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Abstract  Efficient recovery of industrial waste heat is crucial for achieving the industrial "dual-carbon" goals. In this study, we
addressed the challenges associated to low- and medium-temperature waste heat, such as low utilization rates, demand for high-
temperature lift, and temporal mismatch. We focused on recovering continuous waste heat from an air compressor station to meet
intermittent high-temperature industrial heat demand. We also researched on the design and performance of a transcritical high-
temperature heat pump system based on a zeotropic mixture and cascaded phase-change thermal storage. First, via single-objective
optimization, the optimal zeotropic mixture R290/cis-Butene (0. 5/0.5) was selected, achieving a coefficient of performance (COP) of
3.31 and a volumetric heating capacity (VHC) of 5 975. 63 kJ/m®. Subsequently, the structural parameters of the thermal storage unit
were obtained, and the optimized configuration of the cascaded phase-change materials (PCMs) was determined to be a volume ratio of
25:35 for high-temperature to low-temperature paraffin. Finally, the operational performance of the system was investigated. The results
show that the cascaded PCM configuration (Case 1) reduces temperature non-uniformity within the PCM during both charging and
discharging processes, maintains a higher average outlet temperature during discharge, and achieves optimal performance with an
average COP of 2. 88 and the lowest compressor power consumption.

Keywords transcritical; high-temperature heat pump; zeotropic mixture; cascade phase change thermal energy storage
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Fig.1 Thermal-storage heat pump system
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Tab.1 Comparison between the calculated results of the heat

pump model and the published results

cop
T
SCHk A R /%
R1234ze(Z) 3.88 3.85 0.77
Cyclobutene 4.11 4.12 -0.24
Cyclobutene/R1234ze(Z) 4.12 4.16 -0.97
R1234ze(Z)/benzene 3.19 3.21 -0.62
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Tab.2 Refrigerant screening results and their

thermophysical properties

TR R T/C P /bar TR
R1234z¢(Z) 150.1 353 RN
R1224yd(Z) 155.5 33.4 FT5%
R600a 134.7 36.3 RN
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R717 132.4 113.6 TR
R1234ze(E) 109.4 36.3 BT
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Isohexane 224.6 30.4 F T
R601 196.6 33.7 +T5%
R601a 171.4 29.0 RN
R1336mzz(Z) 171.4 29.0 +T5%
Acetone 235.0 46.9 BT
Cyclobutene 174.9 51.5 TR
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Tab.3 Operating conditions for refrigerant screening in high-

temperature heat pump systems
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Fig.3 Computational framework for refrigerant screening
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Tab.4 Top 3 optimal refrigerant pairs
LT (B 7340 COP  VHC/(KJ/m*)  TMD,  TMD, ~— THRE TR/ (ke/s) FEFRKGTR/ (Lmin) - L5 W5
R290/cis-Butene(0.5/0.5) 3.31 5975.63 3.51 0.89 TR 0.46 60 2.65
R290/R1336mzz(Z)(0.5/0.5) 3.01 6416.83 3.41 0.75 TR 0.79 69 2.58
R290/R601(0.7/0.3) 2.92 6272.45 5.01 1.47 TR 0.44 68 2.51
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Tab.5 Thermophysical properties of paraffin
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Tab.6 Inlet operating conditions and structural parameter
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Tab.7 Key geometric parameters of the PCM thermal

storage unit
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