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Abstract 

Global efforts to mitigate greenhouse gas emissions require the replacement of fossil-fuel-based heating 
systems, among which heat pumps can play a key role. In industrial applications, heat pumps are attractive 
for recovering and upgrading waste heat streams; however, their performance is highly sensitive to operating 
temperatures. In this study, an experimental investigation was conducted on a water-to-water heat pump 
using the low-GWP refrigerant R1234ze(E), focusing on the recovery and reuse of waste heat under 
industrial conditions. The influence of the condenser- and evaporator-side inlet water temperatures on system 
performance was systematically examined. The experimental results show that changes in the heat-source 
and heat-sink temperatures lead to systematic variations in compressor suction and discharge pressures, and 
that these pressure conditions strongly govern the condensation and evaporation heat transfer rates as well as 
the coefficient of performance (COP). Based on this insight, a temperature/pressure-based polynomial  
regression model was developed, in which the condenser- and evaporator-side inlet water temperatures 
together with the compressor suction and discharge pressures were used as independent variables to predict 
the condensation and evaporation heat transfer rates and COP. For the lab-scale water-to-water heat pump, 
the proposed correlations achieve coefficients of determination (R²) of 0.973, 0.954, and 0.989 for 
condensation heat transfer rate, evaporation heat transfer rate, and COP, respectively, demonstrating high 
predictive accuracy. When the same regression form is recalibrated using field data from an industrial water-
to-water heat pump, the resulting correlations achieve R² values of 0.960, 0.917, and 0.965, confirming their 
applicability under real operating conditions. In addition, applying the same functional form to an air-to-air 
heat pump and re-estimating the coefficients yields an R² of 0.904 for the condensation heat transfer rate, 
indicating that the proposed approach can be extended to other types of heat pump systems. 
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1. Introduction 

In response to global climate change and the accelerating demand for greenhouse gas reduction, increasing 
attention has been directed toward technologies capable of replacing fossil-fuel-based systems in the heating, 
cooling, and process heat sectors.[1] In particular, the heating and process heat sectors, which have traditionally 
relied on boilers and direct combustion, account for a large share of energy consumption and CO₂ emissions; 
therefore, decarbonizing these sectors is recognized as an essential task for achieving national greenhouse gas 
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reduction targets. In this context, vapor compression heat pumps, which can upgrade low- and medium-
temperature heat sources to useful heat at relatively high temperatures, have emerged as a key alternative 
technology. 

In industrial settings, numerous waste heat sources at or above ambient temperature—such as process 
cooling water, discharged water, and exhaust gases—are often available, and using heat pumps to recover and 
reuse this waste heat is highly promising in terms of improving energy efficiency and reducing greenhouse gas 
emissions.[2] However, the performance and efficiency of heat pumps are highly sensitive to the temperature 
conditions of the heat source and heat sink fluids; in particular, the inlet temperatures[3], which frequently 
fluctuate in industrial processes, become a critical factor in system design and in the formulation of operating 
strategies. 

In this study, an experimental investigation was carried out on a water-to-water heat pump employing the 
low-GWP refrigerant R1234ze(E) under operating conditions representative of industrial waste heat recovery. 
The inlet water temperatures at the condenser and evaporator were treated as fixed control variables, and their 
influence on the compressor suction and discharge pressures, the condensation heat transfer rate, and the 
coefficient of performance (COP) was analysed. Based on the experimental data, polynomial regression 
models were then developed, in which the compressor suction and discharge pressures together with the 
condenser- and evaporator-side inlet water temperatures were used as independent variables to predict the heat 
transfer rate and COP. The proposed correlations are intended to serve as a simple and practical tool for 
performance estimation, preliminary design, and operational optimization of R1234ze(E)-based industrial heat 
pump systems. 

 

2. Methods 

2.1. Experimental setup 

Fig. 1 presents a schematic of the experimental apparatus used in this study.[4-5] The system was designed 
as a water-to-water heat pump configuration equipped with an internal heat exchanger, in which the 
condenser, evaporator, and internal heat exchanger were all implemented as plate heat exchangers (PHEs). 
The water circuits on the condenser and evaporator sides were arranged to allow independent control of inlet 
temperature and flow rate. The detailed specifications of the experimental apparatus are summarized in Table 
1.  
 

 

Figure 1. Schematic diagram of the experimental system 

Table 1. Experimental device components 

Components Type Company Model 

Compressor Rotary Samsung UX5T250FNBJX 

Receiver tank 3.6L KYUNG 
THERMOTECH 

OTA-RCV03-
SG21 

Compressor inverter 4.0kW HITACHI WJ200 040HF 

Expansion valve Electronic DOTECH EVC10B 
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Pump Multistage wilo MHI202I 

Oil separator 41bar EMERSON A-WZ 55824 

Heat exchanger Plate SWEP V20Hx12 

Chiller 16A CPT C-RCH82 

Water pump inverter 0.8kW LS ELECTRIC LSLV0008M100-
1EOFNA 

Refrigerant side 

flowmeter 

Mass TRICOR TCM0650 

waterflowmeter Electric ModMAG M1000 

 

2.2. Test procedure and control strategy 

During the experiments, the compressor frequency and the opening of the expansion valve were kept 
constant, while the condenser- and evaporator-side water flow rates were maintained at prescribed set points 
by means of PID control. A heater and a chiller were installed in the respective water loops to adjust the inlet 
temperatures of the fluids entering the condenser and evaporator. By varying these inlet temperatures 
dynamically over time, the influence of the heat source and heat sink temperatures on the system performance 
was investigated. 

The heat transfer rate and coefficient of performance (COP) of the heat pump were calculated from the 
measured operating conditions using Eq. (1) and (2). These performance indicators were evaluated for each 
test condition in order to quantify the effects of condenser- and evaporator-side inlet water temperatures on the 
heat transfer rate and overall efficiency of the R1234ze(E) water-to-water heat pump system. 

 𝑄̇𝑄���� = 𝑚̇𝑚�𝑐𝑐𝑐𝑐�,�(𝑇𝑇�,��� − 𝑇𝑇�,��) (1) 

 𝐶𝐶𝐶𝐶𝐶𝐶 =  �̇����
�̇

 (2) 

2.3. Polynomial regression 

Because the temperatures and pressures in the cycle are the key factors governing the heat pump 
performance and COP, linear regression correlations were developed that use the compressor suction and 
discharge pressures together with the condenser- and evaporator-side inlet water temperatures as independent 
variables.  

The resulting correlations were formulated in the form of Eqs. (3), (4), and (5). 

𝑄̇𝑄���� = 𝐶𝐶� + 𝐶𝐶�𝑇𝑇�,�� + 𝐶𝐶�𝑇𝑇�,�� + 𝐶𝐶�𝑃𝑃��� + 𝐶𝐶�𝑃𝑃��� + 𝐶𝐶�𝑇𝑇�,��
� + 𝐶𝐶�𝑇𝑇�,��

� + 𝐶𝐶�𝑃𝑃���
� + 𝐶𝐶�𝑃𝑃���

� +
𝐶𝐶��𝑇𝑇�,��𝑇𝑇�,�� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑃𝑃���𝑃𝑃��� (3) 

𝑄̇𝑄��� = 𝐶𝐶� + 𝐶𝐶�𝑇𝑇�,�� + 𝐶𝐶�𝑇𝑇�,�� + 𝐶𝐶�𝑃𝑃��� + 𝐶𝐶�𝑃𝑃��� + 𝐶𝐶�𝑇𝑇�,��
� + 𝐶𝐶�𝑇𝑇�,��

� + 𝐶𝐶�𝑃𝑃���
� + 𝐶𝐶�𝑃𝑃���

� +
𝐶𝐶��𝑇𝑇�,��𝑇𝑇�,�� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑃𝑃���𝑃𝑃��� (4) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶� + 𝐶𝐶�𝑇𝑇�,�� + 𝐶𝐶�𝑇𝑇�,�� + 𝐶𝐶�𝑃𝑃��� + 𝐶𝐶�𝑃𝑃��� + 𝐶𝐶�𝑇𝑇�,��
� + 𝐶𝐶�𝑇𝑇�,��

� + 𝐶𝐶�𝑃𝑃���
� + 𝐶𝐶�𝑃𝑃���

� +
𝐶𝐶��𝑇𝑇�,��𝑇𝑇�,�� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑇𝑇�,��𝑃𝑃��� + 𝐶𝐶��𝑃𝑃���𝑃𝑃��� (5) 

3. Results and Discussion 

3.1. Analysis of Pressure and Heat Pump Performance/COP under Variations in Condenser/Evaporator 
Inlet Water Temperatures 

The experiments showed that dynamic variations in the condenser- and evaporator-side inlet water 
temperatures led to systematic changes in the compressor suction and discharge pressures, accompanied by 
corresponding variations in the condensation and evaporation heat transfer rates and the COP. These 
observations quantitatively confirm that the heat-source and heat-sink temperatures govern heat pump 
performance and efficiency through their influence on the internal pressure conditions. 
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Figure 2 Time evolution of pressures and heat pump performance under condenser/evaporator inlet temperature variation 

 

3.2. Performance Evaluation of the Regression Model Using Experimental Data 

To evaluate the accuracy of the proposed regression model, experimental data obtained under dynamically 
varying condenser- and evaporator-side inlet water temperatures were used as inputs to the polynomial 
correlations. As a result, the coefficients of determination (R²) for the condensation heat transfer rate, 
evaporation heat transfer rate, and COP were 0.973, 0.954, and 0.989, respectively, while the mean relative 
errors over the entire data set were as low as 1.04, 1.44, and 1.06%. These results confirm that the proposed 
regression model can reproduce the heat pump performance with high accuracy even under time-varying 
operating conditions. 

 

Figure 3. Comparison of measured and predicted results over time for the experimental heat pump: (a) condensation heat transfer rate, 
(b) evaporation heat transfer rate, (c) COP 

Table 2. Performance metrics of the regression model for the lab-scale heat pump 

Elements 𝑅𝑅�  M𝐴𝐴𝐴𝐴  ERR_avg(%) 

Condensation heat transfer rate 0.973 0.0527 1.038 

Evaporation heat transfer rate 0.954 0.0624 1.436 

Coefficient of performance 0.989 0.0399 1.058 

 

3.3. Performance Evaluation of the Regression Model Using Field Data 

For the field validation, the same polynomial regression form as that used for the lab-scale tests was applied 
to an industrial water-to-water heat pump, while the regression coefficients were recalibrated using the site 
measurement data. In the field, the inlet water temperatures on the condenser and evaporator sides fluctuate 
irregularly over time. These time-varying inputs were directly fed into the regression model, and the predicted 
values were compared with the measured performance. The results show that the coefficients of determination 
(R²) for the condensation heat transfer rate, evaporation heat transfer rate, and COP are 0.961, 0.917, and 0.965, 
respectively, while the corresponding average relative errors are limited to 3.26%, 6.78%, and 4.79%. These 
findings demonstrate that the proposed temperature/pressure-based regression model can accurately reproduce 
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heat pump performance even under dynamic and irregular real-world operating conditions, thereby confirming 
its applicability to field systems. 

 

Figure 4. Comparison of measured and predicted values over time for the field heat pump: (a) condensation heat transfer rate, (b) 
evaporation heat transfer rate, (c) COP 

Table 3. Performance metrics of the regression model for the field heat pump 

Elements 𝑅𝑅�  M𝐴𝐴𝐴𝐴  ERR_avg(%) 

Condensation heat transfer rate 0.961 0.909 3.265 

Evaporation heat transfer rate 0.917 1.902 6.779 

Coefficient of performance 0.965 0.254 4.786 

3.4. Performance Evaluation of the Regression Model Using Air-to-Air Heat Pump Data 

For further validation, the same functional form of the polynomial regression model was applied to an air-
to-air heat pump, and the regression coefficients were recalibrated using the measured data from this unit. Due 
to limitations in the instrumentation, only the evaporation heat transfer rate could be evaluated directly, and 
the dataset included both normal heating and defrost operation, leading to highly transient and rapidly varying 
operating conditions. Despite these challenges, the proposed regression model achieved an R² of 0.905 and an 
average relative error of 6.49% for the evaporation heat transfer rate, indicating good predictive performance 
over the entire operating period, including defrost cycles. These results demonstrate that the functional 
structure of the temperature/pressure-based correlation developed in this study possesses sufficient generality 
to be applied to other types of heat pump systems, such as air-to-air units. 

 

 

Figure 5. Comparison of measured and predicted evaporation heat transfer rate over time for the Air-to-Air heat pump 

Table 4. Performance metrics of the regression model for the Air-to-Air heat pump 

Elements 𝑅𝑅�  M𝐴𝐴𝐴𝐴  ERR_avg(%) 

Evaporation heat transfer rate 0.905 11.825 6.494 
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4. Conclusion 

This study experimentally investigated a water-to-water heat pump using the low-GWP refrigerant 
R1234ze(E) under industrial waste-heat recovery conditions and developed temperature/pressure-based 
polynomial regression correlations for predicting its performance. The main findings can be summarized as 
follows: 

 Dynamic tests with varying condenser- and evaporator-side inlet water temperatures showed that 
these temperatures induce systematic changes in compressor suction and discharge pressures, 
accompanied by corresponding variations in the condensation and evaporation heat transfer rates 
and the COP, quantitatively confirming that heat-source and heat-sink temperatures govern heat 
pump performance via their influence on internal pressure conditions. 

 A polynomial regression model was formulated using the condenser- and evaporator-side inlet 
water temperatures and the compressor suction and discharge pressures as independent variables, 
and the condensation heat transfer rate, evaporation heat transfer rate, and COP as outputs; 
validation against lab-scale data yielded R² values of 0.973, 0.954, and 0.989 and mean relative 
errors of 1.04%, 1.44%, and 1.06%, demonstrating high predictive accuracy. 

 Using the same functional form and recalibrating the regression coefficients with field data from an 
industrial water-to-water heat pump, the model achieved R² values of 0.961, 0.917, and 0.965 with 
average relative errors of 3.26%, 6.78%, and 4.79% for condensation heat transfer rate, evaporation 
heat transfer rate, and COP, respectively, confirming that the temperature/pressure-based 
correlations remain valid under irregular, time-varying real operating conditions. 

 When the same regression structure was applied to an air-to-air heat pump and recalibrated using its 
measurement data, only the evaporation heat transfer rate could be evaluated, yet the model still 
achieved an R² of 0.905 and a mean relative error of 6.49%, indicating that the proposed correlation 
form has sufficient generality to be extended beyond the specific water-to-water system to other 
heat pump configurations. 

Overall, the proposed temperature/pressure-based polynomial regression framework provides a simple yet 
robust tool for predicting heat pump performance, and it can be used to support performance estimation, 
preliminary design, and operational optimization of industrial heat pump systems using R1234ze(E) and 
potentially other working fluids. 
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