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Abstract

:

The supercritical CO2 power cycle driven by solar as a new generation of solar thermal power generation technology has drawn significant attention worldwide. In this paper, a cogeneration system derived from a supercritical CO2 recompression Brayton cycle is proposed, by considering the recovery of waste heat from the turbine outlet. The absorption refrigeration cycle is powered by the medium-temperature waste heat from the turbine outlet, while the low-temperature waste heat is employed for heating, achieving the cascaded utilization of the heat from the turbine outlet. As for the proposed combined cooling, heating, and power (CCHP) system, a dynamic model was built and verified in MATLAB R2021b/Simulink. Under design conditions, values for the energy utilization factor (EUF) and exergy efficiency of the cogeneration system were obtained. Moreover, the thermodynamic performances of the system were investigated in variable cooling/heating load and irradiation conditions. Compared with the reference system, it is indicated that the energy utilization factor (EUF) and exergy efficiency are 84.7% and 64.8%, which are improved by 11.5% and 10.3%. The proposed supercritical CO2 CCHP system offers an effective solution for the efficient utilization of solar energy.
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1. Introduction


The consumption of fossil fuels causes energy shortages, environmental pollution, and global warming, and the utilization of sustainable energy attracts widespread attention; solar energy is one of the ideal renewable energies because of its abundant reserves and wide distribution [1]. Solar tower thermal power generation is considered to be a promising way due to its advantages of high efficiency of photothermal conversion, high flexibility of heat storage, and strong scalability of power generation [2]. Considering the characteristics of compactness and high system efficiency, the integration of concentrated solar energy with a S-CO2 power cycle has the potential to enhance the overall efficiency of solar conversion.



In the traditional coal power generation systems, there are problems of relatively high emissions and relatively low thermal efficiency. Therefore, it is necessary to adopt new clean technologies which reduces gas emissions and improve energy conversion efficiency [3].



The S-CO2 (supercritical CO2) Brayton cycle is mainly divided into simple cycle, recompression cycle (SCRBC), partial cooling cycle, intercooling cycle, pre-compression cycle, and improved cycle on this basis. The simple supercritical CO2 Brayton cycle (SCBC) has the disadvantages of excessive waste heat and low efficiency. The simple regenerative cycle is formed by increasing a recuperation component, but the simple regenerative cycle has low efficiency because of the existence of a pinch point. In order to avoid the pinch point, a high-temperature regenerator and a low-temperature regenerator are added, and the recompression cycle is proposed. In order to improve cycle efficiency, two-stage compression and intermediate cooling is added in the main compression loop, and a cooler is added in the recompression loop, which form the intermediate cooling cycle and partial cooling cycle [4,5,6,7]. Moreover, compared with the traditional water-steam Rankine cycle, the system thermal efficiency of the supercritical CO2 Brayton cycle is higher when the turbine inlet temperature is higher than 550 °C [8]. In addition, the supercritical CO2 Brayton cycle, especially the supercritical CO2 recompression Brayton cycle (SCRBC), has a higher thermal efficiency in the concentrated solar power (CSP) temperature range compared to the steam Rankine cycle [9].



In order to explore thermodynamic performances of supercritical CO2 Brayton cycles, simulation studies of different Brayton cycles have been conducted, and the thermodynamic performances have been compared. Turchi et al. [10] analyzed four different arrangements of supercritical CO2 Brayton cycles to study the effects of reheating and air cooling on the supercritical CO2 cycle performance in a CSP system, and found that when the turbine inlet temperature exceeded 650 °C, the thermal efficiency values of the partial cooling, recompression, and intermediate cooling cycles were almost about 50.0%. Mahmood et al. [11] used genetic algorithms to perform thermodynamic optimization and comparative analysis on different cycles; the conclusion was that the highest cycle efficiency is the reheat and intermediate cooling cycle based on recompression, with a cycle efficiency of 55.0–62.0%. Ortega et al. [12] developed an S-CO2 Brayton cycle model using EES (Engineering Equation Solver); it was found that within a certain range of pressure ratios yields, the highest efficiency in terms of the first law of thermodynamics occurred in the SCRBC. Zhang et al. [13] studied several Brayton cycles when the inlet temperature of the turbine varied from 500 °C to 850 °C, and found that the optimal efficiency for the recompression Brayton cycle occurs when the inlet temperature falls between 500 °C and 600 °C. Neises et al. [14] pointed out that when applied to a CSP system, the system performance of the steam cycle is lower than that of the SCRBC. The 780 kW supercritical CO2 Brayton cycle power system, developed by Sandia National Nuclear Laboratories and the U.S. Department of Energy’s Office of Nuclear Energy [15], is one of the first Brayton supercritical CO2 cycle power systems in operation in the world. Knolls and Bettis Atomic Energy Laboratory [16] jointly developed a 100 kW biaxial reheat supercritical CO2 power cycle experimental platform to test the system performance under variable operating conditions; the results showed that the system could operate well. Seidel [17] investigated the efficiency of several cycles coupled with Concentrated Solar Power systems and determined that the SCRBC exhibits superior thermal efficiency across a wide range of pressure ratios.



In order to improve the thermodynamic performance of SCBC, investigations have been conducted by integrating supercritical CO2 cycle with other cycles. Wang et al. [18] proposed two combined cycles, which hybridized the simple and recompressed Brayton cycles with the transcritical CO2 cycles; the investigations revealed that the combined cycles demonstrated a significant enhancement in efficiencies, with improvements of 10.12% and 19.34% compared to the simple and recompressed Brayton cycles, respectively.



NR Caetano et al. [19] conducted energy and exergy analyses between combined Brayton/Rankine cycles with two regenerators in parallel and conventional combined Brayton/Rankine cycles. The results showed that thermal efficiency of the combined cycle with two regenerators was increased by 36.7%, and the exergy destruction of the exhaust gases and condenser was reduced by 80.7% and 31.2%, respectively. Moreover, by combining the Rankine cycle with the supercritical CO2 cycle, a combined cycle is formed, as demonstrated by Akbari et al. [20]; the exergy efficiency of the proposed SCRBC/ORC (Organic Rankine Cycle) combined cycle increased by 11.7% compared with that of SCRBC. The thermal efficiency of the combined system proposed by Liang et al. [9] was 3.5% higher than that of the recompressed Brayton cycle system. The maximum output power of the combined system proposed by Song et al. [21] is 58.0% higher than that of the independent supercritical CO2 Brayton system. Not only is the recompressing Brayton cycle coupling with the Rankine cycle proposed, but also other Brayton cycles coupling with the Rankine cycle are analyzed. A combined cycle system integrating GTC, the supercritical CO2 Brayton ARC cycle, and the organic Rankine cycle are proposed by Wang et al. [22]; the research outcomes indicate that the system has a superior thermodynamic performance to that of the cogeneration system. Pan et al. [23] compared four combined systems and found that the combined cycle of the supercritical CO2 recompression Brayton cycle with ORC has the most superior performance. A supercritical CO2 power cycle cogeneration system developed by Yang et al. [24] was optimized with multiple objectives. The optimization results indicate that the comprehensive performance index of the proposed cycle is higher than that of the traditional cogeneration cycle system. According to Yari et al. [25], in which a study was conducted on a hybrid system integrating a supercritical CO2 cycle and a transcritical CO2 cycle, it was found that the combined system exhibits an exergy efficiency that is 5.5–26.0% superior compared to that of the SCBC. Therefore, the performance of the coupled cycle is superior than that of the separate supercritical CO2 cycle by recovery of waste heat.



In a concentrated solar thermal power system, cascaded utilization of solar energy and integrated cogeneration are also important. High primary energy efficiency, large environmental benefits, and good economic feasibility are the advantages of the cogeneration system [26].



Rodríguez et al. [27] discovered the hybrid CCHP system using solar energy, in which the utilization of fossil fuels is decreased and system performance is improved. Li et al. [28] compared a combined cycle system with the conventional separation system, and found that the energy conversion efficiency of the SP system was less than 40.0% that the cogeneration system. Zeinab et al. [29] put forward a cogeneration system with the Rankine cycle, and investigated the thermodynamic and economical performances. The findings demonstrated that the EUF reached 89.4% in the integrated cycle system. Hou et al. [30] introduced a cogeneration system, and found a higher energy-saving performance in the system, compared with the separated reference system. Miguel A. et al. [31] added heat storage equipment to the system, which increased the energy saving rate by 21.2% compared to the sub-supply system, and the system can recover costs within 3 years. More in-depth research has been conducted on the turbines in the cogeneration system; Mohammadi et al. [32] proposed a cogeneration system comprising an organic Rankine cycle, a gas turbine, and an absorption refrigeration cycle; the results showed that the comprehensive efficiency of the system can reach 70.0%. Beneta et al. [33] proposed a cogeneration cycle system that combined cooling, heating, and power, which integrated the organic Rankine cycle and a dual-effect lithium bromide absorption refrigeration system. The results showed that the cooling efficiency has the potential to be enhanced by up to 48.5%, and the heating capacity increased by 20.5%. Al-Sulaiman et al. [34] proposed a performance evaluation of a novel CCHP system that combined the ORC with a single-effect absorption cooler. However, the findings suggest that the performance of a CCHP system utilizing an organic Rankine cycle as a power cycle is still low.



To address the issues of excessive heat return and single-energy output in supercritical CO2 power cycles, a supercritical CO2 cogeneration (CCHP) system is proposed. The absorption refrigeration unit is powered by the medium-temperature waste heat from the turbine outlet, while the low-temperature waste heat in the turbine outlet is utilized for heating purposes, so as to realize the trigeneration. The construction of this work is summarized as below:




	(1)

	
The proposed system in this paper aims to meet energy demands by utilizing supercritical CO2 and recovering waste heat from the turbine outlet, and to further realize cooling–heating–power trigeneration.




	(2)

	
It has been observed that the CCHP system exhibits better EUF, along with a decrease in irreversible losses compared to the reference system. The analysis of energy and exergy for the system is performed at the design condition as well as with the variations of load and irradiation.









Firstly, the CCHP system’s thermodynamic model was formulated in MATLAB R2021b/Simulink. Then, the thermodynamic performances of the CCHP system and the reference system are compared and analyzed on the design condition. Finally, according to the variations of load and irradiation, the system performances are determined.




2. System Configuration


2.1. Supercritical CO2 CCHP System


The CCHP system (SCRBC/CCHP) is illustrated in Figure 1. The CCHP system is divided into two units: the solar energy collection unit and cogeneration of cold–heat–power. The cogeneration unit is composed of the electricity-generating, refrigeration, and heating sub-units. High-temperature thermal energy is used for generation, the medium-temperature waste heat is used for driving the absorption refrigeration, and the low-temperature waste heat is used for heating, meeting three kinds of energy supply.



The operating process of the solar collection unit is summarized as follows: when the irradiation is sufficient, the molten salt absorbs solar energy at the absorber. A part of the heat is reserved in the hot tank, the rest is utilized to drive the supercritical CO2 power cycle. The low-temperature molten salt flows through the cold tank into the receiver to absorb solar energy. When the irradiation is insufficient, the molten salt stored in the hot tank flows through the heater to drive the supercritical CO2 power cycle.



The running process of the cogeneration unit is as follows. The heater is used to heat the supercritical CO2, which then enters the turbine for expansion and performing work (1–2). Then, the working fluid flows through the high-temperature regenerator (2–3) and low-temperature regenerator 1 (3–4) to recover thermal energy. After heat exchange, the medium-temperature working fluid provides heat to the refrigeration unit and drives its operation. The working fluid flowing out from low-temperature regenerator 2 (5–6) is divided into two sections. One section flows into the heat exchanger EX2 (6a–7) to operate the heating equipment, and passes through main compressor after cooling. The other section of the working fluid flows directly into the recompressor (6b–11b).



The characteristics of the cogeneration system are summarized as follows:




	(1)

	
Compared with a single supercritical CO2 power cycle, the system realizes cogeneration of cooling, heating, and electricity. The higher temperature heat is used for the turbine, the medium-temperature waste heat drives the operation of the absorption refrigeration, and the low-temperature waste heat is utilized for heating, thus achieving the cascaded utilization of solar thermal energy.




	(2)

	
The energy utilization factor of the cogeneration system is improved, the irreversible losses of the recuperation process are reduced, and the heat of the turbine outlet in the supercritical CO2 power cycle is used to drive refrigeration and heating.




	(3)

	
The system uses solar energy to drive the system, achieving zero emission during operation. The system uses greenhouse gas CO2 as the working fluid, providing an effective way to utilize the greenhouse gases.










2.2. Reference System


The reference system consists of three parts: the supercritical CO2 recompression Brayton cycle, the solar direct-heating unit, and the dual-effect lithium bromide absorption refrigeration unit.



The schematic drawing of the SCRBC is illustrated in Figure 2. S-CO2 flows into the turbine to expand and do work (1–2) after heating. Then, the working fluid passes through the high-temperature regenerator (2–3) and the low-temperature regenerator to recover heat. After heat exchange, it is divided into two parts. One part of the working fluid is directed towards the main compressor (MC), while another part of the working fluid is channeled towards the recompressor (4b–7b).



The refrigeration unit adopts the dual-effect lithium bromide absorption refrigeration cycle, as illustrated in Figure 3, which mainly includes: a condenser (CON), high-pressure generator (HG), evaporator (EVA), high-temperature heat exchanger (HEX), absorber (ABS), low-pressure generator (LG), and a low-temperature heat exchanger (LEX).



The solar heating unit is composed of a heat source and heat exchanger, in which water is utilized as a heat transfer fluid, as illustrated in Figure 4. The thermal energy is provided by solar energy directly for heating.




2.3. System Assumptions


The physical parameters of the working fluid are from REFPROP. In order to investigate the system performance, the subsequent assumptions are considered:




	(1)

	
The change of potential energy is not considered during the process of the system [35].




	(2)

	
The heat losses between components and pipelines are ignored.




	(3)

	
The thermal resistance of the metal wall in a Printed Circuit Heat Exchanger (PCHE) is ignored. The thermal resistance result of the metal partition is much less than that of the fluid boundary, and the temperature disparity between the two surfaces of the metal is comparatively insignificant. It is assumed that the thermal resistance of the shell of the pipe is ignored [36].











3. Model of the Supercritical CO2 CCHP System


3.1. Mathematic Model of Supercritical CO2 CCHP System


3.1.1. Heat Exchanger Model


The equation for energy conservation of the heat exchanger is as follows:


   h  h , i n   −  h  h , o u t   =  h  c , o u t   −  h  c , i n    



(1)






   h  h , i n   −  h  h , o u t   =   1 − S R      h  c , o u t   −  h  c , i n      



(2)




where hh,in and hh,out are the enthalpy values at the hot end; hc,in and hc,out represent the enthalpy values at the cold end.



The calculation of heat transfer in the recuperator is determined as follows:


   Q  a v e   =    m h     h  h , i n   −  h  h , o u t     +  m c     h  c . o u t   −  h  c , i n      2   



(3)







The total heat transfer coefficient is defined as:


  U =    Q  a v e     A Δ  T m     



(4)




where A is the total area of heat transfer.



The logarithmic mean temperature difference is defined as ∆Tm [37]:


  Δ  T m  =      T  h , i n   −  T  c , o u t     −    T  h , o u t   −  T  c , i n       ln      T  h , i n   −  T  c , o u t      T  h , o u t   −  T  c , i n          



(5)







The CO2 is at the turbulent condition. According to the Gnielinsk equation [38], the Nusselt number is given as follow:


  N  u h  =        f h   8       Re  − 1000    Pr    1 + 12.7        f h   8       1 2        Pr    2 3    − 1      



(6)







The Darcy friction factor is defined as:


   f h  =      1  1.8 log Re − 1.5      2   



(7)







Reynolds number:


  Re =   ρ ν  d e   μ   



(8)







Hydraulic diameter:


   d e  =   4 π  d c 2    8     π  d c   2  +  d c       



(9)







Heat exchanger efficiency [39]:


  ε =    Q  a v e      Q  i d e a l     =    Q  a v e     min    Q  c a s e , a   ,  Q  c a s e , b   ,  Q  c a s e , c        



(10)






   Q  c a s e , a   =  m h    h    T  h , i n   ,  P h    − h    T  c , i n   ,  P h       



(11)






   Q  c a s e , b   =  m c    h    T  h , i n   ,  P c    − h    T  c , i n   ,  P c       



(12)






   Q  c a s e , c   =  m h    h    T  h , i n   ,  P h    − h    T m  ,  P h      +  m c    h    T m  ,  P c    − h    T  c , i n   ,  P c       



(13)




where ρ is the density of CO2; μ is the viscosity coefficient of CO2; dc is the circumference diameter; and mh and mc are the mass flow of the hot side and cold side, respectively. Qideal represents the heat transfer under ideal conditions; Ph and Pc are the pressure of the hot end and cold end, respectively. Th,in and Tc,in are the inlet temperature of the hot end and cold end, respectively. Th,out and Tc,out are the outlet temperature of the hot end and cold end, respectively; Tm is the pinch-point temperature.



Table 1 illustrates the comparison results of experimental data [40] and the heat exchanger model. The small discrepancy indicates the precision of the model.




3.1.2. Turbine/Compressor Model


The equations for turbine efficiency-flow rate and expansion ratio-flow rate, shown in Formulas (14)–(16), are obtained by fitting the turbine performance curve [41].


   η  T u r   =  a 1  sin    b 1   m  c o r r e c t , T   +  c 1     



(14)






   m  c o r r e c t , T   =    m T     T  T u r , i n        P  T u r , i n      



(15)




where mcorrect,T is the correct mass flow rate of the turbine, with a range of 5 × 10−5 kg/s to 9 × 10−5 kg/s; a1 = 0.7865, b1 = 103, and c1 = 0.9373; TTur,in is the turbine inlet temperature; PTur,in is the turbine inlet pressure.


     P  T u r , i n      P  T u r , o u t     =  a 1   e  −        m  c o r r e c t   −  b 1     c 1       2     



(16)




where a1 = 0.8404, b1 = 3.675, and c1 = 21.79; PTur,in and PTur,out refer to the pressure at the inlet and outlet of the turbine, respectively.



The calculation of the turbine’s outlet temperature is performed as follows:


   T  T u r , o u t   =   1 +  1   η  T u r              P  T u r , i n      P  T u r , o u t           k − 1  k    − 1      T  T u r , i n    



(17)




where TTur,in and TTur,out are the turbine inlet temperature and outlet temperature, respectively; ηTur is the isentropic efficiency.



By fitting the compressor performance curve, the obtained fitting equations for compressor efficiency-flow and head coefficient-flow are calculated as follows:


   η  C o m   =  a 1  sin    b 1   m  c o r r e c t , C o m   +  c 1     



(18)






   m  c o r r e c t , C o m   =    m  C o m      T  C o m , i n        P  C o m , i n      



(19)




where mcorrect,Com represents the correct mass flow of the RC (recompressor) and MC (main compressor), with a range of 1 × 10−5 kg/s to 10 × 10−5 kg/s; a1 = 0.7714, b1 = 28.34, c1 = 0.6427.



The Equation (20) used to determine the discharge temperature of the compressor is as follows:


   T  C o m , o u t   =   1 +  1   η  C o m              P  C o m , o u t      P  C o m , i n           k − 1  k    − 1      T  C o m , i n    



(20)




where TCom,in and TCom,out represent the temperature of CO2 entering and exiting the compressor, respectively; k is the adiabatic index in adiabatic compression; PCom,in and PCom,out represent the pressure at which CO2 enters and exits the compressor, respectively.



Table 2 illustrates the discrepancies among the experimental data and model data. A smaller discrepancy indicates the accuracy of the calculated model of turbine and compressor.





3.2. Thermodynamic Analyses of Cogeneration System


The cogeneration system’s exergy balance is formulated by applying the principles of the Second Law of Thermodynamics.



For the process of energy exchange, the exergy balance equations [42] are as follows:


    d  E  c v     d t   =   ∑ j    E  i n p u t   +    E  W , i n   −  E  W , o u t   +  ∑   E  i n   −  ∑   E  o u t   −  E D       



(21)






   E  i n p u t   =   1 −    T 0     T R       Q  H e a t e r    



(22)






   E  i n   −  E  o u t   = m    e  i n   −  e  o u t      



(23)






  e = h −  h 0  −  T 0    s −  s 0    +    ν 2   2  + g z  



(24)






   T R  =  T  i n , T u r   + Δ  T R   



(25)




where     d  E  c v     d t     is the derivative, which is equal to zero under steady conditions. Einput represents the exergy generating from the transfer of heat source, that is, the total input exergy of the system; Ein and Eout are the exergy of inflow and outflow, respectively; EW,in and EW,out are input work and output work, respectively; ED denotes the exergy destruction; QHeater is the heat transferred, which is the total heat absorbed by the system; T0 refers to the environmental reference temperature, taken as 25 °C; TR represents the temperature of the heat source; Tin,Tur refers to the temperature at which the turbine’s inlet is operating; and ∆TR is the difference of the receiver temperature, taken as 150 °C [5].



The exergy destruction of each component is obtained through exergy balance equations:



Turbine:


   E  d , T u r   =  m  C  O 2       e 1  −  e 2    −  W T   



(26)







Main compressor:


   E  d , M C   = S R  m  C  O 2       e 7  −  e 6    +  W  M C    



(27)







Recompressor:


   E  d , R C   =   1 − S R    m  C  O 2       e  10   −  e 9    +  W  R C    



(28)







High-temperature regenerator:


   E  d , H T R   =  m  C  O 2         e 2  −  e 3    −    e  12   −  e  11        



(29)







Low-temperature regenerator:


   E  d , L T R   =  m  C  O 2       e 3  −  e 4    − S R  m  C  O 2       e 8  −  e 7     



(30)







Cooler:


   E  d , C o o l e r   = S R  m  C  O 2       e 4  −  e 5     



(31)







Heater:


   E  d , H e a t e r   =  E  i n p u t   −  m  C  O 2       e 1  −  e  11      



(32)




where    m  C  O 2      represents the mass flow rate; e1, e3, e4, e7, e10, e12 are the inlet exergy of the components; e2, e5, e6, e8, e9, e11 are the outlet exergy of the components.



According to the principles of thermodynamics, the system’s performance is assessed by considering both its EUF and exergy efficiency.



The EUF:


  E U F =    W  n e t   +  Q 1  +  Q 2     Q  H e a t e r     =    W  T u r   −  W  M C   −  W  R C   +  Q 1  +  Q 2     Q  H e a t e r      



(33)




where Q1 and Q2 are the cooling and heating output in kW, respectively; for the reference system, it is essential to guarantee the same generation, cooling, and heating capacity as the cogeneration system.



Exergy efficiency:


   η  e x   =    W  n e t   +  E 1  +  E 2     E  i n p u t     = 1 −     ∑ i    E  d , i        E  i n p u t      



(34)




where E1 is the exergy output of energy release side in EX1, kW; E2 is the exergy output of energy release side in EX2, kW; Ed,i is the exergy destruction of system components, kW; Einput is the total exergy input, kW.





4. Results and Discussion


To investigate the thermal performance, thermal analyses were carried out at the design conditions. Subsequently, an evaluation was conducted on the system’s output capabilities while considering varying cooling and heating capacities. Finally, with the variation of solar irradiance in the whole year, the thermodynamic analyses of the system were carried out.



4.1. Thermal Performance at the Design Condition


The design parameters are illustrated in Table 3. The location of this cogeneration system is Qingdao, China. The meteorological parameters were obtained by TRNSYS.



Table 4 shows the design conditions utilized to conduct thermodynamic evaluations for both the SCRBC/CCHP and reference systems. The same capacities of electricity, cooling, and heating were set in the SCRBC/CCHP and reference systems. The electricity, refrigeration, and heating capacities are 6.4 MW, 1.27 MW, and 0.85 MW, respectively, accounting for 63.7%, 12.6%, and 8.4% of the total input energy. The proposed system achieves an EUF of 84.7% and exergy efficiency of 64.8%, which are 9.7% and 10.3% higher, respectively, than the reference system. The irreversible losses are reduced and the efficiency is improved by the cascade utilization of waste heat in the turbine outlet.



To investigate the irrecoverable losses of the components in our CCHP system, we performed the exergy analyses conducted in Figure 5. The cogeneration system achieves an exergy efficiency of 64.8%, with the heater identified as the component responsible for the highest amount of irreversible loss. The high-temperature regenerator incurs significant exergy loss as it operates with a relatively high temperature at the turbine outlet, resulting in a substantial temperature disparity between its cold and hot ends. The reduction in irreversible loss in the regenerative process contributes to an enhancement in the exergy efficiency of cogeneration systems.




4.2. Thermodynamic Analyses of Cogeneration System with the Variation of Loads


In order to investigate the performance of the system with the variations of cooling and heating capacity, thermodynamical analyses of the system were carried out.



System performance was analyzed with the variation of the refrigeration load. More input heat is used for cooling with the increase in cooling load, and the net work and heating load are gradually reduced. The EUF and irreversible loss in the cogeneration system were obtained through thermodynamic analysis. As shown in Figure 6a, the EUF of the system is in the range of 76.6~84.7%. The system exhibits an increase in exergy efficiency from 61.3% to 64.8%, as depicted in Figure 6b. The increase in cooling load leads to a higher utilization of waste heat, while simultaneously reducing the irreversible loss during the process of waste heat utilization.



Furthermore, system performance was analyzed with the changing the heating load. EUF values and the exergy distribution of the cogeneration system were obtained through thermodynamic analysis. As shown in Figure 7a, the EUF of the system ranges from 80.5% to 84.7%, and the exergy efficiency of the system increases from 60.8% to 64.8%, as illustrated in Figure 7b. The explanation lies in the fact that as the heating load increases, there is a corresponding rise in the utilization of residual heat at the turbine outlet. This leads to a decrease in irreversible losses during the regeneration process.




4.3. Thermodynamic Analyses of Cogeneration System with the Variation of Radiation


4.3.1. Thermodynamic Analyses in Typical Days


In an effort to investigate the influence of irradiance on the CCHP system, the performance of the CCHP system on typical days was analyzed.



As shown in Figure 8, the changes in the EUF and the output energy of cold, heat, and electricity over time on typical days (8 June, 18 January) were obtained.



The EUF and output energy on typical days varied with time. The EUF of the system is in the range of 40.8~73.1% on a summer day, and in the range of 41.6~72.6% on a typical winter day. The highest EUF exists when the solar irradiation is close to the design point. With the increase in solar irradiance, the CCHP system demonstrates an enhancement in the total input energy, resulting in increased output energy and net work; however, the overall input of the system is increasing at a higher rate compared to the increase in output of the CCHP system. As a result, there is a continuous decrease in the ratio between these two factors, known as the EUF of the system.



As depicted in Figure 9, the system components’ exergy distribution is illustrated in typical days. The component with the largest irreversible loss is the heater, because the difference in energy grade during the collection process is large. The high-temperature regenerator is the second most significant factor contributing to irreversibility, primarily due to the relatively high temperature at the turbine outlet and a substantial temperature gradient between its cold and hot ends. Comparing the performances of different seasons, the highest exergy efficiency and solar irradiation is on a summer day, and the exergy efficiency is in the range of 66.8~84.4%. In the wake of the increase in solar irradiation, the irreversible loss decreases in the CCHP system. The reason for this is that with increasing solar irradiation, the temperature of the working fluid is also increased. The temperature difference at the two sides of heater is decreased, and the irreversible loss of the heater is decreased.




4.3.2. Thermodynamic Analyses of the System in Different Seasons


In an effort to explore the influence of irradiance on system, the different solar irradiances in spring, summer, and winter were selected. With consideration of variation of energy demand, the system in spring and summer was set with the output of cold–heat–electricity, and the system in winter was set with the output of heat and electricity. The solar irradiances in spring, summer, and winter seasons are shown in Figure 10a–c. Figure 10d shows the comparison of irradiation duration in three seasons. The variation of solar irradiation in spring is in the range of 301.3 W/m2~1291.7 W/m2. The variation of solar irradiation in summer is in the range of 300.0 W/m2~1377.6 W/m2. The variation of solar irradiation in winter is in the range of 300.4 W/m2~890.2 W/m2. The longest irradiation time exists in summer, with irradiation hours of 883 h.



By simulating the solar irradiance in spring (March, April, and May), EUF varies from 62.0% to 84.5%. In summer (June, July, and August), the system EUF varies from 61.0% to 84.6%. By simulating the solar irradiance in winter (December, January, and February), the change range of the system EUF is 47.0~80.7%. The thermodynamic performances of the system are observed in Figure 11 in different seasons. The EUF varies from 62.0% to 84.5% in spring, and the ranges of EUF are 61.0% to 84.6% in summer, and 47.0~80.7% in winter. Through the comparison, the EUF in winter is relatively lower than that in spring and summer, mainly because the solar irradiance in winter is lower, and the operation of the system with the output of heat and electricity is in off-design condition. The average EUF in spring, summer, and winter are 71.1%, 73.3%, and 47.2%, respectively. The EUF in spring and summer are 33.5% and 35.6% higher, respectively, than that in winter.




4.3.3. Thermodynamic Analysis of Cogeneration System throughout the Year


The influence of irradiance variation on system performance within a year was analyzed. The variation of solar irradiance in Qingdao in a whole year is observed in Figure 12a. According to solar irradiance, the heat absorption in the solar receiver was obtained and is shown in Figure 12b.



In order to analyze the thermodynamic performance, the changes in power production, cooling, heating, and EUF throughout the entire year were obtained, as illustrated in Figure 13. It can be observed that the system has the highest energy output in summer, due to the longest daily irradiation time and the highest solar irradiation amount. The EUF of the system varies from 45.9% to 74.9% in the period of twelve months. The average annual EUF of the proposed system is 65.4%.






5. Conclusions


The cogeneration system based on a solar-driven supercritical CO2 recompression Brayton cycle is proposed to make full use of the waste heat in the supercritical CO2 Brayton cycle, realize the trigeneration of cooling–electricity–heating, and improve the CCHP performance. The high-temperature heat is used for power generation, the medium-temperature waste heat drives the operation of the absorption refrigeration sub-unit, and the low-temperature waste heat is used for heating, realizing the cascade utilization of solar thermal energy. The cogeneration system was subjected to thermodynamic analyses, considering the design condition, varying load, and changing irradiation conditions. The findings can be summarized as follows:




	(1)

	
A constructed model was utilized to analyze the thermodynamics of a cogeneration system under the function of a supercritical CO2 power cycle. At designed working condition, the EUF of the cogeneration system and exergy efficiency are 84.7% and 64.8%, which increased by 11.5% and 10.3% compared with the reference system.




	(2)

	
The system performance was determined through thermodynamic analysis, taking into account the variations in the user’s requirements for cooling and heating. Under variable refrigeration load and heating load, the ranges of EUF are 76.3~84.7% and 80.5~84.7%, and the exergy efficiency is in the range of 63.4~64.8% and 63.9~64.8%.




	(3)

	
Considering the variation of solar irradiation, the thermal performances of the cogeneration system on representative days and in the whole year were investigated. Under solar irradiation on typical days, the system EUF and exergy efficiency were obtained. The system EUF in spring, summer, and winter are in the range of 62.0~84.5%, 61.0~84.6%, and 47.0~80.7%. The annual EUF of the proposed system is 65.4%.









In summary, the proposed supercritical CO2 cogeneration system offers an effective approach for the application of solar energy. The outlook is summarized as follows: Investigation of the system in different climatic areas are worth conducting to illustrate the adaptability of the system. Furthermore, considering the variation of solar irradiation, the capacity of energy storage will be taken into account in future work.
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Nomenclature








	Latin symbols
	



	A
	area (m2)



	A’
	energy grade



	de
	hydraulic diameter (m)



	E/e
	exergy (kW, MW)



	EUF
	energy utilization factor



	f
	Darcy friction factor



	h
	specific enthalpy (kJ kg−1)



	k
	the adiabatic index in adiabatic compression



	m
	mass flow rate (kg s−1)



	N
	rotary speed (rpm)



	Nu
	Nusser number



	P
	pressure (kPa, MPa)



	Pr
	Prandtl number



	Q
	heating capacity (kW, MW)



	Q1
	the cooling output of system



	Q2
	the heating output of system



	Re
	Reynolds number



	s
	specified entropy (kJ kg−1 K−1)



	SR
	split ratio



	T
	temperature (°C or K)



	∆Tm
	temperature difference (°C)



	U
	the total heat transfer coefficient



	W
	compressor power consumption (kW)



	Greek symbols
	



	ρ
	density



	μ
	coefficient of kinetic viscosity



	ε
	heat exchanger efficiency



	η
	efficiency



	Abbreviations
	



	Com
	compressor



	EX1
	heat exchanger1



	EX2
	heat exchanger2



	HTR
	high-temperature regenerator



	LTR
	low-temperature regenerator



	MC
	main compressor



	RC
	recompressor



	S-CO2
	supercritical CO2



	Tur
	turbine



	Subscripts and superscripts
	



	0
	ambient



	1, 2, 3, 4, 5, 6, 7, 8, 9…
	state point



	A
	air



	c
	cold



	com
	compressor



	d
	destruction



	ea
	energy accept



	ed
	energy discharge



	h
	hot



	in
	inlet



	out
	outlet



	tot
	total
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Figure 1. Supercritical CO2 CCHP system: (a) system schematic diagram; (b) system T-s diagram. 
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Figure 2. Schematic diagram of S-CO2 recompression Brayton cycle. 
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Figure 3. Dual-effect lithium bromide absorption refrigeration process. 
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Figure 4. Solar energy for heating. 
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Figure 5. Exergy destruction ratio of components: (a) cogeneration system, (b) reference system. 
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Figure 6. Thermodynamic analysis of cogeneration system with the variation of refrigeration capacity: (a) energy analysis, (b) exergy analysis. 






Figure 6. Thermodynamic analysis of cogeneration system with the variation of refrigeration capacity: (a) energy analysis, (b) exergy analysis.



[image: Energies 17 01767 g006]







[image: Energies 17 01767 g007] 





Figure 7. Thermodynamic analysis of cogeneration system with the variation of heating capacity: (a) energy analysis, (b) exergy analysis. 






Figure 7. Thermodynamic analysis of cogeneration system with the variation of heating capacity: (a) energy analysis, (b) exergy analysis.



[image: Energies 17 01767 g007]







[image: Energies 17 01767 g008] 





Figure 8. Energy analysis on typical days: (a) typical summer day, (b) typical winter day. 
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Figure 9. Exergy destruction analysis on typical days: (a) typical summer day, (b) typical winter day. 
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Figure 10. Variation of solar energy: (a) spring, (b) summer, (c) winter, and (d) irradiation duration comparison. 
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Figure 11. Thermodynamic analysis: (a) spring, (b) summer, and (c) winter. 
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Figure 12. Variation of solar energy: (a) annual solar irradiance, (b) heat absorption by the solar receiver. 
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Figure 13. Changes of system EUF throughout the year. 
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Table 1. Validation of the heat exchanger model.
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	Parameter
	Heater Outlet

Pressure/MPa
	Heater Outlet

Temperature/K
	Cooler Outlet

Pressure/MPa
	Cooler Outlet

Temperature/K





	Literature
	13.5
	810.0
	7.7
	305.4



	Simulation
	13.4
	784.9
	7.6
	302.1



	Discrepancy/%
	0.5
	3.1
	2.0
	1.1










 





Table 2. Verification of turbine/compressor model.
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	Parameter
	Turbine Outlet

Pressure/MPa
	Turbine Outlet

Temperature/K
	MC Outlet

Pressure/MPa
	MC Outlet

Temperature/K
	RC Outlet

Pressure/MPa
	RC Outlet

Temperature/K





	Literature
	7.9
	749.1
	13.9
	323.8
	13.7
	390.2



	Simulation
	7.9
	742.1
	13.9
	326.7
	13.8
	385.8



	Discrepancy/%
	0
	0.9
	0
	0.9
	0.2
	1.1










 





Table 3. Primary system design factors.
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	Parameter
	Value





	Compressor outlet pressure/MPa
	21.9



	Turbine inlet temperature/K
	873.2



	Turbine outlet pressure/MPa
	7.66



	Cooler outlet temperature/K
	305.2



	Isentropic efficiency of compressor/η
	0.75



	Isentropic efficiency of turbine
	0.85



	Regenerator pinch-point temperature difference/K
	15



	System generation/MW
	6.4



	Ambient temperature/°C
	25



	Solar irradiance/W·m−2
	780










 





Table 4. Comparison of results between SCRBC/CCHP and reference system.
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	Parameter
	Reference System
	SCRBC/CCHP





	EUF/%
	74.9
	84.7



	ηex/%
	58.1
	64.8



	Exergy destruction rate/%
	41.9
	35.3



	Turbine work/MW
	8.2
	8.0



	Net output power/MW
	6.4
	6.4



	Refrigeration capacity/MW
	1.3
	1.3



	Heat capacity/MW
	0.9
	0.9



	Total input exergy/MJ
	9.5
	8.6



	Total heat input/MW
	11.4
	10.1
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