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ABSTRACT 

The use of natural refrigerants has become of increasing concern in recent years due to the high GWP and ODP 

of commonly used CFCs, HCFCs and HFCs. The use of hydrocarbons can be considered as potential long term 

solution in heat pump applications. Propane is highly flammable and potentially explosive, however; with proper 

safety measures in place it can be a suitable candidate for residential heat pump as it has a negligible ODP and a 

low GWP (3). This study presents the analysis of experimental data obtained from tests on a 45 kW heating 

capacity water-water heat pump. The unit is tested in heating mode, i.e. production of hot water for space heating 

with the possibility of simultaneous-generation of domestic hot water. The performance evaluation is carried out 

at system level, based on the two key parameters: heating capacity (Q�
h
)	and the heating COP (����). A map of 

the heat pump performance under different working conditions is developed. Simulations using the modelling 

software IMST-ART are performed and compared to the experimental results. 

The results of this study were developed in the framework of the FP7 European project ‘Next Generation of 

Heat Pumps working with Natural fluids’ (NxtHPG). 
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1. INTRODUCTION 

In the current context of reducing energy usage, as well as greenhouse gas emissions, heat pumps have become 

of increasing interest in the building and industrial sectors. Heat pumps currently contribute to save about 1% of 

the total global CO2 emissions but could nonetheless help saving 50% of the building sector’s emissions and 5% 

of industrial-sector emissions (Halozan 2009, IEA HPP 2008). According to the International Energy Agency 

(2008), this means that about 8% of global CO2 emissions could be avoided by using heat pumps. The European 

Heat Pump Association (EHPA 2016) estimates that heat pumps could contribute to save about 70 TWh of 

primary energy by 2030 in Europe; assuming a global Seasonal Performance Factor (SPF) of 3,2, a Primary 

Energy Factor (PEF) of 2,5, as well as a Business as Usual (BAU) scenario for the heat pump stock growth. This 

corresponds to about 50 Mt of CO2 emission savings by 2030 assuming that 150 g of CO2 is produced per kWh 

electricity. 

Heat pumps nevertheless contribute as well to the emissions of greenhouse gases. Indirectly, through the use of 

electricity or gas; and directly, through leakages of high global warming potential (GWP) refrigerants. Direct 

emissions represent as much as 20 % of the total global warming impact from heat pumps (IIR 2015). Therefore, 

replacing high-GWP, such as fluorocarbon refrigerants (CFCs, HFCs, HCFCs) has been of increasing concern in 

recent years. In the European Union (EU) for instance, the so-called “F-gas” regulation (EU reg. 517/2014) aims 

to reduce greenhouse gases emissions by 72 to 73 % by 2030 as compared to 1990 levels, excluding CO2 

emissions and emissions due to agriculture. (European Union 2014). 

In this perspective, the use of hydrocarbons can be considered as potential long term solution in heat pump 

applications as their GWP is in general lower than fluorocarbon refrigerants; one of the disadvantages being their 

flammability (Pisano et al, 2012). Indeed, R290 (propane) is a highly flammable and potentially explosive 

hydrocarbon which can however be a suitable candidate for residential heat pump if proper safety measures are 

followed as it has a negligible ODP and a low GWP of 3 (Byrne et al, 2014, Ginies et al, 2014). 

R290 has moreover lower or similar discharge temperatures than traditionally used fluorocarbon refrigerant, as 

well as similar volumetric refrigerating effects as compared to R-407C (Zhang, Ginies och Dewitte 2014). Palm 

(2008) noted that R290 has a higher latent heat of evaporation than R134a and R22 at 40°C. By looking at the 

respective pressure–enthalpy diagrams, it is obvious that this is still the case for lower temperatures. Although 

propane has lower density in vapour state than most fluorocarbon refrigerants, the higher values of latent heat of 
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evaporation enable reaching similar cooling or heating capacities with similar compressor size, as one may 

expect from the volumetric refrigerating effect values. 

According to Palm (2008), system efficiencies for hydrocarbons (including R290) are expected to be equal, or 

higher than, those of R22 and R134a. The same author reported that the lack of available compressor units able 

to cope with cooling capacities between 1 and 20 kW for hydrocarbons was an impediment to a larger market 

penetration. There are several hints suggesting that upcoming regulations, or regulation updates, will be more 

compliant with flammable refrigerants, hence leading to cost reductions and larger potential market shares for 

heat pumps using propane as refrigerant (Ricardo-AEA and Gluckman Consulting, 2015, European Commission, 

2015). Non-natural refrigerants have also been presented as potential alternatives to fluorocarbon refrigerants 

although history has shown that artificial substances seemingly harmless at first may turn out as having 

unexpected and harmful impacts on the global environment and human health. 

This study focuses on the performance obtained out of a newly designed, prototype large-capacity water-water 

heat pump unit using propane as refrigerant. 

2. EXPERIMENTAL SETUP DESCRIPTION 

2.1.  Description of the prototype 

The experimental unit consists of two parallel scroll compressors (1), a de-superheater (2), a four-way valve (3), 

a condenser (4), a receiver (5), a filter-drier (6), an electronic (7a) and a thermostatic expansion valve (7b) 

coupled in parallel and an evaporator (8). The prototype has also been equipped with an oil-equalizer line as well 

as several valves allowing to by-pass each compressor, the receiver, the oil-equalizer line, the filter and each 

expansion valve as shown in Figure 1. 

The unit is designed to provide 45 kW heating under nominal conditions in heating mode. The evaporator and 

de-superheater are designed for 35 kW and 15 kW, respectively. All heat exchangers are brazed plate heat 

exchangers and are insulated. The refrigerant charge is kept lower than the 5 kg limit defined by the European 

regulation EN 378-1 (2008) for household heat pumps separated from occupancy. Both compressors are 

equipped with a crankcase heater and lubricated with POE oil. Tap water is used to cool off the condenser while 

a water-based mixture with 23 % ethylene glycol is used to provide heat to the evaporating refrigerant. The 

freezing point of this mixture was measured as -9,7 °C by mean of a freezing test. 

Several thermocouples as well as two pressure sensors are installed on the refrigerant parts of the unit as shown 

in Figure 1. All but one thermocouple are placed in dedicated pockets inside pipes. The temperature sensor 

placed at the evaporator outlet measures the pipe surface temperature. The inlet and outlet temperatures of each 

heat exchanger on the water/brine side are also measured, as well as the water flow rate in the condenser and the 

de-superheater. Motorized three-way valves are used to adjust the water (secondary fluid) temperatures at the 

condenser outlet, the evaporator inlet, the de-superheater inlet and outlet. Each valve is controlled thanks to an 

external temperature sensor and an internal PID controller. 

The unit is located in a shelter on the rooftop of the Applied Thermodynamics and Refrigerant lab in KTH, 

Stockholm. The measurements are recorded real-time thanks to an Agilent 34970A data acquisition unit. The 

time interval between two consecutive measurements is chosen as 5 s or lower. 

3. METHODOLOGY OF PERFORMANCE EVALUATION  

3.1. Test Matrix 

In order to fully characterize the heat pump prototype, the experimental campaign is carried on to further 

generate calculation of seasonal performance indexes (SCOP, SPF and SEER) for different applications. The test 

matrix has been defined in the NxtHPG project for both heating and cooling modes. In this study, the 

experimental characterization of the prototype's performance is performed in heating mode, i.e. production of hot 

water for space heating (SpH) with the possibility of simultaneous generation of domestic hot water (DHW). 

The prototype’s performance for space heating is tested under different boundary conditions following the norms 

EN 14825 (2012) for medium temperature, EN 14511-2 (2011) for medium and high temperature and EU 

regulation 811/2013 (2013). 
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Figure 1 – Hydraulic diagram of the refrigerant parts of the prototype including position of temperature and pressure sensors 

The resulting twelve different test points are listed in Table 1. Another set of test points were defined for testing 

the prototype for simultaneous production of hot water for space heating and domestic usage. The test conditions 

were chosen to fulfill the requirements in the norms EN 14825 (2012) for medium temperature and EU 

regulations 811/2013 (2013). Twelve test points have been defined and listed in Table 2. The test points can be 

divided in two groups; in the first group, the de-superheater water outlet temperature was not regulated, instead 

the water flow rate in the de-superheater was controlled so the maximum possible heat was removed from the 

de-superheater, while avoiding condensation in this component. In the second test points group, a temperature of 

60°C of water outlet from the de-superheater was kept, regardless if  partial condensation was happening or not. 

Table 1 – Test conditions for the heat pump prototype, for space heating only; no domestic hot water production. 

Table 2– Test conditions for heat pump prototype, with domestic hot water production. 

Nb. Test 1 2 3 4 5 6 7 8 9 10 11 12 

Evaporator 

side 

Secondary Fluid inlet [°C] 0 

Secondary Fluid outlet [°C] -3 

Condenser 

side 

Water inlet [°C] 40 40 40 40 40 40 47 47 47 47 47 47 

Water outlet [°C] 45 45 45 45 45 45 55 55 55 55 55 55 

Desuper-

heater side 

Water inlet [°C] 15 15 35 35 45 45 15 15 35 35 45 45 

Water outlet [°C] (a) 60 (a) 60 (a) 60 (a) 60 (a) 60 (a) 60 

Normative  (c) (c) (c) (c) (c) (c) (c) (e) (e) (e) (e) (e) 

Note: (a) = Water outlet is not controlled, no partial condensation in DS is required; (c) = EN 14825 medium temperature; (e) EU REG. 811/2013;  

Nb. Test 1 2 3 4 5 6 7 8 9 10 11 12 

Evaporator 

side 

Secondary Fluid inlet [°C] 0 0 0 0 -5 +5 0 0 0 0 -5 +5 

Secondary Fluid outlet [°C] -3 (a) (a) (a) (a) (a) -3 (b) (b) (b) (b) (b) 

Condenser 

side 

Water inlet [°C] 40 (a) (a) (a) (a) (a) 47 (b) (b) (b) (b) (b) 

Water outlet [°C] 45 37 33 28 45 45 55 52 42 36 55 55 

Normative  (c) (c) (c) (c) (d) (d) (e) (e) (e) (e) (f) (f) 

Note: (a) = Fixed water flow rate in condenser as Test Nb.1; (b) = Fixed water flow rate in condenser as Test Nb.7; (c) = EN 14825 medium 
temperature; (d) EN 14511-2 medium temp.; (e) EU REG. 811/2013; (f) EN 14511-2 high temp. 
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3.2. Performance Index 

The evaluation of the global performance of the heat pump prototype has been based on the two key parameters: 

heating capacity (Q�
h
)	and the heating COP (����). Q�

h
 is the total useful heat rejected from the heat pump and is 

evaluated as sum of the heat extracted from the condenser for space heating (Q�
SpH

)	and from the de-superheater 

for DHW (Q�
dhw

), if applicable. ���� is defined according to eq. (1). 
 

 ���1= Q�
h
·(W�

comp
)

-1
 (1) 

Where W� comp is the electricity consumption absorbed by the compressors. Auxiliary power consumption for the 

pumps is not consider in this definition of COP. Q�
SpH

 is obtained by measuring the volume flow rate and change 

of temperatures of water in the condenser according to eq. (2). Q�
dhw

 is obtained in the same way by using the 

volume flow rate and temperatures from the de-superheater. 

 Q�
SpH

= V� w,cond· ρ
w
 · cp,w ·∆Tw,cond (2) 

V� w,cond, (V� w,desup) is the volume flow rates of water through the condenser (resp. de-superheater). ∆Tw,cond, 

(∆Tw,desup) is the water temperature differences over the condenser (resp. de-superheater), ρ
w

 is the water 

density, and cp,w is the specific heat of the water, both calculated at the average temperature.  

3.3. IMST-ART Model 

IMST-ART is a software package dedicated for modelling vapour compression refrigeration units, developed by 

Universitat Politècnica de València (Corberán et al., 2002). The software includes specific model for the most 

popular technologies in vapour compression system and it was employed as computer-aid design tool for the 

design of the prototypes and the selection of the system components, in the early stages of the NxtHPG project. 

IMT-ART provides accurate predictions of system performance with low CPU time. According to Corberán et 

al. (2002) the discrepancies between simulated and measured heating capacity and COP1 are within 5%, a result 

of the tests on a reversible air-water heat pump.  

In this paper IMST-ART is used as the modelling tool to make comparisons with the experimental data. 

The global model of the heat pump is divided in submodels: compressor, heat exchangers, expansion valve, etc. 

The sub-model for the heat exchanger takes into account its geometries and the heat transfer correlations, and it 

is created by selecting the corresponding type (BPHE) and input with the geometries based on manufacturing 

data. The sub-model for the compressor is constructed based on the ARI-polynomial equation provided by the 

manufacturer. All the experimental tests can be simulated imposing the same measured test condition to the 

inputs for the heat pump model, i.e. heat exchangers boundaries, subcooling and superheat. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

In this section the global performances of the heat pump are presented and discussed. All the tests are performed 

with the electronic expansion valve and liquid receiver by-passed. Charge is optimized for the design condition, 

having 2-3 K subcooling and minimum value of superheat that lead to stability (7 to 10 K).   

4.1. Global performance  

The main application area for the prototype is the production of hot water for space heating with the de-

superheater not active. The global performance of the prototype for this operating condition has been tested for 

the points in the experimental test matrix presented in Table 1. The test results for ���� and heating capacity Q�
h
 

are presented in Figure 2, as function of supply temperature from the heat source (���,��,���� at y-axis) and the 

forward temperature to the heating system (��,���,���� at x-axis). 

The mapping of the two parameters is a result of the regression of experimental data using the method of least 

square (Matlab® version R2015a ) with 2nd order polynomial function. The resulting � -values of the two 

regression are � = 0.9956 (Figure 2a) and � = 0.9739 (Figure 2b) with a maximum discrepancy of 2.8 % and 

2.2% respectively. The position for each experimental test condition in Table 1 is indicated in the plots.  
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The estimation of the error of the regression is calculated from the prediction bounds of the regression itself and 

reported in both plots; all the experimental tests are located in region with the estimated error less than 4 %. 

At the design condition (at ��,���,���� ! 45°�, ���,��,���� ! 0°�), ����	 is 3.3 and Q�
h
 is 45 kW with an error of 

2%. The obtained ���� varies between 2.5 and 4.3, while Q�
h
 varies from 40 kW to 50 kW. 

4.2. Performance with the de-superheater 

Simultaneous generation of DHW with hot water for space heating has been investigated while having the de-

superheater active (DS ON). The results for such tests are presented in Figure 3, as ���� and Q�
h
. For this mode 

of operation, the total heating capacity Q�
h
 is considered to be the sum of the heat extracted from both the 

condenser and the de-superheater. The 12 tests are divided in two groups according to the imposed condition for 

the water in the de-superheater, as described in section 3.1. In order to compare the performance of the heat 

pump for space heating only with combined space heating and domestic hot water production, two tests with -- 

water production for space heating only (test 1 and 7 from Table 1) have been selected as reference. The selected 

reference tests have the same boundary conditions, in the condenser and evaporator, as the tests with de-

superheater activated. 

Figure 3a presents the experimental ���� as function of the water inlet temperature in the de-

superheater	(�����&,��,'(). The values are distributed around two different bands of COP: the highest band with 

��,���,���� ! 45	°� and the other with	��,���,���� ! 55	°�. The data show small difference in ����	values for 

tests with DS ON compared to tests with desuperheater non-active (DS OFF). The average discrepancy is 1.4% 

for tests with de-superheater exit not controlled (i.e. partial condensation avoided); it increases to 2.8% for tests 

with fixed water outlet of 60 °C. 

Similar observation can be done for the total heating capacity: the values are located between 43 and 44.5 kW. 

Q�
h
 seems not be strongly influenced by the inlet condition in the de-superheater (�����&,��,'() and the occurring 

of partial condensation (�����&,���,'( controlled or not). The main difference in performance between the two 

groups of de-superheater tests is revealed when the de-superheater heating capacity ratio is plotted as function of 

	�����&,��,'(	(Figure 3b). For all the tests where partial condensation is avoided (�����&,���,'( not controlled) the 

de desuperheater capacity is relatively constant (around 20%) Tests with condenser boundary of 55 °� are just 

above the 45 °�–boundary tests. The ratio is significantly higher for tests controlled with fixed �����&,���,'( !

60°�, up to 64 % with ��,���,���� ! 55	°� and cold water feeding the de-superheater (�����&,��,'( ! 15°�).  

(a) COP1 map (b) Heating capacity map (kW) 

Figure 2 – Global performance of the heat pump presented as experimental COP1 (a) and heating capacity (b). The heat 

exchange occurs at the condenser for space heating; de-superheater is deactivated. The estimated accuracy is reported as 

isolines of relative error “ε= % “ 
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In these cases the increase of ��,���,���� from 45 to 55	°� doubles the production of DHW, considering the 

other conditions unchanged. Condensation pressure for the DS ON tests have similar values compared tests DS 

OFF, in agreement with the stability of the performance. The equilibrium pressure in the high stage is mainly 

determined by the heat transfer and the position of the lowest temperature difference across the heat exchangers 

(i.e pinch point) in the high stage.  Temperature differences across the heat exchangers have been evaluated at 

the following positions (on the refrigerant side, in order): desuperheater inlet, first condensation in DS, 

condenser inlet, condenser outlet. They are the potential positions for the pinch point when a 1D homogenous 

refrigerant flow is assumed. In all the tests the pinch point is located at the condenser inlet.  The water 

temperature there (��,���,����, counter-current configuration) assumes a key role for the resulting high stage 

pressure. The low sensitivity of	���� and Q�
h
 regarding the changes in the de-superheater, observed in the tests, 

confirms that the condenser is controlling the global performance, as during DS OFF tests. As result, the global 

performance of the heat pump can be evaluated using the result in Figure 2 for DS OFF, according to the 

following limitation in the desuperheater: �����&,��,'(  ≤ ��,���,���� with �����&,��,'( 	≤ 45°�	. 

4.3. Partial Load performance 

The tandem configuration of the compressor permits the system to work in partial load, deactivating one of the 

two compressors. The condition of tests 1 to 4 from Table 1 (no DS) has been tested in partial load and they are 

compared with the tests in full load with the same temperature conditions in the evaporator/condenser side in 

Figure 4.	���� is presented in Figure 4a as function of ��,���,����, a linear fitting is used to interpolate the data. 

For a fair comparison the heating capacity is normalized to the number of compressors and presented as specific 

heating capacity in Figure 4b. The performance in partial load is just slightly higher than the tests in full mode 

both as ���� and specific Q�
h
. For ���� the average difference is around 3%, similar to the actual experimental 

error for full load tests.  The average discrepancy is 1% for specific Q�
h
 . 

4.4. IMST-ART comparison 

The comparison of the experimental and calculation results using IMST-ART model is presented in Figure 5. 

The experimental results presented in this comparison are for the operating mode where only space heating need 

is covered by the heat pump, both full and partial load. Tests with de-superheater ON were not included in this 

analysis because they cannot directly be evaluated in IMST-ART, since the software cannot simulate a 

refrigeration system that includes two heat exchangers in series in the high pressure stage. The experimental 

���� and Q�
h
 are plotted versus the respective modelling results where an error band of ±5% is included in the 

graphs. All the tests are within the ±5% error band. The results are in agreement with the accuracy margin 

reported in previous studies referred to in section 3.3. 

(b) DS Heating Capacity 

Figure 3 – Experimental COP1 (a) and de-superheater heating capacity (b) for tests with heat extraction from the de-

superheater (DS ON) compared with reference test with de-superheater deactivated (DS OFF). 
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5. CONCLUSION 

The use of propane in water-to water heat pumps was evaluated using computer modeling combined with 

experimental results.  The heat pump prototype was tested for hot water production for space heating and for 

domestic hot water (DHW). The experimental investigations were conducted with a forward temperature for 

space heating between 30°C and 55°C (45°C as design condition). The return temperature of the secondary fluid 

from the ground varied from -5°C to +5°C, with most of the tests at 0°C (design condition). The co-production 

of DHW was tested considering tap water temperature at 15, 35, 45°C and hot water supplied at a temperature of 

60°C, at least. 

At the design condition the heating ����	(no auxiliaries included) was 3.3 with heating capacity Q�
h
 of 45 kW. 

���� was experimentally evaluated to be in a range from 2.5 to 4.3, while Q�
h
 varied between 40 kW and 50 kW 

for only space heating load. Tests with co-production of DHW resulted in negligible difference in COP and heat 

rejected from the system, with pressure in the high stage of the heat pump controlled by the water outlet 

temperature from the condenser. The de-superheater capacity was relatively constant, around 20% of the total, if 

partial condensation was avoided in the desuperheater. With imposed desuperheater water outlet of 60°C the 

desuperheater capacity was strongly influenced by the inlet temperature and it can reach up to 65% at very low 

water inlet temperatures. The partial load tests resulted in slightly higher COP and Q�
h
, by 3% and 1% 

(b) Specific Heating Capacity 
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respectively with the difference in the range of the experimental error. The simulation model of the prototype 

was created using the software IMST-ART, and the simulated results at each test condition were compared with 

the experimental values. The software overestimates the COP1 by up to 5%; the result was within the accuracy 

margin for IMST-ART reported in literature. The heating capacity was predicted within the range of ±5%. 
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