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Abstract: Data centers (DCs) are highly energy-intensive facilities, where about 30%–50% of the power consumed is attributable to the cooling of information technology equipment. This makes liquid cooling, especially in two-phase mode, as an alternative to air cooling for the microprocessors in servers of interest. The need to meet the increased power density of server racks in high-performance DCs, along with the push towards lower global warming potential (GWP) refrigerants due to environmental concerns, has motivated research on the selection of two-phase heat transfer fluids for cooling servers while simultaneously recovering waste heat. With this regard, a heat pump-assisted absorption chiller (HPAAC) system for recovering waste heat in DCs with an on-chip two-phase cooling loop driven by the compressor is proposed in the present paper and the low GWP hydrofluoroolefin refrigerants, including R1224yd(Z), R1233zd(E), R1234yf, R1234ze(E), R1234ze(Z), R1243zf and R1336mzz(Z), are evaluated and compared against R245fa as server coolant. For the HPAAC system, beginning with the development of energy and economic models, the performance is analyzed through both a parametric study and optimization using the coefficient of performance (COP), energy saving ratio (ESR), payback period (PBP) and net present value (NPV) as thermo-economic indicators. Using a standard vapor compression cooling system as a benchmark, the results indicate that with the evaporation temperature between 50°C and 70°C and the subcooling degree ranging from 5°C to 15°C, R1233zd(E) with moderate compressor suction pressure and pressure ratio is the best refrigerant for the HPAAC system while R1234yf performs the worst. More importantly, R1233zd(E) is also superior to R245fa based on thermo-economic performance, especially under work conditions with relatively lower evaporation temperature as well as subcooling degree. Under the given working conditions, the overall COP, ESR, NPV, and PBP of R1233zd(E) HPAAC with optimum subcooling degree range from 4.99 to 11.27, 25.53 to 64.59, 1.13 to 4.10 × 107 CNY and 5.77 to 2.22 years, respectively. Besides, the thermo-economic performance of R1233zd(E) HPAAC under optimum working conditions in terms of subcooling degree varying with the evaporation temperature is also investigated.
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1  Introduction

With the increased demand for information technology (IT) facilities, the energy efficiency in data centers (DCs) has become an emerging issue recently. Globally, the electricity consumed by DCs has increased by 56% from 2005 to 2010 and made up about 1% of the global electricity consumption in 2020 [1]. Besides, it is estimated to account for 13% of the energy consumed in the world by 2030 [2], leading to high-level energy consumption and carbon emissions. Therefore, the development of energy-saving and green DCs is a common problem worldwide with respect to the global energy shortage as well as environmental concerns.

In fact, all the electrical power input to the IT equipment in DCs is ultimately converted into low-grade waste heat [3]. So, cooling systems are needed to maintain the room temperature and ensure the IT equipment contained within is free of performance degradation and irreversible damage caused by high temperatures. Traditionally, vapor compression refrigeration systems are used to cool DCs, which employ air as heat transfer fluid to remove heat, although widely used, are low in efficiency and thus lead to a tremendous increase in power consumption. The cooling system accounts for roughly 30%–50% of the total energy consumption [4]. In this context, several advanced cooling technologies have been developed for DCs to deal with the problem. Among them, liquid cooling systems have become more and more popular owing to their ability to remove higher heat flux compared to air-cooled ones [5]. More importantly, in comparison with the air-cooled cases, the liquid cooling of DCs can produce higher temperature waste heat resources, thereby allowing larger recovery potential, especially for DCs with the two-phase cooling loop, which received a favor recently owing to its high compactness, high efficiency, and excellent temperature uniformity [6].

A number of measures have been proposed for recovering the waste heat in DCs, including for heating purposes such as domestic hot water and space heating [7,8], providing a heat source for thermal power cycles [9–11], thermally-driven chillers [12–14] and so on [15]. Among all these measures, the utilization of an absorption chiller (AC) for cooling purposes stands out with the advantages of direct reduction of DC load, location independent, and easily scalable in capacity. Nowadays, the most widely used refrigerant and absorbent pairs in AC systems are NH3/H2O and H2O/LiBr solution [16]. For the cases related to DCs, H2O/LiBr solution is the preferred one due to its lower driven temperature and higher coefficient of performance (COP) compared to that of NH3/H2O system [17]. As for the scenario of AC driven by the waste heat from DCs, the two-phase cooling loop driven by a vapor compressor is of great interest, where the compressor is used to boost the refrigerant vapor out of servers before entering the generator of AC in place of the condenser on-chip cooling circuit. This configuration is similar to that of the utilization of organic Rankine cycle for DC waste heat recovery [9–11], in which the chip cooling loop can be considered as a vapor compression heat pump (HP) cycle and thus can be called HP assisted AC (HPAAC) system. However, to date, although the studies relevant to assessing the performance of HPAAC for waste heat recovery in DCs are very scarce, the prospect of HPAAC has been already proven.

For example, Ebrahimi et al. [18] investigated the thermo-economic potential of HPAAC in DC and showed that by utilizing the waste heat dissipated from 3 to 5 racks, the system can provide sufficient chilled water to cool an additional rack of the same type. Furthermore, the system payback period can be as short as 4–5 months. Khalid et al. [19] compared the HPAAC with the water-based corresponding system on the waste heat recovery of a 1.0 MW DC and indicated that the HPAAC has a lower cost and higher thermodynamic efficiency than that of the water-based one and thus the use of HPAAC is viable in areas with high electricity cost. It is well known that with specified AC, the performance of HPAAC is highly dependent on the refrigerant of HPs [19]. Considering the environmental concerns at present, except for high thermodynamic performance, the refrigerant for HPs should have low global warming potential (GWP) and zero or near-zero ozone depletion potential as well. However, previous works related to HPAAC have paid little attention to refrigerant selection. Therefore, the selection of hydrofluoroolefin (HFO) refrigerants, as the fourth generation refrigerants owing to low GWP [20] considered to be the most suitable alternatives to chlorofluorocarbons, hydrochlorofluorocarbons as well as hydrofluorocarbons for the HPAAC system shows novelty.

Followingly, the potentials of seven HFOs, including R1224yd(Z), R1233zd(E), R1234yf, R1234ze(E), R1234ze(Z), R1243zf and R1336mzz(Z), used as server coolant are evaluated and compared against R245fa in this paper, and the most promising candidate is recommended. Some fundamental properties of these refrigerants are given in Table 1. The effects of operating parameters, such as the evaporation temperature and subcooling degree at the condenser outlet of HP on the thermo-economic performance of the HPAAC system are also analyzed and discussed. Moreover, this study differs from the previous works due to the selection of low GWP fluids based on multi-criteria indicators, including energy and economic performance, for the HPAAC system driven by waste heat recovery in DCs with a two-phase cooling loop.
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2  Description of Waste Heat Recovery System

The system layout of HPAAC is shown in Fig. 1. Here, the H2O/LiBr AC is integrated into DCs and driven by the heat dissipated by a number of server racks, which operates with a two-phase cooling loop system where the refrigerant vapor is boosted by a compressor before entering AC. The system features two closed loops, HP and AC loops, coupled by an intermediate heat exchanger, i.e., the generator in the AC, which also functions as the condenser of HP. Meanwhile, the HP loop that can be considered as a server cooling loop is characterized by micro-evaporators at each chip, and the details about micro-evaporators are outside the scope of this work but can be found in [23]. The chilled water produced by the AC can then be used to remove heat from additional micro-processors or to cool the buildings. Thus, the cooling load of the existing vapor compression cooling system used in DCs can be partially or fully eliminated, which offers significant energy savings.
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Figure 1: Layout of HPAAC system for waste heat recovery in DCs with two-phase cooling loop

3  Methodology

Here the assessment of HFOs in the HPAAC system is performed based on thermo-economic performance. For simplicity, some assumptions are given as follows:

(1)   The system works under steady-state conditions.

(2)   The heat losses and pressure drops involved are neglected.

(3)   The throttling process of refrigerant and solution is isenthalpic.

(4)   The refrigerant vapor at the HP evaporator outlet is saturated.

(5)   The condensation temperature is assumed to be 90°C for the HP cycle [9].

(6)   The solution leaving the generator and absorber of AC is in saturated mixtures.

(7)   The power consumed by AC solution pump is neglected [24].

(8)   The refrigerant water at AC condenser and evaporator outlets is saturated in liquid and vapor, respectively [25].

(9)   The generation temperature of AC is set to be 5°C lower than the refrigerant temperature out of the HP condenser, i.e., AC generator.

(10)   The absorber and condenser of AC are cooled with water in parallel and the absorption and condensation temperature are set to be 3°C higher than the cooling water outlettemperature [26].

(11)   The evaporation temperature of AC is set to be 2°C lower than the chilled water outlet temperature [26].

(12)   A specific effectiveness of 80% is assumed for the solution heat exchanger of AC [27].

3.1 Energy Performance

With the above-mentioned assumptions and referring to the HPAAC system presented in Fig. 1, the energy balance equations for the condenser and evaporator of HP are given as follows [28]:

QHP,con=mwf(h2−h3)(1)

QHP,evp=Qdiss=mwf(h1−h4)=mwf(h1−h3)(2)

where QHP,con and QHP,evp are the heat transfer rate of the condenser and evaporator in HP, respectively; Qdiss is the heat dissipation of racks; mwf is the refrigerant mass flow rate in HP; h is specific enthalpy.

The power input to the compressor is calculated by

WHP,com=mwf(h2−h1)=mwfh2,is−h1ηis(3)

where WHP,com is the electricity power consumed by the compressor in HP; ηis is the compressor isentropic efficiency, which is calculated as [29]

ηis=0.85−0.046667pHP,conpHP,evp(4)

where pHP,con and pHP,evp are the condensation and evaporation pressure in HP, respectively.

Accordingly, the COP of HP (COPHP) is defined as the ratio of condenser heat transfer rate to compressor work

COPHP=QHP,conWHP,com(5)

Considering mass and energy balances in main components including the generator, absorber, condenser, evaporator, and solution heat exchanger, AC can be modeled as follows [30]:

QAC,gen=QHP,con=mH2O[h11+f(h8−h7)−h8](6)

QAC,abs=mH2O[h14+f(h10−h5)−h10](7)

QAC,con=mH2O(h11−h12)(8)

QAC,eva=mH2O(h14−h13)=mH2O(h14−h12)(9)

QAC,she=mH2Of(h7−h6)=mH2O(f−1)(h8−h9)(10)

where QAC,gen, QAC,abs, QAC,con, QAC,eva and QAC,she are the heat transfer rate of the generator, absorber, condenser, evaporator and solution heat exchanger in AC, respectively; mH2O is mass flow rate of refrigerant in AC; f is the circulation ratio, which can be determined by

f=xsxs−xw(11)

where xs and xw are the mass fraction of LiBr in strong and weak H2O/LiBr solutions, respectively.

With a specific effectiveness (ηAC,she), the state parameters related to solution heat exchanger can be expressed as

ηAC,she=T8−T9T8−T6(12)

Based on the assumptions given, the values of specific enthalpy at the outlet of the solution pump and expansion valves of AC can be defined as

h6=h5,h10=h9,h13=h12(13)

The COP of AC (COPAC) is defined as the ratio of the cooling capacity produced in the evaporator to the energy consumption by the generator

COPAC=QAC,evpQAC,gen(14)

Thus, the system overall COP (COPHPAAC) as the key thermodynamic performance indicator of the HPAAC system can be calculated as the ratio of cooling capacity provided to the total powerinput [31].

COPHPAAC=QAC,evpWHP,com=COPAC⋅COPHP(15)

Besides, the energy saving ratio (ESR) is also adopted to evaluate the energy saving effect of the HPAAC system [32], which is defined as the ratio between electricity consumption saving resulting from the HPAAC system and that of the reference vapor compression cooling (VCC) system.

ESR=WVCC−WHPAACWVCC(16)

It is noteworthy that in numerical simulation, the thermophysical properties of HFO refrigerants and H2O/LiBr solution are calculated using REFPROP 10.0 [21] and Patek et al. [33], respectively. The validation of HP and AC models can be found in authors’ previous works [28,30].

3.2 Economic Performance

For the economic assessment of the HPAAC system, net present value (NPV) and payback period (PBP) are used as performance indicators [34]. In detail, NPV denotes the accumulated net revenue of the system through the whole life time and the investment is accepted with an NPV value larger than zero (where larger values are better); PBP is the time needed to recover the initial investment cost, with shorter periods being more favorable. NPV and PBP can be calculated by Eqs. (17) and (18), respectively [28,35].

NPV=−TCIHPAAC+∑t=1nAS(1+i)t(17)

PBP=TCIHPAACAS(18)

where TCIHPAAC is the total capital investment of the HPAAC system; AS is annual saving; n is lifetime; i is the interest rate. TCI and AS can be simplified and determined as follows:

TCIHPAAC=(1+βTCI)⋅(cHP⋅QHP,con+cAC⋅QAC,evp+cCT⋅QCT)(19)

AS=cele⋅(WVCC−WHPAAC)⋅τ−φ⋅(TCIHPAAC−TCIVCC)(20)

where βTCI is the fixed multiple factor related to installation cost including auxiliary equipment, pipes and etc; cHP, cAC, cCT and cele are the unit price of HP, AC, cooling tower, and electricity, respectively; τ is annual operation hours; φ is maintenance cost factor.

4  Results and Discussion

Based on the model developed above, the potential of HFOs, including R1224yd(Z), R1233zd(E), R1234yf, R1234ze(E), R1234ze(Z), R1243zf and R1336mzz(Z), in the HPAAC is investigated against R245fa as server coolant under various evaporation temperature and subcooling degree at the condenser outlet of HP. The DC comprising 300 server racks is considered with 15 kW of waste heat dissipated by each server rack [36]. That is to say, the total heat dissipation of server racks reaches4.5 MW. The evaporation temperature ranges from 50°C to 70°C with a typical value of 60°C, which can assure safe operation with a temperature below the maximum allowable temperature of 85°C for computing chips [32]. The subcooling degree ranges from 5°C to 15°C with a typical value of 10°C. Regarding AC, it is well known that the higher the evaporation temperature, the better AC performance, and therefore the elevated-temperature chilled water is used with the inlet/outlet fixed at 20/15°C, which can meet DC cooling requirements [37]. The detailed input parameters for numerical analysis are presented in Table 2. It should be noted that in the analysis the input data are kept consistent with the typical values given in Table 2, except for the parameter whose effect is discussed varies.
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The analysis starts with the HPAAC system using R245fa as a reference refrigerant under typical operating conditions, and the results including the component capacities and thermo-economic performance indicators are shown in Table 3. It can be found from the table that under the typical operating conditions, the overall COP, energy saving ratio, net present value and payback period of the R245fa HPAAC system are about 6.97, 45.48, 2.73 × 107 CNY, and 3.17 years, respectively.
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Considering the given working conditions, the technical features of using the HFOs in HPAAC system is reasonably focused on the suction pressure and pressure ratio of compressor in HP included [44]. As shown in Figs. 2 and 3, the same trends of compressor suction pressure viz. evaporation pressure and pressure ratio vs. evaporation temperature for all HFOs can be observed. As expected, with the increased evaporation temperature, the suction pressure increases, and the pressure ratio decreases when the condensation temperature is constant. Taking 1 MPa as a reference point, the HFOs can be categorized into two groups: the low suction pressure group, including R1336mzz(Z), R1233zd(E), R1224yd(Z) and R1234ze(Z), which are comparable to R245fa, and the high suction pressure group, including R1234ze(E), R1243zf and R1234yf. Comparably, the suction pressure of the HFOs in the high suction pressure group increased rapidly with the evaporation temperature increasing. The lowest and highest suction pressure is observed in the cases of R1336mzz(Z) and R1234yf, respectively. Additionally, it is noteworthy that under the given working conditions, the suction pressure of all HFOs is above atmospheric pressure (0.1 MPa), which could avoid a safety concern related to air infiltration [45].
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Figure 2: Compressor suction pressure vs. evaporation temperature
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Figure 3: Compressor pressure ratio vs. evaporation temperature

Correspondingly, the HFOs belonging to the low suction pressure group usually have a higher pressure ratio compared to those in the high suction pressure group, especially under the low evaporation temperature conditions. For example, with the refrigerant evaporation temperature at 50°C, the lowest pressure ratio is observed in R1234yf about 2.37 and the highest pressure ratio is related to R1336mzz(Z) about 3.10. The difference between the lowest and highest pressure ratio diminishes with the increased evaporation temperature. It is noteworthy that, all the HFOs have a pressure ratio far below 10 across all working conditions, indicating that one-stage solution is sufficient [46]. In a word, among all the candidates, R1233zd(E) and R1234ze(Z) are comparable with that of R245fa having moderate compressor suction pressure and pressure ratio.

Figs. 4–7 show the effects of the evaporation temperature on the overall COP, energy saving ratio, net present value and payback period of HPAAC system, respectively. It can be observed that for different refrigerants, with the evaporation temperature increasing from 50°C to 70°C, the overall COP, energy saving ratio, net present value and payback period present the same variation tendency. In detail, the overall COP, energy saving ratio and net present value increase while the payback period drops with the evaporation temperature increasing. Thus, it can be concluded that under the given working conditions, an increase in the evaporation temperature is beneficial to the thermo-economic performance of HPAAC system. This is due to the fact that, when the evaporation temperature increases, the compressor pressure ratio decreases with constant condensing temperature, which leads to a decline in the electricity power consumption of the compressor, and therefore the thermo-economic performance of HPAAC system is enhanced [46].
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Figure 4: Overall COP vs. evaporation temperature
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Figure 5: Energy saving ratio vs. evaporation temperature
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Figure 6: Net present value vs. evaporation temperature
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Figure 7: Payback period vs. evaporation temperature

It can be observed that, although the performance of the HPAAC system using R1224yd(Z), R1233zd(E), R1234ze(Z), and R1336mzz(Z) as server coolant is comparable with that of R245fa with higher evaporation temperature, with magnifying glass, R1233zd(E) generally outperforms R245fa under lower evaporation temperature. For example, with the evaporation temperature at 50°C, the overall COP, energy saving ratio, net present value, and payback period of R1233zd(E) is better than that of R245fa by approximately 2.03%, 6.00%, 12.01%, and 5.90%, respectively. Besides, the cases of R1234yf, R1234ze(E) and R1243zf HPAAC systems obviously present poorer performance compared to the others. More importantly, except for the index of overall COP, the difference among the other performance indicators of the candidates examined becomes small with the increased evaporation temperature, especially in terms of PBP. In a word, R1233zd(E) is the best refrigerant for the HPAAC system in general, followed by R1234ze(Z), R1336mzz(Z), R1224yd(Z), R1234ze(E) and R1243zf in sequence, and R1234yf is the worst candidate within the evaporation temperature range considered. Accordingly, it can be derived that the thermo-economic performance of the HPAAC system has a strong connection with the refrigerant critical temperature, which is similar to the findings reported by Bamigbetan et al. [47]. In general, the HFO with a high critical temperature usually has better thermo-economic performance.

Figs. 8–11 show the effects of the subcooling degree on the overall COP, energy saving ratio, net present value, and payback period of the HPAAC system, respectively. It can be found that the subcooling degree has similar effects on the performance of the HPAAC system using different HFOs with a subcooling degree between 5°C and 15°C. In other words, the overall COP, energy saving ratio, and net present value initially increase and then decrease, while the payback period exhibits the opposite trend, with the increased subcooling degree. This phenomenon approves that there exists an optimum subcooling degree that maximizes thermo-economic performance under the given working conditions. It is mainly owing to the fact that the increase in subcooling degree within certain ranges enhances the COP of HP, as observed by Redón et al. [48]. However, this also results in a decrease in the generation temperature of AC, which leads to a decline in AC efficiency [18]. Thus, the interaction between the improvement in HP performance and the deterioration of AC efficiency determines the existence of an optimal subcooling degree, which maximizes the thermo-economic performance of the HPAAC system.
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Figure 8: Overall COP vs. subcooling degree
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Figure 9: Energy saving ratio vs. subcooling degree
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Figure 10: Net present value vs. subcooling degree
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Figure 11: Payback period vs. subcooling degree

Additionally, as shown in these figures, with the subcooling degree increasing from 5°C to 15°C, the thermo-economic performance ranking of candidate HFOs in the HPAAC system is similar to the findings yielded from that of vs. the evaporation temperature. This means that under the given conditions, R1233zd(E) is the best refrigerant for the HPAAC system, followed by R1234ze(Z), R1336mzz(Z), R1224yd(Z), R1234ze(E) and R1243zf, and R1234yf is the worst refrigerant. Moreover, the difference among all the performance indicators of the candidate HFOs becomes small and the superiority of R1233zd(E) and R1234ze(Z) over R245fa gets weakened with the increased subcooling degree. It is interesting to find that comparatively, the HFOs in HPAAC systems with higher thermo-economic performance generally present lower optimum subcooling degrees. For example, with the payback period as a performance indicator, the optimum subcooling degree of the R1233zd(E) HPAAC system is about 11°C and the corresponding payback period is about 3.12 years. In contrast, for R1234yf, the optimum subcooling degree and corresponding payback period are 14°C and 3.80 years, respectively.

The multi-start global optimization method [49] is adopted to find the maximum overall COP, energy saving ratio, net present value, and minimum payback period of R1233zd(E) HPAAC system under optimum working conditions in terms of subcooling degree, which reduces the risk of converging to local optima and ensures efficient calculation [50]. In the optimization process, the problem is solved 1000 times with random initial points, and the lowest value among the 1000 solutions is selected as the best solution. The mathematical expression of the objective functions can be described as

Min:G(x),subject to:5≤x≤15(21)

where G(x) represents 1.0/COP, 1.0/ESR, 1.0/NPV, or PBP; x is the subcooling degree at the condenser outlet of HP.

The maximum overall COP, energy saving ratio, net present value, and minimum payback period of R1233zd(E) HPAAC system under optimum working conditions in terms of subcooling degree vs. the evaporation temperature are shown in Figs. 12 and 13. These figures show that, with the increased evaporation temperature, for the case of R1233zd(E) HPAAC system, all the maximum overall COP, energy saving ratio, and net present value increases and the minimum payback period drops as expected under the optimum working conditions. Within the evaporation temperature scope considered, the maximum overall COP, energy saving ratio, and net present value range from 4.99 to 11.27, 25.53 to 64.59, and 1.13 to 4.10 × 107 CNY, respectively, and correspondingly the minimum payback period varies between 5.77 and 2.22 years. These findings also validate the positive effects of evaporation temperature on the performance of the HPAAC system, which is in according with Ebrahimi et al. [18]. In detail, as the evaporation temperature increases from 50°C to 70°C, the improvement of maximum overall COP, energy saving ratio, net present value and minimum payback period is up to about 125.84%, 153.00%, 261.37%, and 61.50%, respectively.
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Figure 12: Maximum overall COP and energy saving ratio vs. evaporation temperature
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Figure 13: Maximum net present value and minimum payback period vs. evaporation temperature

5  Conclusions

In this study, the HPAAC system for recovering waste heat in DCs with on-chip two-phase cooling loop driven by compressor is investigated. The potential of HFOs such as R1224yd(Z), R1233zd(E), R1234yf, R1234ze(E), R1234ze(Z), R1243zf and R1336mzz(Z) as server coolant in the HPAAC system is evaluated against R245fa. Additionally, the impacts of various evaporation temperatures and subcooling degrees on the performance of the HPAAC system are also analyzed.

The results show that while an increase in evaporation temperature is beneficial to the thermo-economic performance of the HPAAC system, there is an optimum subcooling degree for the HPAAC system under specific conditions. Generally, under the given working conditions, R1233zd(E) with moderate compressor suction pressure and pressure ratio has the best thermo-economic performance in the HPAAC system, followed by R1234ze(Z), R1336mzz(Z), R1224yd(Z), R1234ze(E) and R1243zf in sequence, and R1234yf performs the worst. Therefore, among the HFOs examined, R1233zd(E) should be recommended as server coolant for the HPAAC system, which is superior to R245fa, particularly under work conditions with relatively lower evaporation temperature as well as subcooling degree. With the optimum subcooling degree, as the evaporation temperature between 50°C and 70°C, the overall COP, energy saving ratio, net present value, and payback period of R1233zd(E) HPAAC system range from 4.99 to 11.27, 25.53 to 64.59, 1.13 to 4.10 × 107 CNY and 5.77 to 2.22 years, respectively.

Furthermore, it is noteworthy that this study primarily focuses on assessing the performance of several HFOs in the HPAAC system, thus the system being analyzed is relatively simple. It is believed that with the addition of an economizer and the reduction of throttling loss, the performance of the HPAAC system will be enhanced. A limitation of this study is that the numerical model used for the HPAAC system has not been validated against experimental data. Thus, some future works should be devoted to conducting experimental studies on the HPAAC system for recovering waste heat in DCs with an on-chip two-phase cooling loop driven by a compressor and refining the numerical model accordingly.
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Table 1: Selected properties of candidate refrigerants

No. Refrigerant Normal Critical Critical Molar mass GWP [20] Safety
boiling point temperature pressure (g/mol) [21] [22]
(°C) [21] (°O) [21] (kPa) [21]
1 R1224yd(Z) 14.62 155.54 3337.0 148.49 0.88 Al
2 R1233zd(E) 18.26 166.45 3623.7 130.50 7 Al
3 R1234yf —29.49 94.70 3382.2 114.04 <1 A2L
4 R1234ze(E) —18.97 109.36 3634.9 114.04 6 A2L
5 R1234ze(Z) 9.73 150.12 3530.6 114.04 1.4 A2L
6 R1243zf —25.42 103.78 3517.9 96.05 0.8 A2
7 R1336mzz(Z) 33.45 171.35 2903.0 164.06 2 Al
8 R245fa 15.05 153.86 3651.0 134.05 858 Bl
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Table 3: Results of R245ta HPAAC under typical operating conditions

Component Value Component Value

HP Evaporator 4.5 MW AC Generator 5.09 MW
Compressor 0.59 MW Absorber 491 MW
Condenser  5.09 MW Evaporator  4.13 MW

- Condenser 4.31 MW
— Solution heat 1.11 MW
exchanger

COPypsac = 6.97

ESR =45.48

NPV =2.73 x 107 CNY
PBP = 3.17 years






OEBPS/Images/FHMT_54594-fig-5.png
—=— R1224yd(Z) —— R12332d(E)
—A—RI1234yf —v— R1234z¢(E)
4 R1234ze(Z) —<— R1336mzz(Z
—»—RI1243zf —8—R245fa

60

2

10 1 1 1 1
50 52 54 56 58 60 62 64 66 68 70
Evaporation temperature (°C)






OEBPS/Images/FHMT_54594-fig-12.png
—
(=]

Maximum COPypu ¢
[

(=)}

R1233zd(E)

e
el
/ [ |
N

o

o
e i —*
oél/
o

4 1 1 1 1 1 1 1 1
50 52 54 56 58 60 62 64 66

Evaporation temperature (°C)

(=) =
(=] o

w
o

i
(=}
Maximum ESR

)
o

L 20
68 70





OEBPS/Images/logo.png





OEBPS/Images/FHMT_54594-fig-7.png
—
o)

—=— R1224yd(Z) —— R12332d(E)
—A—RI1234yf —v— R1234ze(E)
—— R1234ze(Z) —4— R1336mzz(Z)

—
~

12 —»—R1243zf ——R245fa
= 10 2.8
5 \
(5]
>
o 2-4\
aa]
A

8

6
4
2
0

50 52 54 56 58 60 62 64 66 68 70
Evaporation temperature (°C)





OEBPS/Images/FHMT_54594-fig-9.png
50

25

20

—=— R1224yd(Z) —— R1233zd(E)

>V

46

—A— R1234yf
—¥— R1234ze(E)
—&—R1234z¢(Z) —4— R1336mzz(Z)
—» RI1243zf ——R245fa

i

6 7 8 9 10 11 12 13 14 15
Subcooling degree (°C)





OEBPS/Images/table-2.png
Table 2: Input parameters for numerical analysis

Parameter

Value

Parameter

Value

Heat dissipation of racks,

Qdiss

Subcooling degree, #yp,.

Cooling water outlet
temperature, . o

Chilled water outlet
temperature, Z., ou

AC unit, cxc

CT unit c¢r

Fixed multiple factor, B¢
Electricity price, ¢,
Annual operation hours, t

4.5 MW [36]
10°C (5°C-15°C)
35°C
15°C

1200 CNY/kW [39]
65 CNY/KW [40]
15% [41]

0.7 CNY/kWh [43]
8000 h [28]

Evaporation temperature,
tHP,evp

Cooling water inlet
temperature, 7.,

Chilled water inlet
temperature, Z.,

HP unit, cyp

VCC unit, ¢yce

COP of VCC, COPy¢
Maintenance cost factor, ¢
Lifetime, n

Interest rate, i

60°C (50°C-70°C)
30°C
20°C
500 CNY/kW [38]

550 CNY/kW [39]
3.5

1.0% [42]

20 years [28]

5%
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