according to the following equation (Zhang, 2022):
[image: image]
where ηAB is the AB combustion efficiency. TinAB and ToutAB are the temperatures of the gas inlet and outlet of the AB, respectively.
The temperature after the mixing of steam with the outlet gas of the AB can be obtained according to Eq. 12, and the mass flow rate can be obtained according to Eq. 13.
[image: image]
[image: image]
where ToutMIX is the outlet temperature of the mixing point. Tins is the steam temperature. moutMIX is the mass flow rate of the mixing point outlet.
3.5 Heat recovery steam generator model
The HRSG consists of an economizer, evaporator, and superheater. The HRSG composite curve of hot and cold streams is depicted in Figure 3. The heat loss of the HRSG is ignored in the calculation of this paper.
[image: Figure 3]FIGURE 3 | HRSG temperature profile.
The difference between the outlet temperature of the economizer and the temperature of saturated vapor is called the approach point (ΔTap). ΔTap can be ignored in the vertical tube economizer (Sanaye and Asgari, 2013). The terminal temperature difference of the HRSG is defined as follows:
[image: image]
In addition, the pinch point of the waste heat boiler is defined as
[image: image]
where ΔTDTN is the terminal temperature difference of the HRSG. ΔTPIN is the pinch point of the HRSG. Tboil is the temperature of saturated vapor.
From Figure 3, it can be seen that according to the law of conservation of energy, the equation of the sub-cooling region is shown in Eq. 16
[image: image]
For the evaporation region, the relation is given by
[image: image]
For the superheated region, the relation is given by
[image: image]
where mgas is the hot-side mass flow rate and ms is the cold-side mass flow rate.
3.6 Performance criteria
The power generated by the GEN is derived from the following equation:
[image: image]
where WGEN is the power generated by the GEN. WAC is the work consumed by the AC. WFC is the work consumed by the FC. ηm is the mechanical efficiency. ηGEN is the efficiency of the GEN.
The calculation flowchart of this paper is shown in Figure 4, and the total electrical efficiency of the system is used to evaluate the energy utilization efficiency of the system. The total electrical efficiency of the system can be obtained from the following equation (Zhang, 2022):
[image: image]
where η is the system electrical efficiency. WWP is the pump power consumption.
[image: Figure 4]FIGURE 4 | Calculation flowchart of system electrical efficiency.
3.7 Simulation
The thermal performance of the system scheme can be studied by establishing a simulation model. In this paper, the simulation models of the SOFC–GT system without steam reinjection and SOFC–GT system with steam reinjection are built using EBSILON software developed by STEAG Power.
In order to verify the accuracy of the computational model and related calculation methods used in this paper, the simulation results of the SOFC–GT system without steam reinjection were compared with the relevant data in the work of Chen et al. (2019). When the fuel mass flow rate is 9.62 g/s, the air mass flow rate is 400 g/s. The simulation results of the system are shown in Table 1.
TABLE 1 | SOFC–GT system simulation results.
[image: Table 1]As can be seen from Table 1, under the condition of the same parameter setting, the simulation results in this paper are in good agreement with the experimental data in the work of Penya et al. (2012), and the error is less than 1%.
4 ANALYSIS AND COMPARISON
4.1 Comparison of systems
In this section, the SOFC–GT system with steam reinjection is compared with the SOFC–GT system without steam reinjection through simulation, while the system parameter settings are given in Table 2.
TABLE 2 | System design parameter.
[image: Table 2]For SOFC–GT systems with steam reinjection, when the pressure loss of each piece of equipment in the system is fixed, the pressure ratio determines the outlet pressure of the AB. The pressure of the injected steam is set to 1 kPa above the pressure at the outlet of the AB so that the pressure ratio determines the pressure of the injected steam. The temperature of the injected steam is determined by the terminal temperature difference of the HRSG. The saturation temperature of the steam, Tboil, can be determined given the pressure of the steam to be injected. Combining Eqs 17 and 18, 21 is obtained. For the evaporation and superheat regions, there are
[image: image]
Since the temperature and mass flow rate of the flue gas are constant, i.e., h9 and mgas are known, the saturation temperature of the steam, Tboil, is determined with the known return steam pressure, i.e., hboil. The mass flow rate of the reinjection steam can be determined by different ΔTPIN, provided that ΔTDTN remains unchanged. The smaller the pinch point, the higher the mass flow rate. In addition, the value of the terminal temperature difference is generally in the range of 10–20 K. In this paper, we take the end difference of the HRSG as 10 K. The value of the pinch point is generally in the range of 8–10 K, and the pinch point of the HRSG is taken as 8 K in this study. For a given parameter setting, the maximum steam reinjection mass flow rate of the SOFC–GT system with steam reinjection can reach 8.13 kg/s, while when the steam reinjection mass flow rate is 0 kg/s, the system is a SOFC–GT system without steam reinjection.
Table 3 shows the calculated results for each point of the SOFC–GT system without steam reinjection and the SOFC–GT system with steam reinjection at a steam reinjection mass flow rate of 8.13 kg/s. For a given parameter, each point of the two systems from point 1 to point 7 corresponds to the same parameter. There is a small drop in the inlet temperature of the TUR after the steam is injected back into the outlet of the AB. The exhaust temperature of the SOFC–GT system with steam reinjection decreases significantly compared with that of the SOFC–GT system without steam reinjection, from 856.33 K to 373.62 K.
TABLE 3 | Calculation results of system parameters at each point.
[image: Table 3]Table 4 shows the calculation results of system performance of the two systems. As can be seen from Table 4, compared to the SOFC–GT system without steam reinjection, the power consumption of the compressor in the SOFC–GT system with steam reinjection remains unchanged, but the power of the TUR increases by 4.12 MW. As a result, the SOFC–GT system with steam reinjection adds a WP with a power consumption of 0.009 MW, but the total power generated by the system increases by 4.06 MW and the electrical efficiency of the system increases from 70.14% to 73.52%.
TABLE 4 | Calculation results of the energy efficiency of the key equipment of the system.
[image: Table 4]4.2 Effect of steam reinjection mass flow rate on the electrical efficiency of the system
In this section, to study the effect of steam reinjection mass flow rate on the SOFC–GT system with steam reinjection, the AC and FC pressure ratio is set to 10, the SOFC inlet temperature is 783 K, and the TUR back pressure is set to 110 kPa. The steam reinjection mass flow rate can vary from 0 kg/s to the maximum value that can be achieved.
Figure 5 depicts the variation in electrical efficiency, steam temperature, system exhaust temperature, and dew point temperature with steam reinjection mass flow rate. Under a given parameter condition, as the steam reinjection mass flow rate increases, the steam temperature decreases slightly, the exhaust temperature of the system decreases substantially, and the electrical efficiency of the system increases. The reason for this phenomenon is that the working water absorbs heat from the TUR exhaust and mixes with the AB exhaust. However, lowering the inlet temperature of the TUR reduces the efficiency of the thermal cycle and concurrently increases the power consumption of the WP. At the same time, it also increases the mass flow rate into the TUR to perform work and causes the exhaust temperature of the TUR to drop significantly, thus increasing the system electrical efficiency. In addition, the dew point temperature of the system exhaust increases slightly when the steam reinjection mass flow rate increases, but the system exhaust temperature is always higher than the dew point temperature. This indicates that the water at the turbine outlet is always in a liquid state and does not undergo condensation.
[image: Figure 5]FIGURE 5 | Effect of steam reinjection mass flow rate on system electrical efficiency, steam temperature, and system exhaust temperature.
4.3 Effect of steam reinjection mass flow rate on different pressure ratios
The SOFC inlet pressure at greater than 200 kPa has no significant effect on the efficiency of the SOFC, but the change in pressure ratio will cause a change in compressor power consumption. At the same time, it will also affect the pressure of reinjection steam and, thus, affect the electrical efficiency of the system. In this section, we aim to study the effect of the pressure ratio on the SOFC–GT system with steam reinjection. The inlet and outlet temperature and power generation of the SOFC do not change, and only the inlet and outlet pressures are changed. In other words, it is considered that the change in air and fuel pressure has no influence on the SOFC. In addition, the TUR back pressure is fixed at 110 kPa.
Figure 6A depicts the relationship between system electrical efficiency and steam reinjection mass flow rate for different pressure ratios. When the pressure ratio is determined, the system electrical efficiency increases with the increase in the steam reinjection mass flow rate. At the same time, the maximum steam reinjection mass flow rate decreases as the pressure ratio increases.
[image: Figure 6]FIGURE 6 | (A) Effect of steam reinjection mass flow rate at different pressure ratios on the electrical efficiency of the system; (B) effect of the pressure ratio at different steam reinjection mass flow rates on the electrical efficiency of the system.
Figure 6B shows the variation in the system electrical efficiency with the pressure ratio for different steam reinjection mass flow rates, from which it can be seen that there is an optimal pressure ratio to maximize the system electrical efficiency. However, this optimal pressure ratio is affected by the steam reinjection mass flow rate, and as the steam reinjection mass flow rate increases, not only does the system electrical efficiency increase but also the optimal pressure ratio increases. When the steam reinjection mass flow rate is high, the pressure ratio limits the mass flow rate of steam injected, making the optimal pressure ratio not appear. The maximum electrical efficiency of the system at this point depends on the maximum steam reinjection mass flow rate. The reason for the above phenomenon is that when the pressure ratio increases, the work done by the TUR increases, and at the same time, the work consumed by the AC and FC also increases. Therefore, there is an optimal pressure ratio that maximizes the system’s electrical efficiency. When steam is injected into the TUR, the work done by the TUR increases while the work consumed by the AC and FC remains the same, so the optimal pressure ratio increases. Therefore, when considering the selection of the optimal pressure ratio, the effect of the steam reinjection mass flow rate needs to be considered as well.
Figure 6B shows that the maximum electrical efficiency of the system is not only related to the pressure ratio but also to the steam injected mass flow rate. Figure 6 shows the maximum steam reinjection mass flow rate at different pressure ratios and the variation in the maximum electrical efficiency of the system at this pressure ratio. From Figure 7, it can be concluded that as the pressure ratio increases, the maximum steam reinjection mass flow rate gradually decreases, but the corresponding system electrical efficiency shows a trend of increasing and then decreasing. The maximum system electrical efficiency of 73.93% was reached at a pressure ratio of 15, corresponding to a maximum steam reinjection mass flow rate of 7.56 kg/s. At this point, the system electrical efficiency is higher than the maximum electrical efficiency corresponding to the steam reinjection mass flow rate of 7 kg/s in Figure 6B, but the optimal pressure ratio is less than its corresponding optimal pressure ratio.
[image: Figure 7]FIGURE 7 | Effect of pressure ratio on maximum steam reinjection mass flow rate and system electrical efficiency.
In addition, it is easy to see from Figure 6B that when the pressure ratio is greater than 13, the system electrical efficiency does not improve significantly as the pressure ratio increases. This means that when the pressure ratio is greater than 13, there is not much benefit from continuing to increase the pressure ratio.
4.4 Effect of steam reinjection mass flow rate on different SOFC inlet temperatures
The inlet temperature of the SOFC has a significant effect on the electrical efficiency of the SOFC in a certain temperature range, as shown in Figure 2. It also has an impact on system electrical efficiency. When analyzing the influence of SOFC inlet temperature on the system, the pressure ratio is set at 10, and the TUR back pressure is set at 110 kPa. At the same time, the SOFC outlet temperature is controlled to 1,273.15 K through the SOFC cooling system.
The effect of the steam reinjection mass flow rate on system electrical efficiency at different SOFC inlet temperatures is given in Figure 8A. At a given SOFC inlet temperature, the system electrical efficiency increases with an increase in steam reinjection mass flow rate until the maximum steam reinjection mass flow rate is reached. At the same time, the maximum steam reinjection mass flow rate decreases as the inlet temperature of the SOFC increases.
[image: Figure 8]FIGURE 8 | (A) Effect of steam reinjection mass flow rate on system electrical efficiency at different SOFC inlet temperatures; (B) effect of SOFC inlet temperature on system electrical efficiency at different steam reinjection mass flow rates.
The variation in system electrical efficiency with SOFC inlet temperature for different steam reinjection mass flow rates is given in Figure 8B. It can be seen that there is an optimal SOFC inlet temperature that maximizes the electrical efficiency of the system, and the optimal SOFC inlet temperature tends to decrease as the steam reinjection mass flow rate gradually increases. As the SOFC inlet temperature increases, the mass flow rate of steam reinjection is limited, so the maximum system electrical efficiency at this point depends on the maximum mass flow rate of steam reinjection. This is due to the fact that when the SOFC inlet temperature increases, on one hand, the power generation efficiency of the SOFC itself first increases and then decreases, and on the other hand, an increase in the SOFC inlet temperature leads to a decrease in the temperature of the spent gas entering the HRSG, resulting in a decrease in the temperature and mass flow rate of the injected steam, which leads to a decrease in the power generated by the GEN.
The effect of SOFC inlet temperature on the maximum steam reinjection mass flow rate and the maximum system electrical efficiency is given in Figure 9. It can be seen that the maximum steam reinjection mass flow rate decreases as the SOFC inlet temperature increases. In addition, the corresponding system electrical efficiency shows a trend of increasing and then decreasing, reaching a maximum of 73.71% at the SOFC inlet temperature of 763.15 K, corresponding to a steam reinjection mass flow rate of 8.56 kg/s. This indicates that for a given pressure ratio, there is a maximum mass flow rate of the return steam, resulting in a system generation efficiency that is affected by both the pressure ratio and the steam reinjection mass flow rate, and that the steam reinjection mass flow rate has an effect on the SOFC inlet temperature.
[image: Figure 9]FIGURE 9 | Maximum steam reinjection mass flow rate and maximum system electrical efficiency curves at different SOFC inlet temperatures.
According to Figure 8B, the maximum system electrical efficiency does not fluctuate much when the SOFC inlet temperature is varied between 743.15 K and 783.15 K. The optimal SOFC inlet temperature can be found within this range for a given parameter.
4.5 Effect of steam reinjection mass flow rate on different turbine back pressures
For SOFC–GT systems with steam reinjection, it is possible to take a lower value than atmospheric pressure for the turbine back pressure due to the fact that the steam generated from the waste heat is passed into the turbine, which increases the humidity of the gas mixture in the turbine. Therefore, it is necessary to study the effect of the variation of the turbine back pressure on the power generation efficiency of the system. Under certain conditions, decreasing the TUR back pressure will make the TUR work capacity increase but will reduce the TUR exhaust temperature resulting in a reduction of heat recovery. In addition, when the back pressure is lower than atmospheric pressure, additional fans are needed to draw the spent gas out of the system and provide resistance to overcome the flue gas side of the HRSG, which will eventually exhaust the flue gas to the atmosphere. At this time, the influence of fan power WF should be considered in the calculation of system electrical efficiency. In other words, the system electrical efficiency at this time can be obtained according to the following equation:
[image: image]
For the system studied in this paper, the system exhaust pressure is equal to the TUR back pressure minus the pressure losses in the PH and HRSG. No additional treatment is performed when the system exhaust pressure is higher than atmospheric pressure. When the system exhaust is below atmospheric pressure, the system exhaust is pumped out of the system using a fan, and the fan outlet pressure is set to 105 kPa. When studying the effect of TUR back pressure on system electrical efficiency, the pressure ratio is taken as 10 and the SOFC inlet temperature is taken as 783.15 K.
Figure 10A shows the trend of system electrical efficiency at different back pressures. From Figure 10A, the system electrical efficiency increases with an increase in steam reinjection mass flow rate until the maximum steam reinjection mass flow rate is reached. In addition, as the TUR back pressure increases, the maximum steam reinjection mass flow rate gradually increases.
[image: Figure 10]FIGURE 10 | (A) Effect of steam reinjection mass flow rate on system electrical efficiency at different turbine back pressures; (B) effect of TUR back pressure on system electrical efficiency at different steam reinjection mass flow rates.
Figure 10B shows the relationship between TUR back pressure and system generation efficiency when the steam reinjection mass flow rate is from 0 kg/s to 8 kg/s. When the steam reinjection mass flow rate is small, that is, less than 3 kg/s under given conditions, there is an optimal exhaust pressure for each determined steam reinjection mass flow rate. However, when the steam reinjection mass flow rate is greater than 3 kg/s and each exhaust pressure reaches the maximum steam reinjection mass flow rate, the lower the TUR exhaust pressure, the higher the electrical efficiency of the system. Meanwhile, as shown in Figure 11, when the TUR back pressure decreases from 120 kPa to 70 kPa, the corresponding maximum steam reinjection mass flow rate under each TUR back pressure gradually decreases, while the maximum system electrical efficiency gradually increases, and the increase range gradually decreases. When the TUR back pressure is 70 kPa and the steam reinjection mass flow rate is 6.16 kg/s, the maximum electrical efficiency of the system is 74.11%.
[image: Figure 11]FIGURE 11 | Maximum steam reinjection mass flow rate and maximum system electrical efficiency curves at different TUR back pressures.
When the system exhaust pressure is lower than the ambient pressure, additional fans are needed to pump out the system exhaust; furthermore, when the exhaust pressure decreases, the power consumption of the fans increases. Since the inlet pressure of the TUR remains constant, when the back pressure of the TUR is reduced, the expansion ratio of the system increases, causing the TUR to perform more work and making the GEN generate more power. The more the steam injected, the greater the influence of TUR work increase caused by the decrease in TUR back pressure. Therefore, when the steam reinjection mass flow rate exceeds 3 kg/s, the electrical efficiency of the system increases with the decrease in the back pressure of the TUR.
Furthermore, the lower the TUR exhaust pressure, the higher the electrical efficiency of the system. However, if the exhaust pressure is lower than 1 atm, the equipment will be in vacuum, which increases the cost and manufacturing difficulty of the equipment. Therefore, the choice of system exhaust pressure is generally greater than the atmospheric pressure.
5 CONCLUSION

(1) Due to the steam reinjection system, the mass flow rate of the working medium in the turbine increases, and the exhaust temperature of the system decreases significantly. Therefore, the electrical efficiency of the SOFC–GT system with steam reinjection is higher than that of the SOFC–GT system without steam reinjection, and the higher the mass flow rate of steam reinjection, the higher the electrical efficiency of the system. However, because the steam pressure is limited by the compressor pressure ratio, there is a maximum steam reinjection mass flow rate.
(2) When the SOFC inlet temperature and turbine back pressure are given, there is an optimal pressure ratio to maximize the electrical efficiency of the system. The optimal pressure ratio increases with the increase in the steam reinjection mass flow rate. For a given SOFC inlet temperature and turbine back pressure, the maximum system electrical efficiency can reach 73.93% considering the effect of steam reinjection mass flow rate and pressure ratio on the system electrical efficiency. At this time, the pressure ratio is 15, and the steam reinjection mass flow rate is 7.56 kg/s.
(3) Through the study of the steam reinjection mass flow rate and SOFC inlet temperature, it is found that there is an SOFC inlet temperature which can make the system achieve the maximum electrical efficiency. When the steam reinjection mass flow rate increases, the optimal SOFC inlet temperature tends to decrease, but the influence degree is small. When the pressure ratio is 10 and the turbine back pressure is 110 kPa, considering the influence of steam reinjection mass flow rate on the SOFC inlet temperature, the steam reinjection mass flow rate is 8.56 kg/s, and the electrical efficiency of the system is 73.71%. At this point, the SOFC inlet temperature is 763.15 K.
(4) The influence of turbine exhaust pressure on the electrical efficiency is more complex. The optimal turbine back pressure exists when the steam reinjection mass flow rate is small; however, when the steam reinjection mass flow rate is greater than or equal to 3 kg/s, the lower the turbine exhaust pressure, the higher the system electrical efficiency. At the pressure ratio of 10 and SOFC inlet temperature of 783.15 K, the maximum steam reinjection mass flow rate is 6.16 kg/s, and the electrical efficiency of the system reaches 74.11%.
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