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Abstract

:

Due to its environmental benefits, CO2 shows great potential in refrigeration systems. However, a basic CO2 transcritical (BCT) refrigeration system used for airconditioning in buildings might generate massive indirect carbon emissions for its low COP. In this study, a novel CO2 transcritical/two-stage absorption (CTTA) hybrid refrigeration system is broadly investigated, and both energy efficiency and life cycle climate performance (LCCP) are specifically engaged. The theoretical model shows that optimal parameters for the generator inlet temperature (TG2), intermediate temperature (Tm), and discharge pressure (Pc), exist to achieve maximum COPtol. Using the LCCP method, the carbon emissions of the CTTA system are compared to six typical refrigeration systems by using refrigerants, including R134a, R1234yf and R1234ze(E) etc. The LCCP value of the CTTA system is 3768 kg CO2e/kW, which is 53.6% less than the BCT system and equivalent to the R134a system. Moreover, its LCCP value could be 3.4% less than the R1234ze(E) system if the COP of the CO2 subsystem is further improved. In summary, the CTTA system achieves ultra-low carbon emissions, which provides a potential alternative to air conditioning systems in buildings that can be considered alongside R1234yf and R1234ze(E) systems.
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1. Introduction


In the past few years, energy consumption in the building sector has exploded as a result of urbanization and economic development. According to the International Energy Agency, global final energy consumption will increase by 60% in the building sector, bringing corresponding environmental challenges, such as carbon emissions [1]. Air conditioning is an essential addition to most commercial buildings, although it is more widely used in residences. However, such systems consume large amounts of power and generate massive carbon emissions. Air conditioning systems and heat pumps account for about 7.8% of global carbon emissions [2]. Environmental concerns and the development of low carbon emission buildings have led to restrictions on widely used high GWP refrigerants such as R134a, which pose serious challenges to the transformation and upgrading of the air conditioning industry and buildings. Environmentally friendly refrigerants with high energy efficiency have attracted attentions as a way to reduce carbon emissions [3]. As alternative refrigerants, R32, R1234yf, R1234ze(E), R513a, R450a, R744a (N2O) and R744 (CO2), have been gradually investigated by those with an interest in developing refrigeration systems for air conditioning. The main properties of these refrigerants are listed in Table 1.



Compared to a R134a system, the study of R32 refrigeration systems showed a 5–7% increase in COP [5]. The GWP of R32 is relatively high, and so more environmental-friendly refrigerant alternatives are expected to emerge and take its place. R1234yf and R1234ze(E) have been suggested as promising refrigerants for their extremely low GWP and excellent thermal properties, despite their relatively high cost [6]. Joaquin et al. conducted a theoretical and experimental study of a R1234yf refrigeration system with internal heat exchanger (IHX) [7]. Although the IHX improved the COP by 2–6%, the COP of the R1234yf system was still 6–13% lower than that of the R134a system in air conditioning conditions. Considering the GWP of the refrigerant and its system COP, both R513a (a mixture of R134a and R1234yf) and R450a (a mixture of R134a and R1234ze(E)) have been considered as alternatives to R134a, as they both have similar thermal properties and relatively low GWP that have been studied. And carbon emissions have, over the life cycle of the system, been increasingly used to assess the environmental impacts [8]. A substitution study of R450a and R513a showed that R513a had a slightly higher COP than the R450a system for air conditioning [2,9]. Compared to the R134a system, their direct carbon emissions were reduced by 50–52% for lower GWP and less refrigerant leakage. The carbon emissions of refrigeration systems during their life cycle need to be considered by referring to several sources, such as refrigerant leakage, electricity consumption and manufacturing processes, etc.



The International Institute of Refrigeration (IIR) developed the life cycle climate performance (LCCP) method to evaluate all the direct and indirect carbon emissions of a refrigeration system during its life cycle [10], and it is widely used in comparisons between different refrigerants or refrigeration systems [11,12]. In the literature [2,9], when the carbon emissions generated by energy consumption are taken into account, the carbon emissions of the R513a system are equivalent to the R134a system, while the R450a system is 4.8% higher. In the transformation and upgrading of air conditioning systems, it is essential to not only focus on the use of 0 ODP and low GWP refrigerants, but to also obtain advantages, in terms of life cycle carbon emissions. The above studies imply that refrigerant alternatives are still confronted by challenges, and that the development of new alternative refrigeration will be an essential priority for future research.



Natural refrigerants have received widespread attention in the research of air conditioning systems. Of them, CO2 (R744) is recognized as a non-flammable and non-toxic attractive option, with superior properties such as extremely low GWP, low production cost, and high thermal conductivity [13]. Because of a relatively low COP, a basic CO2 transcritical (BCT) refrigeration cycle has still not been adapted for air conditioning in buildings. Researchers have paid attention to the parameter optimization and cycle innovation of CO2 transcritical refrigeration systems. Zheng et al. studied the CO2 mass migration and distribution of an air conditioning system and found that an appropriate charge could improve the COP by 10.1% [14]. In a subcooler-based CO2 transcritical system, it was found that optimizing compressor discharge pressure increased the COP by 8.8% [15]. Moreover, advanced cycles have been found to significantly affect the improvement of COP. A CO2 ejector refrigeration cycle for air conditioning proposed by Lawrence et al. improved the COP by 20% [16]. Tashtoush et al. proposed an ejector-cascade refrigeration cycle for air conditioning; when compared to the BCT cycle, this new cycle improved the COP by 30% [17,18]. From an environmental perspective, the improvement in COP shows the potential of CO2 refrigeration in low carbon buildings. An energy and environmental analysis of a CO2 heat pump system shows that its COP competes with a R134a system, reducing total carbon emissions by 52.05%, while maintaining a lower COP in cooling mode [19]. A further study of the air conditioning performance of CO2 refrigeration systems is however necessary.



Input power converted to high temperature heat at the outlet of the gas cooler is one of the limitations leading to low COP, and the high temperature heat might need to be recovered. Efficient absorption refrigeration systems have the advantage of low-grade heat recovery and use natural refrigerants as well. Hybrid refrigeration systems that combine absorption and vapor compression refrigeration systems have the potential to improve overall energy efficiency and reduce carbon emissions. Chan et al. developed a hybrid system for cooling by driving an absorption refrigeration system with condensing heat recovery, resulting in a 53% reduction in carbon emissions [20]. Similarly, Jain et al. developed a vapor compression-absorption hybrid refrigeration system, with power consumption 170.4% lower than a vapor compression system [21]. Andrej et al. used the heat from the CO2 compressor outlet to drive an adsorption chiller [22]. The hybrid system showed 22% annual energy savings. These studies suggest that coupling a CO2 transcritical refrigeration system with an absorption refrigeration system may lead to a reduction in overall carbon emissions, and also that the application of CO2 to air conditioning in low carbon buildings shows promise.



In our previous work, thermodynamic analyses of a two-stage absorption/transcritical hybrid refrigeration system was conducted [23]. The high-pressure generator of the absorption subsystem is driven by the waste heat from the gas cooler outlet. The hybrid system converts waste heat as low as 45–55 °C into useful cooling of 7 °C, and uses a rational coupling method to recover the gas cooler waste heat with the absorption system. Further research should investigate the potential of the low-pressure generator to recover the waste heat and carbon emission reductions.



In this study, a novel CO2 transcritical/two-stage absorption (CTTA) hybrid refrigeration system for air conditioning is conducted on the basis of both COP and LCCP value. A simulation model of the CTTA system is established and calculated by EES [24] and the effects of key parameters on the COP are analyzed. Its carbon emissions are evaluated by using the LCCP method and are then compared with six typical refrigeration systems by using R744 (CO2), R134a, R32, R450a, R513a, R1234yf, and R1234ze(E) as refrigerants, respectively. Finally, the potential LCCP values of the CTTA system are estimated to demonstrate the prospect it can be applied to low carbon emission buildings in the future.




2. Descriptions of the CTTA System and Theoretical Model


2.1. Descriptions of the CTTA System


Based on the previous investigations [23], further modification is adopted and a new CO2 transcritical/two-stage absorption (CTTA) hybrid refrigeration system for air conditioning is proposed, which also mainly consists of two subsystems, namely the two-stage absorption refrigeration subsystem and the CO2 transcritical refrigeration sub-system, as shown in the schematic of Figure 1. Its main components contain generator1 (G1), condenser (C), throttling valve 1 (TV1), condensing subcooler (CS), absorber1 (AB1), solution pump 1 (SP1), solution heat exchanger 1 (SHX1), TV2, G2, TV3, evaporator (E), AB2, SP2, SHX2, TV4, compressor (COMP), gas cooler (GC), IHX and TV5. Furthermore, its P-T diagram is shown as Figure 2. From the P-T diagram, it is easy to find the main difference between the new system and the previous one [23], where the two-stage absorption refrigeration system is depicted with a dotted line. There is important difference in the process of the CO2 transcritical refrigeration subsystem for the new system, where the discharged heat at high pressure of the CO2 transcritical refrigeration subsystem not only involves G1 but also G2, and the discharged heat at an extended temperature range is effectively utilized to generate refrigeration without external input heat. As a result, the energy efficiency of the input power to refrigeration is obviously lifted. Accordingly, involved thermodynamic states obviously change, as shown in Figure 2. For example, a decrease in the intermediate pressure of the absorption refrigeration subsystem results in an increase in the concentration of the concentrated solution in G2 and the dilute solution in G1. Consequently, the decrease in the generation temperature of G2 (TG2) in similar operating conditions demonstrates the good potential for exhaust heat from the CO2 subsystem to be utilized. Similarly, there is an increase in the concentration difference at G2, while the concentration difference at G1 decreases.



CO2 transcritical refrigeration subsystem: In COMP, CO2 is compressed into high-temperature and high-pressure steam (state point 21). It then enters G1 and a large amount of heat is transferred to the LiBr solution (state point 22). The outlet temperature of CO2 at G1 is still high enough to enter G2 and transfer the heat to the LiBr solution (state point 23). After the temperature of CO2 is further reduced at G2, it enters the GC to get cooled (state point 24), before entering IHX for heat exchange with the vapor from E (state point 25). CO2 is throttled by TV5 (state point 26) and then enters CS and IHX for heat absorption (state point 28). Finally, CO2 is compressed by COMP to complete the transcritical refrigeration cycle.



Water working cycle: Heat exchange between LiBr solution and CO2 in G1 generates high-temperature and high-pressure water vapor (state point 1). The vapor is cooled by water in C and is throttled by TV1 to CS. Similarly, the LiBr solution in G2 generates high-temperature and high-pressure vapor after absorbing exhaust heat from the outlet of G1 (state point 5). The water vapor goes directly into CS, mixes with water vapor from G1, and exchanges heat with CO2. The liquid refrigerant in the condensing subcooler (state point 6) is throttled by TV3 and then enters E (state point 7) for heat absorption and producing refrigeration capacity, before entering AB2 (state point 8) and being absorbed by the concentrated solution. The refrigerant vapor (state point 4) then enters AB1 and is absorbed by the concentrated solution.



Solution working cycle: After the LiBr solution’s concentration increases in G1 (state point 12), it enters SHX1 and is cooled (state point 13) through TV 2 (state point 14), then enters AB1m, absorbing water vapor into a dilute solution (state point 9); after this, it then enters into the SHX1 (state point 10) and exchanges heat with concentrated solution from G1, before finally being returned to G1 (state point 11).




2.2. Construction of the Simulation Model


Herold established a steady-state model for a single effect absorption refrigeration system, which uses LiBr-H2O as the working fluids [25]. The model worked on the assumptions that there was only condensing and evaporation pressure in the entire system and the working fluids in the generator and absorber were in a state of equilibrium. He et al. established a thermodynamic model of a hybrid system of liquid desiccant and CO2 transcritical cycles [26], and used a similar approach to establish a steady-state simulation model of the CTTA system. The process of simulation is as follows: first, establish a mathematical model for each component of the system and verify the model. Then, combine these models under the designed working conditions. The design conditions of the CTTA system are listed in Table 2. Finally, the input parameters are changed sequentially to analyze the CTTA system performance.



In the simulation process, the system is assumed to be steady-state and several assumptions are made to simplify the model:




	
The water vapor mass flow rates from G1 and G2 are equivalent to the mass flow rates from AB1 and AB2, respectively.



	
The power consumption of the solution pumps is not factored into the analysis.



	
All throttling processes are assumed to be isenthalpic.



	
The outlet solution from the generator and absorber is saturated.



	
The heat loss along the pipeline is disregarded.



	
The pressure drop in the pipes and heat exchangers of the absorption subsystem is negligible.



	
The isentropic efficiency of the compressor is taken as 0.8.



	
The outlet solution temperature of the generator is the generation temperature and the outlet dilute solution temperature of the absorber is the absorption temperature.








Based on the above assumptions, the control equations for each component are as follows:


  G 1 :       m  ˙    1   ⋅   h   1   +     m  ˙    12   ⋅   h   12   =     m  ˙    11   ⋅   h   11   +    Q   G 1     



(1)






    Q    G 1    =     m  ˙    21   ⋅   h   21   −     m  ˙    22   ⋅   h   22    



(2)






      m  ˙    11   =     m  ˙    1   +     m  ˙    12    



(3)






      m  ˙    11   ⋅   x   11   =     m  ˙    1   ⋅   x   1   +     m  ˙    12   ⋅   x   12    



(4)






  C :       m  ˙    1   ⋅   h   1   =     m  ˙    2   ⋅   h   2   +   Q   c    



(5)






      m  ˙    1   =     m  ˙    2    



(6)






  TV 1 :       m  ˙    2   ⋅   h   2   =     m  ˙    3   ⋅   h   3    



(7)






      m  ˙    2   =     m  ˙    3    



(8)






  AB 1 :       m  ˙    4   ⋅   h   4   +     m  ˙    14   ⋅   h   14   =     m  ˙    9   ⋅   h   9   +   Q   AB 1    



(9)






      m  ˙    4   +     m  ˙    14   =     m  ˙    9    



(10)






      m  ˙    4   ⋅   x   4   +     m  ˙    14   ⋅   x   14   =     m  ˙    9   ⋅   x   9    



(11)






  SP 1 :       m  ˙    10   ⋅   h   10   =     m  ˙    9   ⋅   h   9   +   W   SP 1    



(12)






      m  ˙    9   =     m  ˙    10    



(13)






  SHX 1 :       m  ˙    12   ⋅   h   12   −     m  ˙    13   ⋅   h   13   =     m  ˙    11   ⋅   h   11   −     m  ˙    10   ⋅   h   10    



(14)






      m  ˙    10   =     m  ˙    11    



(15)






      m  ˙    12   =     m  ˙    13    



(16)






  TV 2 :       m  ˙    13   ⋅   h   13   =     m  ˙    14   ⋅   h   14    



(17)






      m  ˙    13   ⋅   h   13   =     m  ˙    14   ⋅   h   14    



(18)






  G 2 :       m  ˙    18   ⋅   h   18   +     m  ˙    5   ⋅   h   5   =     m  ˙    17   ⋅   h   17   +   Q   G 2    



(19)






      m  ˙    18   +     m  ˙    5   =     m  ˙    17    



(20)






      m  ˙    18   ⋅   x   18   +     m  ˙    5   ⋅   x   5   =     m  ˙    17   ⋅   x   17    



(21)






  TV 3 :       m  ˙    6   ⋅   h   6   =     m  ˙    7   ⋅   h   7    



(22)






      m  ˙    6   =     m  ˙    7    



(23)






  E :       m  ˙    8   ⋅   h   8   =     m  ˙    7   ⋅   h   7   +   Q   E    



(24)






      m  ˙    8   =     m  ˙    7    



(25)






  AB 2 :       m  ˙    8   ⋅   h   8   +     m  ˙    20   ⋅   h   20   =     m  ˙    15   ⋅   h   15   +   Q    AB 2     



(26)






      m  ˙    8   ⋅   x   8   +     m  ˙    20   ⋅   x   20   =     m  ˙    15   ⋅   x   15    



(27)






      m  ˙    8   +     m  ˙    20   =     m  ˙    15    



(28)






  SHX 2 :       m  ˙    18   ⋅   h   18   −     m  ˙    19   ⋅   h   19   =     m  ˙    17   ⋅   h   17   −     m  ˙    16   ⋅   h   16    



(29)






      m  ˙    16   =     m  ˙    17    



(30)






      m  ˙    18   =     m  ˙    19    



(31)






  TV 4 :       m  ˙    19   ⋅   h   19   =     m  ˙    20   ⋅   h   20    



(32)






      m  ˙    19   =     m  ˙    20    



(33)






  COMP :       m  ˙    21   ⋅   h   21   =     m  ˙    27   ⋅   h   27   +   W   c    



(34)






      m  ˙    21   =     m  ˙    27    



(35)






  GC :       m  ˙    22   ⋅   h   22   −     m  ˙    23   ⋅   h   23   =   Q   GC    



(36)






      m  ˙    22   =     m  ˙    23    



(37)






  IHX :       m  ˙    23   ⋅   h   23   −     m  ˙    24   ⋅   h   24   =     m  ˙    27   ⋅   h   27   −     m  ˙    26   ⋅   h   26    



(38)






      m  ˙    23   =     m  ˙    24    



(39)






      m  ˙    26   =     m  ˙    27    



(40)






  TV 5 :       m  ˙    24   ⋅   h   24   =     m  ˙    25   ⋅   h   25    



(41)






      m  ˙    24   =     m  ˙    25   ,  



(42)






  CS :       m  ˙    3   ⋅   h   3   +     m  ˙    5   ⋅   h   5   =     m  ˙    4   ⋅   h   4   +     m  ˙    6   ⋅   h   6   +     m  ˙    26   ⋅   h   26   −     m  ˙    25   ⋅   h   25    



(43)






      m  ˙    25   =     m  ˙    26    



(44)






      m  ˙    3   +     m  ˙    5   =     m  ˙    4   +     m  ˙    6    



(45)







The thermal properties of the LiBr-H2O pair are vital for calculating the performance of the absorption refrigeration subsystem. Mcneely carried out several studies of the thermal properties of the LiBr solution and produced empirical formulas for computing its thermal properties [27]. The formula applies to a concentration range of 0% to 70% and a temperature range of 4.4 °C to 121 °C. Therefore, the thermal properties of the LiBr solution reference Mcneely’s study, and the equations used to calculate the thermal properties of H2O are taken from IAPWS-95 [28]. The thermal property of CO2 is calculated by using correlations proposed by Span and Wagner in 1996 [29]. The heat transfer of the refrigerant in the absorption refrigeration subsystem is calculated by drawing on correlations from the literature [30]. The heat transfer of CO2 in smooth tubes is calculated by using the correlation given by Pital and the pressure drop is calculated by using the correlation given by Wang [31,32]. The heat transfer of CO2 in the boiling zone is calculated by using the correlation given by Wattelet-Carle and the pressure drop is calculated according to the correlation given by Lockhart-Martinelli [33,34].



Various evaluation criteria have been proposed by researchers for hybrid refrigeration systems. In this context, two criteria are used.     C O P   t o l     represents the overall coefficient of performance of the CTTA system, which is the ratio of the total refrigeration capacity (    Q   e    , kW) to the mechanical work (  W  , kW) consumed by COMP.


  C O   P   t o l   =   Q   e   / W  



(46)







Another evaluation criterion,     C O P   c h    , is proposed to evaluate the performance of a conventional hybrid refrigeration system, where the generators are not coupled to GC. Where     C O P   a     represents the   C O P   that a conventional two-stage absorption refrigeration system can achieve under the same operating conditions, without coupling a CO2 system


  C O   P   ch   =     Q   e   − (   Q   G 1   +   Q   G 2   ) ⋅ C O   P   a     / W  



(47)







To compare the environmental advantages of the CTTA system, the direct and indirect carbon emissions of the system are calculated by using the   L C C P   method.


  L C C P = D i r e c t   E m i s s i o n s + I n d i r e c t   E m i s s i o n s  



(48)







  D i r e c t   e m i s s i o n s   are the effects of refrigerants released into the atmosphere over the lifetime of the unit and afterwards. It is calculated in kg CO2e/kW, as the ratio of Direct emissions to the total refrigeration capacity:


  D i r e c t   E m i s s i o n s =   C r ⋅ ( L ⋅ A L R + E O L ) ⋅ ( G W P + A d p . G W P )   /   Q   e    



(49)







  I n d i r e c t   c a r b o n   e m i s s i o n s   account for all other sources of power generation, material manufacturing, and equipment disposal during the life cycle. It is calculated in kg CO2e/kW, as the ratio of Indirect emissions to the total refrigeration capacity:


      I n d i r e c t   E m i s s i o n s = L ⋅ A E C ⋅ E M +  ∑  ( M ⋅ M M ) +  ∑  ( m r ⋅ R M )           + C r ⋅ ( 1 + A L R ) ⋅ R F M + C r ⋅ ( 1 − E O L ) ⋅ R F D      



(50)









3. Validation of the Performance Simulation Model


Based on the simulation models and the designing working conditions, the structure parameters of each component used in the CTTA system are listed in Table 3. The simulation models of the CTTA system are solved by using EES, RefProp and Matlab/Simulink programs, and are validated by using experimental data from the literature [35,36].



In a hybrid refrigeration system, theoretical model verification is conducted separately for subsystem models; for example, Mohammadi validated the proposed hybrid system of CO2 transcritical system and an absorption system separately [37]. The calculated results are in agreement with the published data and the difference is within the permitted limits. The same validation approach is adopted by Farsi et al. for a hybrid system, which consists of a CO2 transcritical system and multi-effect desalination system [38]. The calculated results are in agreement with the validation data, and the maximum diversity is 6.6% in similar working conditions. The preceding results show that the hybrid system models can be verified by individual verification of the subsystems.



In this context, the simulation results of the absorption refrigeration subsystem are compared to the published experimental data in the literature [21,39] , respectively. The convergence accuracy of the model is set as 0.5%. Figure 3 compares the COP and the Qe to [21,39]. The simulation results and the experimental data show good agreement. The simulation results of the COP (COPsim) are 4~6% higher than that of the experiment (COPexp). The simulation results of the Qe,sim are 1~4% higher than the Qe,exp. The neglect of the heat leakage of each heat exchanger and other relevant factors in the simulation processes induces the deviation.



Comparisons of the experimental data and the calculation show the maximum deviation is calculated at 8.6%, and the average deviation is calculated at 4.5%, which implies the reliability of the chosen empirical correlations and the simulation models of the CO2 subsystem. On the basis of the validation results of each subsystem, we also conclude the simulation models of the CTTA system show an ability to predict main performance and characteristics.




4. Results and Discussion


The performance of the transcritical refrigeration subsystem is first compared by using CO2he and N2O as refrigerants. TG1 and TG2 are 55 °C and 52 °C, respectively, and other operating parameters are the same as those listed in Table 2.



As shown in Figure 4, both COPtol and COPch of the N2O subsystem decrease with the increase of discharge pressure (Pc), while the CO2 subsystem first increases and then decreases because of its thermal property change near the critical point. As the exhaust pressure increases, both the power consumption and the cooling capacity of the transcritical subsystem increase. At the same time, the increase in the cooling capacity of the transcritical subsystem causes the water vapor to be gradually and completely condensed in the condensing subcooler, resulting in an increase in the cooling capacity of the CTTA system. Since the CTTA system consists of a coupled two-stage absorption refrigeration subsystem and a transcritical heat pump subsystem, it is driven by both external low-grade energy and mechanical work. When the Pc is higher than the optimal value for this operating condition, the cooling capacity generated by the input mechanical work is increasing, leading to a decrease in the COP of the CTTA system.



COP using CO2 is higher than that using N2O when the discharge pressure is higher than 8.3 MPa and the GWP of N2O is higher than CO2. So the novel hybrid system uses CO2 as the refrigerant and the simulation is carried out in different working conditions, and the other designing parameters are the same as those listed in Table 2.



In order to analyze the COP improvement of the hybrid system, a BCT refrigeration system with IHX previously examined by Zhang et al. is used as a comparison [40]. The maximum COP obtained for this BCT system is 2.75 when the TE is 10 °C, the gas cooler outlet temperature is 20 °C, and the Pc is 10 MPa; in this study, it is named COPt.



CS is a key component of the CTTA system that was introduced in our previous study [23]. The effect of Tm on COPtol is first investigated, and the results are shown in Figure 5. The other parameters are the same as those of the design conditions. Figure 5 shows that there is a maximum COPtol , which occurs with the increase of Tm. The optimal value of Tm is 19 °C and the maximum COPtol is 2.38, which is 4.4% higher than the minimum COPtol. The absorption pressure of AB1 decreases with the increase of Tm. The concentration of the dilute solution at the outlet of AB1 decreases when the absorption temperature is constant, so it can be driven by a lower temperature at the same generation pressure. The concentration of dilute solution entering G2 remains unchanged but the generation pressure decreases, making both TG2 and TG1 increase. CS is the evaporator for the CO2 transcritical subsystem. With the increase of Tm, the power consumption of COMP is gradually reduced, and the performance of the CO2 transcritical subsystem is then improved. Adjusting Tm is beneficial for reducing the input temperature of G1 and G2, which means more discharge heat can be recovered by a two-stage absorption refrigeration system. In a word, Tm has a significant impact on the performance of the CTTA system, and so it is necessary to match Tm reasonably.



Figure 6 shows the effects of TG2 on COPtol and COPch, while the other parameters are the same as in the design conditions mentioned above. It can be seen that the CTTA system has an optimal value of TG2 in the obtaining of high COP. The maximum value of COPtol and COPch is 3.70 and 2.90, respectively, when TG2 is 58 °C. The mass flow rate of water vapor generated at G2 increases with the increase of TG2, so the refrigeration capacity increases, which leads to an increase in COPch and COPtol. With the further increase of TG2, the water vapor cannot be totally condensed at CS. Thus, the outlet quality in CS gradually increases after the mixture process, which leads to the increase of throttling loss at TV3. COPtol and COPch then decline. Meanwhile, the traditional absorption refrigeration system cannot work normally when the generation temperature is below 58 °C. The refrigeration capacity is entirely generated by the input mechanical work, and so COPch increases. When TG2 is higher than 58 °C, the refrigerating capacity generated by the absorption system gradually increases, leading to the rapid decline of COPch. The maximum COPtol is 27.6% higher than the maximum COPch, and 34.5% higher than COPt, which shows the advantage of utilizing the exhaust heat of GC.



The effects of TE on COPch and COPtol are depicted in Figure 7, while the other parameters are the same as design conditions. COPch and COPtol keep rising as TE increases. The maximum COPtol is 3.84 which is 21.5% higher than COPch, and 39.6% higher than COPt. TE causes the increase in the concentration difference of solutions in AB2, which leads to the increase of the mass flow rate of refrigerant in G2 and the refrigeration capacity in E. Therefore, the performance of the absorption refrigeration subsystem rises first, and COPtol increases as well. However, when TE is higher than 6 °C, more water vapor is generated; this vapor cannot be totally condensed in CS, so the quality of CS at the outlet gradually increases after the mixture process, which leads to the increase of throttling loss at TV3. Thus, the performance of the absorption refrigeration subsystem decreases and the slope of the COPtol curve goes down.



The effects of TC are shown in Figure 8, while the other parameters are the same as those of the design conditions. With the increase of TC, the heat transfer efficiency in C decreases, which causes an increase in refrigerant quality at C outlet and CS. Then, the refrigeration capacity declines and the performance of the absorption subsystem decreases. Meanwhile, the conventional two-stage absorption refrigeration system cannot be driven when TG2 is lower than 60 °C. The increase of TC will reduce the performance of the CO2 transcritical subsystem, and the COPch shows a similar trend with COPtol. The maximum COPtol is 4.01 and COPch is 3.01 in the TC of 28 °C. The maximum COPtol is 33.2% higher than COPch, and 45.8% higher than COPt.



The effects of TAB on COPch and COPtol are illustrated in Figure 9, and the other parameters are the same as the design conditions. The heat load on the refrigeration water side of the absorber decreases due to the increase of TAB, which causes the vapor flow from G1 and G2 to decrease. Therefore, the refrigeration capacity of the CTTA system is reduced and COP decreases with the increase of TAB. But because the vapor generated by G1 and G2 can be completely condensed in CS, the throttling loss of the system is reduced. In addition, the decrease of the vapor flow rate will also enhance the heat transfer efficiency of heat exchangers. Therefore, when TAB is below 28 °C, the COPtol is still high; when TAB is greater than 28 °C, the system performance starts to decrease; and when TAB is below 28 °C, the generation temperature is low, so the COPa is 0 and the COPch decreases with the increase of TAB. The maximum COPtol of 3.78 and the maximum COPch of 3.02 are obtained at TAB of 28 °C.



The effects of Tair on COPch and COPtol are shown in Figure 10, while the other parameters are consistent with the design conditions. As Tair increases, an optimal value of Tair exists, that can be used to obtain the maximum COP. The temperature of CO2 at the GC outlet increases as Tair rises, resulting in increases of TG1 and TG2. So the performance of the absorption subsystem is increased first. In the CO2 transcritical subsystem, the increase in Tair causes the temperature of CO2 at the outlet of GC to increase, resulting in a decrease in CO2 flow rate, refrigeration capacity, and COP of the CO2 transcritical subsystem. There is therefore an optimal Tair to maximize the COPtol. For COPch, an increase in Tair leads to a temperature increase in CS; an optimum value of Tm also exists, so the COPch increases first and then decreases. The optimal value of Tair is 58 °C, when the maximum COPch is 3.32 and the maximum COPtol is 4.32, which is 30.1% higher than COPch.



The effects of Pc on COPch and COPtol are displayed in Figure 11, while the other parameters are the same as the design conditions. There is also an optimal value for Pc to maximize system performance. Both the power consumption and the refrigeration capacity of the CO2 transcritical subsystem increase as Pc increases. The increase in refrigeration capacity of the CO2 transcritical subsystem allows the water vapor to be completely condensed in CS, resulting in an increase in the refrigeration capacity of the absorption subsystem. When Pc is lower than the optimal value, the refrigeration capacity contributed by the absorption subsystem is relatively high, so COPtol gradually increases. And when Pc is higher than the optimal value, the refrigeration capacity generated by the CO2 transcritical subsystem input mechanical work increasingly becomes larger, leading to a reduction in the performance of the CTTA system. The optimal value of Pc is 9.1 kPa when the maximum COPtol is 4.18 and the corresponding COPch is 3.32.



The determination of the optimal parameters is essential to improve the performance of the CTTA system and reduce its carbon emissions. In the three optimal operating conditions of Figure 6, Figure 10 and Figure 11, COPtol improved by 34.5–57.1% over COPt. The coupling method to GC is the major difference between the CTTA system and the conventional hybrid refrigeration system. Optimizing Tair can improve 27.6% of the COPtol, compared to COPch, while optimizing TG2 can improve 13.2%. The highest COPtol of 4.32 indicates that the proposed coupling method provides a significant improvement when compared to conventional hybrid systems, and accordingly will result in a lower carbon emission of the refrigeration system, making the application of CO2 to air conditioning in low carbon emission buildings more competitive.



To demonstrate the potential of the CTTA system to contribute to air conditioning in low carbon emission buildings, the LCCP method is used to compare the CTTA system with a BCT system and seven conventional refrigeration systems that use CO2, R134a, R32, R450a, R513a, R1234yf, and R1234ze(E), respectively. The coefficients required in the calculation of the LCCP values are obtained from the IIR guidelines [10], and the COP reference values for each system are obtained from the literature [40,41,42,43,44]. The main data required for the calculations are listed in Table 4. And the calculation results are shown in Table 4 and Figure 12.



As seen in Figure 12, systems with low GWP refrigerants all show a considerable reduction in direct carbon emissions, when compared to R134a systems. Direct carbon emission of the BCT system, for example, is comparable to the R1234yf and R1234ze(E) systems, and is seen to be significantly reduced when compared to the R134a and R32 systems. It shows that CO2 used for air conditioning has a huge advantage in direct carbon emissions, compared to other low GWP refrigerants. Indirect carbon emissions account for the largest share of the LCCP value, of which carbon emissions generated from power generation are the main cause.



The BCT system has the highest LCCP value of 5788 kg CO2e/kW, as its COP is much lower than the other systems. It also shows that the BCT system for air conditioning is still confronted by challenges. The R134a system already has a high COP at present, so its indirect emissions are 40% lower than the BCT system. But the higher GWP of the refrigerant also makes its LCCP value higher than the other systems. With a higher COP, the CTTA system has an LCCP value of 3768 kg CO2e/kW, which is not only 53.6% lower than the BCT system, but also lower than the R134a system, which shows the potential of the CTTA system for air conditioning. R450a and R513a still have higher GWP, and their direct carbon emissions are 400% higher than that of the CTTA system. The R1234yf and R1234ze(E) systems, which also have extremely low GWP, have the lowest LCCP values , 18% and 20% lower than the CTTA system, respectively, which is because their COP is also higher. The LCCP values of the R32, R450a and R513a systems are reduced compared to the R134a system, but are slightly higher than the R1234yf and R1234ze(E) systems. From the perspective of the LCCP value, the CTTA system achieves ultra-low carbon emissions (compared to conventional BCT systems), greatly improves competitiveness when using CO2 for air conditioning, and also has the advantages of natural refrigerants. In order to underscore the potential for CTTA system applications, comparisons should be made with the same models and operational conditions. Unfortunately, few studies of the life cycle analysis for related systems can be found. The lack of comparative data obtained in the same operational conditions clearly challenges efforts to accurately evaluate CTTA systems. However, there is a growing interest in a trend that seeks to demonstrate application potential by undertaking life cycle analysis.



It is worth mentioning that the CTTA system has huge potential to reduce carbon emissions, as the efficiency of the CO2 transcritical subsystem could be further improved. In the Introduction, performance enhancement methods for CO2 transcritical refrigeration systems were discussed [14,15,16,17]. The COP of a BCT subsystem could be enhanced by the above methods. The potential of the CTTA system to reduce the LCCP value could also be estimated by calculating the improvement in COP by using the above methods. The COP of the CTTA system is evaluated in Table 5. The LCCP values are also compared with other conventional systems in Figure 13, and are summarized in Table 5.



For example, it is only after the key parameters of the CO2 transcritical cycle are optimized that the potential carbon emissions of the CTTA system could be reduced to 3433 kg CO2e/kW, which is 9.1% lower than the R134a system and equivalent to the R32 system [14]. When the CO2 subsystem uses ejector to lift COP, the carbon emissions of the CTTA system might be reduced to 3160 kg CO2e/kW [16], which is comparable to the carbon emissions of the R1234yf system. Further, with the use of the ejector-cascade cycle [17], the potential carbon emissions of the CTTA system are reduced to 2926 kg CO2e/kW. This carbon emission is 3.4% lower than the R1234ze(E) system, demonstrating the prospect that the CTTA system could positively contribute to air conditioning applications in ultra-low carbon emission buildings.




5. Conclusions


As a natural refrigerant with extremely low GWP, and which is environmentally friendly, easily available and low cost, CO2’s potential application to refrigeration systems is very promising. Conventional CO2 transcritical refrigeration systems have relatively low COP, which means they generate massive indirect carbon emissions. In this study, a novel CO2 transcritical/two-stage absorption hybrid refrigeration system is investigated on the basis of the COP and LCCP values. After the effects of key parameters on the COPtol of the CTTA system are analyzed, the optimal parameters are determined by observing the Figures of COP-P and COP-T. The LCCP value of the CTTA system is compared with seven conventional refrigeration systems, by using CO2, R134a, R32, R450a, R513a, R1234yf, and R1234ze(E) as refrigerants, respectively. The potential of the CTTA system to reduce the LCCP value is also estimated by referring to four potential cases. The conclusions of the study are as follows:




	
Optimal values of Tm, TG2, Tair, and Pc exist for obtaining the maximum COPtol.



	
The CTTA system has a notable improvement of 57.1% in COPtol, when compared to the BCT system.



	
The CTTA system has an equivalent carbon emission to the R134a system, which is 53.6% lower than the BCT system.



	
Ultra-low carbon emissions could be obtained for the CTTA system, which could be reduced to 2926 kg CO2e/kW, a total 3.4% lower than the R1234ze(E) systems.








The above findings indicate that the CTTA system leads to an obvious improvement in the low COP of BCT systems for air conditioning, and also achieves ultra-low carbon emissions. It can therefore be considered alongside R1234yf and R1234ze refrigeration systems, and should be seen as providing a potential alternative for the transformation and upgrading of air conditioning systems in the future.
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Nomenclature











	
	Nomenclature
	Unit
	
	Subscripts



	Adp.GWP
	GWP of atmospheric degradation product
	kg CO2e/kg
	1,2,3
	State point



	AEC
	Annual energy consumption
	kWh
	a
	Absorption system



	Cr
	Refrigerant charge
	kg
	ch
	Conventional hybrid system



	EM
	Power plant emission factor
	kg CO2e/kWh
	exp
	Experimental result



	EOL
	End-of-life refrigeration leakage
	%
	m
	Intermedia



	GWP
	Global Warming Potential
	kg CO2e/kg
	sim
	Simulation result



	h
	Enthalpy
	kJ/kg
	tol
	Total



	L
	Average lifetime of equipment
	year
	
	Abbreviations



	M
	Mass of unit
	kg
	AB
	Absorber



	MM
	CO2e produced/material
	kg CO2e/kg
	BCT
	Basic CO2 transcritical



	     m  ˙      
	Mass flow rate
	kg/s
	C
	Condenser



	mr
	Mass of recycle material
	kg
	COMP
	Compressor



	Q
	Rated heat load
	kW
	CS
	Condensing subcooler



	Qe
	Refrigeration capacity
	kW
	CTTA
	CO2 transcritical/two-stage absorption



	RM
	CO2e produced/Recycled Material
	kg CO2e/kg
	E
	Evaporator



	RFM
	Refrigerant manufacturing emissions
	kg CO2e/kg
	G
	Generator



	RFD
	Refrigerant disposal emissions
	kg CO2e/kg
	GC
	Gas cooler



	T
	Temperature
	°C
	GWP
	Global warming potential



	W
	Input power
	kW
	IHX
	Internal heat exchanger



	
	
	
	LCCP
	Life cycle climate performance



	
	
	
	SHX
	Solution heat exchanger



	
	
	
	SP
	Solution pump



	
	
	
	TV
	Throttling valve



	
	
	
	DMS
	Dedicated mechanical subrefrigeration
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Figure 1. Schematic of the CTTA system. 






Figure 1. Schematic of the CTTA system.



[image: Energies 17 00880 g001]







[image: Energies 17 00880 g002] 





Figure 2. Comparison of a new two-stage absorption refrigeration subsystem and normal two-stage absorption refrigeration system, in a P-T diagram. 
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Figure 3. Comparisons of the simulation and experimental results: (a) COP-TE (b) Qe-TG2 (c) COP-TC. 
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Figure 4. Effects of Pc on the performance, using different refrigerants. 
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Figure 5. Effects of Tm on CTTA system performance. 
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Figure 6. Effects of TG2 on CTTA system performance. 
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Figure 7. Effects of TE on CTTA system performance. 
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Figure 8. Effects of TC on CTTA system performance. 
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Figure 9. Effects of TAB on CTTA system performance. 






Figure 9. Effects of TAB on CTTA system performance.



[image: Energies 17 00880 g009]







[image: Energies 17 00880 g010] 





Figure 10. Effects of Tair on CTTA system performance. 
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Figure 11. Effects of Pc on CTTA system performance. 
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Figure 12. LCCP evaluation of a refrigeration system with different refrigerants. 






Figure 12. LCCP evaluation of a refrigeration system with different refrigerants.



[image: Energies 17 00880 g012]







[image: Energies 17 00880 g013] 





Figure 13. LCCP potentials of the CTTA system, compared with conventional systems. 
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Table 1. Main properties of typical refrigerants [4].
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	Characteristic
	R744
	R744a
	R134a
	R32
	R1234yf
	R1234ze(E)
	R513a
	R450a





	ODP
	0
	0
	0
	0
	0
	0
	0
	0



	GWP
	1
	240
	1300
	675
	<1
	4
	572
	547



	Critical temperature/°C
	31.0
	36.4
	101.1
	78.4
	94.7
	109.4
	94.9
	104.5



	Critical pressure/MPa
	7.4
	7.3
	4.1
	5.8
	3.4
	3.6
	3.7
	3.8



	Boiling point/°C
	−78.5
	−88.5
	−26.1
	−51.6
	−29.5
	−19.0
	−29.8
	−23.4



	Standard safety classification
	A1
	/
	A1
	A2
	A2L
	A2L
	A1
	A1










 





Table 2. Designing conditions of the CTTA system.
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	Parameter
	Value
	Unit





	Inlet temperature of CO2 in G1
	80
	°C



	Inlet temperature of cooling water for condenser and absorber
	32
	°C



	Inlet temperature of air
	32
	°C



	Outlet temperature of chilled water
	9
	°C



	Temperature at subcooler
	18
	°C



	Condensing temperature
	35
	°C



	Absorption temperature
	35
	°C



	Evaporating temperature
	7
	°C



	Discharged pressure
	9.7
	MPa










 





Table 3. The structural parameters of each component.
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Component

	
Parameters






	
The CO2 subsystem




	
COMP

	
the special piston compressor for CO2, Vth = 2.7 m3/h, rated input power: 3 kW, rated speed: 1450 rpm




	
GC

	
Fin-tube heat exchanger, diameter: 7 × 0.35 mm, fin thickness: 0.15 mm, fin pitch: 2 mm, tube spacing: 21 mm




	
IHX

	
Double tube heat exchanger, diameter: 6 × 0.5 mm, 10 × 1 mm




	
CS

	
Tube heat exchanger, diameter: 8 × 1 mm




	
The absorption subsystem




	
G1

	
Immersive serpentine coil heat exchanger, diameter: 8 × 1 mm




	
G2

	
Immersive serpentine coil heat exchanger, diameter: 6 × 0.5 mm




	
E

	
Shell and tube heat exchanger, diameter: 8 × 1 mm




	
C

	
Shell and tube heat exchanger, diameter: 8 × 1 mm




	
AB1

	
Shell and tube heat exchanger, diameter: 6 × 0.5 mm




	
AB2

	
Shell and tube heat exchanger, diameter: 10 × 1 mm




	
SHX1

	
Double tube heat exchanger, diameter: 8 × 1 mm




	
SHX2

	
Double tube heat exchanger, diameter: 6 × 0.5 mm











 





Table 4. Reference values used for LCCP calculation and calculation results.






Table 4. Reference values used for LCCP calculation and calculation results.





	

	
CO2

	
R134a

	
R32

	
R450a

	
R513a

	
R1234yf

	
R1324ze(E)






	
COP

	
2.75 [40]

	
6.00 [41]

	
5.70 [42]

	
5.64 [43]

	
5.83 [44]

	
5.22 [43]

	
5.34 [43]




	
L (yr)

	
15

	
15

	
15

	
15

	
15

	
15

	
15




	
ALR (%)

	
5

	
5

	
5

	
5

	
5

	
5

	
5




	
EOL (%)

	
15

	
15

	
15

	
15

	
15

	
15

	
15




	
Adp. GWP (kg CO2e/kg)

	
0

	
1.6

	
/

	
/

	
/

	
3.3

	
/




	
EM (kg CO2e/kWh)

	
0.973




	
RFM (kg CO2e/kg)

	
0

	
5

	
7.2

	
10

	
10

	
13.7

	
14




	
Direct emission (kg CO2e/kW)

	
2

	
1087

	
595

	
486

	
492

	
1

	
4




	
Indirect emission (kg CO2e/kW)

	
5786

	
2689

	
2832

	
2866

	
2774

	
3099

	
3024











 





Table 5. Potential of the CTTA system to reduce of LCCP values.
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New CTTA System

	
COP Improvement (%)

	
LCCP Value (kg CO2e/kW)

	
Improvement, Compared to Traditional Refrigerant Systems (%)




	
Potential Case

	
R134a

	
R32

	
R1234yf

	
R1234ze(E)






	
1

	
Discharge pressure optimization [15]

	
8.8

	
3473

	
8.0

	
−1.7

	
−12.0

	
−14.7




	
2

	
Refrigerant discharge optimization [14]

	
10.1

	
3433

	
9.1

	
−0.5

	
−10.8

	
−13.4




	
3

	
Ejector expansion cycle [16]

	
20.0

	
3160

	
16.3

	
7.4

	
−1.9

	
−4.4




	
4

	
Ejector-csscade cycle [17]

	
30.0

	
2926

	
22.5

	
14.3

	
5.6

	
−3.4
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