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Abstract

:

Super-critical Carbon dioxide (s-CO2) power plants are considered to be efficient and environmentally friendly compared to the traditional Rankine cycle-based steam power plants and Brayton cycle-based gas turbine power plants. In this work, the system design of a coal-fired 100 MWe double reheat s-CO2 power plant is presented. The system is also optimized for efficiency with turbine inlet pressures and the recompression ratio as the variables. The components needed, mass flow rates of various streams and their pressures at various locations in the system have been established. The plant has been studied based on 1st and 2nd laws at full load and at part loads of 80%, 60% and 40%. Operating parameters such as mass flow rate, pressure and temperature have considerably changed in comparison to full load operation. It was also observed that the 1st law efficiency is 53.96%, 53.93%, 52.63% and 50% while the 2nd law efficiency is 51.88%, 51.86%, 50.61% and 48.1% at 100%, 80%, 60% and 40% loads, respectively. The power plant demonstrated good performance even at part loads, especially at 80% load, while the performance deteriorated at lower loads. At full load, the highest amount of exergy destruction is found in the main heater (36.6%) and re-heaters (23.2% and 19.6%) followed by the high-temperature recuperator (5.7%) and cooler (4.1%). Similar trends were observed for the part load operation. It has been found that the recompression ratio should be kept high (>0.5) at lower loads in order to match the performance at higher loads. Combustion and heat exchange due to finite temperature differences are the main causes of exergy destruction, followed by pressure drop.
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1. Introduction


The modern world is undergoing rapid development which is reflected in the increased per capita energy consumption. Developing countries such as India are experiencing exponential growth and, at the same time, awareness of climate change is catching up and governments worldwide are looking at environmentally friendly power generation technologies that are also efficient and sustainable. Renewable energy sources are known to be environmentally friendly and even though power from solar and wind energy is becoming competitive [1], they are not reliable and sustainable without the support of bulky energy storage devices such as batteries. Conventional power generation technologies involving fossil fuels have the advantage of being mature and well understood while they suffer from an environmental regulations viewpoint [2]. Several innovative ways of utilizing fossil fuels and reducing their impact on the environment have been explored and are still being investigated [3]. Some of the methods are fluidized bed combustion [4], oxy-fuel combustion [5], chemical looping combustion [6], etc., which aim at reducing the pollutants at the combustion stage itself. In addition, the application of fossil fuels is being investigated in high-end thermal power plants such as ultra super-critical power plants [7]. However, they need expensive materials due to high pressure and temperatures. Some technologies are designed to handle the pollutants after the combustion process, and carbon capture and storage (CCS) is one among them [8]. It would be useful if the captured and stored carbon dioxide could be put to further use. One such application is to use carbon dioxide as a refrigerant while another application is to use it in power generation [9], such as in s-CO2 power plants.



The primary benefit of using CO2 as a working fluid in power generation is that it can replace water as a working fluid, thereby preserving and conserving a more important natural resource. Moreover, large amounts of CO2 generated by burning fossil fuels (~963 tons/day by a 100 MWe plant) [10] can be utilized and thereby decrease its contribution to global warming. Other benefits of CO2 as a working fluid are the fact that it is inert, non-toxic, non-corrosive, has low ozone depletion potential, is accessible and affordable, has good thermal characteristics for heat exchange, a low compression work around critical point, higher thermal efficiency and the equipment is compact due to high density [11]. In addition to fossil fuels, the necessary heat for a s-CO2 power plant can also be sourced from geothermal, solar and/or waste heat energies [12].



Despite having several benefits mentioned above and having been introduced several decades ago in the 1960s by Angelino [13] and Feher [14], the power generation technology using s-CO2 is still at the testing stage with test facilities in the 1–250 kW range and the largest pilot plant being of 10 MWe capacity built by the Gas Turbine Institute, Southwest Research Institute and General Electric Global Research together in San Antonio, Texas, USA [15]. Several review articles were recently published highlighting the benefits, drawbacks, state-of-the-art and future work to be taken up to make s-CO2 power a reality at a higher scale [11,12,16,17,18,19,20]. Sarkar [16] emphasized the need for more experimental research on transcritical Rankine cycles to carry out a techno-economic comparison of CO2 with other working fluids. Crespi et al. [17] have stated that high efficiencies in the range of 50–60% can be achieved by using combined cycle layouts involving s-CO2. Ahn et al. [12] suggested that the focus should be on developing pilot power plants bigger than 10 MWe so as to explore the commercial benefits due to scale-up. Yin et al. [18] carried out a review on the application of s-CO2 with concentrated solar power and suggested that future research should focus on the materials used, thermodynamic analysis at the design point and off-design point as well as transient modeling. White et al. [19] highlighted areas of research in the turbomachinery, heat exchangers, materials and control systems. Yu et al. [20] found that identifying an efficient cycle for a given heat source is an unanswered question and needs to be studied for various heat sources. They also suggested that CO2-based gas mixtures also need to be evaluated for usage in these power plants.



Based on the reported research and review articles, it can be found that several thermodynamic configurations involving s-CO2 have been studied. All these studies aimed at maximizing the thermal efficiency either by using a single cycle or a combined cycle. Sun et al. [21] proposed a bottoming cycle for a coal-fired s-CO2 power plant to effectively utilize the heat in the exhaust gases. They reported an efficiency of 47% with a double reheat recompression cycle with CO2 parameters as 620 °C temperature and 30 MPa pressure. Chen et al. [22] compared two recompression cycles, one with a single reheat and another with a double reheat. They found that the double reheat cycle is more efficient than the single reheat cycle. Moreover, they have evaluated the exergy destruction in the combustion, heat transfer and pressure drop and found that most of the exergy is destructed during combustion followed by heat transfer. Bai et al. [23] proposed an improved recompression s-CO2 coal-fired power plant. Rogalev et al. [24] explored the possibility of replacing steam with s-CO2 in a nuclear power plant and found it to be an attractive option for a working fluid temperature above 455 °C.



Some studies on the part load performance of s-CO2 plants have been reported in the literature. Sanchez et al. [25] analyzed a hybrid system comprising a molten carbonate fuel cell and s-CO2 cycle to evaluate the control strategies at part loads and concluded that mixed strategies give better results compared to individual control strategies. Fan et al. [26] considered simple supercritical and trans-critical plants to conduct thermodynamic analysis and determine the control strategy. Yang et al. [27] studied four simple and separate layouts powered by solar energy and compared different cycles at full and part loads. Tong et al. [28] studied a coal-powered single reheat recompression cycle and evaluated the boiler’s part load performance. Lee et al. [29] developed a CFD model to study the part load performance of radial flow turbines used in s-CO2 plants with a maximum deviation of 10%. Alfani et al. [30] considered four different system layouts powered by waste heat and carried out a 1st law and techno-economic analysis and optimization. They also compared the performance with organic Rankine cycle technology and concluded that s-CO2 has a better performance even at part loads. Fan and Dai [31] combined a simple s-CO2 with the Kalina cycle and a recompression s-CO2 with the Kalina cycle and carried out thermo-economic analysis and optimization of the system. They found the recompression-Kalina cycle to be a better performer both thermodynamically and economically. Fan et al. [32] studied a nuclear energy-powered s-CO2 plant combined with an organic Rankine cycle to carry out 1st law and economic analysis. Wang et al. [33] considered a fuel oil-powered recompression cycle and compared different control strategies at part loads. They concluded that inventory and anti-surge control is better than valve controls. Xingyan et al. [34] studied four different cycles and evaluated their performance based on layout and control strategies. Gini et al. [35] evaluated a simple recuperated cycle powered by molten salt for control strategy development at part loads. It is evident that some studies on the part load performance of s-CO2 plants have been reported, and a few studied the specific components [28,29] in the plant. There is no study that reported a part load study on a double reheat recompression cycle powered by coal. Table 1 summarizes the reported literature on part load studies of s-CO2 power plants.



From the summary of the literature presented above, it can be seen that several thermodynamic cycle layouts have been investigated and reported in the open literature. However, to the best of the authors’ knowledge, there is no study which considered the system design and optimization of a 100 MWe double reheat s-CO2 power plant and thermodynamic analysis at part loads. Since the existing systems would eventually be scaled up and part load operation would be inevitable and important, as emphasized by Yin et al. [18], the present study aims to predict the performance at full load as well as part loads of an s-CO2 power plant. Since it is generally understood that a double reheat recompression cycle has a high efficiency in comparison to other configurations [17,22], the same has been considered in the present study. The objectives of the present study are listed below:




	
To perform a system design of a 100 MWe coal-fired double reheat recompression s-CO2 system based on the parameters and configurations reported by Chen et al. [22].



	
To evaluate its performance at full load as well as at part loads of 80%, 60% and 40% based on 1st and 2nd laws of thermodynamics.



	
To optimize the performance based on thermal efficiency (1st law efficiency) at full load.



	
Identify the crucial operational parameters that influence thermal efficiency.



	
Identify the system components that contribute to high exergy destruction.









2. System Layout Description


The s-CO2 power plant system layout considered for the present study is a double reheat recompression cycle, as described by Chen et al. [22]. The schematic of the layout is shown in Figure 1. Carbon dioxide is heated to the rated supercritical condition in the heater using the heat generated by coal firing. This s-CO2 expands in the high-pressure turbine, then enters the reheater-1 to undergo a rise in temperature, further expands in the intermediate-pressure turbine followed by a temperature rise in reheater-2 and, finally, expands in the low-pressure turbine. The low-pressure turbine exhaust is still at moderate pressure and temperature and its energy is partly recovered in the high and low-temperature recuperators in which heat is transferred from the low-pressure turbine exhaust to the CO2 emerging from the compressors. This is meant to save input heat energy in the form of fuel. After the low-temperature recuperator, the s-CO2 is split into two streams, one of which is cooled in the cooler using ambient air before it enters the main compressor while the other stream is directed into the re-compressor. The main compressor handles cooler s-CO2 and hence saves energy. After compression and heat exchange in the low-temperature recuperator, both the compressor exit streams are mixed in a direct contact heat exchanger named a ‘junction’ in Figure 1. Subsequently, heat exchange takes place in the high-temperature recuperator and the CO2 enters the heater to receive heat from coal combustion. In the figure, the coal flow stream and flue gas stream have not been shown for the sake of simplicity. Part of the power produced by the turbines is consumed by the compressors as indicated by the shaft connecting the turbines and compressors.



The corresponding Temperature vs. Entropy diagram is shown in Figure 2. Important processes have been marked in the T-S diagram.



The fuel properties and important operating parameters of the plant are shown in Table 2. Operating parameters are chosen in such a way that the CO2 remains in a super critical state through the entire operation.



Model Formulation:



The following assumptions were made in the model formulation and analysis:




	
All components operate at a steady state.



	
Changes in kinetic and potential energies are neglected for all fluid streams.



	
All components are perfectly insulated and there is no heat exchange with the surroundings.



	
The heat exchangers (recuperators and cooler) are the shell and tube type.



	
The dead state conditions are taken to be 1 bar and 30 °C.








The following equations are framed and solved for all the components in the steady flow system.





        Mass Balance :     ∑  i n     m ˙  =     ∑  o u t    m ˙     



(1)









          Energy Balance :     ∑  i n     E ˙  =     ∑  o u t    E ˙     



(2)









    For multiple streams ,        Q ˙  −  W ˙  =   ∑  o u t     m ˙  h −     ∑  i n     m ˙  h     



(3)









    For multiple streams ,    Q ˙  −  W ˙  =  m ˙   [   h 2  −  h 1   ]    



(4)









    Energy Balance :                  X ˙   i n   −   X ˙   o u t    ︸           Rate   of   net   exergy             transfer   by   heat ,               work ,   and   mass       −   X ˙   d e s t r o y e d   = 0   



(5)






       X ˙   h e a t   =  (  1 −    T 0   T   )   Q ˙           



(6)






     X ˙   w o r k   =   W ˙   u s e f u l     



(7)






     X ˙   m a s s   =  m ˙  ψ   



(8)






   ψ =  (  h −  h 0   )  −  T 0   (  s −  s 0   )    



(9)






     X ˙   d e s t r o y e d   =  T 0    S ˙   g e n     



(10)






    η I  =    Net   Power      m ˙   fuel   ×  LCV   of   fuel      



(11)






    η  I I   =    Net   Power      m ˙   fuel   ×  Exergy   of   fuel      



(12)






    Fuel   exergy    =    1.04  ×  LCV   of   fuel    



(13)








   Recompression ratio ,            Φ =   Main compressor flow rate   Total flow rate     



(14)





The chemical exergy factorized in Equation (13), 1.04, is estimated using the method proposed by Kotas [36]. The individual equations for mass, energy and exergy balance for each component are shown in Table 3. Heat and power terms shown in Table 2 are positive quantities. The subscripts in the equations correspond to the pipe numbers shown in Figure 1. The exergy destroyed in the equations corresponds to the respective component. Exergy associated with heat transfer is computed using Equation (6) while the flow exergy of each component is evaluated using Equation (9).



The equations shown in Table 3 are framed and solved by the flow-sheeting software Cycle-Tempo 5.1 based on the inputs given using the graphical user interface. The property values of carbon dioxide are computed using RefProp 10 add-in software.



The system shown in Figure 1 and the inputs shown in Table 3 are used to solve the system and the output is validated by comparing the present results with those of Chen et al. [22] after adjusting some inputs so as to make the model relevant to theirs. The results have been compared to validate the present model and are shown in Table 4.



The maximum error is found to be less than 4%. This could be due to the different software used by Chen et al. [22] and in the present work to compute fluid properties. Moreover, the convergence criteria of the two software could be different. Moreover, some commonly used parameters (such as the recompression ratio, chemical exergy factor) which are not provided by Chen et al. [22] have been assumed or indirectly estimated in the present work. Considering all these reasons, a maximum error of less than 4% is concluded to be reasonable and hence the present model is concluded to be satisfactory.




3. Results and Discussion


The results of mass and energy balance calculations are shown in the Figure 3 at full load (100 MWe) conditions. The compressors, turbines and generator are shown mounted on the same shaft indicating that part of the power generated in the turbines is consumed by the compressor while the rest is converted to electric energy in the generator. Due to the heat recovery processes, the amount of heat supplied in the main heater is lower and hence results in better efficiency. It can also be seen that the HP turbine, IP turbine and LP turbines produce 51 MW, 43.6 MW and 42.47 MW, respectively, while the main compressor and re-compressor consume 16.75 MW and 20.4 MW, respectively, resulting in a net power output of 100 MW. The exergy flow is shown in Figure 4. The total exergy supplied to the main heater and two re-heaters is 192.79 MW, out of which 100 MW is converted to net power output while 92.87 MW is destroyed in various components, with the major culprit being the main heater. This results in a 2nd law efficiency of 51.87%.



3.1. Optimization


Recompression ratio, ϕ, is an important operational parameter of choice that can decide the performance of the plant [24,37]. Hence, we studied the influence of it on the 1st law efficiency of the power plant. The recompression ratio has been varied from 0.1 to 0.75 at full load and the efficiency is estimated and plotted in Figure 5 for two different pressure ratios of the turbines. At this point, it should be mentioned that as per the design of Chen et al. [22], the high-pressure turbine pressure ratio is 1.66, the intermediate-pressure turbine pressure ratio is 1.56 and that of the low-pressure turbine is 1.54. For studying the influence of the recompression ratio in the present study, this has been kept the same for all turbines at 1.5 for the 1st and 2 for the second case.



Opposite trends can be noticed. At a pressure ratio of 1.5, there is a monotonous rise in efficiency while there is a drop for a pressure ratio of 2. Rogalev et al. [24] observed a maximum efficiency at a recompression ratio of around 0.35 for a fixed pressure ratio. Hence, it can be understood that there is a possibility of optimization with the recompression ratio and turbine pressure ratio as parameters. However, there are other parameters to be considered for optimization. The base case of full load has been considered for optimization with respect to the thermal efficiency. For this purpose, the present work has used the Optimization tool in Cycle-Tempo to maximize the efficiency of the plant. The turbine inlet parameters and recompression ratio have been chosen as the variables and 1st law efficiency has been chosen as the target parameter to be optimized. At the same time, 2nd law efficiency has also been evaluated with the dead state taken as 1 bar and 30 °C. The results of the optimization study have been tabulated in Table 5.



After optimization, few changes in the parameters have taken place. The inlet pressure of the high-pressure turbine remains the same while that of the intermediate and low-pressure turbine marginally increases to 206.9 and 130.5 bar from 192.3 and 123.3 bar, respectively. In the range of study, it can be seen that the 1st law efficiency reached a maximum of 61.7% while the 2nd law efficiency reached 59.3%. There was a very small rise in the 1st law efficiency when the recompression ratio was kept the same. However, when the recompression ratio was increased, there was a good amount of rise in efficiency. The maximum efficiencies were seen at a recompression ratio of 1 which means all the working fluid is compressed in the main compressor, thereby minimizing the power consumed. There is no change in the turbine inlet pressures at different recompression ratios. The pressure ratios of the optimized system turbines are 1.55, 1.58 and 1.63 for the high-pressure turbine, intermediate-pressure turbine and low-pressure turbine, respectively. The same for the base case are 1.66, 1.55 and 1.54, respectively. The optimization process is aimed at increasing the 1st law efficiency and hence the pressures and temperatures are altered by the software algorithm to provide heat addition at a higher possible temperature.




3.2. Part Load Performance


Part load performance is inevitable for all power plants and pressure control plays a crucial role in operating power plants at off-design conditions [38]. The part load calculations have been carried out using the part load option in Cycle-Tempo which is based on Traupel’s formula. The base case of full load operation at 100 MW has been used as the basis for the parameters. In this procedure, the data from the full load simulation are input into the part load simulations along with the heat exchanger surfaces, turbine operational parameters as well as compressor parameters. Since the available sizes of heat exchangers, turbine and compressor sizes do not change even at part load, the turbine inlet pressure, temperature, fluid flow rate and a few other parameters should be altered at part load. Table 6 shows the power produced in the turbines and that consumed in the compressors at various loads. The negative sign for compressors indicates power consumption. As per intuition, the power produced and consumed decreases at part load compared to full load. However, the powers shown in Table 5 at part load are not simply the fraction of it at full load. In plain terms, at 80% load, the high-pressure turbine’s output is not 80% of 51 MW but 81.7% of 51 MW. Likewise, at 60% load and 40% load, the power output is 64.3% and 45.7%, respectively.



The fluid mass flow rates are supposed to decrease at part loads. This is investigated and shown below. Table 7 compares the mass flow rates of the fluids (CO2 and air in pipes 17 and 18) in various pipelines at different loads. The pipe numbers can be referred to in Figure 1. It must be noted that the flow rates at different loads in pipes 1 to 8 are the same because these pipes carry the s-CO2 through the main heater, turbines, reheaters and recuperators before bifurcating at the cooler. These flows merge downstream in pipe 15. Intuitively, the flow rates should decrease to 80%, 60% and 40% of that at full load. However, the flow rate of CO2 has reduced to 86.1%, 72.4% and 57.7% of the full load for part load operation at 80%, 60% and 40%, respectively. This is because the pressures and temperatures at a few salient points have changed at part loads when compared to full loads. These have been shown in Table 8 and Table 9.



Some of the pressures at various locations in the power plant are also supposed to change at part loads. This has been investigated and compared in Table 8. These pressure changes would be brought about by pressure control methods such as sliding pressure control, etc. Unlike the mass flow rate, the pressures in the cycle keep reducing from pipe 1 to pipe 11 as the expansion takes place and before being compressed. This can also be observed in the part load operation. The general trend is that the pressures have decreased at part loads while they remained the same at a few points. This was observed by Adibhatla and Kaushik [38] in their part load performance study on a super-critical steam thermal power plant. They also noted that sliding pressure control is better than constant pressure control. The high-pressure turbine inlet pressure decreased to 86.6%, 73.9% and 60.7% of the full load pressure of 320 bar at 80%, 60% and 40% loads, respectively. At the exit of the high-pressure turbine, the pressures are 88.6%, 78.1% and 67.2% of the full load value of 192.8 bar at 80%, 60% and 40% loads, respectively. Pressure is an important parameter from an operation and safety viewpoint. Since the pressures at the part load did not increase, the design of the pressure vessels and pipelines for pressure can be based on the full load value without worrying about pressure spikes at part loads.



Temperatures at various locations also change at part loads and are compared in Table 9. Similar to the pressures, the temperatures drop as the cycle proceeds from pipe 1 to 11. The lowest temperature and pressure in the cycle are kept above the critical point of CO2. It can be seen that the turbine inlet temperatures have remained the same as that in the full load (620 °C) while the exit temperatures have increased. This is in contrast to the behavior of power, mass flow rate, and pressure, which reduced at part loads considered in the present study. This is to increase the temperature of heat addition in the re-heaters so as to keep the overall temperature of heat addition high and thereby operate at the best possible thermal efficiency at that particular part load. It can be observed that the exit temperature of the high-pressure turbine has increased by 0.6%, 1.4% and 2.6% for 80%, 60% and 40% loads, respectively. This implies that the temperatures at the inlet and outlet of the high-pressure turbine are practically remaining constant. A similar observation can be made for the remaining salient points.



From the comparison of mass flow rates, pressures and temperatures, it can be concluded that there is considerable change in the first two parameters while there is only a minute change in the last one when compared to the full load values.



Figure 6 shows the percentage exergy loss in various components compared to the total exergy loss. Most of the exergy is lost in the main and re-heaters and this can be attributed to the heat transfer by finite temperature difference. In the study carried out by Adibhatla and Kaushik [38], it was found that the boiler experiences the highest amount of exergy destruction followed by the turbines, which is similar to what can be noticed in Figure 6. Moreover, these components operate at high temperatures which contributes more to the lost exergy. The same can be observed to a certain extent in the high-temperature recuperator and cooler. Even though the temperature difference between the hot and cold fluids in the cooler is high, the exergy lost is low due to both fluids being at a relatively low temperature.



Figure 7 shows the value diagrams of the heat-exchanging equipment in the plant, namely, the high-temperature recuperator (HTR), low-temperature recuperator (LTR) and Cooler. The value diagram gives an understanding of the amount of useful work that can be produced if a heat engine is operated between the ambient and the heat exchanger. This can be seen on the y-axis showing the Carnot efficiency and also as the shaded region between the two curves. This value is greatest for the HTR and least for the LTR. The cooler also has some exergy lost on par with the two recuperators because of the high-temperature difference between the two fluids at the hot end. This is difficult to avoid as the ambient air is used for cooling the CO2 in the cooler. However, the exergy lost in the cooler is lower because it operates in the low-temperature region compared to the recuperators. To decrease this exergy loss, the temperature of carbon dioxide in the cooler needs to be reduced further, which implies greater heat transfer in the HTR and LTR, which in turn can increase the exergy lost in them. So, a balance needs to be struck between the exergy lost in the cooler and that in the recuperators.



Specific work is an indicator of the amount of working fluid necessary to generate a given quantity of work. Higher magnitude indicates better utilization of the working fluid by the choice of its operational parameters such as pressure and temperature [26]. Figure 8 shows the specific work as a function of the recompression ratio at different loads. As anticipated, the full-load plant has the highest amount of specific work while the 40% load has the lowest amount. The specific work also increases as the recompression ratio increases, which is in agreement with the results of the optimization study. This is because at a low recompression ratio between 0.1 and 0.2, 80–90% of the flow takes place in the re-compressor, which operates at higher temperatures, resulting in greater compression work and hence lower specific work. Moreover, the specific work at 80% load is almost equal to that at full load, especially at a low recompression ratio. An interesting observation for the recompression ratio between 0.1 and 0.2 is that at full load the specific work is slightly lower than that at 80% load. This could be due to the magnitude of differences in the mass flow rates, pressures and temperatures in the main and re-compressor at 100% and 80% loads. At the full load and 80% load, the mass flow rates are 435.4 and 374.76 kg/s, the main and re-compressor exit pressures are 334.5/280.8 bar and 334/278 bars while the respective temperatures are 75.22/68.3 and 220.44/192.93 °C, respectively, for the main and re-compressors. It can be seen that the mass flow rates and pressures have changed greatly during part load operation while the temperatures changed only by a small fraction. This along with the fact that about 80–90% of the flow takes place in the re-compressor for the recompression ratio 0.1–0.2 could have resulted in a slight reduction in specific work at full load. At lower loads, the drastic drop in the mass flow rate could have resulted in consistent behavior in the entire range of the recompression ratio considered.



The 1st law and 2nd law efficiencies at various loads are compared in Figure 9. The 2nd law efficiency is understandably always lower than the 1st law efficiency. In addition, both the efficiencies remain almost the same at full and 80% loads while there is a drastic drop at 60% and 40% loads. A similar observation was made by Yang et al. [27] during their study on the 1st law-based performance of an s-CO2 power plant at full and part load even though their system is not a double reheat recompression one like in the present study. This drop in efficiencies is due to the off-design operation where the components are designed for full load. This results in unnecessary losses in the fluid flow as well as increased irreversibilities. Hence, it is not advisable to operate this power plant below 60% load. Moreover, exergo-economic studies need to be conducted at part loads to see if it is worthwhile to operate even at 80% or not.



Sanchez et al. [25] reported about 34% 1st law efficiency at full load and about 32% at 40% load. Fan et al. [26] reported a thermal efficiency of 35 to 38% from 35% load to 100% load, respectively, under both an inventory control strategy as well as a turbine throttling strategy. In comparison to the present study, their efficiencies have a drop of 3 percentage points while in the present study the drop is by 4 percentage points. This could be due to the combined cycles of Sanchez et al. [25] and Fan et al. [26], which evened out the variation to a greater extent. This is supported by the results reported by Yang et al. [27] where their thermal efficiencies varied between 37% and 43% for a load range of 40% to 100%. These efficiencies are lower than those reported in the present work. This could be due to the simple single reheat cycle they implemented while the present work implemented a double reheat recompression system. Wang et al. [33] studied the influence of different control strategies on thermal efficiency and found that inventory control and coupled control are the best choices for part load operation. The present work implemented the inventory control method for part load operation. They also found the efficiency to be ranging between 22% and 30% for a load ranging between 40% and 100% and the lower efficiencies can be attributed to the simplicity of the system. Gini et al. [35], who considered a simple recuperated s-CO2 system, also showed that the thermal efficiency dropped to 80% of the full load value at 50% load. From this comparison with the studies reported in the literature, it can be understood that a combined or hybrid system involving s-CO2 yields more or less constant thermal efficiency at loads even down to 40% while simple systems perform poorly at low loads.





4. Conclusions


In the present study, the system design of a 100 MWe double reheat recompression s-CO2 power plant was carried out, various operational parameters were estimated and the system was optimized at full load. Part load performance at 80% down to 40% was evaluated. The recompression ratio was found to be a crucial parameter that influences the performance both at full and part loads. Based on the 2nd law analysis, the components that are responsible for high exergy destruction were also identified. Key observations are objectively listed below:




	
Recompression ratio and turbine inlet pressures as well as pressure ratios were identified as crucial for improving the performance of the power plant. The power plant at full load was optimized and an estimated 1st law efficiency of 61.7% and 2nd law efficiency of 59.3% were attained.



	
The specific work was highest (~160 kJ/kg) at full load and almost the same at 80% load, especially at low recompression ratios. It dropped rapidly at lower loads, indicating that the recompression ratio should be kept high at lower loads.



	
The power plant operated almost equally well at full load and 80% load while a drastic drop in efficiency was noticed at 60% and 40% loads compared to those at 100% load.



	
Operational pressures decreased at part loads while few temperatures, especially at the turbine exit, increased marginally. The mass flow rate reduced at part load when compared to full load.



	
Most of the exergy is destroyed in the main heater (>35%), re-heater (>20%), followed by the high-temperature recuperator and cooler.
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Nomenclature




	Symbol
	Name



	   E ˙   
	Rate of energy transfer, kW



	h
	Specific enthalpy, kJ/kg



	h0
	Dead state specific enthalpy, kJ/kg



	   m ˙   
	Mass flow rate, kg/s



	   Q ˙   
	Rate of heat transfer, kW



	S
	Specific entropy, kJ/kg-K



	S0
	Dead state specific entropy, kJ/kg-K



	Sgen
	Entropy generated, kJ/K



	T
	Absolute temperature, K



	T0
	Dead state temperature, K



	   W ˙   
	Rate of work, kW



	   X ˙   
	Rate of Exergy Transfer, kW



	     X ˙   d e s     
	Exergy destroyed, kW



	ϕ
	Recompression ratio, (-)
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Figure 1. Schematic layout of the double reheat recompression s-CO2 power generation system. 
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Figure 2. Temperature–Entropy diagram of the double reheat recompression s-CO2 plant at full load. 
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Figure 3. Values of pressure, temperature, enthalpy and mass flow rates at various locations in the double reheat 100 MWe s-CO2 power plant. The major legend is to be read as shown here [image: Sustainability 15 14677 i001]. 
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Figure 4. Exergy flow in the full load (100 MWe) plant. 
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Figure 5. Influence of recompression ratio on 1st law efficiency. 
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Figure 6. Percentage of exergy lost in various components. 
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Figure 7. Value diagram of (a) HT recuperator, (b) LT recuperator and (c) Cooler. 
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Figure 8. Specific work as a function of recompression ratio at various loads. 
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Figure 9. Comparison of 1st and 2nd law efficiencies at various loads. 
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Table 1. Part load or off-design studies reported in the literature.






Table 1. Part load or off-design studies reported in the literature.












	S. No
	Reference
	Source of Energy
	Type of System
	Objective





	1
	Sanchez et al. [25]
	Natural gas
	MCFC and s-CO2 hybrid system
	1st law analysis, inventory control strategy



	2
	Fan et al. [26]
	Nuclear energy
	Combined super critical and trans-critical
	1st and 2nd law analysis, identify a control strategy



	3
	Yang et al. [27]
	Solar energy
	Simple recuperative, reheat, recompression and intercooling cycles studied separately
	1st law analysis, performance comparison between different cycles



	4
	Tong et al. [28]
	Coal
	Single reheat recompression
	Focusses on boiler furnace part load performance



	5
	Lee et al. [29]
	-
	-
	Focusses on turbine part load performance



	6
	Alfani et al. [30]
	Waste heat
	Simple recuperative, simple recuperative cycle with bypass and turbine split flow configurations
	1st law and Techno-economic analysis and optimization



	7
	Fan and Dai [31]
	Nuclear energy
	Combined s-CO2 and Kalina cycle
	1st and 2nd law analysis, Thermo-economic optimization and evaluate different control strategies



	8
	Fan et al. [32]
	Nuclear energy
	Combined s-CO2 with Organic Rankine Cycle
	1st law and economic analysis



	9
	Wang et al. [33]
	Fuel oil
	Recompression s-CO2 Brayton cycle
	Comparison of control strategies



	10
	Xingyan et al. [34]
	-
	Simple recuperated, recompression, single reheat, intercooling cycles considered separately
	Performance evaluation based on layout and control strategies



	11
	Gini et al. [35]
	Molten salt
	Simple recuperated s-CO2 cycle
	Control strategy development



	
	Present work
	Coal
	Double reheat recompression
	System design, 1st and 2nd law analysis and parameter optimization for better efficiency










 





Table 2. Fuel and operational parameters used in the simulation at full load [22].
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	Parameter
	Value





	Lower heating value of coal
	26.51 MJ/kg



	Exergy of coal
	27.57 MJ/kg



	Pressure/Temperature of CO2 at HP turbine inlet
	320 bar/620 °C



	Temperature of CO2 at IP and LP turbine inlet
	620 °C



	Pressure of CO2 at IP turbine inlet
	192.3 bar



	Pressure of CO2 at LP turbine inlet
	123.3 bar



	Pinch points in heat exchangers
	5 °C



	Turbine isentropic efficiency
	93%



	Compressor isentropic efficiency
	90%



	Pressure drop in heater
	1 bar



	Pressure drop in recuperators
	0.5 bar



	Recompression ratio
	0.683










 





Table 3. Equations of mass, energy and exergy balance of individual components.
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	Component
	Mass Balance
	Energy Balance
	Exergy Balance





	Heater
	     m ˙   16   =   m ˙  1    
	    Q ˙  =   m ˙  1   (   h 1  −  h  16    )    
	     X ˙   16   +   X ˙  Q  −   X ˙  1  −   X ˙   d e s   = 0   



	High Pressure Turbine
	     m ˙  1  =   m ˙  2    
	    W ˙  =   m ˙  1   (   h 1  −  h 2   )    
	     X ˙  1  −  W ˙  −   X ˙  2  −   X ˙   d e s   = 0   



	Reheater-1
	     m ˙  2  =   m ˙  3    
	    Q ˙  =   m ˙  2   (   h 3  −  h 2   )    
	     X ˙  2  +   X ˙  Q  −   X ˙  3  −   X ˙   d e s   = 0   



	Intermediate Pressure Turbine
	     m ˙  3  =   m ˙  4    
	    W ˙  =   m ˙  3   (   h 3  −  h 4   )    
	     X ˙  3  −  W ˙  −   X ˙  4  −   X ˙   d e s   = 0   



	Reheater-2
	     m ˙  4  =   m ˙  5    
	    Q ˙  =   m ˙  4   (   h 5  −  h 4   )    
	     X ˙  4  +   X ˙  Q  −   X ˙  5  −   X ˙   d e s   = 0   



	Low Pressure Turbine
	     m ˙  5  =   m ˙  6    
	    W ˙  =   m ˙  5   (   h 5  −  h 6   )    
	     X ˙  5  −  W ˙  −   X ˙  6  −   X ˙   d e s   = 0   



	High Temperature Recuperator
	     m ˙  6  =   m ˙  7         m ˙   15   =   m ˙   16     
	     m ˙  6   (   h 6  −  h 7   )  =   m ˙   15    (   h  16   −  h  15    )    
	     X ˙  6  +   X ˙   15   −   X ˙  7  −   X ˙   16   −   X ˙   d e s   = 0   



	Low Temperature Recuperator
	     m ˙  7  =   m ˙     8                 m ˙   12   =   m ˙   13     
	     m ˙  7   (   h 7  −  h 8   )  =   m ˙   12    (   h  13   −  h  12    )    
	     X ˙  7  +   X ˙   12   −   X ˙  8  −   X ˙   13   −   X ˙   d e s   = 0   



	Flow Control valve
	     m ˙  8  =   m ˙  9  +   m ˙   10     
	     m ˙  8   h 8  =   m ˙  9   h 9  +   m ˙   10    h  10     
	     X ˙  8  −   X ˙  9  −   X ˙   10   −   X ˙   d e s   = 0   



	Cooler
	     m ˙   10   =   m ˙   11          m ˙   17   =   m ˙   18     
	     m ˙   10    (   h  10   −  h  11    )  =   m ˙   17    (   h  18   −  h  17    )    
	     X ˙   10   +   X ˙   17   −   X ˙   11   −   X ˙   18   −   X ˙   d e s   = 0   



	Main Compressor
	     m ˙   11   =   m ˙   12     
	    W ˙  =   m ˙   11    (   h  12   −  h  11    )    
	     X ˙   11   +  W ˙  −   X ˙   12   −   X ˙   d e s   = 0   



	Re-Compressor
	     m ˙  9  =   m ˙   14     
	    W ˙  =   m ˙  9   (   h  14   −  h 9   )    
	     X ˙  9  +  W ˙  −   X ˙   14   −   X ˙   d e s   = 0   



	Junction
	     m ˙   13   +   m ˙   14   =   m ˙   15     
	     m ˙   13    h  13   +   m ˙   14    h  14   =   m ˙   15    h  15     
	     X ˙   13   +   X ˙   14   −   X ˙   15   −   X ˙   d e s   = 0   










 





Table 4. Model validation by comparing with the results of Chen et al. [22].
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Temperature, °C

	
Pressure, bar

	
Mass Flow Rate, kg/s




	
S. No.

	
Chen et al. [22]

	
This Work

	
% Error

	
Chen et al. [22]

	
This work

	
% Error

	
Chen et al. [22]

	
This Work

	
% Error






	
1

	
620

	
620

	
0

	
320

	
320

	
0

	
39.565

	
40.982

	
3.58




	
2

	
550.92

	
550.76

	
0.03

	
192.3

	
192.3

	
0

	
39.565

	
40.982

	
3.58




	
3

	
620

	
620

	
0

	
192.3

	
192.3

	
0

	
39.565

	
40.982

	
3.58




	
4

	
560.73

	
560.46

	
0.05

	
123.3

	
123.3

	
0

	
39.565

	
40.982

	
3.58




	
5

	
620

	
620

	
0

	
123.3

	
123.3

	
0

	
39.565

	
40.982

	
3.58




	
6

	
561.9

	
562.88

	
0.17

	
79

	
80

	
1.27

	
39.565

	
40.982

	
3.58




	
7

	
235

	
235

	
0

	
79

	
79.5

	
0.63

	
39.565

	
40.982

	
3.58




	
8

	
86.73

	
86.73

	
0

	
79

	
79

	
0

	
39.565

	
40.982

	
3.58




	
9

	
86.73

	
86.73

	
0

	
79

	
79

	
0

	
27.023

	
27.991

	
3.58




	
10

	
32.65

	
32.44

	
0.64

	
79

	
79

	
0

	
27.023

	
27.991

	
3.58




	
11

	
80.89

	
77.7

	
3.94

	
334.5

	
334.5

	
0

	
27.023

	
27.991

	
3.58




	
12

	
230

	
225.42

	
1.99

	
334

	
334

	
0

	
27.023

	
27.991

	
3.58




	
13

	
229.7

	
229.57

	
0.06

	
334

	
334

	
0

	
12.542

	
12.991

	
3.58




	
14

	
515.63

	
516.13

	
0.1

	
333.5

	
333.5

	
0

	
39.565

	
40.982

	
3.58




	
15

	
543.63

	
545.5

	
0.34

	
1

	
1

	
0

	
5.965

	
6.011

	
0.77




	
16

	
506.7

	
512.72

	
1.19

	
1

	
1

	
0

	
5.534

	
5.532

	
0.04











 





Table 5. Design and optimized parameters at different recompression ratios at full load.
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Design

	
Optimized at Different Recompression Ratio






	
Recompression ratio, φ

	
0.683

	
0.683

	
0.75

	
0.8

	
0.9

	
1




	
High pressure turbine inlet pressure, bar

	
320

	
320

	
320

	
320

	
320

	
320




	
Intermediate pressure turbine inlet pressure, bar

	
192.3

	
206.9

	
206.9

	
206.9

	
206.9

	
206.9




	
Low pressure turbine inlet pressure, bar

	
123.3

	
130.5

	
130.5

	
130.5

	
130.5

	
130.5




	
1st law efficiency, ηI, %

	
53.92

	
53.94

	
55.57

	
56.77

	
59.2

	
61.7




	
2nd law efficiency, ηII, %

	
51.85

	
51.87

	
53.42

	
54.59

	
56.94

	
59.3











 





Table 6. Power production/consumption details at various loads.
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	Net Power (Turbine/Compressor)
	Full Load,

100 MW
	80% Load,

80 MW
	60% Load,

60 MW
	40% Load,

40 MW





	High Pressure Turbine
	51
	41.7
	32.8
	23.34



	Intermediate Pressure Turbine
	43.6
	34.1
	25.2
	16.2



	Low Pressure Turbine
	42.47
	29.9
	19.66
	10.98



	Main Compressor
	−16.75
	−11.6
	−7.92
	−4.74



	Re-compressor
	−20.4
	−14.17
	−9.7
	−5.8










 





Table 7. Comparison of fluid mass flow rates (in kg/s) at full and part loads in different pipelines (refer to Figure 1).
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	Pipe
	100 MW
	80 MW
	60 MW
	40 MW





	1
	637.5
	548.69
	461.9
	367.97



	2
	637.5
	548.69
	461.9
	367.97



	3
	637.5
	548.69
	461.9
	367.97



	4
	637.5
	548.69
	461.9
	367.97



	5
	637.5
	548.69
	461.9
	367.97



	6
	637.5
	548.69
	461.9
	367.97



	7
	637.5
	548.69
	461.9
	367.97



	8
	637.5
	548.69
	461.9
	367.97



	9
	202.1
	173.94
	146.4
	116.65



	10
	435.4
	374.76
	315.48
	251.33



	11
	435.4
	374.76
	315.48
	251.33



	12
	435.4
	374.76
	315.48
	251.33



	13
	435.4
	374.76
	315.48
	251.33



	14
	202.1
	173.94
	146.4
	116.65



	15
	637.5
	548.69
	461.9
	367.97



	16
	637.5
	548.69
	461.9
	367.97



	17
	8370.5
	6836.36
	5481
	4093.88



	18
	8370.5
	6836.36
	5481
	4093.88










 





Table 8. Comparison of fluid pressures (in bar) at full and part loads in different pipelines (refer to Figure 1).
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	Pipe
	100 MW
	80 MW
	60 MW
	40 MW





	1
	320
	277.3
	236.7
	194.3



	2
	192.8
	170.9
	150.3
	129.4



	3
	192.3
	170.4
	149.8
	128.9



	4
	123.8
	114.2
	105.6
	97.27



	5
	123.3
	113.7
	105.1
	96.77



	6
	80
	80
	80
	80



	7
	80
	80
	80
	80



	8
	79
	79
	79
	79



	9
	79
	79
	79
	79



	10
	79
	79
	79
	79



	11
	79
	79
	79
	79



	12
	334.5
	280.8
	240.2
	197.8



	13
	332.5
	278.8
	238.2
	195.8



	14
	334
	278.8
	238.2
	195.8



	15
	334
	278.8
	238.2
	195.8



	16
	333.5
	278.3
	237.7
	195.3



	17
	1
	1
	1
	1



	18
	1
	1
	1
	1










 





Table 9. Comparison of temperatures (in °C) at full and part loads in different pipelines (refer to Figure 1).






Table 9. Comparison of temperatures (in °C) at full and part loads in different pipelines (refer to Figure 1).





	Pipe
	100 MW
	80 MW
	60 MW
	40 MW





	1
	620
	620
	620
	620



	2
	551.1
	554.4
	558.75
	565.4



	3
	620
	620
	620
	620



	4
	560.99
	566.53
	573.26
	582.33



	5
	620
	620
	620
	620



	6
	562.88
	573.39
	583.71
	594.62



	7
	235
	235
	235
	235



	8
	80.22
	73.73
	68.32
	62.03



	9
	80.22
	73.73
	68.32
	62.03



	10
	80.22
	73.73
	68.32
	62.03



	11
	32
	32
	32
	32



	12
	75.22
	68.73
	63.32
	57.03



	13
	230
	230
	230
	230



	14
	220.44
	192.93
	169.95
	142.82



	15
	227.08
	217.93
	210.03
	200.17



	16
	516.64
	522.43
	529.32
	536.52



	17
	25
	25
	25
	25



	18
	35
	35
	35
	35
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