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Abstract

:

Waste incineration has become the main treatment method for urban household waste, and it can produce a large amount of electricity. The efficiency of waste incineration plants is reduced due to the large amount of waste heat carried away by the flue gas. Recycling and utilizing the waste heat from flue gas are important in improving the economic benefits of waste incineration, which is necessary for energy conservation and emission reduction. Based on the principle of cascade waste heat recovery from waste incineration flue gas whilst considering system safety and efficiency, this study proposed a new combination cascade waste heat recovery system consisting of a Rankine cycle, an organic Rankine cycle and a heat pump cycle. Thermodynamic and economic analyses of the combined system were conducted in detail. The results indicated that the energy efficiency of the combined system could reach up to 73%. The maximum net present value of the system was million USD 1.59 million, and the dynamic investment payback period was about 6.5 years. The isentropic efficiency of the combined system’s pumps and turbines had a significant impact on the system’s performance. A higher isentropic efficiency resulted in better system performance. The exergy analysis showed that the evaporator of the heat pump system had the highest irreversible loss.
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1. Introduction


The development of the social economy has led to an increasing amount of urban household waste [1]. How to properly handle this waste has become a common problem faced by countries around the world. Traditional landfill has become unsustainable due to the scarcity of land resources. Waste incineration can not only generate electricity but also eliminate harmful gases. Waste incineration has become the mainstream method for treating household waste, and various regions around the world advocate for waste incineration [2]. There are some prominent issues with waste incineration, such as the disposal of fly ash from waste incineration and the utilization of waste heat from high-temperature flue gas. A large amount of research has shown that fly ash is a good material that can be used for various purposes [3,4]. The high-temperature flue gas generated by waste incineration carries enormous heat. The efficiency and economic performance of waste incineration power plants will be reduced if this heat cannot be effectively recycled.



The recovery of waste heat from flue gas after waste incineration has become a research hotspot in the field. Kim et al. [5] investigated the performance of recovering waste heat from flue gas and removing dust with an enthalpy wheel. The results showed that the system’s thermal efficiency reached a maximum of 61%, with an average dust removal efficiency of 79.6%. Chen et al. [6] studied the performance of absorption heat pumps in recovering waste heat from flue gas. The system designed in winter increased the power output by 1.21MW compared to the original system, and the energy efficiency of the waste incineration plant with waste heat recovery was improved.




2. Literature Review


In research on waste heat recovery from waste incineration flue gas, utilizing various efficient circulation methods to recover the flue gas for electricity and heat production is a promising research direction. Rankine cycles (RCs) are widely used for waste heat recovery from high-temperature flue gas due to their simple structure and high stability. Wang et al. [7] investigated the matching mechanism between the heat-source temperature and working fluid in RCs. The results indicated that after the temperature matching, the overall efficiency of the system was improved, and carbon emissions were also reduced. Guerron et al. [8] designed an RC system to recover waste heat from industrial processes in power plants. The experimental results showed that the efficiency of the RC system was 3.52%, with an exergy efficiency of 5.45%.



Organic working fluids are used as working fluids for RCs due to their adaptability to high temperatures. Cycles with organic working fluids are also known as organic Rankine cycles (ORCs). ORC systems are common systems in the field of waste heat recovery, as they have higher thermal efficiency and stability. Biancini’s research results indicated that ORC systems were more flexible compared to other heat recovery systems [9]. Compared to supercritical cycles, ORCs had more advantages in the field of low-temperature waste heat recovery [10]. Lebedevas and Č Epitis studied the potential of ORC systems in recovering waste heat from secondary heat sources. The ORC systems improved the energy efficiency of the main system [11].



In addition, a reasonable combination of ORC systems and other heat recovery systems can effectively improve system efficiency. Mirzaei et al. [12] studied the performance of a dual organic Rankine cycle for recovering waste heat from flue gas. The system efficiency reached 79%, and waste heat recovery reduced the system’s fuel consumption. Besevli et al. [13] studied the performance of a combined ORC for recovering waste heat in order to produce electricity. The steam Rankine cycle had more advantages in terms of recovering high-temperature flue gas waste heat and could maximize the power output. Lyu et al. [14] conducted a detailed thermodynamic analysis with an ORC system to recover waste heat from ship flue gas. The evaporator and condenser of the ORC system had high irreversible losses. The ORC system with cyclohexane as the working fluid had a higher power output. Liu et al. [15] experimentally tested a novel splitting ORC system to avoid the imbalance of a simple ORC when the waste heat was a dual heat source. The internal combustion engine efficiency and thermal efficiency increased by 9.6% and 27.9%, respectively. Wang et al. [16] proposed a combined ORC system that consisted of a transcritical RC system and a subcritical ORC system to recover the waste heat from a VI emission standard engine. The combined system improved the power output of the engine by 71.29 kW under the rated operating conditions. Ravindran et al. [17] investigated the performance of an ORC system combined with a high-temperature heat pump to recover industrial waste heat under 100 degrees in an experiment. The largest net power output was 512.4 kW in the ORC mode, with a total cycle efficiency of 3.01%. Feng et al. [18] investigated the thermal economic performance of an ORC system in terms of waste heat recovery of low-temperature flue gas. The exergy efficiency was maximum when the organic fluid was butane, with a heat recovery rate of 64.18%. Zhang et al. [19] proposed a new combined ORC system based on a regenerator for the waste heat recovery of a rotorcraft power plant application. The highly effective regenerator could increase the fuel economy, and the ORC system improved the power output of the engine. Zhou et al. [20] carried out a study of an ORC system with multiple functions for waste heat recovery from data centers. An increment in the temperature difference between the evaporator and condenser improved the efficiency of the ORC.



RC and ORC systems have their own advantages in different temperature ranges. Composite systems of RCs and ORCs were more efficient in situations with multiple requirements [21]. A heat pump (HP) system was also applied to flue gas waste heat recovery due to the advantages of efficient recovery of low-temperature heat sources, especially when hot water was needed. Zhang et al. [22] conducted an experimental study on the performance of a HP system in recovering low-temperature flue gas heat for heating. The HP system recovered a large amount of flue gas heat, reduced the flue gas temperature and increased the heating heat. Jang et al. [23] studied an HP system which recovered low-temperature waste heat from data centers and heated the buildings in winter. The HP system reduced heating energy consumption by 48.2% and carbon dioxide emissions by 28.7%. Ghaderi et al. [24] studied the performance of HP combination systems for recovering ventilation waste heat, which can save 57% of primary energy with an investment payback period of 9.5 years. Zhou et al. [25] studied the performance of an HP system in recovering industrial waste heat for heating, with a system coefficient of performance (COP) of 4.5. Ma et al. [26] investigated the effect of different working mediums on a high-temperature HP system for waste heat recovery. The MC-1 was the optimal medium with a COP of 5.05. Vannoni et al. [27] carried out a techno-economic optimization analysis for a high-temperature HP system with R600a. The evaporator had great influence on the system efficiency and economy. The annual energy consumption was affected by retail prices. Therefore, the running mode and performance of waste heat recovery with a high-temperature HP system varied from country to country.



In this study, a new combined waste heat recovery system was proposed for the cascade waste heat recovery of flue gas from a waste incineration plant. The combination system performed better in the cascade utilization of waste heat. An RC was used to directly recover high-temperature waste heat from flue gas to maximize the recovery of waste heat. An ORC system used steam from the outlet of the RC system’s turbine as a secondary heat source to produce electricity. The HP system further recovered waste heat from flue gas, reduced flue gas temperature, achieved stepwise heat recovery from flue gas and increased heating heat. This study conducted thermodynamic analyses including energy analysis and exergy analysis. The systematic economic analysis was conducted based on the energy analysis to study the economic feasibility of the system. The results of this study are valuable for the recovery of waste heat from flue gas in waste incineration plants.




3. Description of New Combination Cascade Waste Heat Recovery System


Figure 1 presents the flowchart of the new combination cascade waste heat recovery system which achieves cascade heat recovery. The ORC used organic media, and it should not come into direct contact with the flue gas when recovering high-temperature flue gas waste heat. The top cycle with direct contact with flue gas was set as a steam RC in this study. The cycle flow was from state points 1 to 4, with T1 and P1 as the turbine and pump of the RC system. HE1 was the flue gas heat exchanger, and HE2 was the condenser of the RC system as well as the evaporator of the ORC system. The ORC system took steam from the outlet of the turbine of the RC system as the heat source and further recovered the rest of the heat to generate electricity. The cycle flow of the ORC system was from state points 5 to 8. HE3 was the condenser of the ORC system. P2 and T2 were the pump and turbine of the ORC system. All the work generated by the ORC system was transmitted to the compressor of the heat pump system. The heat pump system further absorbed the waste heat of flue gas to achieve the goal of cascade recovery and delivered hot water or heat to the outside through HE5. C was the compressor of the heat pump system. V was the throttle valve. HE4 and HE5 were the evaporator and condenser of the HP system. The circulation process of the heat pump system was from state points 9 to 11. The new combination cascade waste heat recovery system took a safety perspective based on the principle of temperature matching cascade utilization. It recovered the waste heat from the flue gas of waste incineration plants and produced electricity and heat, which conformed to the trend of carbon reduction with good environmental friendliness. The organic working fluid used in the ORC system was butane, which had a lower greenhouse effect potential with higher safety.



The parameter settings of the system are given in Table 1.




4. Mathematical Model of New Combination Cascade Waste Heat Recovery System


Energy analysis, thermal analysis and economic analysis were applied in this study. Some assumptions were proposed to simplify the model and save computational resources: (1) the system works in a stable state; (2) the pressure loss and mass loss of the system can be ignored; and (3) the ambient temperature and pressure are 298.15 K and 101.325 kPa, respectively.



4.1. Energy Explanation


The performance of system components obtained through exergy analysis could improve component design and optimization. Energy analysis is based on the first law of thermodynamics. The basic principles are the conservation of quality mass, as shown in Equation (1), and energy, as shown in Equation (2) [28].


   ∑    m ˙  i    =  ∑    m ˙  o     



(1)






   Q ˙  +  ∑    m ˙  i     h i  =  W ˙  +  ∑    m ˙  o     h o   



(2)




where i is the input and o represents the output.   m ˙   is the mass flow rate, in kg/s.   Q ˙   is the heat through the system boundary, in J.   W ˙   is the power transfers through the system boundary. h is the enthalpy, in kJ/kg. The energy conservation calculation of heat exchangers is based on the pinch-point temperature difference method [29].



The control equations of each component in the system are listed in Table 2.



In Table 1,   η   is the isentropic efficiency, in %.       c  ˙    p     is the specific heat at a constant pressure, in kJ/(kg·K). T is the temperature, in K.



The net power of the system can be calculated with Equation (3):


  N e t   p o w e r =   W ˙    T 1    +   W ˙    T 2    −   W ˙    P 1    −   W ˙    P 2    −   W ˙  C   



(3)







The system heat output is calculated using Equation (4):


  H e a t   s u p p l y  =    m ˙   H P      h  10   −  h  11      



(4)







The energy efficiency of the entire system can be obtained with Equation (5):


  E n e r g y   e f f i c i e n c y =    N e t   p o w e r + H e a t   s u p p l y     m ˙  g    c ˙   p , g      T  13   −  T  14         



(5)








4.2. Exergy Anatomy


Exergy analysis is helpful to understand the transmission direction of useful work in a system to obtain the performance of each component. Generally, kinetic and potential exergy can be ignored. The expression for the exergy of each fluid state point is given in Equation (6) [30].


   E ˙  s =   h s − h a   − T a   s s − s a    



(6)




where E is the exergy value, in J. s is the fluid state point. a is the environmental state. The exergy loss of each component can be expressed with Equation (7):


   I D  =  I i  −  I o   



(7)




where Ii and Io are the incoming and outgoing exergy of the components, in J. ID is the exergy loss of the component, in J. The exergy balance equations for each component of the composite system are given in Table 3.




4.3. Economic Analysis


Economic analysis was applied to evaluate the economic performance of the system. The system can achieve profitability, which has practical application potential and guiding significance. Net present value (NPV) is often used in economic analysis, which is an intuitive economic parameter [31]. Only systems with an NPV greater than 0 can be adopted. Dynamic investment payback period (DPP) is also an important parameter of the system, which represents the time to attain system investment payback. DPP and NPV are used together in economic analysis [32].



The calculation expressions for NPV and DPP are given in Equations (8) and (9):


  N P V =   ∑  n = 1  τ        C in  −  C out          1 +  i d     n       



(8)






    ∑  n = 1   D D P         C in  −  C out          1 +  i d     n      = 0  



(9)




where τ is the useful life. id is the discount rate. Cin and Cout are annual income and expenditure. In economic analysis, the most important is to calculate the cost of each component of the system [33,34], and the equations are listed in Table 4.




4.4. Model Validation


In this study, a simulation study was conducted with MATLAB 2020a, and REFPROP9.0 was used to obtain the physical properties’ parameters. The simulation and experimental data were compared to verify the model accuracy. The comparison values of the proposed system and that in the literature [35,36] are given in Table 5 under the same input condition. The RC and ORC systems have the same structure with different working fluids. Both systems were validated under the ORC design state. Compared with the data in the literature [35,36], the maximum errors of the ORC system and the HP system are 6.25% and 5.54% within the error range. The error between the simulation results and experimental data represents the unpredictable data fluctuation during the experimental process. The error between the simulation results and experimental data of the literature [35,36] is acceptable. The verification results indicate that the simulation has high accuracy.





5. Results and Discussion


Detailed analyses were conducted on some highly influential system parameters to obtain optimal performance. These parameters included the evaporation pressure of HE1, the evaporation temperature of HE4, the heating temperature T20, the condensation temperature of HE2, and the isentropic efficiency of the pumps and turbines.



5.1. HE1 Evaporation Pressure Effect


Figure 2 shows the variation in system performance with the HE1 evaporation pressure. The evaporation pressure range was from 620 kPa to 800 kPa. As shown in Figure 2a, the turbine power of the RC decreased from 323 kW to 290 kW with an increase in HE1 evaporation pressure. The evaporation pressure increased the evaporation temperature of HE1, which indirectly reduced the mass flow rate of the RC. The heat obtained by HE1 from the flue gas changed less when the narrow-point temperature difference was constant. The increase in evaporation temperature led to a reduction in the circulating mass flow rate. The decrease in the system output power resulted in a reduction in the net present value from million USD 1.05 to nearly million USD 0. The energy efficiency of the system increased from 0.66 to 0.73, as shown in Figure 2b. The increase in the evaporation pressure was beneficial for the system thermal efficiency but was detrimental to the output power and system economic performance. The exergy efficiency of the combined system increased with an increase in evaporation temperature. The temperature of streams 14 and 15 increased with the evaporation temperature increment, which led to an increase in exergy loss in HE4. The exergy efficiency could not reach the optimal value with the economic performance simultaneously.




5.2. HE4 Evaporation Temperature Impact


The impact of the HE4 evaporation temperature on system performance is presented in Figure 3. HE4 is the evaporator of the HP system, which is used to further recover waste heat from flue gas to achieve the goal of efficiency improvement. The evaporation temperature of HE4 had a significant impact on the HP system. The evaporation temperature increased from 319.15 K to 328.15 K. Both the mass flow rate and compressor power of the HP system decreased as the temperature increased, as shown in Figure 3a. The fluid absorbed heat in the HP system decreased with an increase in evaporation temperature under the same heat exchange rate, which caused a reduction in the HP mass flow rate. On the premise that the isentropic efficiency of the compressor remained unchanged, the compressed flow rate decreased while the temperature rise remained unchanged, which caused a reduction in the compressor power. The decrease in power also led to a reduction in the purchase cost of the compressor, as shown in Figure 3b. The NPV of the system increased with the evaporation temperature increase, from million USD −0.02 to million USD 1.59. The results indicated that a low evaporation temperature can also lead to a reduction in NPV to a negative value. The increase in the evaporation temperature within a reasonable range can improve the system economic performance. The reduction in system costs (especially the cost of the HP system compressors) was the main reason for the increment in system economic benefits. Under similar heat output conditions, system equipment investment reduction can effectively improve the system economic performance.




5.3. T20 Ascendancy


The impact of the heating temperature T20 on the system is shown in Figure 4. Owing to the fact that the heating temperature had no effect on the energy efficiency of the system, this study focused on the heating temperature impact on the HE5 exergy loss, system cost and economic efficiency (NPV). T20 increased from 334.15 K to 343.15 K. The exergy loss of the heat exchanger decreased as the heating temperature increased, as shown in Figure 4a. The fluid temperature at the outlet of the HP system compressor was relatively high. The increment in the heating temperature reduced the heat transfer temperature difference of HE5. The smaller the temperature difference of heat exchange, the smaller the heat transfer loss. The decrease in heat exchange losses caused a reduction in equipment costs, which led to a decrease in the overall purchase cost of the system. The economic efficiency (NPV) shown in Figure 4b increased slightly from million USD 0.71 to million USD 0.73. This indicated that the heating temperature was positively correlated with system performance and the heating temperature could be appropriately increased.




5.4. HE2 Condensation Temperature Influence


The impact of the HE2 condensation temperature on the system is shown in Figure 5. The condensation temperature of HE2 directly affected the evaporation temperature of the ORC, which was necessary to study the impact on the system. The condensation temperature of HE2 increased from 354.15 K to 363.15 K. The output power of the ORC system turbine increased from 151 kW to 180 kW, with an increase of 19%, as shown in Figure 5a. The condensation temperature increment of HE2 increased the temperature of the fluid at the inlet of the ORC system turbine, which led to an increase in the output power of the ORC system turbine.



The mass flow rate of the ORC system decreased with an increase in the HE2 cold energy temperature. The proportion of decrease was small, with a reduction of 2.5% from 4.84 kg/s to 4.72 kg/s. Although the fluid flow rate decreased, the increase in fluid temperature was more conducive to improving the system output power. The energy efficiency of the system increased with the increment in the HE2 condensation temperature, as shown in Figure 5b. However, the system NPV decreased due to an increase in condensation temperature. The increase in system output power was not enough to compensate for the reduction in economic benefits caused by the increment in equipment costs. Therefore, the condensation temperature of HE2 should be taken as a smaller value from an economic perspective.




5.5. Effect of Pump Isentropic Efficiency


Figure 6 shows the effect of the isentropic efficiency of the pumps on the system. The set range of isentropic efficiency variation was 0.76 to 0.85. As the isentropic efficiency increased, as shown in Figure 6a, the pump power of the RC and ORC systems decreased, while the system energy efficiency slightly increased. The increase in isentropic efficiency indicated an improvement in the operational performance of the equipment, which led to a reduction in power consumption at the same boost ratio. The system energy efficiency increased under the condition of constant output power. The system equipment cost decreased with an increase in isentropic efficiency and the NPV was significantly improved, as shown in Figure 6b. The isentropic efficiency of the pumps was positively correlated with system performance, and the maximum value should be taken within a reasonable range.




5.6. Turbine Isentropic Efficiency Effect


Figure 7 shows the effect of the isentropic efficiency of the turbines on system performance. The isentropic efficiency of the turbines had a direct impact on system performance, like the pump isentropic efficiency. The difference between the turbines and the pumps was that the pump isentropic efficiency affected power consumption, while the turbine isentropic efficiency affected power output. The range of values for the isentropic efficiency of the turbines was from 0.76 to 0.85. As the turbine isentropic efficiency increased, the output power and energy efficiency of the system turbines were significantly improved, as shown in Figure 7a.



The output power increased from 448 kW to 498 kW. The equipment cost and the NPV of the system also increased with the increase in the turbine isentropic efficiency, as shown in Figure 7b. The higher the isentropic efficiency of the turbines, the better the various parameters of the system. The influence of the isentropic efficiency of the pumps was opposite to the turbine isentropic efficiency data variation trend.




5.7. Exergy Analysis


The results of the system exergy analysis are presented in Figure 8. Due to the high probability of the system NPV values to range from 0 to 1, this study selected the state where the system NPV was equal to million USD 0.55. The HE1 evaporation pressure was 720 kPa in the component exergy analysis. HE4 had the highest equipment exergy loss of 765.26 kW among all components, while P1 had the smallest loss of 0.09 kW. Among the other components, the exergy losses of HE1 and HE5 both exceeded 160 kW, which were second only to that of HE4. HE2 and HE3 had relatively small exergy losses of about 50 kW in the heat exchanger. The exergy losses of the turbines and the compressor of the system were also not significant, with both being below 50 kW. HE4 was the flue gas heat exchanger, which had the largest heat transfer temperature difference. The evaporation temperature of the HP system was relatively low. A reduction in the heat transfer loss of HE4 was the way to improve system energy efficiency. The exergy performance of the pumps and turbines in the system was good, which indicated that the equipment was stable and reliable.



This study analyzed the feasibility of a novel combined system for the waste heat recovery of waste incineration flue gas. The results show that the thermodynamic and economic performance of the combined system is good. This study was based on modeling analysis, and further experimental research is necessary. Separate experimental studies of the RC, ORC and HP systems are available. An experimental analysis is required to investigate the response characteristics and parameter optimization of the combined system.





6. Conclusions


This study was based on the principle of cascade waste heat recovery from waste incineration flue gas with consideration of safety and efficiency, and proposed a new heat recovery system composed of RC, ORC and HP systems. A detailed thermodynamic and economic analysis of the system was conducted. The system model was validated by the experimental data, showing it to be feasible and accurate. The optimal configurations of the system were determined through parameter analysis. The selection principles of the important parameters and the irreversible loss distribution of the components provided guidance for subsequent optimization of the system. The main conclusions of this study are as follows:




	
The maximum energy efficiency of the combined system can reach 73%. The evaporation pressure of the evaporator and the condensation temperature of the condenser in the RC system are proportional to the system efficiency.



	
The energy efficiency of the system is generally inversely proportional to its economy. It is not advisable to blindly pursue energy efficiency, as it is necessary to comprehensively consider the cost of system components.



	
The higher the isentropic efficiency of the pumps and turbines in the combined system, the better the system performance. The irreversible losses of the pumps and turbines are minimized based on the exergy analysis results.



	
The highest NPV of the system reaches million USD 1.59, and the system’s DDP is approximately 6.5 years.
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Nomenclature




	
Abbreviation




	
C

	
Compressor




	
DPP

	
Dynamic investment payback period




	
G

	
Generator




	
HE

	
Heat exchanger




	
NPV

	
Net present value




	
ORC

	
Organic Rankine cycle




	
RC

	
Rankine cycle




	
T

	
Turbine




	
V

	
Valve




	
Symbol




	
A

	
Area (    m   2    )




	
cp

	
Specific heat capacity (kJ/(kg·K))




	
E

	
Exergy (kW)




	
ID

	
Exergy destruction (kW)




	
e

	
Specific exergy (kJ/kg)




	
h

	
Specific enthalpy (kJ/kg)




	
id

	
Discount rate




	
m

	
Flow rate (kg/s)




	
Q

	
Heat transfer (kW)




	
W

	
Power (kW)




	
Subscripts and superscripts




	
a

	
The environmental state




	
i

	
Input




	
o

	
Output
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Figure 1. The composition of the cascade heat recovery system. 
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Figure 2. The effect of evaporation pressure of HE1: (a) power of T1 and mass flow of RC; (b) energy efficiency and NPV. 
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Figure 3. The effect of evaporation temperature of HE4: (a) power of WC and mass flow of HP; (b) cost of compressor and NPV. 
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Figure 4. The effect of T20: (a) exergy destruction of HE5 and cost of all components; (b) NPV curve. 
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Figure 5. The effect of HE2 condensation temperature: (a) power of WT2 and mass flow of ORC; (b) energy efficiency and NPV. 
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Figure 6. The effect of isentropic efficiency of pump: (a) power of P1 and P2 and energy efficiency; (b) cost of all components and NPV. 
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Figure 7. The effect of isentropic efficiency of turbines: (a) power of T1 and T2 and energy efficiency; (b) cost of all components and NPV. 
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Figure 8. Exergy analysis results. 
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Table 1. The parameters of system modeling.
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	Parameter
	Value





	Flue gas temperature
	463.15–513.15 K



	Isentropic efficiency of turbine
	0.85



	Isentropic efficiency of pumps and compressors
	0.85



	Evaporator pinch-point temperature difference
	30 K



	Pinch-point temperature difference of condenser
	5 K










 





Table 2. System control equations based on energy balance.
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	Control Volume
	Equations





	HE1
	     m ˙   R C      h 3  −  h 2    =   m ˙  g    c ˙   p , g      T  13   −  T  14       



	HE2
	     m ˙   R C      h 4  −  h 1    =   m ˙   O R C      h 6  −  h 5      



	HE3
	     m ˙   O R C      h 7  −  h 8    =   m ˙   17     c ˙   p , w      T  18   −  T  17       



	HE4
	     m ˙   H P      h 9  −  h  12     =   m ˙  g    c ˙   p , g      T  15   −  T  16       



	HE5
	     m ˙   H P      h  10   −  h  11     =   m ˙   19     c ˙   p , w      T  20   −  T  19       



	T1
	     W ˙    T 1    =   m ˙   R C      h 3  −  h 4    ,  η   T 1    =     h 3  −  h 4     h 3  −  h  4 s        



	T2
	     W ˙    T 2    =   m ˙   O R C      h 6  −  h 7    ,  η   T 2    =     h 6  −  h 7     h 6  −  h  7 s        



	P1
	     W ˙    P 1    =   m ˙   R C      h 2  −  h 1    ,  η   P 1    =     h  2 s   −  h 1     h 2  −  h 1       



	P2
	     W ˙    P 2    =   m ˙   O R C      h 5  −  h 8    ,  η   P 2    =     h  5 s   −  h 8     h 5  −  h 8       



	C
	     W ˙  C  =   m ˙   H P      h  10   −  h 9    ,  η c  =     h  10 s   −  h 9     h  10   −  h 9       










 





Table 3. System control equations based on exergy balance.
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	Control Volume
	      I   i      
	      I   o      
	      I   D      





	HE1
	    E ˙  13 −  E ˙  14   
	    E ˙  3 −  E ˙  2   
	    E ˙  13 +  E ˙  2 −  E ˙  3 −  E ˙  14   



	HE2
	    E ˙  4 −  E ˙  1   
	    E ˙  6 −  E ˙  5   
	    E ˙  4 +  E ˙  5 −  E ˙  1 −  E ˙  6   



	HE3
	    E ˙  7 −  E ˙  8   
	    E ˙  18 −  E ˙  17   
	    E ˙  7 +  E ˙  17 −  E ˙  7 −  E ˙  18   



	HE4
	    E ˙  15 −  E ˙  16   
	    E ˙  9 −  E ˙  12   
	    E ˙  15 +  E ˙  12 −  E ˙  9 −  E ˙  16   



	HE5
	    E ˙  10 −  E ˙  11   
	    E ˙  20 −  E ˙  19   
	    E ˙  10 +  E ˙  19 −  E ˙  11 −  E ˙  20   



	T1
	    E ˙  3 −  E ˙  4   
	    W ˙  T 1   
	    E ˙  3 −  E ˙  4 −  W ˙  T 1   



	T2
	    E ˙  6 −  E ˙  7   
	    W ˙  T 2   
	    E ˙  6 −  E ˙  7 −  W ˙  T 2   



	P1
	    W ˙  P 1   
	    E ˙  2 −  E ˙  1   
	    W ˙  P 1 +   E ˙  1  −   E ˙  2    



	P2
	    W ˙  P 2   
	    E ˙  5 −  E ˙  8   
	    W ˙  P 2 +   E ˙  8  −  E ˙  5   



	C
	    W ˙  c   
	    E ˙  10 −  E ˙  9   
	    W ˙  c +   E ˙  9  −  E ˙  10   










 





Table 4. Cost equation of each system component.
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	Control Volume
	Equations





	HE1
	    C HE1  = 309.14  A  HE 1   0.85     



	HE2
	    C HE2  = 280.74   Q  2.2 Δ  T HE2     + 746  m RC    



	HE3
	    C HE2  = 280.74   Q  2.2 Δ  T HE3     + 746  m ORC    



	HE4
	    C HE4  = 309.14  A  HE 1   0.85     



	HE5
	    C HE2  = 280.74   Q  2.2 Δ  T HE5     + 746  m HP    



	T1
	    C  T 1   = 6000  W  T 1   0.7     



	T2
	    C  T 2   = 6000  W  T 2   0.7     



	P1
	    C  p 1   = 3450  W  P 1   0.71     



	P2
	    C  p 2   = 3450  W  P 2   0.71     



	C
	    C C  = 3450  W C  0.71     










 





Table 5. Validation of ORC and HP systems.
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	Parameter
	This Study
	References [35,36]
	Difference





	Heat transfer of ORC evaporator
	10.87 kW
	10.88 kW
	0.09%



	Heat transfer of ORC condenser
	9.79 kW
	9.87 kW
	0.81%



	Energy efficiency of ORC
	9.86%
	9.28%
	6.25%



	Heat transfer of HP evaporator
	896.7 kW
	855 kW
	4.88%



	Heat transfer of HP condenser
	1049.7 kW
	1000 kW
	4.97%



	Energy efficiency of HP
	6.86%
	6.5%
	5.54%
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