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ABSTRACT 

Vapour compression heat pumps are the most promising technologies for decarbonisation in high-
temperature processes. This paper presents experimental data of a high-temperature heat pump prototype 
designed for R-245fa when operating with R1336mzz(Z). Forty-five steady-state experiments were performed 
in a scroll compressor prototype with a liquid-to-suction heat exchanger at production temperatures 
between 102 °C and 158 °C (temperature difference of the secondary fluid between 8.5 K and 22 K) and waste 
heat temperatures between 80 °C and 118 °C (temperature difference of the secondary fluid between 12.6 
K and 47.5 K). The heating capacity varied between 9.9 kW and 13.4 kW, and the coefficient of performance 
was between 2.0 and 4.8. Compared to previous experimental results using R-245fa, R-1336mzz(Z) results in 
higher COP under the same operating conditions. A medium-to-low carbon emission factor would make this 
solution more environmentally friendly than a natural gas boiler for small-scale heating production. 

Keywords: HTHP, low GWP, COP, renewable heating, decarbonisation, waste heat 

1. INTRODUCTION

High-temperature heat pumps (HTHP) are a technology that can recover waste heat and upgrade it to useful 
temperatures for other processes of the same industry. Among different sectors, Obrist et al. (2023) found 
that HTHPs are cost-efficient in the pulp and paper industry and the food and beverage industry and help 
reach policy goals regarding energy efficiency and CO2e emission mitigation. Therefore, electrification of the 
heat supply with HTHP is also cost-efficient for reaching net-zero CO2e emissions. Regarding industrial steam 
generation, the HTHP will keep getting attractive from a cost and emission perspective as the electricity grid 
will have a higher renewable energy share (Saini et al., 2023). Besides, compared to solar thermal collectors, 
the land requirement for HTHP is much smaller. They highlight that HTHP needs more developments for low-
GWP refrigerants as a drawback. Jiang et al. (2022) conclusions agree with Saini et al. (2023) and ask for the 
development of green refrigerants with better characteristics and adaptability studies for drop-in 
replacements are the long-term prospects for refrigerants. Hydrofluoroolefins (HFOs) and 
Hydrochlorofluorolefins (HCFOs) have been developed to relieve the environmental impact (zero ozone 
depletion potential (ODP), low global warming potential (GWP) and shorter atmospheric lifetime), and 
natural refrigerants have been revived in research and application. Among different refrigerants, R-
1336mzz(Z) is zero ODP, ultra-low GWP, and can be used at high temperatures compared to other 
refrigerants proposed for HTHPs. HFO-1336mzz(Z) breakdown in the trifluoroacetic acid (TFA) yield is 
expected to be about 0% to 4% (EFCTC, 2021). 
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After a literature review of the R-1336mzz(Z) molecule, Giménez-Prades et al. (2022) concluded that interest 
in R-1336mzz(Z) has been increasing in the last years, particularly as an HTHP working fluid. R-1336mzz(Z) 
thermophysical properties have been intensively researched, but only up to 80 °C and pressures 5 MPa. 
Moreover, R1336mzz(Z) is unsuitable as an R-245fa drop-in replacement due to the lower heating capacity 
than other alternatives, such as R-1233zd(E) or R-1224yd(Z). The most remarkable advantage of R-
1336mzz(Z) is that it offers a relatively high critical temperature, 171 °C, suitable for several industrial 
processes. 

Mateu-Royo et al. (2019) conducted a thermodynamic study of new low-GWP alternatives. R-1336mzz(Z) 
required  HFO-1336mzz(Z) improved COP by about 21% when using the LSHX 
compared to a basic configuration. HFO-1336mzz(Z) COP is comparable at variable heat production 
temperatures but requires higher compressor displacement for keeping R-245fa heating production. 
Arpagaus and Bertsch (2021) compared R-1224yd(Z), R-1233zd(E), R-1336mzz(Z), and R-245fa in a laboratory 
10 kW HTHP with liquid-to-suction heat exchanger (LSHX) and variable-speed reciprocating. Up to heat sink 
temperatures of about 110 °C, R-1336mzz(Z) had a slightly lower COP due to the lower heating capacity and 
higher relative heat losses. The integration of the LSHX resulted in a significant COP increase, and the POE oil 
acid number after 100 operating hours in the HTHP revealed a low oil degradation. 

HTHPs are a promising technology for industrial decarbonisation and provide renewable heating. The 
associated challenge to the HTHP technology is reducing the current technological development. This paper 
presents the experimental results of an HTHP prototype using the 4th generation synthetic refrigerant R-
1336mzz(Z). The parameters analysed are compression ratio, mass flow rate, production temperature, 
heating capacity, and coefficient of performance. This experimental data can be used in further projects for 
developing models and predicting operational behaviour and energy performance. 

2. MATERIALS AND METHODS 

2.1. Experimental setup 

The experimental setup comprises four closed-loop circuits to simulate the operation of HTHPs. The primary 
circuit simulates the operation of a vapour compression cycle (VCC) with a liquid-to-suction (intermediate) 
heat exchanger. Heat load is connected to an electrical boiler using thermal oil as heat transfer fluid (HTF). 
The heat sink circuit comprises two circuits: a closed loop circuit connected to a rooftop fan coil using water 
as an HTF and an intermediate circuit that uses thermal oil and can reach temperatures above 100 °C without 
the risk of boiling. 

The complete experimental setup is displayed in Fig. 1. Selected pipelines and components are insulated to 
avoid heat losses to the ambient, which has been detrimental to the resulting system's energy performance 
in previous tests. The VCC contains a scroll compressor modified by the research group for operation as a 
high-temperature compressor/expander (admission volume of 121,1 cm3 and 2900 rpm at 50 Hz), condenser 
and evaporator plate heat exchangers, and an electronic expansion valve. This circuit includes other 
necessary elements such as a subcooler, liquid-to-suction heat exchanger, bypass valves, and filter dryer. 
When selecting the elements, attention has been devoted to the maximum allowable temperature, pressure, 
and compatibility with refrigerants. The rest of the circuits contain an HTF pump with a frequency inverter 
and elements necessary for safe operation. 

Refrigerant temperature (J-type thermocouple) and pressure (piezoelectric pressure transducer) are 
measured at the inlet and outlet of each main element of the VCC. Moreover, the mass flow rate using a 
Coriolis effect mass flowmeter and compressor power consumption from a digital wattmeter has also been 
measured. Inlet and outlet heat exchanger temperatures and volumetric flow rate (vortex) have been 
measured in the secondary circuits.  
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Operating conditions are controlled through PID in the electronic expansion valve, fan coil, and electric boiler 
(outlet evaporator temperature and pressure, heat sink temperature, and heat sink water temperature). 

  
 

Figure 1: HTHP experimental setup 

2.2. Experimental procedure 

Operational and energy parameters shown in this article have been selected as follows. When the steady-
state condition is reached, the operation is recorded for 20 minutes with a sampling period of 1 second when 
all essential circuit temperatures are identified as stable. The most representative 5 minutes conditions are 
selected with a maximum deviation for the heat sink, and the source temperatures were ±0.3 K and ±0.15 K. 
Then, the average parameters were determined, and the thermodynamic states of the refrigerant were 
determined using REFPROP v10.0 and steady-state experimental measurements. 

Two refrigerants have been tested in this experimental setup, R-245fa and R-1336mzz(Z). The main 
properties of both refrigerants are shown in Table 1. Between the substitution of refrigerants, a compressor 
replacement has been performed. The first experimental tests with R-245fa used a modified scroll 
compressor, following know-how developed in organic Rankine cycle technology. In the following, R-
1336mzz(Z) experimental tests included a commercial scroll compressor (7.5 kW and 22 m3 h-1 at 50 Hz), in 
which a higher production temperature has been achieved. 

Table 1: Main properties of R-1336mzz(Z) and R-245fa 

Refrigerant Tcrit Pcrit dew at 75 °C NBP M ODP GWP100 Safety Class 

 °C MPa kg m 3 °C g mol 1 R-11e CO2e  

R-245fa 154.0 3.65 38.7 15.1 134.0 0 858 B1 

R-1336mzz(Z) 171.4 2.90 24.1 33.4 164.1 0 2 A1 

Production temperature refers to the condenser outlet considering the intermediate thermal oil closed loop 
circuit. This circuit simulates the maximum temperature delivered to an industrial process with renewable 
heating needs. The heat source circuit, connected to the evaporator, simulates the temperature at which an 
industrial process has exchanged heat and is cooled with the ambient (energy is lost). The frequency has 
been set to 40 Hz in the compressor because of limitations caused by the heat sink's nominal heating capacity. 

2.3. Experimental tests 

The final evaporation and condensation conditions for the high-temperature 40 Hz tests are shown in Figure 
2. Condensation temperatures and evaporation temperatures (calculated using the average pressure at the 
inlet of the condenser and evaporator, respectively) varied between 119.7 °C and 152.6 °C, and 69.7 °Cand 
85.2 °C, respectively. Therefore, the condensation temperature increased more than the evaporation 
temperature, resulting in a higher pressure ratio in the most critical conditions. 
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Total superheating and subcooling degree (considering suction and liquid lines and LSHX effects) also 
increased from 23.1 to 32.3 K and 22.3 and 29.8 K, respectively. Because pipes were adequately insulated, 
the superheating and subcooling were not affected by losses to the ambient (contrary to refrigeration 
systems, the superheating degree would decrease). A significant part of the superheating (57% to 70%) was 
caused by the LSHX (the rest occurred at the evaporator, 9.6 K to 10.2 K, controlled by the electronic 
expansion valve); therefore, a significant subcooling degree was caused on the other side of the LSHX (84% 
to 92% of the total subcooling degree). LSHX superheating and subcooling degree increased at higher 
condensation temperatures, and the same happens with the influence on the total superheating and 
subcooling degree. In the same way, LSHX thermal effectiveness also increased for higher condensation 
temperatures. 

 

 

Figure 2: Cooling and production temperatures, condensation temperature, total superheating and subcooling 
degree versus evaporation temperature 

3. RESULTS 

3.1. Operational parameters 

This section presents experimental measurements and calculations determining the HTHP suitability as 
renewable heating technology when tested at 40 Hz and high-temperature conditions. The exact 
condensation temperature can be seen in Figure 2 (top), and the legend must be interpreted as an 
approximation (±2.5K). The first operational parameter analysed is the pressure ratio, Figure 3. The pressure 
ratio is the ratio of the discharge and suction pressures measured at the outlet and inlet of the compressor 
pipeline. Therefore, the final compressor pressure ratio would be higher than the one shown in the following. 
Attending to the results, it can be seen as the system presented results above 78 °C for increasing the 
pressure ratio, as it slightly decreased.  
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The temperature difference between condensation and evaporation varied between 69.7 K and 85.2 K. As 
the pressure ratio is not remarkable compared to other VCC applications, higher temperature differences 
were avoided to limit discharge temperature, which two-stage compression or cascade configurations should 
cover. 

 

Figure 3: Pressure ratio 
 

Production temperature is directly measured at the condenser outlet on the side of the thermal oil. It 
simulates the temperature at which an HTF can be heated with an HTHP system. It depends on the 
condensation temperature and superheating degree, varying between 121.4 °C and 158.1 °C. Moreover, the 
HTF temperature glides between 8.5 K and 21.8 K, increasing at higher condensation temperatures. 
Production temperature is limited by desuperheating at the discharge port, pipeline, and heat exchanger 
design. The discharge temperature is not shown in the article because it is much different from that exits 
from the compressor discharge port. As a significant difference exists with the ambient temperature, it is 
significantly affected by the heat losses, and the measured value in the pipeline is diminished. 

 

Figure 4: Production temperature 
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The mass flow rate is directly measured and is affected by compressor suction conditions, pressure drops, 
compressor operation, and volumetric efficiency. Mass flow rate values vary from 76 g s-1 to 110 g s-1. In this 
case, the frequency was set at 40 Hz, so a higher mass flow rate could be obtained using this compressor. R-
1336mzz(Z) suction density is smaller than other refrigerants (18.1 kg m-3 to 25.7 kg m-3); therefore, a higher 
mass flow rate is expected using this installation with other low GWP alternatives. 

 

Figure 5: Mass flow rate 

3.2. Energy parameters 

Once the operational performance of the HTHP prototype has been analysed under high-temperature 
conditions, the energy performance is discussed in this section. The first parameter analysed is the condenser 
heating capacity (Figure 6), determined on the refrigerant side as the product of the mass flow rate and the 
enthalpy difference at the condenser. The condenser heating capacity varies between 9.2 kW and 10.1 kW, 
being the minimum at an intermediate condition. As observed in the previous section, the mass flow rate 
decreases at higher evaporation temperatures. However, with a higher condensation temperature set for a 
higher evaporation temperature, the heating effect (condenser enthalpy difference) decreases (influenced 
by the decrement in the latent heat aggravated close to the critical point). Therefore, two opposite effects 
are reflected in the resulting heating capacity. 

 

Figure 6: Heating capacity 
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Finally, the heating coefficient of performance (COP) is presented in Figure 7. The COP is calculated as the 
ratio of the heating capacity to the measured compressor power consumption. As in standard VCC, it 
decreases with the increase in pressure ratio. The COP varied from 3.11 to 1.91, being considered adequate 
for producing economically viable substitutions for boilers and environmentally friendly technology if the 
electricity is provided at a low carbon emission factor. 

 

Figure 7: Heating COP 

3.3. Comparison with previous results and 50 Hz 

The presented results are compared with previous results published by Arpagaus and Bertsch (2019) 
considering a semi-hermetic alternative compressor, the most comprehensive experimental work published 
with R-1336mzz(Z) till today. They obtained COP between approximately 1.7 and 4.3, mainly depending on 
the temperature lift (30 K to 70 K). They have also reached a temperature production of 150 °C, 8 K below 
results here presented. When they compared R-1336mzz(Z) with other alternatives, this refrigerant 
presented a slightly lower COP but recognised the potential of reaching higher condensation temperatures. 
COP values presented in the present work and Arpagaus and Bertsch (2019) are maximised by the LSHX 
effect, which proved beneficial in previous theoretical and experimental works. 

In the following, additional measurements at 50 Hz and lower evaporation and condensation temperature 
are compared with R-245fa's published results in Mateu-Royo et al. (2019b). Both refrigerants were tested 
at 50 Hz, but the scroll compressor used with R-1336mzz(Z) was a commercial component, unlike R-245fa, 
an early prototype (Table 2). The minimum R-245fa evaporation and condensation temperatures were 
significantly lower than R-1336mzz(Z), and conditions corresponding to moderate HTHP were considered. 
The pressure ratio tested using R-245fa was also significantly higher than R-1336mzz(Z), and this caused a 
notably lower COP, affecting viability compared to traditional solutions. R-245fa heating capacity with a 
similar compression displacement is much lower and confirms it as an unsuitable drop-in replacement if this 
parameter is considered critical in operation. 

Table 2: Comparison of experimental campaigns using R-245fa Mateu-Royo et al. (2019b) and R-
1336mzz(Z) at 50 Hz 

Refrigerant 
         

°C °C °C °C - g s-1 °C kW - 
R-1336mzz(Z) 69.4 101.9 65.8 100.7 2.82 85.4 101.9 12.1 4.36 
R-1336mzz(Z) 70.5 128.8 71.5 127.1 4.21 96.4 128.8 11.5 2.63 

R-245fa 49.0 90.0 38.2 86.7 4.15 47.5 90.0 9.0 2.77 
R-245fa 66.3 140.0 64.1 132.3 4.98 100.7 140.0 13.9 1.77 
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4. CONCLUSIONS 

This paper presented one of the first experimental assessments of a high-temperature heat pump prototype 
(designed for R-245fa) using a scroll compressor and LSHX operating with the low GWP potential refrigerant 
R-1336mzz(Z). This refrigerant is an alternative to R-245fa operational conditions because it is the only high-
temperature synthetic fluid with low GWP and zero ODP. The experimental discussion was focused on high-
temperature conditions, for which a 40 Hz frequency was selected for the compressor. Then, tests at 50 Hz 
were compared to R-245fa. 

For the 40 Hz condition, the heating capacity varied between 9.2 and 10.1 kW, and the coefficient of 
performance was between 1.9 and 3.1. The total superheating degree varied between 23.1 and 32.4 K, 
provided mainly by the liquid-to-suction heat exchanger, contributing to preventing wet compression. 
Compared to previous experimental results using R-245fa at 50Hz, R-1336mzz(Z) results in higher COP under 
comparable operating conditions benefitted by a low-pressure ratio. Attending to the negligible global 
warming potential of R-1336mzz(Z) and high energy performance, a medium-to-low electricity carbon 
emission factor would make this solution more environmentally friendly than a natural gas boiler for small-
scale heating production. 

Future works could focus on alternative R-245fa refrigerants in the form of pure and mixture fluids. The 
maximum production temperature could be increased and validate the oil degradation. Moreover, 
limitations related to the compressor discharge temperature and secondary circuits should be resolved with 
installation modifications. 
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NOMENCLATURE 
COP coefficient of performance (-)  cond condensation 
evap evaporation  HCFO hydrochlorofluoroolefin 
HFO hydrofluoroolefin  HTHP high-temperature heat pump 
HTF heat transfer fluid  GWP   global warming potential 
LSHX liquid-to-suction heat exchanger  PR pressure ratio (-) 
prod production  Q heat transfer (kW) 
mref refrigerant mass flow rate (g s-1)  ODP ozone depletion potential 
T temperature (°C)  VCC vapour compression cycle 
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