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Abstract

:

In this paper, a novel combined heat and power (CHP) system is proposed in which the waste heat from a supercritical CO2 recompression Brayton cycle (sCO2) is recovered by a LiBr-H2O absorption heat pump (AHP). Thermodynamic and exergoeconomic models are established on the basis of the mass, energy, and cost balance equations. The proposed sCO2/LiBr-H2O AHP system is examined and compared with a stand-alone sCO2 system, a sCO2/DH system (sCO2/direct heating system), and a sCO2/ammonia-water AHP system from the viewpoints of energy, exergy, and exergoeconomics. Parametric studies are performed to reveal the influences of decision variables on the performances of these systems, and the particle swarm optimization (PSO) algorithm is utilized to optimize the system performances. Results show that the sCO2/LiBr-H2O AHP system can obtain an improvement of 13.39% in exergy efficiency and a reduction of 8.66% in total product unit cost compared with the stand-alone sCO2 system. In addition, the sCO2/LiBr-H2O AHP system performs better than sCO2/DH system and sCO2/ammonia-water AHP system do, indicating that the LiBr-H2O AHP is a preferable bottoming cycle for heat production. The detailed parametric analysis, optimization, and comparison results may provide some references in the design and operation of sCO2/AHP system to save energy consumption and provide considerable economic benefits.






Keywords:


supercritical CO2 cycle; absorption heat pump; LiBr-H2O solution; parametric study; optimization












1. Introduction


In the past few decades, energy crisis and environment problems became serious because of the increasing energy demand and the rapid economic development all over the world. Many efforts have been devoted into developing advanced energy conversion technologies to relieve the current challenging energy situation. For the existing energy sources (such as fossil fuels, solar, biomass, geothermal energy, and nuclear energy) and industrial waste heat sources, various novel energy conversion systems were proposed in place of the conventional ones to improve energy utilization [1]. Among these proposed systems, the supercritical CO2 power cycle (sCO2) is considered to be a promising technology with great potential and competiveness owing to its advantages of a compact structure, environmental friendliness and high efficiency [2,3,4]. The sCO2 power cycle operates above the critical point of CO2 (31.3 °C, 7.39 MPa). Due to the dramatic changes of thermodynamic properties near the critical point, the inlet state of its compressor is always designed just above the critical point so that the compressor work can be reduced significantly. Hence, cooling the CO2 before compression process can be beneficial to the efficiency improvement [5,6,7]. However, a huge amount of heat is inevitably rejected by the cooler during the cooling process. So, it is worthwhile to reuse this low-grade heat energy through waste heat recovery systems to improve the performance of the sCO2 cycle [8,9].



Various waste heat power generation systems were adopted to recover the waste heat of the sCO2 cycle. Chacartegui et al. [10] applied an Organic Rankine Cycle (ORC) to reuse this waste heat for producing electric power, and compared the combined sCO2/ORC system with two stand-alone closed CO2 cycles. They conclu ded that the addition of ORC could improve the thermal efficiency by 7–12%. Akbari and Mahmoudi [11] conducted a thermoeconomic analysis for a combined recompression sCO2/ORC system. Compared to the stand-alone sCO2 cycle, the exergy efficiency increased by up to 11.7% and the total product unit cost decreased by up to 5.7% for the combined sCO2/ORC system. Wang and Dai [12] compared a transcritical CO2 cycle (tCO2) with an ORC as the bottoming cycle for a recompression sCO2 cycle. The sCO2/tCO2 system showed a better performance than the sCO2/ORC system at a lower pressure ratio, while the latter had a slightly lower total product unit cost than the former. Besarati and Goswami [13] chose ORC as the bottoming cycle for a simple sCO2 cycle, a recompression sCO2 cycle, and a partial cooling sCO2 cycle. It was concluded that the recompression sCO2/ORC system presented the maximum combined cycle efficiency. Some researchers also integrated a Kalina cycle with the sCO2 cycle to enhance the overall system performances. Li et al. [14] proposed a combined recompression sCO2/Kalina cycle, and found out that the total product unit cost and exergy efficiency of the combined cycle were 5.5% lower and 8.02% higher than those of the sCO2 cycle. Mahmoudi et al. [15] studied the thermodynamic and economic performances for a stand-alone sCO2 cycle and a combined sCO2/Kalina cycle. Results showed that combining the Kalina cycle with the sCO2 cycle could reduce the exergy destruction significantly.



In addition to the combined power generation systems above, establishing combined power and heat/cooling systems can also enhance the overall performance for the sCO2 cycle. In the combined power and heat/cooling systems, the low-grade waste heat of the topping cycle is transformed into cooling energy or to produce heat in bottoming cycle, which can obtain better gains than transforming high-grade electric energy into low-grade heat/cooling energy because of the lower energy conversion efficiency in the electric power generation process [16]. The absorption refrigeration cycle (ARC) is widely integrated with the sCO2 cycle to provide electric power and cooling energy simultaneously. Wu et al. [17] investigated an combined sCO2 cycle/ammonia-water based ARC. The thermal efficiency, exergy efficiency, and total product unit cost of the combined cycle were 26.12% and 2.73% higher, and 2.03% lower than those of the stand-alone sCO2 cycle, respectively. Li et al. [18] coupled the lithium bromide-water ARC with a recompression sCO2 cycle, and compared it with the recompression sCO2 cycle/ammonia-water ARC. The single-objective optimization results showed that the sCO2/LiBr-H2O ARC system had a better performance than the sCO2/ammonia-water ARC system. Recently, Balafkandeh et al. [19] developed a tri-generation system by using biomass energy based on a sCO2 cycle and a LiBr-H2O ARC. Compared to the sCO2 cycle, the proposed combined cycle presented a large performance improvement in terms of efficiency and environmental impacts.



A number of studies proposed combined heat and power (CHP) systems based on sCO2 cycle to achieve heat and electric power cogeneration. Zhang et al. [20] investigated a solar energy powered sCO2 Rankine cycle, in which the thermal energy of recuperators was recovered by the heating water to provide heat for users directly. Moroz et al. [21] studied several types of sCO2 cycles in a CHP plant, and compared these sCO2 cycles with steam CHP systems. They concluded that the sCO2 cycle should be considered as a base for future CHP plants due to its excellent performances. However, in previous sCO2-based CHP systems, the waste heat of the sCO2 cycle was directly supplied to heat users. The temperature of waste heat is much higher than the heating temperature of heat users, which is inconsistent with the principle of energy cascade utilization. Thus, direct heating is not a high-efficiency method to sufficiently utilize the waste heat of the sCO2 cycle. Compared with the conventional direct heating (DH) systems, the advantage of heat amplification makes absorption heat pump (AHP) a preferable choice that can produce more heat to satisfy the user demand [22], especially when the waste heat of the sCO2 cycle is limited or insufficient for users. However, very limited efforts were devoted to comprehensively analyzing the feasibility of AHP to recover the waste heat of the sCO2 cycle based on the principle of energy cascade utilization. Consequently, the purpose of this study is to propose a combined sCO2/AHP system for high-efficiency heat and power cogeneration, and to compare it with existing systems to present its advantages quantitatively.



On the other side, the most frequently used working fluids for AHP are an ammonia-water solution and a LiBr-H2O solution. Both of them were frequently considered for comparison and discussion [23,24]. The LiBr-H2O AHP has a smaller operational pressure and can be easier to achieve than the ammonia-water AHP. Besides, if the working fluid leaks, the water vapor in LiBr-H2O AHP is much safer than the ammonia vapor in ammonia-water AHP. Therefore, the LiBr-H2O AHP will be the main focus of this study while the ammonia-water AHP will be adopted as a comparison. To the best of the authors’ knowledge, the LiBr-H2O AHP has never been applied as a bottoming cycle to recover the waste heat of the sCO2 cycle. Thus, a combined sCO2/LiBr-H2O AHP system is first proposed in this study as a novel high-efficiency CHP system.



In this study, a preliminary design and analysis of a CHP system is carried out, in which the topping cycle is a sCO2 cycle driven by a nuclear reactor to generate electric power and the bottoming cycle is a LiBr-H2O AHP to recover the waste heat of topping cycle for producing heat. Firstly, the sCO2/LiBr-H2O AHP system is proposed and investigated in terms of energy, exergy, and exergoeconomics. A single sCO2 cycle, a sCO2/DH system, and a sCO2/ammonia-water AHP system are compared with the sCO2/LiBr-H2O AHP system in order to show its advantages. Then, parametric analysis is performed to reveal the influences of several key system parameters, namely the turbine inlet temperature, compressor pressure ratio, generator temperature and evaporator temperature, on the power generation, heating, and overall performances for these systems. Finally, performances of these systems are optimized and then compared by utilizing the particle swarm optimization (PSO) algorithm.




2. System Description and Assumptions


Figure 1a,b depict the schematic diagrams of the proposed sCO2/LiBr-H2O AHP system (supercritical CO2 recompression Brayton cycle/LiBr-H2O absorption heat pump system) and a sCO2/DH system (supercritical CO2 recompression Brayton cycle/direct heating system), respectively. In the sCO2/DH system, a conventional direct heating system is applied to recover the waste heat in the cooler of the sCO2 cycle. The waste heat is supplied to heat users through a direct heat exchanger (DHE). Thus, the sCO2/DH system consists of a turbine, a main compressor (MC), a recompression compressor (RC), a high-temperature recuperator (HTR), a low-temperature recuperator (LTR), a cooler, and a DHE, as shown in Figure 1b.



The following Figure 1 shows the schematic diagrams of combined heat and power systems: (a) the sCO2/AHP system; (b) the sCO2/DH system.



Differently in the sCO2/LiBr-H2O AHP system, a part of the waste heat in the cooler is transferred to a LiBr-H2O based AHP, so that the heat amount can be amplified to produce more heat for users, especially when the waste heat of the sCO2 cycle is insufficient to satisfy the demand. The AHP includes a generator, an absorber, an evaporator, a condenser, a pump, and a solution heat exchanger (SHE), as shown in Figure 1a.



As both LiBr-H2O solution and ammonia-water solution are frequently utilized as working fluids, a sCO2/ammonia-water AHP system is established in which an ammonia-water AHP is coupled with the sCO2 cycle, so as to conduct a comparative study with the proposed sCO2/LiBr-H2O AHP system. As the structure and main components are the same for both combined systems, Figure 1a also describes the sCO2/ammonia-water AHP system.
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Figure 1. Schematic diagrams of combined heat and power systems: (a) sCO2/AHP system; (b) sCO2/DH system. 
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2.1. Working Process of the sCO2/AHP System


As can be seen in Figure 1a, the sCO2/AHP system consists of four parts. The working process for each part is introduced below,




	
sCO2 topping cycle




	(a)

	
The CO2 working fluid (stream 4) absorbs heat from the reactor (stream 5) and expands in a turbine to drive an electric generator;




	(b)

	
After expansion, the vapor exhaust (stream 6) flows into the HTR to heat stream 3, and then the outlet working fluid (stream 7) flows into the LTR to heat stream 2;




	(c)

	
The working fluid after releasing heat (stream 8) is split into 8a and 8b;




	(d)

	
The stream 8a releases a part of heat to drive the AHP bottoming cycle, and then (stream 9) flows into the DHE (stream 10) and the cooler before compression (stream 1) in the main compressor and afterwards (stream 2) flows into the LTR to be heated (stream 3a);




	(e)

	
The stream 8b is compressed directly to stream 3b;




	(f)

	
The compressed stream 3a and stream 3b are mixed to stream 3 and then heated to stream 4 before moving into the reactor.









	
AHP bottoming cycle




	(a)

	
The diluted solution A3 (or ammonia-rich solution) absorbs heat in the SHE to state A4, and then is heated by stream 8a in the generator and separated into a strong solution A7 (or ammonia-poor solution) and a vapor stream A8;




	(b)

	
The stream A8 is cooled to the saturated liquid (stream A9) in the condenser, throttled by the valve 1, and then heated to saturated vapor (stream A1) in the evaporator. It is noted that the heat release in the condenser is applied to reheat the heating water;




	(c)

	
The strong solution A7 (or ammonia-poor solution) releases heat in the SHE and decompresses through the valve 2 to a low-pressure solution A5;




	(d)

	
The strong solution A5 (or ammonia-poor solution) absorbs the vapor A1 in the absorber. The merged diluted solution (or ammonia-rich solution) is cooled by the heating water, and pressured by the pump to the high-pressure solution A3.









	
Heating water cycle




	(a)

	
The low-temperature heating water from heat users is divided into stream H1 and stream H4;




	(b)

	
The stream H1 obtains heat from the absorber and the condenser of AHP to state H3;




	(c)

	
The stream H4 is heated by the CO2 working fluid (stream 9) to state H5, then mixed with stream H3 to the high-temperature heating water H6, and finally supplied to heat users.









	
Cooling water cycle








The cooling water (stream 11) absorbs heat in the cooler (stream 12), and then a part of it (stream 13) flows into the evaporator to heat the working fluid of AHP and finally back to the cooling tower, while another part of cooling water flows back directly to the cooling tower.




2.2. Working Process of the sCO2/DH System


The working process of the sCO2 cycle in the sCO2/DH system is same as that in Section 2.1. The only difference is that the stream 8a in Figure 1b releases heat only in the DHE, and all the heat release before the cooler is supplied to the heat users directly through the DHE.




2.3. Assumptions


The main assumptions for this study are listed as below,




	(a)

	
The systems are assumed to operate at a steady state, and the off-design performance or dynamic performance is not considered in this study;




	(b)

	
The variation of kinetic and potential energy is neglected;




	(c)

	
The pressure losses and heat losses of pipes and heat exchangers are neglected [25];




	(d)

	
Isentropic efficiencies are assumed for the turbine, pump and compressors [26];




	(e)

	
The liquid working fluid exiting the condenser (stream A9) and the generator (stream A7) is saturated liquid, while a subcooled degree of 3K is assumed at the outlet of absorber (stream A2) [27];




	(f)

	
Vapor exiting the generator is assumed to be pure ammonia for the sCO2/ammonia-water AHP system [27,28];




	(g)

	
A temperature difference or an effectiveness is assumed in each heat exchanger [26].











3. System Modelings


3.1. Thermodynamic Model


The thermodynamic model for the combined cycle is developed according to the mass and energy balance equations of each component.



Thermodynamic relations and the effectiveness for HTR and LTR are expressed as Equations (1)–(4),


   h 6  −  h 7  =  h 4  −  h 3   



(1)






   (   h 3  −  h 2   )   (  1 − x  )  =  h 7  −  h 8   



(2)






   ε  H T R   =    T 6  −  T 7     T 6  −  T 3     



(3)






   ε  L T R   =    T 7  −  T 8     T 7  −  T 2     



(4)




where x is the mass separation ratio of stream 3b to stream 3, and εHTR and εLTR are the effectiveness of HTR and LTR, respectively.



For turbine, main compressor and recompression compressor, the isentropic efficiencies are calculated with Equation (5)–(7),


   η  tur   =    h 5  −  h 6     h 5  −  h  6 s      



(5)






   η  mcom   =    h  2 s   −  h 1     h 2  −  h 1     



(6)






   η  rcom   =    h  3 s   −  h 8     h 3  −  h 8     



(7)




where ηtur, ηmcom, and ηrcom are the isentropic efficiencies for the turbine, main compressor, and recompression compressor, respectively.



The thermodynamic relation for the cooler is calculated using Equation (8),


   (  1 − x  )   m    CO  2     (   h  10   −  h 1   )  =  m  c w 1    (   h  12   −  h  11    )   



(8)




where mCO2 and mcw1 are the mass flow rates of CO2 and the cooling water of the cooler, respectively.



The power output of the turbine and the consumptions of two compressors can be derived as Equations (9)–(11),


   W  tur   =  m    CO  2     (   h 5  −  h 6   )   



(9)






   W  mcom   =  (  1 − x  )   m    CO  2     (   h 2  −  h 1   )   



(10)






   W  rcom   = x  m    CO  2     (   h 3  −  h 8   )  .  



(11)







For the sCO2/AHP system, the energy conservation equation of DHE is Equation (12),


   Q  DHE   =  (  1 − x  )   m    CO  2     (   h 9  −  h  10    )  =  m  h w 1    (   h  H 5   −  h  H 4    )   



(12)




while that for the sCO2/DH system is Equation (13),


   Q  DHE   =  (  1 − x  )   m    CO  2     (   h 8  −  h  10    )  =  m  h w 1    (   h   H 6    −  h  H 4    )   



(13)




where    m  h w 1     is the mass flow rate of the heating water flowing through the DHE. QDHE is the heat absorption of DHE from the topping cycle.



In the sCO2/AHP system, the conservation equations for the AHP are expressed as follows. The thermodynamic relation for the generator is Equation (14),


   Q  Gen   =  (  1 − x  )   m    CO  2     (   h 8  −  h 9   )  =  m   A 7     h   A 7    +  m   A 8     h   A 8    −  m  A 4    h  A 4    



(14)




where QGen is the heat absorption amount of generator from the topping cycle.



Assuming y as the concentration of LiBr or ammonia in the water, the concentration balance equation is obtained as Equation (15),


   m  A 4    y  A 4   =  m   A 7     y   A 7    +  m   A 8     y   A 8    .  



(15)







The conservation equations for the condenser, evaporator, and absorber are obtained as Equations (16)–(18),


   Q  Cond   =  m   A 8     h   A 8    −  m   A 9     h   A 9    =  m  h w 2    (   h   H 3    −  h   H 2     )   



(16)






   Q  Eva   =  m   A 1     h   A 1    −  m   A 10     h   A 10    =  m  c w 2    (   h  13   −  h  14    )   



(17)






   Q  Abs   =  m   A 1     h   A 1    +  m   A 5     h   A 5    −  m   A 2     h   A 2    =  m  h w 2    (   h  H 2   −  h   H 1     )   



(18)




where mhw2 is the mass flow rate of the heating water flowing through the AHP.



The conservation equation for SHE is obtained as Equation (19),


   m   A 4     h   A 4    −  m   A 3     h   A 3    =  m   A 7     h   A 7    −  m   A 6     h   A 6    .  



(19)







For the pump, the isentropic efficiency and power consumption are defined according Equations (20) and (21),


   η  pump   =    h  A 3 s   −  h   A 2       h  A 3   −  h   A 2       



(20)






   W  pump   =  m  A 3    h  A 3   −  m   A 2     h   A 2    .  



(21)







The net output power of the combined cycle can be calculated as Equation (22),


   W  net   =  W  tur   −  W  rcom   −  W  mcom   −  W  pump   .  



(22)







The heat amount supplied to the heat users, Qh,users, and the heat absorption from the topping cycle for the purpose of heating, Qh,absorb were then defined for both combined systems. For the sCO2/DH system, they are expressed as Equations (23) and (24),


   Q  h , u s e r s   =  m  h w 1    (   h   H 6    −  h  H 4    )   



(23)






   Q  h , a b s o r b   =  (  1 − x  )   m    CO  2     (   h 8  −  h  10    )  .  



(24)







For the sCO2/AHP system, they are expressed as Equations (25) and (26),


   Q  h , u s e r s   =  (   m  h w 1   +  m  h w 2    )   (   h   H 6    −  h   H 1     )   



(25)






   Q  h , a b s o r b   =  Q  Gen   +  (  1 − x  )   m    CO  2     (   h 9  −  h  10    )  .  



(26)







Ignoring the variations in kinetic and potential exergies, the exergy of a stream consists of two parts, namely the chemical and physical exergy, as Equation (27),


  E =  E  ph   +  E  ch   .  



(27)







The physical exergy can be calculated with Equation (28),


   E  ph   = m  [   (  h −  h 0   )  −  T 0   (  s −  s 0   )   ]  .  



(28)







For the ammonia water in AHP, the chemical exergy can be determined with Equation (29) [29,30],


   E  ph   = m  [   (   y   M    NH  3       )   e     ch , NH   3   0  +  (    1 − y    M   H 2  O      )   e     ch , H   2  O  0   ]   



(29)




where    e     ch , NH   3   0    and    e     ch , H   2  O  0    are the standard chemical exergies of ammonia and water, respectively. For the LiBr-H2O solution, the chemical exergy can be calculated according to reference [31].



Then, the exergy balance equation for each component in the combined systems can be obtained, as shown in Table 1. On this basis, the total exergy destruction of the combined system is expressed as Equation (30),


   I  total   =  ∑   I  components     .  



(30)







The following Table 1 shows the exergy balance equations for sCO2/AHP system and sCO2/DH system.
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Table 1. Exergy balance equations for the sCO2/AHP system and sCO2/DH system.
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	System Components
	sCO2/AHP System
	sCO2/DH System





	reactor
	    E  core   +  E 4  =  E 5   +     I  core     
	    E  core   +  E 4  =  E 5   +     I  core     



	sCO2 turbine
	    E 5  =  E 6  +  W  tur    +     I  tur     
	    E 5  =  E 6  +  W  tur    +     I  tur     



	HTR
	    E 3  +  E 6  =  E 4  +  E 7   +     I  HTR     
	    E 3  +  E 6  =  E 4  +  E 7   +     I  HTR     



	LTR
	    E 2  +  E 7  =  E  3 a    +     E 8   +     I  LTR     
	    E 2  +  E 7  =  E  3 a    +     E 8   +     I  LTR     



	main compressor
	    E 1  +  W  mcom   =  E 2   +     I  mcom     
	    E 1  +  W  mcom   =  E 2   +     I  mcom     



	recompression compressor
	    E  8 b   +  W  rcom   =  E  3 b    +     I  rcom     
	    E  8 b   +  W  rcom   =  E  3 b    +     I  rcom     



	cooler
	    E  10   =  E 1   +     I  cooler     
	    E  10   =  E 1   +     I  cooler     



	DHE
	    E 9  +  E   H 4    =  E  10   +  E   H 5       +     I  DHE     
	    E   8 a    +  E   H 4    =  E  10   +  E   H 6       +     I  DHE     



	generator
	    E  8 a   +  E  A 4   =  E 9  +  E   A 7     +     E   A 8       +     I  Gen     
	/



	absorber
	    E   A 1    +  E   A 5    +  E   H 1    =  E   A 2    +  E   H 2     +     I  Abs     
	/



	SHE
	    E   A 3    +  E   A 7    =  E   A 4    +  E   A 6    +  I  SHE     
	/



	condenser
	    E   A 8    +  E   H 2    =  E   A 9    +  E   H 3     +     I  Cond     
	/



	Evaporator
	    E   A 10    +  E  13   =  E   A 1    +  E  14    +     I  Eva     
	/



	Pump
	    E   A 2    +  W  pump   =  E   A 3     +     I  pump     
	/



	Valve1
	    E  A 9   =  E   A 10     +     I   Valve 1      
	/



	Valve2
	    E   A 6    =  E   A 5     +     I   Valve 2      
	/









3.2. Exergoeconomic Model


On the basis of the mass, energy and exergy balances above, the exergoeconomic analysis can be conducted to obtain the cost per unit exergy of product streams and to assess the combined systems. Firstly, all energy and exergy values should be determined, which has been achieved in the above section. Then, the fuel-production definition for the energy conversion system should be determined. For the sCO2/AHP system and sCO2/DH system in this study, the definitions are shown in Table 2. Finally, the cost balance equations can be constructed for all components. For the kth system component, the cost balance can be expressed with Equations (31)–(34) [32,33],


     ∑  C ˙     o u t , k   +   C ˙   w , k   =    ∑  C ˙     i n , k   +   C ˙   q , k   +   Z ˙  k   



(31)




in which,


   C ˙  = c ⋅ E  



(32)






    C ˙   q , k   =  c  q , k   ⋅  E  q , k    



(33)






    C ˙   w , k   =  c  w , k   ⋅ W  



(34)




where   C ˙   is the cost rate of the stream, while     C ˙  q    and     C ˙  w    are the cost rate of the heat transfer and power, respectively.     Z ˙  k    represents the total cost rate of capital investment, operation and maintenance, which can be obtained as Equation (35),


    Z ˙  k  =   Z ˙  k  CI   +   Z ˙  k  OM   .  



(35)




where     Z ˙  k  CI     denotes the annual levelized capital investment and     Z ˙  k  OM     denotes the annual levelized operation and maintenance cost. They can be obtained with Equations (36) and (37) [32],


    Z ˙  k  OM   =    γ k   Z k   / τ   



(36)






    Z ˙  k  CI   =  (    C R F  τ   )   Z k   



(37)




where CRF, τ and γ represent the capital recovery factor, operating hours, and the maintenance factor, respectively. CRF is relative to the bank interest rate, which can be expressed as Equation (38),


  C R F =    i r    ( 1 +  i r  )  n      ( 1 +  i r  )  n  − 1    



(38)




where ir is the interest rate, and n is the number of operation years. The values of ir, n, τ, γ, and the expression of cost function Zk for each component in this study are listed in Table 3.



The following Table 2 shows the fuel-product definitions for the combined systems.
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Table 2. Fuel-product definitions for the combined systems.
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Components

	
sCO2/AHP System

	
sCO2/DH System




	
Fuel Exergy

	
Product Exergy

	
Fuel Exergy

	
Product Exergy






	
Reactor

	
    E 4  +  E  in     

	
    E 5    

	
    E 4  +  E  in     

	
    E 5    




	
sCO2 turbine

	
    E 5  −  E 6    

	
    W  tur     

	
    E 5  −  E 6    

	
    W  tur     




	
HTR

	
    E 6  −  E 7    

	
    E 4  −  E 3    

	
    E 6  −  E 7    

	
    E 4  −  E 3    




	
LTR

	
    E 7  −  E 8    

	
    E  3 a   −  E 2    

	
    E 7  −  E 8    

	
    E  3 a   −  E 2    




	
Main compressor

	
    W  mcom     

	
    E 2  −  E 1    

	
    W  mcom     

	
    E 2  −  E 1    




	
Recompression compressor

	
    W  rcom     

	
    E  3 b   −  E  8 b     

	
    W  rcom     

	
    E  3 b   −  E  8 b     




	
Cooler

	
    E  10   −  E 1    

	
    E  12   −  E  11     

	
    E  10   −  E 1    

	
    E  12   −  E  11     




	
DHE

	
    E 9  −  E  10     

	
    E  H 5   −  E   H 4      

	
    E   8 a    −  E  10     

	
    E   H 6    −  E   H 4      




	
Generator

	
    E  8 a   −  E 9    

	
    E  A 7   +  E   A 8    −  E   A 4      

	
/

	
/




	
Absorber

	
    E  A 1   +  E   A 5    −  E   A 2      

	
    E   H 2    −  E   H 1      

	
/

	
/




	
Condenser

	
    E   A 8    −  E   A 9      

	
    E   H 3    −  E   H 2      

	
/

	
/




	
Evaporator

	
    E  13   −  E  14     

	
    E   A 1    −  E   A 10      

	
/

	
/




	
SHX

	
    E  A 7   −  E   A 6      

	
    E   A 4    −  E   A 3      

	
/

	
/




	
Pump

	
    W  pump     

	
    E  A 3   −  E   A 2      

	
/

	
/




	
Valve1

	
    E   A 9      

	
    E   A 10      

	
/

	
/




	
Valve2

	
    E   A 6      

	
    E   A 5      

	
/

	
/









Table 3 shows the cost functions of the system components.
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Table 3. Cost functions of the system components [11,32,34].






Table 3. Cost functions of the system components [11,32,34].





	Component
	Economic Parameters





	Number of operation year (n)
	20



	Annual operation hours (τ)
	8000



	Interest rate (ir)
	0.12



	Maintenance factor (γ)
	0.06



	Reactor
	    Z  core   =  C 1  *  Q  core   ,    C 1  = 283 $ /   kW   th     



	sCO2 turbine
	    Z  tur   = 479.34 ×  m  in    (   1  0.93 −  η  tur      )  × ln  (  P R c  )  ×  (  1 +  e   (  0.036  T  in   − 54.4  )     )    



	Compressor
	    Z   mcom & rcom    = 71.1 ×  m  in    (   1  0.92 −  η   mcom & rcom       )  × P R c × ln  (  P R c  )    



	HTR, LTR, Cooler, DHE
	    Z k  = 30 × M   ass  k    



	Generator, Absorber, SHE, Condenser, Evaporator
	    Z k  =  Z  ref      (     A k     A  ref      )    0.6     



	Pump
	    Z  pump   = 1120 ×  W  pump   0.8     








The mass and areas of heat exchangers in Table 3 are determined based on the heat exchanger design according to the mathematical models of different heat exchanger types. Compared to the conventional shell-and-tube heat exchanger, the Print Circuit Heat Exchanger (PCHE) shows higher heat transfer performances with a larger operation range (up to 980 °C and 96.5 MPa), which has been widely suggested and evaluated in previous studies [35,36,37]. Thus, PCHE is chosen as the heat exchangers (HTR, LTR, DHE, and cooler) in the SCO2 topping cycle. Corresponding mathematical models for PCHE are established according some typical investigations [38,39], as listed in Table 4. Unlike in the SCO2 topping cycle, the pressure and temperature in the AHP bottoming cycle are much lower, so that traditional high-efficiency heat exchangers are adopted in AHP for the generator, absorber, condenser, evaporator, and SHE. Table 4 describes the heat exchanger types and corresponding mathematical models for AHP cycles with both LiBr-H2O solution and ammonia water. With these mathematical models, the heat exchange areas for all heat exchangers are calculated by using the enhanced logarithmic mean temperature difference method [40].



The following Table 4 shows the mathematical models for heat exchangers.
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Table 4. Mathematical models for heat exchangers.






Table 4. Mathematical models for heat exchangers.





	
Components

	
Types

	
Fluids

	
Mathematical Models






	
HTR, LTR, DHE, cooler

	
PCHE

	
CO2

	
Gnielinski expression a




	
Generator

	
Nucleate pool boiling heat exchanger

	
CO2

	
Gnielinski expression a




	
LiBr-H2O

	
Jakob and Hawkin expression b




	
Ammonia water

	
Táboas’s correlation c




	
Evaporator

	
Horizontal falling film heat exchanger

	
Cooling water

	
Petukhov-Popov expression d




	
Water (H2O)

	
Wilke’s correlation e




	
Ammonia

	
Lee expression f




	
Condenser

	
Horizontal tubes heat exchanger

	
Heating water

	
Petukhov-Popov expression d




	
Vapor

	
Nusselt expression g




	
Absorber

	
Horizontal falling film heat exchanger

	
LiBr-H2O

	
Wilke’s correlation e




	
Ammonia water

	
Lee expression f




	
Heating water

	
Petukhov-Popov expression d




	
SHE

	
Annular heat exchanger

	
Ammonia water or LiBr-H2O

	
Gnielinski expression a








a Gnielinski expression [38]; b Jakob and Hawkin expression [41]; c Táboas’s correlation [42]; d Petukhov-Popov expression [43]; e Wilke’s correlation [44]; f Lee expression [45]; g Nusselt expression [46].
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