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Publishable executive summary 
Purpose:  

HYBUILD is an EU Horizon 2020-funded project, led by COMSA, which will develop two 
innovative compact hybrid electrical/thermal storage systems for stand-alone and district 
connected buildings. Deliverable D3.4 “Report on the experimental tests and the final design of 
the hybrid sub-systems” present mainly the results of the experiments under lab-controlled 
conditions. They were carried out with the HYBUILD sub-systems in the facilities described in 
Deliverable 3.3. 

Special focus was put on the testing of different operating conditions before the entire systems 
will be implemented on the demo-sites. Deliverable D3.4 summarizes all the knowledge gained 
from the experiments. Furthermore, several suggestions to improve the design and the 
operating modes are given. 

Although the thermal and electric storages used in the Mediterranean and the Continental 
concept of HYBUILD are similar, their integration into each concept is different. Hence, both 
concepts are always dealt separately in the following.  

Methodology:  

Mediterranean system: 

For the Mediterranean system, HYBUILD complete sub-system consists of the sorption module, 
the heat pump with the RPW-HEX working as latent storage and the electricity storage 
integrated in the DC bus. The components for the sub-system were tested at CNR ITAE. In 
particular, two versions of the RPW-HEX integrated with the heat pump were tested. The main 
difference between the two versions of the latent storage is the presence of a new refrigerant 
distributor in the second version, that reduces the non-uniformity in the charge/discharge 
encountered with the first version. The following methodology was applied for the 
measurements: 
 Characterization of the heat pump with RPW-HEX as a stand-alone unit at different 

operating temperatures and compressor speeds, testing the possible operating modes 
(charge of the PCM, discharge of the PCM, operation with the standard evaporator, parallel 
charge/discharge of the PCM). 

 Characterization of the sorption module as a stand-alone unit to define a performance map 
under the operating conditions for cascade connection with the heat pump. 

 Integration of the heat pump with DC bus and batteries, to simulate realistic operating 
conditions for reference days under the configuration that will be installed at Aglantzia 
pilot. 

Continental system: 

For the Continental system mainly three different experimental configurations were tested in 
the lab.  

Two experimental configurations were tested during a first test series in 2019, (1) the OCHSNER 
HP with an inverter capable of direct DC integration was tested without the RPW-HEX. After the 
first start-up difficulties had been solved with the HP without RPW-HEX, (2) the first full scale 
RPW-HEX prototype from AKG (version 1) was tested together with the HP in summer 2019. 
Because the DC bus prototype from CSEM was used at CNR/ITAE for testing the Mediterranean 
system together with the battery, the DC feed of the inverter in the HP was tested with a DC 
generator from AIT. 
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A third experimental configuration was tested during a second test series in May-August 2020. 
To have the full thermal system tested, three decentralized sensible water storages 
(enerboxxes) and a thermal controller from PINK were added. Also, a hydraulic separator 
provided by OCHSNER to decouple the internal water cycle of the HP from the external water 
cycle were integrated in the experiment. The obtained system allows operating at close to 
demo-site conditions. The inverter of the HP was operated with DC current using the previously 
mentioned DC generator all the time.  

The following methodology was applied for the measurements: 
 Characterization of the heat pump without RPW-HEX in the lab.  
 Characterization of the heat pump with Continental RPW-HEX version 1 in the lab. 
 Characterization of the heat pump with Continental RPW-HEX version 3, three 

decentralized sensible water storages (enerboxxes), a thermal controller and a hydraulic 
separator in the lab. 

Key Findings and Conclusions:  

Mediterranean system: 

The key findings of the testing of the Mediterranean system are the following: 
 The heat pump, under stand-alone operation, has a cooling capacity ranging between 8 kW 

and 15 kW, with a correspondent EER in the range 3-7 according to operating conditions.  

  
Figure 1: Overall map of cooling capacity and EER for the operation of the heat pump with standard evaporator. 

 The storage capacity of the RPW-HEX is about 2 kWh. The main parameter affecting the 
amount of energy recovered and the power supplied to the user is the flow rate of the HTF. 
An optimal value of 0.17 kg/s was estimated. Moreover, prior to the insulation of the 
storage, some tests with IR camera were done to check the temperature gradients inside 
of the storage. The heat losses effect was confirmed. It was estimated that, under the 
ambient temperature of 20°C, the time needed to completely discharge the storage due to 
heat losses, is 13 h.  
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Figure 2: Thermal image of the RPW-HEX version 2 and energy discharged as a function of flow rate of the HTF. 

 Operation of the sorption module under a reference day condition was tested, i.e. with 
variable condenser inlet temperature (corresponding to variable ambient temperature). It 
was verified that the module was able to provide a temperature in the range 16-23°C in the 
circuit connected to the condenser of the compression heat pump, thus meeting the design 
target. 

 
Figure 3: Testing of the sorption module for a reference day condition. 

The results obtained were further reduced in order to obtain simplified models for 
implementation in the Artificial Intelligence-based control system developed with WP4 of 
HYBUILD. In particular, a polynomial equation was derived, which describes the operation of the 
compression heat pump as a function of the temperature inlet to the compressor and the 
pressure in the evaporator. The energy charged and discharged within the RPW-HEX can be 
described by an integral heat curve that is a 2nd grade polynomial expression.  

 
Figure 4: Simplified equations for charge/discharge operation of the latent storage. 

A techno-economic analysis on the Mediterranean system was carried out, considering 2 
buildings located in Athens and Madrid and the different operating conditions for 1-year 
operation. Results indicate that the system for the Athens building including the heat pump with 
latent storage allows savings of 300 €/y whereas, by exploiting the full HYBUILD configuration 
with sorption module, heat pump and latent storage, savings of up to 600 €/y can be achieved 
in Madrid. 

The testing for the entire Mediterranean subsystem (heat pump+PCM+sorption storage+DC bus 
and electric storage) proved that, for cascade operation, EER of 7 to 4 can be achieved according 
to external temperatures, whereas for traditional operation of the compression unit as a stand-
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alone one it ranges from 2.5 to 4. The most innovative feature of the hybrid unit is the possibility 
to exploit part load operation for simultaneous charge/discharge of the PCM storage, i.e. only 
part of the energy is supplied to the user to satisfy the cooling demand and the remaining part 
is used to charge the PCM to extend operating hours. The energy efficiency under this operating 
mode, when cascade configuration is used, allows maintaining at least the same efficiency as 
the reference compression heat pump.  

Continental system: 

The key findings of the tests of the Continental system are: 

 The operation modes of the system were successfully tested in the lab including the HP, the 
RPW-HEX, the decentralized DHW storages, the hydraulics and the thermal controller.  

 In direct DHW generation mode, the re-charging of the RPW-HEX, before it can provide 
water at high temperatures, takes too long. Furthermore, the HP controller had problems 
to guarantee a stable operation during this time. Hence, the strategy was changed to bypass 
the RPW-HEX during direct DHW generation with the aid of magnetic valves in the 
refrigerant line. This operation worked well in the lab, when the RPW-HEX was bypassed 
with the aid of already implemented manual valves during operation. For the demo-site, 
the HP will be equipped with the proposed magnetic valves which will be controlled by the 
HP controller.  

 The inverter of the HP during the tests with the RPW-HEX version 3 had problems at low 
ambient temperatures (<-2°C) and high condensing temperatures (about 60°C). Limiting the 
maximum speed of the compressor to 90% of the maximum speed for all experiments 
solved the problem but also led to a reduced heating capacity. 

 Cooling mode worked without any problems, but due to the higher feed water temperature 
for cooling (18°C) needed at the new demo site in Langenwang (AT), the energy provided 
by the hot gas of the HP is expected to be too low to charge the RPW-HEX within a 
reasonable time span. Hence, it is suggested to bypass the RPW-HEX on the refrigerant side 
in cooling mode at the demo-site. 

 At a typical operating point in winter (ambient temperature -2°C, feed water temperature 
about 40°C), when energy efficient DHW generation with the RPW-HEX is possible, 
experiment over two days (48 h) were carried out. DHW usage was emulated by using a 
reasonable tap water profile with an average DHW consumption of about 6 kWh/day per 
decentralized DHW storage. During these two days, it was possible to charge and discharge 
the RPW-HEX for seven times (seven cycles were carried out). The energy transferred to the 
decentralized DHW storages during one cycle was between 5 kWh and 8 kWh with the 
Continental RPW-HEX version 3 (see Figure 5).  
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Figure 5: Difference of energy between the beginning and the end of the RPW-HEX discharging (DHW charging) 
operation. Calculated from temperature sensors in RPW-HEX (blue), calculated from the energy transferred from 
the refrigerant to the RPW-HEX (red) and calculated from the energy transferred to the water that feeds the 
decentralized DHW storages (orange). 

The heat transferred from the condenser and provided by the HP running at a high COP 
contributed with around 10% to 30% to the total energy transferred to the decentralized 
storages. The remaining energy (about 5 kWh) was provided by the RPW-HEX, whereby the 
latent share of thermal energy stored in the RPW-HEX was around 50%. In other words, 
with the last Continental RPW-HEX, designed for a latent stored energy of around 2.5 kWh, 
it was able to provide in average 6.52 kWh of thermal energy for DHW charging per cycle. 
 

 At the operating conditions defined in the previous point, the energy efficiency ratio 
calculated from the electric energy consumption of the HP including the water pump of the 
inner water cycle, the fan of the outdoor unit and the thermal energy transferred from HP 
and RPW-HEX to the inner water cycle was around 2.55 after two days of operation (see 
Figure 6). Depending on the ice aggregation on the outdoor unit and the part load 
behaviour, the EER during heating and RPW-HEX charging varied between 2.2 and 2.8.    
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Figure 6: Time dependent total energy efficiency ratio calculated from the heat transfer rates and electric 
consumption at a certain point of time (EER, black, dashed) and integrated over the time (𝑬𝑬𝑹, blue, solid). 

 

Furthermore, a techno economic analysis showed that, for a low energy building located in 
Strasbourg (average European climate), the optimal size of the RPW-HEX is around 4-5 kWh, 
whereby the heat pump capacity in the analysed case was the same size as the HP used in the 
lab experiments and in the demo and the building size was scaled. This is already close to the 
capacity of the Continental RPW-HEX version 3 (about 5 kWh, see also Figure 5).  
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Nomenclature 
cp specific heat, J/(kg K) 
COP Coefficient Of Performance 
E Energy, J  
EER  Energy Efficiency Ratio 
f frequency, Hz 
h Specific enthalpy, J/(kg K) 
H Enthalpy, J/K 
ṁ mass flow rate, kg/s 
Q Thermal Energy, J 
Q̇ Thermal Power, W 
P Electric Power, W 
p Pressure, bar 
T, ϑ Temperature, °C 
t time, s 

Acronyms and Abbreviations 
AIT Austrian Institute of Technology 
AKG AKG Verwaltungsgesellschaft 
CNR see ITAE 
CSEM Centre suisse d’électronique et de microtechnique 
DAIK Daikin 
DC Direct Current 
DHW Domestic Hot Water 
EER Energy Efficiency Ratio 
enerboxx enerboxx® Energy efficient DHW-storage from PINK 
FAHRENHEIT FAHRENHEIT GmbH  
HEX Heat EXchanger 
HT, MT, LT High Temperature, Medium Temperature, Low Temperature 
HTF Heat Transfer Fluid 
HP  Heat Pump 
CNR-ITAE Consiglio Nazionale delle Ricerche -  

(aka CNR-ITAE) The Advanced Energy Technology Institute “Nicola Giordano” ITAE  
NTUA National Technical University of Athens 
OCHSNER Ochsner Wärmepumpen GmbH 
PCM Phase Change Material 
PFD Process Flow Diagram 
P&ID Piping and Instrumentation Diagram 
PID Proportional–Integral–Derivative 
PINK Pink GmbH 

RPW-HEX 
Refrigerant-PCM-Water HEX (latent storage integrated in the refrigerant cycle 
of a compression heat pump) 
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WP Work Package 

 

Subscripts 
ch charge 
comp compressor 
cond condenser 
disch discharge 
el electric 
evap evaporator 
in inlet 
out outlet 
sorp sorption 
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1 Introduction 

1.1 Aims and objectives  
HYBUILD is an EU Horizon 2020-funded project, led by COMSA Corporación, which will develop 
two innovative compact hybrid electrical/thermal storage systems for stand-alone and district 
connected buildings. Deliverable D3.4 “Report on the experimental tests and the final design of 
the hybrid sub-systems” describes the experimental development, the results of the 
experimental tests and the lessons learned from the lab tests of the hybrid sub-systems for the 
Mediterranean and the Continental concept in the laboratories at CNR/ITAE, NTUA and AIT. 
Furthermore, it includes first techno-economic considerations for the thermal sub-systems. 

The main aim was to analyse the different operating modes of the combined integrated systems 
including heat pumps (compression and sorption), latent storage (RPW-HEX), batteries, DC bus 
and further individual components like decentralized DHW storages or the thermal controller in 
the Continental system, in a controlled thermal environment, prior to the installation in the 
demo-sites. Furthermore, Deliverable 3.4 represents the last deliverable of WP3 and 
summarizes the final design decisions for the two hybrid sub systems. 

1.2 Relations to other activities in the project 
The results presented in this deliverable were carried out with the set-ups (the hardware) 
discussed in D3.3 “Full hybrid storage integrated”. Deliverable D3.2 “Configuration of the hard- 
and software interfaces of the DCS finished” describes how these set-ups were integrated in the 
lab infrastructure and Deliverable D3.1 “Modular flow sheet simulation of the hybrid (sub-) 
system” helped to design the integrated systems.  

Main components of the set-ups (RPW-HEX, sorption module, DC bus) used in the present 
deliverable, were developed within WP2. 

Moreover, information summarized in this deliverable had and will have a strong impact on the 
final design of the hardware that was and will be delivered to the demo-sites (WP6), 
respectively. Results from the techno-economic analysis of the hybrid sub-system give first ideas 
about the size of the storages for simulation carried out in WP4 and LCA activities in WP5. 

 

1.3 Report structure 
This report presents the main outcomes of the lab tests of the Mediterranean and the 
Continental systems. Since the two concepts are very different, their results are always 
described separately in the following.  

Section 2 is devoted to the results of tests done at NTUA on the heat pump with the RPW-HEX. 
Data reduction is presented (section 2.1), followed by results of tests in different configurations 
(2.2). 

Section 3 is focused on the Mediterranean system. At first (section 3.1) the layout of the 
Mediterranean sub-system is presented, subsequently experimental facilities (section 3.2),  
testing conditions (section 3.3) and data reduction (section 3.4). Sections 3.5 and 3.6 present 
the results with the two versions of the heat pump and RPW-HEX tested. Section 3.7 presents 
the preliminary characterization of the sorption module. Section 3.8 presents some dedicated 
activities to verify the operation of the sorption and compression units in cascade. The hybrid 
storage operation (thermal+electrical storage) is discussed in section 3.9. Section 3.10 contains 
the simplified models developed as outcome of experimental activities. Finally, section 3.11 
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summarises the main findings of the techno-economic analysis of the system. In section 3.12, 
the lessons learned and the design decisions for the Mediterranean system are outlined. 

Section 4 presents the results from the Continental system. The heat pump for the Continental 
system was first tested without the RPW-HEX in winter/spring 2019 (benchmark tests), with the 
Continental RPW-HEX version 1 in summer 2019 and finally with the Continental RPW-HEX 
version 3 in summer 2020. The first the experimental tests of the compression HP without RPW-
HEX (benchmark tests in winter/spring 2019) and the experimental tests of the HP with the 
integrated Continental RPW-HEX version 1 (spring/summer 2019) are presented in section 4.1. 
Then the experimental tests of the HP with the integrated Continental RPW-HEX version 3 
(spring/summer 2020) are discussed in section 4.2. Subsections of section 4.1 and 4.2 describe 
each the layout, the data reduction, the results, the lessons learned and the design decisions 
that have been made based on the experiments. The techno-economic analysis of the hybrid 
sub-system is finally discussed in section 4.3.  

Section 5 contains the tests on the complete Mediterranean sub-system done in January-
February 2021 at CNR. 

1.4 Contributions of partners 
Mediterranean system (CNR, NTUA, AKG, EURAC, FAHRENHEIT, DAIKIN):  

CNR/ITAE installed and tested the sub-system in the lab, was mainly responsible of the 
development of the Continental concept and wrote section 3 of the deliverable. NTUA tested 
the RPW-HEX and heat pump prior to shipment to CNR/ITAE and wrote section 2 of the 
deliverable. FAHRENHEIT tested preliminarily the sorption module at Fahrenheit premises in 
Halle. AKG developed and implemented the RPW-HEX. EURAC supplied the simulations for 
techno-economic analysis. DAIKIN provided two heat pumps for the lab tests (that will be further 
used on the demo-sites) and supported NTUA in the design of the heat pump. 

Continental sub-system (AIT, AKG, OCHSNER, PINK, UDL):  

AKG designed all Continental RPW-HEX modules together with AIT and manufactured three 
different versions of full-scale RPW-HEX modules (about 2.5 kWh latent storage capacity) for the 
lab tests. OCHSNER developed, adapted and retrofitted the air-source-HP for the tests in the AIT 
labs; furthermore, they provided the hydraulic separator for the second experimental test series 
(spring/summer 2020) and helped during the installation phase at AIT. PINK provided three 
enerboxx DHW-storages, three hydraulic modules, a thermal controller for the second 
experimental test series (spring/summer 2020) and helped during the installation phase at AIT. 
UDL, together with AKG, OCHSNER and PINK gave valuable input for the techno-economic 
analysis carried out by AIT. AIT planned and carried out the integration of each component in 
the lab, was mainly responsible for the development of the Continental concept, carried out the 
experimental tests described in this deliverable and wrote section 3 of the present report. 
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2 Preliminary results of tests on the Mediterranean heat pump+RPW-
HEX  

Prior to shipment at ITAE, the heat pump with RPW-HEX was modified at NTUA and tested in 
the facilities described in Deliverable 3.2. In this section, the main results of the tests, that aimed 
at providing a benchmark prior to the coupling with the other components, are presented. 

2.1 Data reduction 

2.1.1 Parallel operation 

For the Mediterranean system the useful thermal energy is the one obtained from the 
evaporator of the heat pump. Even though this value is easy to be determined with 
measurements on the water side for the standard evaporator, the case for the RPW-HEX is more 
complicated. When the RPW-HEX is in operation, the heat balance among the three streams is: 

�̇� + �̇� = �̇� − �̇�  
(1) 

 

Where the subscripts PCM, W, r and loss correspond to the net heat flow to or from the PCM, 
water, refrigerant the heat losses, respectively.  

�̇� = �̇� , �̇� , 𝑐 ( ) 𝑇 , − 𝑇 ,  
  ?

 

(2) 

 
�̇� (𝑘𝑊) = �̇� , · 4.19 · 𝑇 , − 𝑇 ,  

(3) 

 

 /
�̇� (𝑘𝑊) = �̇� , · 3.74 · 𝑇 , − 𝑇 ,  

(4) 

As a result, the momentary EER of the heat pump may be written as follows, where �̇�  is the 
power measured for the refrigerant and Pel is the electric power input: 

𝐸𝐸𝑅 =
�̇� − �̇�

𝑃
≅

�̇�
𝑃

 

(5) 

assuming that the instantaneous value of the heat losses is relatively small compared to the 
other variables.  

Apart from the electrical consumption of the compressor, which can be directly monitored from 
a power meter or the frequency drive, the definition above implies that the inlet and outlet 
enthalpies of the evaporator and the refrigerant mass flow rate should be known. Given that 
the pressure and the temperature at the outlet of both the evaporator and the condenser are 
measured and the enthalpy at the outlet of the receiver can be assumed to be equal to the 
bubble enthalpy of the refrigerant for the measured condensation pressure and almost equal to 
the enthalpy at the inlet of the evaporator, the only unknown parameter is the refrigerant mass 
flow rate. This value can be estimated as follows: 

a. Calculate the �̇�  heat flow as a function of the measured water temperatures and 
flow rate on the water side of the condenser: 
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�̇� , = �̇� , 𝑐 𝑇 , − 𝑇 ,   
(6) 

�̇� , (𝑘𝑊) = �̇� , ·  4.19 · 𝑇 , − 𝑇 ,  
(7) 

 

b. Then, using the measured condenser pressure and inlet temperature values and 
assuming negligible losses on the condenser, the refrigerant mass flow rate can be 
estimated from the following expression: 

�̇� =
�̇� ,

ℎ 𝑝 , 𝑇 , − ℎ 𝑝 , 𝑇 ,
 

(8) 

 
c. Since the outlet pressure of the condenser is almost equal to the receiver pressure, the 

outlet enthalpy of the receiver can also be evaluated: 

ℎ , = ℎ (𝑝 ) 
(9) 

And assuming an isenthalpic expansion in the expansion valve it gives: 

ℎ , = ℎ ,  
(10) 

 

d. As previously mentioned, the pressure and temperature at the outlet of the evaporator 
is measured, thus: 

ℎ , = ℎ 𝑝 , , 𝑇 ,  
(11) 

�̇� = �̇� ℎ , − ℎ ,  
(12) 

This procedure allows the determination of the 𝑄  value based on real time measurements, but 
imposes errors due to the required assumptions and the variety of the utilized sensors, with 
each of them adding uncertainty to the calculations. Therefore, in order to evaluate the 
measurements and estimate the systemic error, the total energy balance of the system is 
calculated with the aim to achieve an error less than 5% for stable conditions in parallel 
operation:  

𝑄 = 𝑄 , − 𝑄 , − 𝑄 − 𝑄  
(13) 

�̇� = �̇� , · (ℎ , − ℎ , ) 
(14) 

𝜀 =
�̇�
�̇�

 
(15) 

2.1.2 Charge mode 

The energy which is stored in PCM is calculated from the heat balance of the system  

�̇� + �̇� = �̇� − �̇�  
(16) 
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Considering negligible heat losses and taken into account that Qw=0 due to zero water flow 
through the evaporator circuit, QPCM may be written as follows: 

�̇� = �̇�  
(17) 

The stored cooling capacity is therefore 

𝑄 = �̇� ∙ 𝑑𝑡 = �̇� ∙ 𝑑𝑡 
(18) 

 where t1 is considered as the moment when TPCM =12oC and t2 when TPCM=-2oC 

2.1.3 Discharge mode 

The energy which is discharged by the PCM is also calculated from the heat balance of the 
system  

�̇� + �̇� = �̇� − �̇�  
(19) 

Considering negligible heat losses and taken into account that Qr=0 as the heat pump is off 

�̇� = �̇�  
(20) 

The discharged cooling capacity is therefore 

𝑄 = �̇� ∙ 𝑑𝑡 
(21) 

where t3 when TPCM =-2oC and t4 when TPCM=12oC. 

Finally, in order to estimate the heat losses of the RPW-HEX and the piping system, the 
difference between the stored energy during the charge phase and the discharged cooling 
power output during the discharge phase is calculated by the following equation: 

𝑄  (𝑘𝑊ℎ) = �̇� − �̇�  
(22) 

2.1.4 Validation of calculation procedure with the standard evaporator of the heat pump 

Figure 7 validates the calculation procedure described in the section above over a 7 min 
operation cycle of the Mediterranean heat pump with the standard evaporator. During the test, 
the condenser conditions were kept almost constant with a condensing temperature equal to 
33.5 ± 0.5°C and a ΔΤ equal to 5°C. The instantaneous EER value is plotted against the inlet 
evaporator temperature and the evaporator cooling capacity (in kW), showing an expected 
decrease of the EER from the value of 3.2 to a value of 2.5 when the evaporator inlet 
temperature is decreasing from 16°C to almost 10°C. Besides, the cooling capacity of the heat 
pump is also decreased. 
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Figure 7_ Monitored EER and evaporator capacity values for varying 

evaporator inlet temperature of the Mediterranean heat pump (operation 
with standard evaporator) 

Figure 8 depicts the calculated refrigerant mass flow rate through the experiment, along with 
the pressure ratio (equal to 𝑝 /𝑝 ) of the compressor. A small decrease on the mass flow 
rate can be noticed, which can be attributed to increased compressor leakages and lower 
evaporation pressure (which causes the TEXV (Thermal Expansion Valve) to close a bit as well). 

 
Figure 8 Monitored refrigerant mass flow rate versus the compressor 

pressure ratio of the Mediterranean heat pump (operation with standard 
evaporator) 

After validating the calculation procedure presented above, the heat pump was tested under 
various operational conditions in order to draw its performance map with the standard 
evaporator. The results are presented in Figure 9. It should be noted that under nominal 
operation conditions (i.e. condenser temperature at 30oC and inlet evaporator temperature at 
12oC) the measured values of the Qevap (11.6 kW) and the EER (3.6) are about 10% lower than 
the rated ones.  



  Deliverable D3.4 

20 
 

 
Figure 9: Performance map of the heat pump unit under a ΔΤ of 5K at the water side of both the 

evaporator and the condenser (operation with standard evaporator) 

As already mentioned, in order to achieve lower temperatures in the evaporator and water 
freezing to be avoided, the evaporator hydraulic circuit has been charged with glycol/water 
mixture (40% v/v).  The effect of the addition of glycol on the performance of the heat pump 
with the standard evaporator is shown in Figure 10.  As expected, the use of glycol/water 
mixture leads to lower cooling capacities and increased flow rates for the same conditions 
compared to the use of water. 

 

 
Figure 10: Effect of the addition of glycol in the evaporator circuit on the heat pump cooling capacity and 

the needed flow rate to achieve same operation conditions (operation with standard evaporator) 

  

Effect of glycol (40% v/v) 

Nominal Conditions 
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2.2 Tests on the RPW-HEX  
In order to evaluate the operation of the RPW-HEX and compare its performance with the 
standard heat exchanger several tests were conducted in three modes:  

 Parallel mode. In this mode, the heat pump is in operation and the cooling is transferred 
to/from the PCM and the glycol/water mixture.  

 Charge mode of the RPW-HEX. In this mode, the heat pump is in operation while there 
is no glycol/water mixture flow in the evaporator circuit.  

 Discharge mode of the RPW-HEX. In this case, the heat pump is turned off, while the 
glycol/water mixture flow is ON and receives the cooling capacity discharged by the 
PCM.  

The aforementioned tests were conducted under the conditions specified in Table 1: 

Table 1: Tested Operation conditions  

MODE VARIABLE UNIT VALUE AND 
VARIANCE 

Parallel operation Evaporator water inlet 
temperature 

°C 10 - 15   

Condenser water inlet 
temperature 

°C 30 - 40  

ΔT in evaporator Κ 3 and 5  

ΔΤ in condenser Κ 5  

Compressor frequency Hz 50 

Charge/Discharge PCM temperature limits °C [12, -2]  

 

2.2.1 RPW-HEX and heat pump behaviour under various operational conditions  

As the heat pump is originally rated for ΔΤ=5Κ at the water circuits of both the evaporator and 
the condenser it was first attempted to test the heat pump with the RPW-HEX under the same 
conditions. However, as it is shown next, it was impossible to keep a stable operation with a ΔΤ 
of 5K in the water side of the evaporator, as a relatively low flow rate needs to be imposed.  
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Figure 11: System operation with RPW-HEX 

In turn, this low flow rate cannot achieve a high enough heat flux from the water side towards 
the refrigerant via the PCM layers inside the RPW-HEX. Instead, the cooling capacity is absorbed 
by the PCM and is not delivered to the hydraulic circuit (Figure 11).  This is also implied by the 
temperature profile of the PCM (lower vs upper temperature). The temperature of the PCM 
drops and in turn it drops the temperature of the refrigerant which closes a positive feedback 
loop. The result is a continuous drop of the temperatures of the whole system which makes 
impossible its stable operation. Eventually, the refrigerant temperature becomes so low that the 
pressure switch eventually turns off the heat pump. For this reason, increased water flow is 
needed in the RPW-HEX in order to obtain thermal equilibrium, which imposes lower ΔΤs at the 
hydraulic side of the evaporator.  

The performance values Qr and Qevap during tests with different ΔΤs imposed at the evaporator 
are depicted in Figure 12, with their difference to express the average cooling capacity stored in 
the PCM (Qpcm= Qr- Qevap), including the heat losses of the RPW-HEX and the respective piping. 
It is obvious that in the case of ΔΤ=3Κ these two curves are much closer, indicating a much more 
stable operation of the heat pump.   

It should also be noted that, in case of ΔΤ=3K, the “cold flux” in the PCM is increasing with 
decreasing evaporator inlet temperature. This is due the fact that the PCM enters its phase 
change temperature region from the refrigerant side at about 4oC.   
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Figure 12: Qw and Qr vs evaporator inlet temperature for a) ΔT=5K and b) ΔT=3K at the 
evaporator side. In both cases Tcond,(in/out)=30/35oC. 

The difficulty to stabilize the system at lower evaporator temperatures can also be seen 
in Figure 13. During the first 300 seconds there is a constant temperature glide at the 
evaporator inlet from 15 to 14oC and this causes the PCM to absorb about 1.5 kW of 
average cooling capacity before the system is stabilised. Between 400 s and 600 s, the 
operation of the system is quite stable (the Qpcm observed in this case may be 
considered as heat losses and systematic measurements error) and at about 700 s the 
three-way mixing valve set point is changed to 13oC and immediately the Qpcm 
increases. At 900 s, a further change in the set point of the three-way mixing valve to 
12oC causes the Qpcm to further increase at about 2 kW. Therefore, when adjusting the 
set point of the system it is important to let all the necessary time for the stabilization 
of the PCM inside the RPW-HEX before considering a stable operation point. 

 

Figure 13. PCM response at varying evaporator inlet temperatures (ΔT=3K at the evaporator side and Tcond 
(in/out)=30/35oC) 

The same effect can also be seen in the diagrams below (Figure 14), presenting indicative 
measurements after a set point change at the evaporator inlet for different evaporator inlet 
temperatures and at Tcond(in/out)=30/35oC. Comparing these two diagrams it can be concluded 
that the RPW-HEX is more stable for higher evaporator inlet temperatures and lower ΔΤ and its 
response becomes faster with the PCM absorbing less cooling capacity. 
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Figure 14: (a,b). Qw,  Qr and  PCM response at varying evaporator inlet temperatures and 
Tcond,(in/out)=30/35oC) 

Another operational issue when operating the heat pump with the RPW-HEX, is the occurrence 
of oscillations in the operation of the heat pump. This is best expressed in the high pressure of 
the refrigerant circuit, but it also affects other operational and performance parameters such as 
the rejected heat in the condenser, the low pressure of the refrigerant circuit, the superheating 
degree and the pressure of the refrigerant at the evaporator outlet as well as the produced 
cooling capacity. These oscillations can most probably be attributed to the inability of the TEXV 
(thermal expansion valve) to handle the amount of refrigerant mass flow rate at given pressure 
ratios since its orifice has originally been dimensioned for the standard evaporator. Figure 15 
shows the oscillation of the condenser pressure (Pcond) during tests with fixed condenser 
temperatures (in/out=35/40oC) and imposed ΔΤ of 5K and 3K at the evaporator. Apparently, in 
the case of ΔΤ=5K the oscillations of the condenser pressure and the evaporator inlet 
temperature are more intense and are present throughout the test, although their amplitude 
increases with decreasing evaporator inlet temperature. Interestingly, in the case of ΔΤ=3K the 
oscillations appear only at lower evaporator inlet temperatures with a threshold value of 
Tevap,in=12 oC.  
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Figure 15: Oscillations of heat pump operation with RPW-HEX under different evaporator 
input temperatures and imposed ΔTs at the evaporator water side (Tcond(in/out)=35oC) 

2.2.2 Parallel operation 

The performance maps presented next have resulted from a series of experiments in which each 
operational point was calculated for each temperature in the evaporator, with a step of 1oC. 
Each series was conducted for constant condenser conditions (i.e. water inlet temperature and 
ΔΤ=5Κ) and constant ΔT of 3K at the evaporator. After each modification of the evaporator water 
inlet temperature, all operation parameters needed to be first stabilized before considering a 
working point. According to the analysis presented above, stable conditions were considered to 
have been achieved not only when the various water temperatures had been stabilized, but also 
when the cooling power was stabilized and the PCM had also been stabilized (no absorption or 
rejection of cooling load by the PCM is taking place).  

(a) 
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 Figure 16: Performance map of the heat pump unit integrated with the RPW-HEX  in parallel 
operation under a ΔΤ of 5K in the condenser and a ΔΤ of 3K in the evaporator: a) Qw, b) EER. 

 

The diagrams of Figure 16 depict the performance map of the heat pump operating with the 
RPW-HEX in parallel operation.  Each series of experimental measurements was fitted with a 
second-degree polynomial trend line using the least squares method with a very good fitting as 
the R2 values indicate. The operation curves compared to the ones measured for the standard 
evaporator with water (standard operation - Figure 9) are steeper, with the values showing 
greater variation. This fact indicates that when operating with the RPW-HEX the effect of the 
operational conditions on the performance of the pump in terms of produced cooling capacity 
(Qw) and EER is stronger. It should be noted that overall, the values of the produced cooling 
capacity (Qw) and EER are lower compared to the standard operation, which can be attributed 
primarily to the lower efficiency of the RPW-HEX and secondarily to the effect of the addition of 
glycol in the evaporator circuit (see Figure 10). For example, under nominal operation conditions 
(i.e. condenser inlet temperature at 30oC and inlet evaporator temperature at 12oC) the 
measured values of the Qw and the EER are 11.6 kW/3.6 and 10.8 kW/3.25 for standard 
operation and parallel operation with the RPW-HEX respectively. 

For better depicting the performance of the heat pump with integrated the RPW-HEX as well as 
for modelling purposes, the measured operation points presented in Figure 16 have been fitted 
with 3D performance curves using standard MATLAB tools.  The results are shown in the 
diagrams of Figure 17.  

(b) 
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Figure 17. Interpolated 3D performance curves of the heat pump with integrated the RPW-HEX: a) Qw, b) EER. 

The polynomial curves are second degree both by x and y axis and have been calculated using 
the least-squares method. The form of each function is:  

𝑓(𝑥, 𝑦) = 𝑝 + 𝑝 𝑥 + 𝑝 𝑦 + 𝑝 𝑥 + 𝑝 𝑥𝑦 + 𝑝 𝑦  

where x is the inlet water temperature at the evaporator and y is the inlet water temperature 
at the condenser. The fitting coefficients and goodness of fit are listed in Table 2. 

 

(a) 

(b) 
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Table 2: Fitting coefficients and goodness of fit for 
the interpolated 3D performance curves on the 

measured operation points 

Coefficients Qr Qevap,w EER 

P00 -5.929 -5.026 0.4496 

P10 2.206 2.282 0.7576 

P10 0.137 -0.02249 -0.08881 

P20 -0.06347 -0.05746 -0.01604 

P11 -0.006846 -0.01066 0.006605 

P02 -0.001663 0.001466 0.001302 

Goodness of fit    

SSE 0.1624 0.1157 0.01787 

R-square 0.9829 0.9912 0.9937 

Adjusted R-square 0.9758 0.9834 0.9911 

RMSE 0.1163 0.1134 0.03859 

 

2.2.3 Charging and discharging modes 

The RPW-HEX behaviour during charging and discharging mode is depicted in Figure 18 and 
Figure 19 respectively. As it can be seen in Figure 18, a serious issue during charging is that within 
the RPW-HEX, only the lower part of the PCM that is contact with the refrigerant circuit gets 
charged while the temperature at the upper part that is in contact mainly with the glycol/water 
circuit remains almost unaffected. This is due to having no flow in the water side of the 
evaporator and therefore no heat flux from the glycol/water mixture towards the refrigerant 
circuit via the PCM that would balance the temperature profile of the PCM throughout the whole 
RPW-HEX. Therefore, only the lower PCM temperature was considered for calculating the 
charged and discharged cooling capacity. 

 
Figure 18: Charge test of the RPW-HEX in Charging mode (no flow in the water side) 
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The charging test (Figure 18) was conducted starting from a PCM temperature higher than 12oC 
(higher limit for assessing the PCM storage capacity) until the bottom temperature of the PCM 
reached a value below -2oC (the lower limit for assessing the PCM storage capacity). The charged 
cooling capacity (Qpcm ) reaches its peak when the lower PCM temperature enters the phase 
change region at 4oC. 

 
Figure 19: Discharge test of the RPW-HEX after charging it in Charging mode (no flow in the water side) 

The discharging test presented in Figure 19 was conducted immediately after the charge test 
(almost no inactive time between the two tests) until the bottom temperature of the PCM 
reached a value above 12oC (higher limit for assessing the PCM storage capacity). The test was 
conducted under varying glycol/water flow so the rate of discharge cannot be used to extract 
conclusions for the behaviour of the PCM. It should be noted that during the discharge test the 
mixing valve at the evaporator circuit was fully closed so no recirculation is occurring, minimising 
the heat losses during the test. 

Applying the equations of the charged and discharged cooling capacity as well as the heat losses 
presented in the calculation procedure section there is: 

𝑄 = ∫ �̇� ∙ 𝑑𝑡 , where �̇� = �̇�  t1 is considered as the moment when TPCM(bot) 
=12oC and t2 when TPCM(bot)=-2oC 

𝑄 =  1.004 kWh 

𝑄 = ∫ �̇� ∙ 𝑑𝑡 , where t3 when TPCM(bot) =-2oC and t4 when TPCM(bot)=12oC 

𝑄 = 0.976 kWh 

𝑄 (𝑘𝑊ℎ) = 𝑄 − 𝑄 = 0.028 kWh 

The main conclusion that can be drawn by examining the results of these calculations is that the 
measured capacity of the PCM is about half of its theoretical value of 2 kWh, which is expected 
since the PCM material in the upper half of the RPW-HEX is not active during the charging 
process. This is validated by the discharged cooling capacity, which is almost the same as the 
charged capacity. The heat losses are practically zero, an observation that can be attributed to 
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the practically negligible time period of inactivity between charging and discharging the RPW-
HEX. 

In order to overcome the issue with the inactivity of the PCM material in the upper half of the 
RPW-HEX in charging mode that was described above, an alternative charging procedure was 
implemented. During this charging process, the pump in the evaporator circuit is turned on while 
the three-way mixing valve at the evaporator inlet is fully opened and this way a full recirculation 
of the glycol/water mixture is ensured through the RPW-HEX without rejecting any cooling 
capacity to the insulated water tank. This test is presented in Figure 20. As it can be seen by the 
PCM temperatures during the test, by imposing a heat flux from the evaporator circuit to the 
refrigerant circuit through the RPW-HEX and the PCM material due to the recirculating 
glycol/water mixture in the evaporator circuit, the temperature profile of the PCM throughout 
the whole RPW-HEX is better balanced and the PCM material in the upper part of the RPW-HEX 
is also actively storing cooling capacity. 

 

Figure 20. Charge test of the RPW-HEX with 100% recirculation of glycol/water in the water side 

The charging test (Figure 20) was conducted starting from a mean PCM temperature higher than 
12oC (higher limit for assessing the PCM storage capacity) until the mean temperature of the 
PCM reached a value below -2oC (Heat Pump Shut Down). Likewise, the discharging test 
presented in Figure 21 was conducted soon after the charge test (almost no inactive time 
between the two tests) until the mean temperature of the PCM reached a value above 12oC 
(higher limit for assessing the PCM storage capacity). The response of the PCM temperatures at 
the upper and lower part of the RPW-HEX respectively is practically the same as the two curves 
are almost identical. It should be noted that this test was conducted under varying opening of 
the mixing valve at evaporator inlet so the rate of discharge cannot be used to extract 
conclusions for the behaviour of the PCM. 

 

Heat Pump 
Shut Down 
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Figure 21: Discharge test of the RPW-HEX after charging it with 100% recirculation of glycol/water in the water 
side. Please note that Tpcm,bot and Tpcm,up are almost identical and are therefore only visible as one curve. 

The stored cooling capacity is  

𝑄 = ∫ �̇� ∙ 𝑑𝑡 , where t1 is considered as the moment when TPCM(mean)=12oC 
and t2 when TPCM(mean)=-2oC 

𝑄 =  2.31 kWh 

The discharged cooling capacity is:  

𝑄 = ∫ �̇� ∙ 𝑑𝑡 , where t3 when TPCM(mean) =-2oC and t4 when TPCM(mean)=12oC 

𝑄 = 1.91 kWh 

And the heat losses are: 

𝑄 (𝑘𝑊ℎ) = 𝑄 − 𝑄 = 0.40 kWh 

Examining the results of these calculations, it should be stressed that the losses of the system 
during the charging and discharging test as well as during the inactive period between the two 
tests is considerably higher compared to the first charge/discharge test and is comparable to 
the total charged and discharged cooling capacity. Obviously, this can be partly attributed to the 
considerably longer charging and discharging tests (6 minutes in the first test compared to more 
than 20 minutes in the second test) and the longer inactive period between the charge and 
discharge tests (a handful of seconds in the first test compared to some minutes in the second 
test). Particularly, during the charging process, the recirculating glycol/water flow through the 
RPW-HEX water side along with the respective non-insulated piping up to the inlet/outlet 
temperature sensors is an additional and considerable source of heat losses. The high amount 
of heat losses can also be attributed to inaccuracies in the measuring procedure of the charged 
cooling capacity. As there is a considerable difference in the temperature profile of the PCM, 
when the mean temperature of the PCM has reached the threshold value of -2oC the up and 
bottom PCM temperatures show a considerable difference between them (1.86 and -5.88oC 
respectively). In the contrary, the discharge test is initiated with a uniform temperature profile 
with both the up and bottom PCM temperatures at -2oC. These differences cause inaccuracies 
in the calculation procedure that are difficult to assess. It should also be noted that about 12.5% 
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of the heat losses (0.05 kWh) is induced during the inactive period between the two tests when 
the recirculating flow is still ON, in order to create a uniform PCM temperature profile 
throughout the RPW-HEX. These losses are calculated as the summary of the Qw during this 
inactive period.  

Therefore, it is safer to considering the discharged cooling capacity (1.91 kWh) as the measured 
capacity of the PCM. Overall it can be concluded that the application of this charging procedure 
brought more favourable results as the theoretical storage capacity of 2 kWh has almost been 
reached.  
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3 Experimental tests and final design decisions in the Mediterranean 
system  

3.1 Layout of the Mediterranean sub-system 
The integration of the Mediterranean sub-system in the lab of CNR-ITAE for testing purposes 
was discussed in detail in Deliverable 3.3. Figure 22 shows the P&ID of the complete sub-system 
tested, whereas Figure 23 shows the detail of the electric connections. The sub-system tested 
mainly consists of the following components: 
 Heat pump, working with R410A refrigerant. A standard heat pump from Daikin was 

modified by NTUA and DAIK both in terms of refrigerant circuit, to allow the integration of 
the thermal storages, and electrically. A variable speed driver was installed to improve the 
operation when working in cascade mode with the sorption module, and it includes an 
AC/DC converter to allow the connection to the DC bus. An extensive description of the 
heat pump and its operation can be found in D2.3 and D3.3. 

 Latent storage, realised by means of a 3-fluids heat exchanger with Refrigerant-PCM-Water 
circuits (RPW-HEX). The chosen PCM is a commercial paraffin with nominal melting 
temperature of 4°C. The latent storage can be charged by direct evaporation of the 
refrigerant of the heat pump and is discharged by circulating water inside the heat 
exchanger. In addition, parallel mode (i.e. simultaneous charge and discharge of the 
storage) can be exploited if needed. A detailed description on the design of the RPW-HEX 
can be found in Deliverable 2.2. 

 Sorption module, working as a solar conversion and storage component, since it harnesses 
solar energy from solar thermal collectors for cooling down the condenser of the heat pump 
and improving its efficiency, while extending its operating temperature range. It is based 
on a 2-vessel architecture patented by Fahrenheit and employs a zeotype directly 
synthetized onto high-density fins heat exchangers as sorption material. The development 
and main features of the components of the sorption module are described in Deliverable 
2.1. 

 Electric storage, consisting of 3 LTO (Lithium-Titanate) batteries, for an overall capacity of 
3 kWh, connected to a specifically-adapted BMS (Battery Management System). The 
batteries are suitable for control in DC, thus being suitable for the connection with the DC 
bus and for driving the heat pump when needed. 

 DC bus and DC bus controller, that allows the integration of all the electric components of 
the sub-system (i.e. batteries and heat pump) as well as the connection with a PV 
generation system for further increasing the share of renewables of HYBUILD 
Mediterranean solution. In addition, it includes an AC/DC convert for the connection to the 
grid if no renewable energy is available, either direct (from PV) or stored in the batteries.   
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Figure 22: P&ID of Mediterranean subsystem integrated in the lab – from Deliverable 3.3. 

 
Figure 23: Mediterranean system integrated in the lab - detail of electric connections from Deliverable 3.3. 

3.2 Experimental facilities 
The experimental facilities used for the testing of the system were described in detail in 
Deliverable 3.2 and Deliverable 3.3. A testing rig already available at CNR-ITAE was used for the 
purpose. It mainly consists of three storages, corresponding to the three thermal levels needed 
for the operation of the HYBUILD system. Heat source temperature is simulated by using two 
heaters, a gas heater and an electric one, connected to a 1.5 m3 storage. Ambient heat sink is 
simulated by means of an electric chiller connected to a 1 m3 storage, whereas heat source for 
evaporation is simulated by means of a 0.75 m3 storage with immersed thermal resistances. All 
the piping of the testing rig is insulated with polyurethane foam and aluminium external cover. 
Data acquisition and control are done through cDAQ National Instrument hardware and 
LabVIEW software. The DC bus controller was connected to the main electric grid of the 
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laboratory, whereas PV generation was simulated by means of an ElektroAutomatic DC supply 
voltage that can be remotely controlled. 

3.3 Testing conditions  
In order to test the proper operation of the various components of the Mediterranean sub-
system under the different possible operating modes, at first, functionality tests were done only 
on the battery+DC bus controller and on the heat pump+RPW-HEX. Subsequently, the heat 
pump+RPW-HEX and the rack including the electric storage and DC bus were connected and 
tested, simulating realistic operating conditions for demo installation. After the first tests in 
January 2020, a problem was encountered on the RPW-HEX due to corrosion in the hydraulic 
circuit. Consequently, a new RPW-HEX was manufactured by AKG, which differs from the first 
version for the presence of a 10-ways refrigerant distributor. It was installed and the 
configuration with the HP+RPW-HEX was tested again in September and October 2020 at CNR 
ITAE. Tests on the sorption module (stand-alone mode) were carried out in July 2020 and 
September 2020. However, some problems in the hydraulics circuits were identified and the 
module was shipped back to Fahrenheit premises in Halle, where a problem in the hydraulic 
circuit of one of the adsorbers was identified. The replacement of the damaged adsorption heat 
exchanger is now (November 2020) completed and the sorption module is prepared to be 
shipped to CNR ITAE for further testing. An annex to the present report with the complete 
characterization of the sorption module and of the complete sub-system will be submitted by 
CNR ITAE as soon as the experimental activity on the sub-system will be completed. 

3.4 Data reduction 
In order to estimate system performance, heat flows to each component were measured, and 
in particular the following quantities were used: 

- Thermal power to the heat source circuit of the sorption chiller Q̇ ; 
- Heat rejection power of the sorption chiller Q̇MT,sorp; 
- Evaporation power of the sorption chiller Q̇LT,sorp; 
- Condensation power of the vapour compression heat pump Q̇MT,comp;  
- Evaporation power of the vapour compression heat pump Q̇LT,comp; 
- Charge power of the PCM storage  Q̇PCM,ch; 
- Discharge power of the PCM storage Q̇PCM,disch; 
- Electric energy input for the operation of the compressor of the heat pump Pel,comp; 
- Electric energy input taken from the grid Pel,grid; 
- Charge power of the batteries Pbattery,ch; 
- Discharge power of the batteries Pbattery,disch; 
- Power supplied by the PV system simulated PPV. 

The instantaneous thermal power for each component were calculated as: 

�̇� = �̇�𝑐 (𝑇 − 𝑇 ) 
(23) 

 

where Q̇ is the instant power in kW, �̇� is the mass flow rate in the circuit in kg/s, cp is the specific 
heat capacity of the heat transfer fluid, and Tin and Tout are the inlet and outlet temperatures, 
respectively, of the circuit considered. 

Instead, all the electric power contributions were directly measured by means of the power 
meter integrated in the rack with DC bus. 

In addition, the energy charged or discharged in the RPW-HEX was calculated as: 
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Qch(disch)= Q̇PCM,ch(disch)dt
ttest

0
 

 

(24) 

 

where Qch(disch) [kJ] is the energy charged or discharged and ttest [s] is the overall duration of the 
test analysed. 

For the evaluation of the performance of the heat pump and the comparison of its operation in 
stand-alone or when (1) charging the RPW-HEX, (2) working in cascade mode, (3) charging the 
RPW-HEX in cascade mode, the Energy Efficiency Ratio (EER) was calculated as:  

𝐸𝐸𝑅 =
QLT,comp

𝐸el,comp
 

(25) 

 

3.5 Testing of the integrated heat pump with Mediterranean RPW-HEX – 
version 1 

In this section, the results of the preliminary test of the heat pump with integrated RPW-HEX 
are reported. The sub-system tested is the version 1, shipped to CNR ITAE in December 2019 
and tested in January-February 2020. In particular, 4 operating modes were tested: 

Operation of the heat pump with the standard evaporator. In this case, tests were aimed at the 
evaluation of the cooling power and EER for different speeds of the compressor, in order to 
have information on the possible performance in the various cases and to evaluate the optimal 
speed of the compressor when working in cascade mode.  

Charge of the RPW-HEX, at different speed of the compressor and with different heat transfer 
fluid (HTF) inlet temperatures, with the aim of identifying the amount of energy that can be 
stored in the system. 

Discharge of the RPW-HEX, at different HTF inlet temperatures and flow rates, to identify the 
optimal parameters for the operation of this component, in view of installation in demo sites. 

Parallel mode, i.e. contemporary charge and discharge of the RPW-HEX. 

3.5.1 Results of tests with the standard evaporator 

The tests with the standard evaporator were done according to the following protocol: 
a. Start of the testing rig and set of temperature levels and flow rates desired; 
b. Start of the heat pump and, once steady-state operation is reached, recording of the 

test for at least 10 minutes; 
c. Stop of the test. 

The testing conditions selected are shown in Table 3: as it is possible to notice, the main aim was 
to evaluate the effect of the condensation and evaporation temperature and of the speed of the 
compressor.  

Table 3: testing conditions for the operation of the heat pump with the standard evaporator. 

Condin Evapin f compressor 
°C °C Hz 
21,24,27,31,35,40 9,12,15 25 
21,24,27,31,35,40 9,12,15 35 
21,24,27,31,35,40 9,12,15 40 
21,24,27,31,35,40 9,12,15 45 
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3.5.1.1 Description of a typical test 

In the following, an example of a test recorded is given, in order to show the parameters 
monitored and their typical trends. Figure 24 shows the temperatures for the HTF and 
refrigerant in both the evaporator and the condenser circuit. It is possible to notice that, while 
the operation of the system appears to be completely steady-state, since the inlet and outlet 
temperatures of the HTF are constant throughout the recorded duration, the temperature of 
the refrigerant inlet to the condenser (outlet of the compressor) is constantly increasing. This 
issue is typical of all tests and represents an issue to tackle during continuous operation in pilot 
systems. Specific tests were done with version 2 simulating the operation in cascade mode to 
assess the behaviour of such a temperature.  

 
Figure 24: dynamic trends of temperatures for a typical test with standard evaporator. 

Figure 25 shows the pressure of refrigerant at the inlet and outlet of the evaporator and in the 
condenser. It is possible to notice that there is a fluctuation of all pressures, due to the operation 
of the thermostatic valve, which is especially marked for the condenser one.  

 
Figure 25: dynamic trends of refrigerant pressures for a typical test with standard evaporator. 
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Finally, Figure 26 shows the dynamic power measured in the circuits. In particular, the oscillation 
of the power at the evaporator is due to the regulation of the temperature of the HTF but is in 
average 13 kW, whereas the electric power needed by the compressor is almost constant and 
equal to 3 kW.  

 

Figure 26: dynamic trends of powers for a typical test with standard evaporator. 

3.5.1.2 System capacity 

In order to evaluate system capacity, the cooling power as a function of operating conditions, 
i.e. for different condenser inlet and evaporator inlet was measured. The results are shown in 
Figure 27 and Figure 28 for Evapin=15°C and Evapin=12°C, respectively. The curves are 
parameterised as a function of the driving frequency of the compressor. Fitting lines are shown 
to indicate that, for both evaporator temperatures investigated and for all the compressor 
driving frequency, there is a linear decreasing trend: cooling power that the system can provide 
decreases as condensation temperature increases. It is however worth noticing that such a 
variation is more marked for the higher compressor frequencies (45 Hz and 40 Hz), whereas the 
trend is flatter for 35 Hz and 25 Hz, with a variation of the cooling power of about 1 kW passing 
from 20°C to 40°C of inlet temperature of the condenser. What is important to notice is that, for 
the lower condensation temperatures, in the range of 20-25°C, which represents the nominal 
temperature range for cascade operation, the cooling power that the heat pump delivers is 
always higher than 14 kW, unless the speed of the compressor is reduced by half (25 Hz). Indeed, 
this is necessary when coupling the unit with the sorption module, in order to avoid unwanted 
problems during start-up and operation due to the mismatch in the capacity of components, as 
already highlighted through experimental activity in 1. 

 
1 Palomba V, Dino GE, Frazzica A. Coupling Sorption And Compression Chillers In Hybrid Cascade Layout 
For Efficient Exploitation Of Renewables: Sizing, Design And Optimization. Renew Energy 2020;154:11–
28. https://doi.org/10.1016/J.RENENE.2020.02.113. 
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Figure 27: cooling power as a function of condenser inlet and compressor speed for Evapin=15°C. 

 
Figure 28: cooling power as a function of condenser inlet and compressor speed for Evapin=12°C. 

Figure 29 reports, for the sake of completeness, the overall map of performance for the heat 
pump, in terms of cooling capacity for three different HTF inlet to the evaporator, i.e. 9, 12, 15°C 
and for all the frequencies tested. As is it possible to notice, the values are distributed along 
decreasing bands, each band corresponding to a compressor frequency. The cooling power is 
obviously higher for higher compressor driving frequency and, for each one of them, decreases 
with increasing condenser inlet and with decreasing evaporator inlet. The performance map can 
be used in T4.4 for optimization purposes and decision on operating modes.  
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Figure 29: overall map of cooling capacity for the operation of the heat pump with standard evaporator. 

3.5.1.3 EER  

Figure 30 shows the EER of the heat pump as a function of operating temperatures and 
compressor speed. Similarly, to the case of the cooling capacity, the EER decreases with 
increasing condenser inlet temperature and with decreasing evaporator inlet temperature. 
However, it is interesting to notice that, for the lower condensing temperature, i.e. below 32°C, 
reducing the compressor speed makes the heat pump work more efficiently. Indeed, as it is 
reported in Figure 30, in this case, the EER for operation at 25 Hz is higher than for the operation 
at higher compressor speed. Since this is the working range for cascade operation, these results 
further remark the choice of a reduced speed of the compressor.  

 
Figure 30: map of performance of the compression heat pump -EER. 

3.5.2 Results of tests with RPW-HEX 

3.5.2.1 Description of a typical test 

Figure 31 shows the typical trends of temperature during a test where the operating mode is 
the charge of the RPW-HEX. In this case, the hydraulic and refrigerant circuit are switched in 
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order to use the latent storage for evaporation of the refrigerant. It is worth noticing that the 
hydraulic circuit does not strictly need to be operated, but it was found out that allowing the 
circulation of water in the evaporator allows a more uniform phase change of the PCM, thus 
increasing the amount of energy that can be stored and, consequently, a bypass circulation in 
this circuit was allowed. As stated for the case of the standard evaporator, the operation of the 
unit is constant, the only exception being the pressure of the refrigerant exiting the compressor 
and entering the condenser. The curve of temperature of the PCM does not exhibit a clear phase 
transition range, as it is common in most paraffinic materials 2,3. Nonetheless, it is possible to 
notice that there is a change in the slope of the curve after the first 80 s, corresponding to the 
change from the sensible heat to the latent heat of the material. However, there is a significant 
temperature difference between the upper and lower temperature of the PCM and the upper 
one never goes below the phase change transition, thus indicating that not all the material is 
actually working in the latent heat storage range.  

 

 
Figure 31: dynamic trends of temperatures for a typical test with RPW-HEX during charge. 

 

Figure 32 shows the power at the condenser and the electricity needed by the compressor (a), 
as well as the energy supplied to the PCM (b). It is worth noticing that the energy supplied is 
more than the overall energy stored, since it includes also thermal losses, that were calculated 
by means of specific tests. The power at the condenser varies between 12 kW and 11 kW, 
whereas the power needed by the compressor is constant and equal to 2.3 kW. The energy 
supplied increases linearly with time, up to a value of 2.3 kWh after 10 minutes.  

 

 

 

 
 

2 Frazica A, Palomba V, Brancato V, Freni A, Manzan M. Numerical simulation and experimental analysis 
of a latent thermal energy storage for naval applications. Eurotherm Semin 112 2019. 
3 Palomba V, Brancato V, Frazzica A. Experimental investigation of a latent heat storage for solar cooling 
applications. Appl Energy 2017;199:347–58. https://doi.org/10.1016/j.apenergy.2017.05.037. 
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(a) (b) 

 
 

Figure 32: (a) dynamic trends of powers and (b) energy accumulated for a typical test with RPW-HEX during 
charge. 

Figure 33 shows the temperature trends during a discharge test, where the compression unit is 
stopped and only the hydraulic circuit of the evaporator is connected to the storage that 
simulates the user. The inlet temperature of the HTF circuit is kept constant at around 13°C (with 
a dead band of 1 K due to the setting of the PID control of the valve in the testing rig). The test 
is stopped when the temperature measured by the sensor in the lower part of the PCM 
(PCMdown) is equal to Evapin-2 K. It is possible to notice that the phase change transition is marked 
by a change in the slope of the curve, which is clearer for the PCMdown temperature. The 
management chosen for the test, i.e. keeping HTF inlet temperature constant, of course causes 
the outlet temperature to vary during the test. It is interesting to notice that, even when the 
PCMdown temperature reaches 11°C, the outlet temperature from the evaporator is lower, thus 
indicating that there is still a residual charge of the storage. 

 
Figure 33: dynamic trends of temperatures for a typical test with RPW-HEX during discharge. 

Figure 34 shows the trends of power and energy flows during discharge. Power trends presents 
some oscillations due to the temperature regulation, but its average value is almost constant 
and around 5 kW. Discharged energy varies linearly with time and is around 1.2 kWh for the 
specific test considered.  



  Deliverable D3.4 

43 
 

 
Figure 34: dynamic trends of power and energy for a typical test with RPW-HEX during discharge. 

3.5.2.2 Energy supplied and discharged 

Charging tests were done as follows: 
a. Temperature levels, compressor speed and flow rates are set in the testing rig; 
b. Water at 15°C is circulated into the RPW-HEX to have homogeneous and repeatable 

initial conditions; 
c. Heat pump is started and the test is recorded; 
d. Charge is considered finished when the temperature of the PCMdown sensor is -2.5°C.  

It is worth noticing that, as stated in the previous section, after some preliminary tests, it was 
decided to circulate water in the RPW-HEX also during charge with a bypass circuit, in order to 
have more homogeneous temperatures inside the storage. 

Figure 35 shows the energy supplied during charging tests at different condenser inlet 
temperatures and different driving frequencies of the compressor. It is possible to notice that 
the energy supplied is between 2 kWh and 2.5 kWh. The higher amount of energy supplied for 
higher condenser inlet temperatures and for lower compressor speed is due to the higher 
duration of the test, with a consequent more marked effect of thermal losses. It is then possible 
to state that the amount of energy that the RPW-HEX can store is 2.0-2.3 kWh.  

 
Figure 35: energy supplied during charge of the RPW-HEX as a function of condensation temperature and 

compressor driving frequency. 
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Figure 36 shows a comparison of the EER of the heat pump when working with the standard 
evaporator or when charging RPW-HEX. As an example, the tests for 35 Hz compressor 
frequency are reported, but similar trends were identified for all the other compressor speeds. 
It is intuitive to notice that the EER in the operation with the standard evaporator is always 
higher than when charging the RPW-HEX. This is due to the fact that, as highlighted also in Figure 
36, reducing evaporation temperature reduces the EER. When charging the PCM, the system 
works with an intrinsically unsteady evaporation temperature, which decreases over time from 
15°C till -2.5°C, with a consequent penalisation in the efficiency of the compressor. However, for 
the lower condensation temperatures, corresponding to cascade mode operation, the EER is still 
above 5, thus indicating a good efficiency of the heat pump. 

 
Figure 36: comparison of EER of the heat pump - standard operation vs RPW-HEX charge. 

Discharge tests were done as follows: 
a. Setting of temperature and flow rates of the HTF in the testing rig; 
b. Opening of the connection between the testing rig and the RPW-HEX; 
c. Start of the test and of the recording; 
d. The test is stopped when PCMup=HTFin and PCMdown=HTFin-2 K. 

Figure 37 shows the energy discharged as a function of flow rate of the HTF in the RPW-HEX and 
after different charges, done with condenser inlet temperature of 20°C to 40°C. It is clear from 
the experimental results that the optimal flow rate for the operation of the RPW-HEX in 
discharge mode is 10-12 kg/min, corresponding to 6.0-7.2 m3/h. Indeed, lower flow rates do not 
allow a good exploitation of the energy stored, because the discharge is much longer (around 
40 minutes at 5 kg/min against 20-30 minutes at 10 kg/min) and the effect of thermal losses is 
higher. On the contrary, the higher flow rates lead to a reduction in the ΔT at the HEX, in turn 
reducing the exploitable energy for practical purposes. Instead, as shown in Figure 37, the 
temperature at which charge occurred, as long as the charge is complete, does not significantly 
influence the discharged energy. It is necessary to state that all the tests here presented are 
done without any stand-by period between charge and discharge, in order to avoid any effect 
of the thermal losses during this period. 
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Figure 37: discharged energy as a function of flow rate for Evapin=12°C. 

Figure 38 shows the discharge power as a function of flow rate. All the tests are done at a 
constant HTF inlet temperature (12°C) and without any stand-by period between charge and 
discharge. As it is intuitive, increasing the flow rate increases the discharge power, passing from 
about 3-4 kW at 6-8 kg/min to 5-6 kW at 12-15 kg/min. As previously stated, however, increasing 
the flow rate reduces the energy recoverable and therefore an optimal condition has to be 
sought.  

 
Figure 38: discharge power as a function of flow rate for Evapin=12°C. 

3.5.2.3 Effect of thermal losses 

The effect of thermal losses on the energy that can be recovered from the RPW-HEX was 
assessed by a series of tests done under the same boundary conditions, i.e. Evapin=12°C, HTF 
flow rate of 10 kg/min and ambient temperature of 13°C. A different stand-by time between 
charge and discharge was chosen for the various tests, from 0 to 120 min. The effect of thermal 
losses is shown in Figure 39, where the energy discharged as a function of stand-by time is 
reported. The trend observed is linear until 60 min of standby, with a reduction of 0.4 kWh of 
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energy discharged. Afterwards, due to the fact that the temperature difference between PCM 
and ambient is reduced, also the effect of thermal losses with time becomes less marked. 
However, the results clearly show that leaving the RPW-HEX inactive for 2 h leads to a reduction 
of 35% of the energy recoverable. Possible solutions to be implemented in demo installation is 
the improvement of the insulation of the storage through a thicker layer of foam insulation or 
vacuum insulation. 

 

 

Figure 39: effect of stand-by time on energy discharged. 

3.6 Testing of the integrated heat pump with RPW-HEX – version 2 
After failure of the first version of the RPW-HEX, which was identified in May 2020, after 
reopening of CNR ITAE post-COVID stop, a new RPW-HEX was manufactured by AKG. A picture 
of the RPW-HEX version 2 is shown in Figure 40. It is possible to notice, on the right side of the 
picture, the distributor for the refrigerant. Compared to the previous version, a new 
arrangement of refrigerant-water-PCM passages was realised, with 4 PCM passages for each 
refrigerant and water channel. One of the surfaces of the HEX was painted in black, in order to 
allow thermographic measurements and identify the temperature distribution during charge 
and discharge processes of the storage. After such tests, the HEX was insulated with 12 cm 
mineral wool, to minimise heat losses to the environment, following the outcomes of the 
experimental analysis performed on the first RPW-HEX version. 
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Figure 40: RPW-HEX for Mediterranean system - version 2. 

Four temperature sensors were installed for lab testing, whose position is shown in Figure 41.  

 
Figure 41: position of temperature sensors in RPW-HEX version 2. 

3.6.1 Results of tests with the standard evaporator 

As first test, results under operation with standard evaporator were carried out, to verify the 
functionality of the system and guarantee that failure of the previous RPW-HEX had not caused 
any damage to the other components of the heat pump.  

3.6.1.1 Description of a typical test 

Figure 42 shows the temperature trends for a test with the standard evaporator, with a 
compressor frequency of 50 Hz. It is possible to notice that, as in the previous configuration, 
steady state is reached, and the temperatures are stable for the whole duration of the test. 
Moreover, compared to the previous configuration, for the same HTF inlet, the same outlet and 
refrigerant temperatures are obtained, which indicates the same operation as before.  

Pressures in the different points of the circuit are shown in Figure 43. Compared to the previous 
configuration, the pressure of the condenser is more or less at the same level, with the spikes 
due to the operation of the thermostatic expansion valve. The pressure at inlet and outlet of the 
evaporator circuits are a bit lower (about 2 bar) than before, indicating an undercharge of the 
circuit, which was subsequently filled with some more refrigerant, to reach a total charge of 4.1 
kg. 

Finally, Figure 44 shows the powers measured in the condenser and evaporator circuits, as well 
as the electricity consumption of the heat pump. They are comparable with those obtained 
before, thus further confirming the good state of health of the system. 
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Figure 42: temperatures of refrigerant and HTF for a test with standard evaporator in September 2020. 

 
Figure 43: pressure of refrigerant for a test with standard evaporator in September 2020. 

 
Figure 44: powers for a test with standard evaporator in September 2020. 
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3.6.1.2 Cooling capacity and EER – comparison with previous values 

In the case of version 2, only some tests were done to verify reproducibility of results obtained 
with the standard evaporator operation in version 1. A comparison, in terms of cooling capacity 
and EER, is reported in Figure 45 and Figure 46, respectively.  

As it is possible to notice, the deviation between the two cases is negligible, since it is in the 
order of max 10%, which is within uncertainty of experiments.  

 
Figure 45: comparison of cooling capacity of tests in version 1 and version 2 under standard evaporator mode. 

 
Figure 46: comparison of EER of tests in version 1 and version 2 under standard evaporator mode. 

Accordingly, the main outcome of such tests is the possibility of using the performance map 
presented in the previous section also for version 2 of the hybrid heat pump.  

3.6.2 Results of tests with RPW-HEX 

3.6.2.1 Description of a typical test 

The typical trends for temperature, pressure and energy supplied to the storage are shown in 
Figure 47 to Figure 49. Regarding temperature, it is possible to notice the stratification of the 
storage, which started from ambient conditions. Indeed, the temperature sensor called PCM4 
(uppermost one at the outlet of refrigerant circuit) exemplifies the case of material that does 
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not react. From Figure 48 it is possible to notice that the pressure at the evaporator is lower 
than what expected and what measured in version 1. Even after filling the refrigerant, it was 
lower than in the previous version of the RPW-HEX, which can be explained by the adoption of 
a new 10-way distributor and the reduction of the passages of refrigerants, which reduces the 
exchange with the PCM. Accordingly, charge process is carried out at a lower speed of the 
compressor, further solutions for demo site implementations will be evaluated and described in 
the annex to the present deliverable. Indeed, the sudden reduction in the temperature of the 
HTF circuit of the condenser around 1300 s is due to the shutdown of the heat pump, probably 
because the thermostatic expansion valve was not able to handle the pressure difference 
between the condenser and the evaporator. The energy supplied to the storage is shown in 
Figure 49, which increases almost linearly with time up to a value of about 3.2 kWh. The short 
plateau at 1300 s, as explained before, is due to the shutdown of the heat pump. 

 
Figure 47: temperatures for a charge of the RPW-HEX version 2 with f=25 Hz. 

 
Figure 48: pressures for a charge of the RPW-HEX version 2 with f=25 Hz. 
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Figure 49:  energy supplied for a charge of the RPW-HEX version 2 with f=25 Hz. 

Typical trends for a discharge test are presented in Figure 50 and Figure 51, for a measurement 
with HTF inlet temperature of 15°C and HTF flow rate of 0.08 kg/s. As for the tests with version 
1, once the ΔT between inlet and outlet of the HTF circuit was lower than 2 K. From the 
temperatures shown in Figure 50, it is possible to notice that there is indeed a significantly 
different behaviour between the different parts of the RPW-HEX. Such an effect could only 
partially be observed in version 1, due to the presence of only 2 temperature sensors. The 
temperature for sensors 1 and 4 approximates the HTF one at the end of the test, whereas, that 
of sensor 3, which starts above the phase change range already at the beginning of the test, 
equals the HTF inlet after about 300 s only. Instead, the temperature at the bottom of the RPW-
HEX after 3000 s still remains within the phase change, indicating that the portion of material 
has not completed the melting yet. However, since the useful effect obtained is too low, 
extending the discharging does not bring any beneficial effect. A more complete description of 
temperature stratification is done in the next section. 

The phase change range is clearly identifiable from the different slope in the temperature 
evolution of the material. Similarly, to the results in small-scale HEXs at UDL, described in 
Deliverable 2.2, the actual phase change occurs between 0°C and 8°C. 

 
Figure 50: Temperatures for a discharge of the RPW-HEX version 2 with HTF flow rate of 0.08 kg/s. 

0

0.5

1

1.5

2

2.5

3

3.5

0 200 400 600 800 1000 1200 1400 1600

En
er

gy
 s

up
pl

ie
d 

[k
W

h]

Time [s]

-5

0

5

10

15

20

0 500 1000 1500 2000 2500 3000

Te
m

pe
ra

tu
re

 [°
C]

Time [s]

HTF_Evap_in HTF_Evap_out T_PCM1
T_PCM2 T_PCM3 T_PCM4



  Deliverable D3.4 

52 
 

The energy discharged is shown in Figure 51 and, as in version 1, it increases almost linearly with 
time, with the exception of the first 500 s, where the effect of sensible heat in the HTF circuit 
and in the upper portion of PCM is more evident.  

 
Figure 51: energy discharged for a test of the RPW-HEX version 2 with HTF flow rate of 0.08 kg/s. 

3.6.2.2 Temperature distribution measurements with IR camera 

Prior to the insulation of the storage, a set of measurements was carried out with a FLIR A655sc 
IR camera, with the aim of identifying temperature distribution and thermal gradients during 
charging and discharging. As exemplary case, Figure 52 shows some of the frames recorded for 
a charge/discharge test where charge and discharged were carried out in sequence, without any 
storage time in between. Discharge is carried out with HTF inlet of 15°C and 0.6 kg/s flow rate. 

A clear gradient both in transversal and longitudinal direction is identifiable, which is of about 7 
K in transversal direction, with the inlet side of the refrigerant at a lower temperature, and up 
to 20 K at the end of the charge process in longitudinal direction. Accordingly, during discharge, 
the upper part of the storage reaches the temperature of the HTF faster than the remaining 
portion of the storage. It is possible to notice, in the frame taken after 100 s from the beginning 
of discharge, the gradient in the transversal direction: the uppermost layers are colder than the 
middle ones, that correspond to the height where the pipe for the HTF is located. Afterwards, 
the process continues by gradual melting from the upper part down to the bottom of the 
storage. The gradient in the longitudinal direction in this case is evident only in the first 200 s 
and subsequently is much lower than during the charge process.  

 
Figure 52: charge and discharge of the RPW-HEX visualized with IR camera 
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A detail of a charging process is shown in Figure 53, where it is possible to notice how the heat 
exchange during charge occurs through the refrigerant passages, that are clearly highlighted and 
represent the colder spots of the HEX. 

 
Figure 53: detail of a charging process. 

In order to compare the obtained results, Figure 54 and Figure 55 show two tests with the same 
temperature inlet of the HTF during discharge, but two different flow rates. It is evident that the 
test with lower flow rate (Figure 55) has a much longer duration than the other one. What is 
interesting to notice, however, is that in the test with the lower flow rate, the temperature 
gradient for each layer of PCM (i.e. the temperature gradient in the transversal direction) is 
lower. As will be highlighted in the results presented in the next section, if the discharge occurs 
with too low flow rate, it is not actually possible to exploit the full heat charged and, as visible 
with the IR camera, while a vast amount of PCM is already at the HTF temperature, the bottom 
parts are still in the phase change range (blue-violet colour).  

 
Figure 54: sequence of recorded frames for a discharge test with HTF flow rate of 0.6 kg/s. 
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Figure 55: sequence of recorded frames for a discharge test with HTF flow rate of 0.08 kg/s. 

3.6.2.3 Energy supplied and discharged 

Figure 56 shows the energy supplied to the storage for different tests, all done at 50% speed of 
the compressor (f=25 Hz) but various inlet temperatures. It is possible to notice that, as already 
discussed for version 1, the energy supplied is not influenced by the charging temperature, thus 
indicating the flexibility of the storage in a wide range of operating conditions.  

Figure 56 shows the EER as a function of condenser inlet temperature for standard operation 
and with the RPW-HEX. The results indicate that there is a small penalisation in the operation of 
the heat pump with the RPW-HEX. It is worth noticing that the results refer to the case of 25 Hz 
supply frequency of the compressor and therefore are not directly comparable with those 
presented in Figure 36, that are instead presented for 35 Hz case. However, it is still possible to 
notice that, if lower compressor speeds are considered, the penalisation due to the use of RPW-
HEX is negligible, especially in the range of 25-30°C. 
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Figure 56: energy supplied during various charging tests at different condenser inlet temperatures. All the tests 

are done at 25 Hz supply frequency to the compressor. 

The energy discharged as a function of flow rate of the HTF and for different inlet temperatures 
during different tests is reported in Figure 57. The results are consistent with what reported in 
Figure 37 for RPW-HEX version 1: there is an optimal flow rate for discharging the latent storage, 
which is 0.17 kg/s, which guarantees about 20-25% more energy recovered from the storage. As 
shown in the previous section, this is mainly due to the fact that, for lower flow rates, part of 
the PCM remains in the solid state at the end of the “useful” discharge, i.e. until an appreciable 
useful effect is recorded. Instead, when the flow rate is too high, part of the useful effect is lost 
during the initial part of the test.  

 
Figure 57: energy discharged for different HTF temperature and flow rates. 

Figure 58 shows the average power during discharge as a function of HTF flow rate. The value 
varies linearly with flow rate, with the case of HTF inlet temperature of 12°C and 15°C almost 
equal. Accordingly, flow rate can also be chosen as a function of the desired power output. The 
absolute values of power, in the range of 2.5 - 7.5 kW according to the selected flow rate are 
well in line with those reported in Figure 38 for the RPW-HEX version 1. 
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Figure 58: average power during discharge as a function of HTF flow rate. 

3.6.2.4 Effect of thermal losses 

After insulation of the storage with 12 cm of mineral wool, the storage was charged to an 
average PCM temperature of 2°C (to ensure a big portion of the PCM had completed the 
solidification) and the temperature evolution was recorded for 24 h. The results are shown in 
Figure 59. It is possible to notice that for the first 3 h the system is still below the phase change 
onset. Subsequently, the time needed to release latent heat almost completely is about 10 h 
(i.e. up to 13 h from the beginning of the stand-by test) and afterwards the system continues 
heating up releasing the sensible heat in liquid phase. At the same time, part of the heat is 
exchanged with the HTF, which first reduces its temperature and subsequently increases it as 
time passes.  

 
Figure 59: effect of thermal losses on storage temperature. 

0

1

2

3

4

5

6

7

8

9

10

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Po
w

er
 [k

W
]

Flow rate [kg s-1]

HTFin=15°C HTFin=12°C

0

5

10

15

20

25

30

0 5 10 15 20 25

Te
m

pe
ra

tu
re

 [°
C]

Time [h]

Evap in Evap out PCM1 PCM2 PCM3 PCM4



  Deliverable D3.4 

57 
 

3.7 Testing of the sorption module 
The sorption module arrived at CNR lab in July 2020. Installation of sensing equipment are 
described in Deliverable 3.3. All the hydraulic circuits were filled with a 5% solution of 
water/Thermogard HT, to prevent corrosion issues in the aluminium heat exchangers. Prior to 
operation, activation procedure was carried out, to verify that vacuum level inside the two 
chambers was correct. After about 2 weeks of operation, a first problem was encountered on a 
hydraulic pump, which was replaced at the beginning of September 2020. However, after some 
hours of operation, another problem to the hydraulic valves was identified and the module was 
shipped back to Fahrenheit premises in Halle for intervention and evaluation of the causes of 
failure. Accordingly, in the present report only the preliminary results on the sorption module 
operation are presented and an annex will be prepared in the next months, with full 
characterization of the system, as already specified previously. 

3.7.1 Description of a typical test 

Figure 60 shows the temperature evolution for a test of the sorption module done in July 2020. 
The typical cyclic operation of the sorption systems is clearly identifiable, especially in the high 
temperature and low temperature circuit. It is however possible to see that, with the exception 
of the phase switch (during which each of the adsorbers changes operation from regeneration 
to adsorption), the temperature in the low temperature (LT) circuit is constant, which can 
guarantee a good coupling with the compression heat pump, as will be discussed in the next 
section.  

 
Figure 60: temperatures for a reference test of the sorption module. 

Figure 61 shows the flow rates in the different circuits of the module. One peculiarity that is 
clearly reported is that, depending on which adsorber is being regenerated (i.e. AKG heat 
exchanger or Fahrenheit one), the flow rate is different, due to different pressure losses in the 
modules. As during the repair of the sorption module at FAHR the broken heat exchanger has 
been replaced by one with identical hydraulics, the flow rates should be the same now.  
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Figure 61: flow rates in the circuits of the sorption module for a reference test. 

3.7.2 Simulation of a typical operational day 

After verification of the functionality of the system, an accelerated test was done, varying the 
condenser inlet temperature according to a typical profile for summer in warm regions, with the 
goal of identifying possible critical operations. Figure 62 shows the temperature evolution for 
this test. In the LT circuit, which is the one that will be connected to the compression heat pump, 
a temperature between 17°C and 23°C was maintained, with the exception of the phase 
switches, thus further remarking that the coupling of the two components for cascade operation 
should be effective.  

 

 
Figure 62: simulation of a typical day - results of sorption module. 
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3.8 Simulation of combined operation of sorption and compression units 
Since the sorption module was not available in CNR lab for testing, an attempt was made to 
reproduce the temperature profile of the LT circuit of the sorption module, and therefore the 
condenser circuit of the heat pump, by turning off the pump on condenser circuit for a time 
correspondent to phase switch of sorption chiller. 

Indeed, as it is possible to see in Figure 63, a truly similar behavior was obtained, thus allowing 
a test to highlight the possible issues in the coupling of the units and reduce time for debugging 
once the sorption module is shipped back at CNR. 

 
Figure 63: simulation of sorption module temperature evolution on the condenser circuit of the compression heat 

pump. 

As exemplary cases, three tests were carried out: charging of the RPW-HEX with compressor 
speed of 25 Hz and operation with standard evaporator at 30 Hz and 50 Hz. Results for the 
charging test are reported in Figure 64. It is possible to notice that the effect of the discontinuous 
operation of the sorption module is mainly on the pressure of the refrigerant in the condenser, 
that presents some spikes corresponding to the peak in the temperature of the HTF. However, 
such spikes occur for only a few second and the heat pump does not experience any blocking, 
thus remarking the possibility of correctly operating the two units coupled under this operating 
mode. Such results will be experimentally verified and discussed with partners developing the 
heat pump (NTUA and DAIKIN) during the next weeks. 

(a) (b) 

  
Figure 64: charge of RPW-HEX simulating operation of sorption module. (a) Temperatures, (b) pressures. 

The results for the operation with the standard evaporator and a compressor speed of 30 Hz are 
reported in Figure 65. Under these conditions, the operation of the compression unit does not 
seem hindered or worsened by the cyclic behavior of the sorption chiller, since there is no 
evident effect on the pressure and also the temperature of the refrigerant on the condenser 
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side does not present abrupt spikes, but rather a cyclic behavior with smooth increases and 
decreases. 

(a) (b) 

  
Figure 65: operation with standard evaporator and compressor speed of 30 Hz simulating operation of sorption 

module. (a) Temperatures, (b) pressures. 

In the case of operation with 50 Hz speed of compressor, the compression heat pump operated 
normally for about 15 minutes and afterwards there was an error of high pressure of the 
compressor, due to the fact that the refrigerant temperature reached 77°C, thus indicating that 
specific care should be posed in operating the unit at maximum power.  

3.9 Integration of electric storage with thermal storage and heat pump 
After extensive testing of the heat pump with thermal storage (RPW-HEX), the integration with 
the electric storage and DC bus was implemented and tested. The operation of the electric 
storage with DC under lab-controlled conditions and its integration with the heat pump was 
carried out using the hardware and software described in Deliverable 3.3. 

Aim of the tests of the integrated system was the simulation of a realistic operation day under 
reference conditions, i.e. considering the PV production profile from a summer day in Almatret. 
Temperature inlet to the condenser of the heat pump was kept constant, with the aim of 
simulating the cascade operation with the sorption chiller. Among the various operating modes 
available for the heat pump, the parallel charge/discharge was applied. 

The temperature and power profiles for an accelerated test (i.e. one day operation was 
simulated in a 6 hours’ test) are reported in Figure 66, whereas the powers measured for 
batteries, heat pump and PV are shown in Figure 67. 

What the test clearly evidences is that parallel charge/discharge allows supplying constant 
temperatures around nominal values (7/12°C) to the user while charging the PCM. At the same 
time, the peak load provided by the PV allows the simultaneous operation of the heat pump and 
charge of the batteries. Discharge of the batteries occurs almost completely during the evening 
hours. It is however worth remarking that the test was carried out considering a constant 
operation of the heat pump, whereas in a typical user scenario, the heat pump would undergo 
on/off cycles during the day. 

Further activities will be then devoted to simulating different ambient conditions and user 
profiles, to obtain a useful know-how for pilot installation, commissioning and long-term 
operation. 
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Figure 66: temperature evolution in the heat pump for operation under realistic operation of a reference day. 

 
Figure 67: powers evolution in the DC bus for operation under realistic operation of a reference day. For 

batteries, a negative power indicates discharge periods, a positive one the charging periods. 

3.10 Simplified modelling for control system implementation 
The results of the tests done on the heat pump with the latent storage were further elaborated 
with the aim of defining reduced order models that could be employed within WP4 for 
simulation of the Mediterranean sub-system with a low computational effort, thus allowing the 
application of Artificial Intelligence-based optimization.  

3.10.1 Simplified model for operation with standard evaporator 

For the case of the operation with the standard evaporator, two approaches were used: (a) the 
definition of a performance map, in the form of a set of equations according to condensation 
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and evaporation temperature and compressor part load; (b) a polynomial equation with 
correction coefficients according to the compressor part load. 

The performance map derived allows the calculation of cooling capacity and EER as a function 
of HTF evaporator inlet (Evapin) and HTF condenser inlet (Condin). For each part load tested (i.e. 
for each compressor supply frequency), different coefficients were calculated. 

The cooling capacity and EER of the heat pump were described by equations of the form: 

�̇�[𝑘𝑊] = 𝑎 + 𝑏 ∙ 𝐸𝑣𝑎𝑝 + 𝑐 ∙ 𝐶𝑜𝑛𝑑 + 𝑑 ∙ 𝐸𝑣𝑎𝑝 + 𝑒
∙ 𝐶𝑜𝑛𝑑 (𝑎𝑙𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑠 𝑖𝑛 °𝐶) 

(26) 

𝐸𝐸𝑅 = 𝑓 + 𝑔 ∙ 𝐸𝑣𝑎𝑝 + ℎ ∙ 𝐶𝑜𝑛𝑑  (𝑎𝑙𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑠 𝑖𝑛 °𝐶)  
(27) 

The coefficients used are summarized in Table 4, together with the R2 for each case, which 
demonstrates the good fitting of the model to measured data. 

 
Table 4: coefficients for the performance map of the heat pump, standard operation. 

 25 Hz 35 Hz 40 Hz 45 Hz 

a 0.1849 -11.77 13.29 -0.3388 

b -0.01297 -0.01451 0.001084 0.001522 

c -0.006486 -0.02652 0.001001 0.1363 

d 0.5603 0.7554 0.4203 0.2941 

e 0.3286 1.363 -0.2034 3.544 

f 7.788 9.51 7.261 8.458 

g 0.1523 -0.1775 0.1784 -0.1448 

h -0.1496 0.07612 -0.1469 0.05428 

R2-cooling 
capacity 0.9228 0.9723 0.9820 0.9669 

R2-EER 0.9919 0.8961 0.9825 0.9615 

 

An alternative approach was also followed, which makes use of the equation developed by NTUA 
on the basis of the theoretical models developed within Task 3.1 and described in 4. It correlates 
the evaporator and compressor powers with the evaporator pressures (pevap) and HTF inlet to 
the condenser (Condin): 

 

𝑄∗̇ [𝑘𝑊] = −94.99 + 24.21 𝑝 − 1.303 𝑝 + 6.059 𝐶𝑜𝑛𝑑
− 0.1207 𝐶𝑜𝑛𝑑 − 0.1207 𝑝 𝐶𝑜𝑛𝑑 + 0.0833 𝑝 𝐶𝑜𝑛𝑑
+ 0.0281𝑝 𝐶𝑜𝑛𝑑 − 0.0016𝑝 𝐶𝑜𝑛𝑑  

(28) 

 
4 Palomba V, Varvagiannis E, Karellas S, Frazzica A. Hybrid Adsorption-Compression Systems for Air 
Conditioning in Efficient Buildings: Design through Validated Dynamic Models. Energies 2019;12:1161. 
https://doi.org/10.3390/en12061161. 
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�̇�∗ [𝑘𝑊] = 77.21 − 16.97 𝑝 − 0.9449 𝑝 − 5.37𝐶𝑜𝑛𝑑 +
0.128 𝐶𝑜𝑛𝑑 + 1.24 𝑝 𝐶𝑜𝑛𝑑 − 0.7066 𝑝 𝐶𝑜𝑛𝑑 −
0.0294𝑝 𝐶𝑜𝑛𝑑 + 0.0017𝑝 𝐶𝑜𝑛𝑑   

(29) 

 

The actual evaporator and condenser powers for each speed of the compressor are:  

�̇� =
�̇�∗

�̇�
 

(30) 

 
 

�̇� =
�̇�∗

�̇� 1 + 1
𝐸𝐸𝑅

 
(31) 

 

For each case, the nominal points are summarized in Table 5. 

 
Table 5: nominal cooling power and EER at different part loads for standard operation. 

 
25 Hz 35 Hz 40 Hz 45 Hz 

Nominal cooling power [kW] 9.0 12.0 13.5 15.0 

Nominal EER 1.6 2.3 2.6 3.0 

 

3.10.2 Simplified model for operation with RPW-HEX 

In the simplified models described and applied in Deliverable 4.1 and Deliverable 4.2, the energy 
charged/discharged from the PCM was calculated using an empirical correlation derived by UDL 
during experimental activity on the small-scale RPW-HEX and described in Deliverable 2.2. 
However, after some preliminary calculation, the need for a correction of the equation was 
assessed.  

The energy charge/discharged can be calculated: 
 From HTF circuit (as the integral of instantaneous power); 
 From the refrigerant circuit, using a tool like CoolProp that allows the calculation of the 

enthalpy as a function of temperature and pressure. 

After a comparison between these methodologies, it was found that the difference was in the 
range of 10%, i.e. within uncertainty of measurement and therefore the enthalpy curve was 
fitted using the values measured in the HTF circuit. 

The integral heat curve for the storage is calculated as: 

𝑄 = 𝑄 (𝑇 ) + 𝑄 (𝑇 ) + 𝑄 (𝑇 ) 
(32) 

𝑄 = ℎ (𝑇 ) + 𝑐 𝑚 𝑇 + 𝑐 𝑚 𝑇  
(33) 
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𝑄 = ℎ (𝑇 ) + 𝑐 𝑚 𝑇 + 𝑐 𝑚 𝑇  
(34) 

The results for different tests with RPW-HEX version 1 are reported in Figure 68, differing for 
compressor speed, HTF flow rate and condenser inlet temperature during charge. For charge, 
regardless of temperatures and compressor frequency, the curves are perfectly superimposed. 
Curves for discharging tests differ for the flow rate of the HTF; the difference between the tests 
in the phase change range (2-8°C) is not marked, whereas in the sensible heat range (both in 
solid and liquid phase) it is more evident.  

 
Figure 68: comparison of integral heat curves for different tests with RPW-HEX version 1. 

As first attempt, two fittings were carried out, one for charge and one for discharge, which are 
shown in Figure 69, where the good adherence between the 2nd order polynomial expression 
and experimental results can be highlighted. 

 
Figure 69: integral heat curve fittings for charge and discharge. 
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However, as further step to improve the calculations for control purposes, a single curve, based 
on the average results from charge and discharge, was calculated, which is reported in Figure 
70. 

 
Figure 70: integral heat curve for tests with RPW-HEX version 1. 

According to such an approach, the energy charged/discharged is described by the equation:  

𝐸 [𝑘𝐽] = 25.346 𝑇 [°𝐶] − 924.62𝑇 [°𝐶] + 11679 
(35) 

In order to verify the correspondence between such a correlation and the experimental tests, 
the energy calculated according to the previous equation was compared with the measured one 
and the results, for several discharge tests with both RPW-HEX versions, are reported in Figure 
71, as a function of HTF flow rate. It is possible to notice that HTF flow rate does not significantly 
affects the deviation between theoretical and experimental data. It is equally important to 
highlight that the tests with version 2 that exhibit the highest deviations are those prior to 
insulation of the storage, whereas after insulation, the difference between the value calculated 
and that measured is always lower than 12%, thus indicating that the equation can represent, 
with enough reliability the behaviour of the latent storage for modelling in control purposes.  

 
Figure 71: comparison of calculated and measured energy for different discharge tests with RPW-HEX in the 

different versions. 
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3.11 Techno-economic analysis of Mediterranean system 

3.11.1 Assumptions and operating modes 

The results from the experiments described above were used for a preliminary techno-economic 
analysis of the Mediterranean system. To this aim, two cases were considered: 

- Case#1: a refurbished building located in Athens with fan coils as distribution system 
(so, no thermal collectors and no sorption module, similar to the system that will be 
installed in Aglantzia demonstration pilot);  

- Case#2: a low energy building located in Madrid with fan coils as distribution system and 
Fresnel collectors and sorption module. 

The configurations simulated are summarised in Figure 72. For the climate of Athens, the 
reference system is a heat pump supplying both heating and cooling, whereas the HYBUILD 
system is the heat pump with RPW-HEX. In the case of Madrid, the reference system is the heat 
pump for supplying heating and cooling, together with solar collectors to supply heating. Two 
HYBUILD configurations are considered in this case, i.e. with or without sorption module. 

The following operating modes were taken into account: 
1. Summer operation with sorption module+heat pump with RPW-HEX (for case #2); 
2. Summer operation with heat pump with standard evaporator (for all cases) 
3. Summer operation with heat pump+RPW-HEX (for all cases) 
4. Winter operation with heat pump only (for all cases) 
5. Winter operation with heat pump in heating mode + solar collectors (for case #2) 

In order to carry out the techno-economic analysis, the TRNSYS models developed within WP4 
and described in Deliverable 4.1 and Deliverable 4.2 were used, after correction of the heat 
pump+RPW-HEX corrections according to what reported in section 3.10.  

3.11.2 Building loads 

Figure 73 shows the building load for the simulated building in Athens for the overall year. The 
heating load is maximum in December to March, amounting to 5200-7000 kWh/month and 
decreases in April and November to about 2000 kWh/month, whereas cooling load is present 
only in the period from May to October, with a maximum of about 4000 to 5000 kWh in July to 
August.  
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(a) (b) 

 

 
(c) 

 
(d) (e) 

 
 

Figure 72: schematic layout of simulated configurations. (a) reference system in Athens; (b) reference system in 
Madrid; (c) HYBUILD system for Athens; (d) HYBUILD configuration (1) in Madrid and (e) HYBUILD configuration 2 

in Madrid. 

DRY 
COOLERHEAT PUMP

USER

SOLAR 
COLLECTORS 

(FRESNEL)

WATER 
STORAGE 

TANK

DRY 
COOLER

HEAT PUMP

USER

DRY 
COOLER

HEAT PUMP
+

RPW-HEX

USER

SOLAR 
COLLECTORS 

(FRESNEL)

WATER 
STORAGE 

TANK

HEAT PUMP 
+

RPW-HEX

USER

DRY 
COOLER SOLAR 

COLLECTORS 
(FRESNEL)

WATER 
STORAGE 

TANK

SORPTION 
MODULE

DRY 
COOLER

HEAT PUMP 
+

RPW-HEX

USER



  Deliverable D3.4 

68 
 

 
Figure 73: building energy demand for Athens. 

The building energy demand in Madrid is reported in Figure 74. In this case, summer load is 
higher than winter load and amount to about 5500 kWh/month in July and August. Winter load 
is maximum in January and December and equal to about 5000 kWh/month. Compared to the 
case of Athens, cooling load in June and September is still relevant and equal to about 3000 
kWh/month in September and 3500 kWh/month in June. 

 
Figure 74: building energy demand for Madrid. 

3.11.3 Reference days 

In Figure 75 to Figure 78, two reference weeks for each of the simulated cases are shown, 
referring to the operation of HYBUILD system in winter (Figure 75 and Figure 76) and summer 
(Figure 77 and Figure 78). It is possible to notice that in all cases, the comfort conditions are kept 
and that reasonable temperature levels for all the components, in line with target values can be 
achieved.  
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Figure 75: reference winter week for Madrid case. 

 
Figure 76: reference winter week for Athens case. 
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Figure 77: reference summer week for Madrid case. 

 
Figure 78: reference summer week for Athens case. 

3.11.4 Energy analysis 

Figure 79 shows the heat flows to the various components of the simulated HYBUILD system for 
the case of Athens over the year. As expected, during winter, the heat flow of the heat pump is 
that corresponding to the heating load of the building, since this is the only component that 
covers the overall building energy demand. During summer, the heat flow is due to the cooling 
provided by the heat pump, either through the standard evaporator or through the latent 
storage. The correspondent EER for summer and winter operation are reported in Figure 80, 
where it is possible to notice that values around 3.7 are obtained in winter and around 3.0 in 
summer, with a minimum for the warmest months. Instead, in Figure 81, the contributions to 
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overall electricity consumption of the main components and auxiliaries are reported. It is 
interesting to notice that the auxiliaries only account for less than 10% of the overall electricity 
consumption with the exception of May, when the heat pump is working in cooling mode but 
only for a few hours.  

 

 
Figure 79: heat flows in Athens for yearly operation of the HYBUILD system. 

 
Figure 80: EER of the heat pump in Athens. 
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Figure 81: contributions to overall electricity consumption for Athens over the year. 

For the case of Madrid, two operating modes can be compared, i.e. the summer operation with 
sorption module, allowing then the heat pump to operate either in cascade or as stand-alone 
unit, and the operation without sorption module. The correspondent heat flows are shown in 
Figure 82. For the winter months, the operation is identical, during summer, the cooling load is 
covered more or less for half of the hours by the heat pump in stand-alone mode and for the 
remaining half by the heat pump in cascade mode. 

(a) (b) 

  
Figure 82: heat flows for the case of Madrid, for the operation without sorption module (a) and with sorption 

module (b). 

The advantage of HYBUILD configuration is clear from the EER shown in Figure 83: when the 
heat pump works in cascade mode (green circles) the EER is almost double that of the heat pump 
working in unfavourable conditions (green triangles).  

Finally, Figure 84 shows the contributions to electricity consumption of the various components 
and auxiliaries. The warmer temperatures and the selection of cascade operation for the heat 
pump during summer mode increase the contribution of the dry cooler compared to Athens or 
to the case of heat pump operation by itself, but still less than 20% of overall electricity 
consumption is due to auxiliaries, which remarks the goodness of the selected components. 
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Figure 83: EER of the heat pump in Madrid. 

(a) (b) 

 
 

 

Figure 84: contribution to electricity consumption in Madrid for the operation without sorption module (a) and 
with sorption module (b). 

3.11.5 Main results and savings 

The results for the two cases evaluated are summarised in Table 6 and Table 7 for Athens and 
Madrid, respectively. In the case of Athens, it is possible to notice that the annual savings are 
about 1070 kWh that, considering an electricity price of 30 c€/kWh for residential users, amount 
to 320 € of annual savings.  

In the case of Madrid, there is a significant benefit in the use of HYBUILD configuration with 
sorption module, since more than 60% of total cooling demand is supplied at high efficiency. 
Compared to Athens, even in configuration 1, there is a higher reduction of electricity used, due 
to the higher cooling load of the building over the year and therefore an increased effect of using 
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around 2200 kWh/y that, under the hypothesis of c€/kWh price of electricity, corresponds to 
almost 700 € of savings.   

Table 6: main results of the techno-economic analysis for Athens. 
  

Reference HYBUILD 

Heating load in the building kWh/y 28,458 28,458 

Heating load in the building kWh/(m2y) 57 57 

Cooling load in the building kWh/y 15,288 15,288 

Cooling load in the building kWh/(m2y) 31 31 

Heating energy supplied by HP kWh/y 28,939 29,049 

Cooling energy supplied by HP kWh/y 18,378  

Cooling energy supplied by HP+RPW-HEX kWh/y - 16,588 

HP el. consumption heating kWh/y 7,839 8,003 

HP el. consumption cooling kWh/y 4,787 3,591 

Pumps el. consumption kWh/y 221 219 

Dry-cooler el. consumption heating kWh/y 250 251 

Dry-cooler el. consumption cooling kWh/y 160 124 

Overall el. consumption kWh/y 13,257 12,188 

Overall el. consumption kWh/(m2y) 27 24 

Electricity savings  kWh/y - 1,069 

EER_annual heating kWh/kWh 3.7 3.6 

EER_annual cooling kWh/kWh 3.8 4.6 

Annual savings  € - 321 

 
Table 7: main results of the techno-economic analysis for Madrid. 

 
Reference  HYBUILD 

configuration 1 
HYBUILD 
configuration 2 

Heating load in the building kWh/y 17,121 17,121 17,121 

Heating load in the building kWh/(m2y) 34 34 34 

Cooling load in the building kWh 17,279 17,279 17,279 

Cooling load in the building kWh/(m2y) 35 35 35 

Heating energy supplied by solar 
collectors 

 kWh/y 11,084 11,091 10,970 

Heating energy supplied by HP kWh/y 7,382 7,455 6,491 

Cooling energy supplied by HP kWh/y 18,091 - - 

Cooling energy supplied by cascade 
HP+RPW-HEX 

kWh/y - - 10,593 

Cooling energy supplied by 
HP+RPW-HEX 

kWh/y - 17,846 6,891 

HP el. consumption heating kWh/y 2,101 2,249 2,216 
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HP el. consumption cooling with 
sorption module 

 kWh/y - - 2,471 

HP el. consumption cooling no 
sorption module 

kWh/y 8,011 6,322 3,052 

Pumps el. consumption kWh/y 251 260 247 

Dry-cooler el. consumption heating kWh/y 69 64 78 

Dry-cooler el. consumption cooling kWh/y 402 385 557 

Overall el. Consumption kWh/y 10,834 9,280 8,621 

Overall el. Consumption kWh/(m2y) 22 19 17 

Electricity savings  kWh/y - 1,554 2,213 

EER heating kWh/kWh 3.7 3.7 3.7 

EER Cooling with sorption module kWh/kWh - - 4.3 

EER Cooling no sorption module  kWh/kWh 2.3 2.3 2.3 

Annual savings  € - 466 664 
 

3.12 Lessons learned and design decisions 

3.12.1 Lessons learned 

Based on results from tests, the following issues were identified and evaluated: 

 During charge of the RPW-HEX, it is beneficial to have a bypass system with water 
recirculation in the heat exchanger, in order to have a more homogeneous distribution of 
temperatures of the PCM. 

 During installation at the demo sites, the switches installed in the compression heat pump 
for selecting the pre-set speeds of the compressor should be connected to PLC to allow 
switching them to adapt the operation to boundary conditions and desired operating mode. 

 Even when the system is off, it is beneficial to start the pumps in the hydraulic circuits from 
time to time, especially if the temperature is low (<15°C), since in the Thermogard/water 
solutions there are components that tend to precipitate and can have a detrimental effect 
(i.e. blocking) the heat exchangers’ channels.  

 Operation of the sorption module with the compression chiller with 30 Hz supply frequency 
to the compressor should not pose any problem.  

 After a hard stop (i.e. from main switch) of the rack with DC bus, it is necessary to perform 
a reset on batteries BMU due to an internal error that occurs. 

3.12.2 Design decisions 
According to the results of tests at CNR and NTUA the following design considerations were 
made: 

 In order to correctly operate the compression unit with the RPW-HEX guaranteeing a 
correct expansion of the refrigerant, it is necessary to reduce the speed of the 
compressor (i.e. compressor feed at 30 Hz). 
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 The anti-corrosion additive Themoguard will be replaced by a product that overcomes 
the issues of precipitation when the fluid is not circulated. 

 Rather than having parallel charge/discharge of the RPW-HEX, it is more effective to 
charge and discharge the RPW-HEX in different times and therefore the parallel 
operation should be avoided in pilot plant installation. 

 Discharge optimal flow rate is 0.17 kg/s. 
 In order to avoid damage to the batteries, the minimum allowed SOC (State of Charge) 

should be higher than 20% and the maximum allowed one lower than 90%, with 
maximum charge/discharge power of 2.5 kW. 
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4 Experimental tests and final design decisions in the Continental 
system  

In Task 3.2, the OCHSNER HP without RPW-HEX and two full scale integrated hybrid storage 
prototypes were tested at AIT during spring/summer 2019 and spring/summer 2020.  

During the beginning of the first test series (spring 2019) the OCHSNER HP with an inverter 
capable of direct DC integration was tested without the RPW-HEX and the results are shown in 
section 3.1. After the first start-up difficulties had been solved with the HP without RPW-HEX, 
the first full scale RPW-HEX prototype from AKG (version 1) was tested together with the HP in 
summer 2019. Because the DC bus prototype from CSEM was used at CNR/ITAE for testing the 
Mediterranean system together with the battery, the DC feed of the inverter in the HP was 
tested with a DC generator from AIT (see also Deliverable 3.2).  

The results from these experiments are shown in section 3.2 and the setup with and without 
RPW-HEX is described in detail in section 3.1 of Deliverable D3.3.  

During the first experimental test series, it was found out that the oil in the refrigerant cycle 
accumulated in the RPW-HEX, which led to the destruction of the compressor after about 2-4 
weeks of operation. After a detailed analysis of this failure, the compressor was replaced, and 
the experimental procedures – here in particular the start-up procedure – was adapted to 
account for this design issue. However, the issues faced with the compressor as well as test 
results made clear that the RPW-HEX had to be redesigned for the demo. The new design must 
avoid oil traps and unbeneficial heat bridges which were identified as part of the experimental 
analysis (c.f. section 3.2). Furthermore, it was decided to have the HP retrofitted with an oil 
separator after the compressor as a secondary safety measure to prevent future failures. 
Therefore, the experiments with the first RPW-HEX were stopped in autumn 2019. The RPW-
HEX design was extensively analysed and adapted in cooperation between AKG and AIT. 
Furthermore, the HP was retrofitted by OCHSNER to be prepared for the second test series. 

The testing of the second Continental RPW-HEX prototype (version 2) manufactured by AKG was 
planned for November 2019. The test rig at AIT was prepared at this point of time, but 
unfortunately the RPW-HEX version 2 didn’t pass the last safety pressure tests at AKG due to 
structural issues and unsatisfactory welding. This revealed the need for another design of the 
RPW-HEX. Among other things, the next version of the RPW-HEX was separated into two smaller 
versions connected in series. These design adaptions where crucial steps towards the final 
design but also caused the need for a major adaption of the test rig and the mounting structure. 
The third version of the full-scale Continental RPW-HEX, together with an adapted test rig for 
the new RPW-HEX version was finally available at AIT for the tests with the retrofitted HP from 
OCHSNER in April 2020.  

During this second test series (May-August 2020), additionally three decentralized sensible 
water storages (enerboxxes) from PINK, a thermal controller from PINK and a hydraulic 
separator provided by OCHSNER to decouple the internal water cycle of the HP from the external 
water cycle were integrated in the experiment to have the full thermal system tested. To operate 
at close to demo-site conditions, the inverter of the HP was operated with DC current using the 
previously mentioned DC generator all the time. The results of the experiments are presented 
in section 3.3 and the overall setup is described in detail in section 3.2 of Deliverable 3.3.  
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4.1 Experimental tests without RPW-HEX (benchmark tests winter/spring 
2019) and with RPW-HEX version 1 

4.1.1 Layout of the sub-system 

Figure 85 shows the process flow diagram (PFD) of the first test series (winter/spring/summer 
2019) at AIT. During the tests without RPW-HEX, the refrigerant was bypassed with the aid of 
the valves (V-4 to V-6). A detailed description of the set-up and the refrigerant cycle can be found 
in section 3.1.1 in Deliverable D3.3. 

 

Figure 85: PFD scheme of the experimental setup to perform tests with RPW-HEX Version 1. ① Compressor, 
② thermal storage (RPW-HEX), ③ 4-way-valve, ④ Condenser, ⑤ Expansion valve, ⑥ Evaporator, ⑦ 

Liquid injection valve, ⑧ water pump, ⑨ 3-way-valve. (TI) Temperature sensors, (PT) Pressure sensors, (FTI) 
mass flow sensors, (SCI) speed monitoring, (JI) electric power measurement, (WI) scale. 
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4.1.2 Data reduction 

The total heat transferred to the external water cycle was calculated from the inlet and outlet 
temperatures: 

�̇� =  �̇�  ℎ(𝜗 ) − ℎ(𝜗  )  (36) 

where �̇�  is the mass flow measured with the Coriolis mass flow sensor in the water cycle 
(FTI-32 in Figure 85), ℎ is the specific enthalpy calculated with the aid of the CoolProp library5 
from the temperatures at the in- (𝜗 ) and outlet (𝜗 ) of the HP water cycle.  

The heat transferred from the condenser to the water was calculated with: 

�̇� =  �̇�  ℎ(𝜗 ) − ℎ(𝜗  )  (37) 

where ℎ is the specific enthalpy calculated from the temperatures at the in- (𝜗 ) and outlet 
(𝜗 ) of the HP condenser. 

The heat transferred from the RPW-HEX to the water was calculated with: 

�̇� , =  �̇�  ℎ(𝜗 ) − ℎ(𝜗  )   (38) 

where �̇�  is the mass flow through the RPW-HEX calculated from the difference between 
the mass flows measured with FTI-32 and FTI-25. The specific enthalpy of the water ℎ was 
calculated from the temperatures measured at the in- (TI-34) and outlet (TI-26) of the RPW-HEX, 
respectively.  

The heat transferred from the refrigerant to the RPW-HEX follows from: 

�̇� , =  �̇�  ℎ(𝜗 ) − ℎ(𝜗  )   (39) 

where �̇�  is the mass flow measured with the Coriolis mass flow sensor in the refrigerant cycle 
(FTI-8), ℎ is the specific enthalpy of R32 calculated with the aid of the CoolProp library5 from the 
temperatures of the refrigerant at the in- (𝜗 ) and outlet (𝜗 ) of the RPW-HEX. 

The COP was calculated with: 

𝐶𝑂𝑃 = ∫ ̇  

∫  
   (40) 

where 𝑃  is the electric power consumption of compressor, evaporator fan and water 
pump combined and 𝜏 is the analysed timespan (e.g. 90 min in the benchmark tests). 

4.1.3 Results and Discussion of the tests without RPW-HEX 

Benchmark test were carried out on the one hand side to validate the performance of the HP 
without RPW-HEX and on the other hand side to test the inverter which is capable to be 
integrated into a DC current network and the controller of the HP under realistic operating 
conditions. These operating conditions included heating/cooling and DHW generation at outside 
temperatures ranging from -10°C to 35°C and different feed water temperatures. 

At air temperatures around and below 0°C before each test a defrost was conducted to ensure 
that the test is not influenced by accumulated frost on the outside heat exchangers surface.  

 
5 Bell, I. H.; Wronski, J.; Quoilin, S.; Lemort, V. Pure and Pseudo-pure Fluid Thermophysical Property 
Evaluation and the Open-Source Thermophysical Property Library CoolProp, Ind Eng Chem, 2014, 53 (6), 
2498--2508. 
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Each benchmark test lasted 90 minutes.   

Table 8 shows the constraints, the heat transfer rate at the condenser and the COPs from the 
individual benchmark tests. Figure 86 shows a graphical presentation of the measured COPs. 

 
Operation 𝝑𝒂𝒎𝒃𝒊𝒆𝒏𝒕 (°C) 𝑻𝒔𝒖𝒑𝒑𝒍𝒚 (°𝑪) 𝑻𝒓𝒆𝒕𝒖𝒓𝒏 (°C) �̇�𝒕𝒉𝒆𝒓𝒎𝒂𝒍,𝒂𝒗𝒈 (kW) COP (-) 

Heating -7 43 33.5 9.62 2.95 
Heating 2 37 31 5.81 4.28 
Heating 7 33 29 3.81 5.3 
Heating 12 28 25 3 7.1 

DHW -10 47 60 8.85 1.79 
DHW -7 46.7 60 9 1.95 
DHW 2 55 60 8.6 2.17 

Cooling 35 18 23 6.17 4.55 
Cooling 30 18 21.5 4.39 6.24 
Cooling 25 18 20.5 3.15 7.72 
Cooling 20 18 20.6 3.33 10.378 

Table 8 Default parameters and the average values of the benchmark tests. 

 

 
Figure 86: COPs the benchmark tests for different ambient air temperatures. 

 

4.1.4 Results and Discussion of the tests with Continental RPW-HEX version 1  

To evaluate the capacity and performance of the RPW-HEX, four experiments were carried out 
in which the RPW-HEX was fully charged and discharged at different compressor speeds.  

Contrary to the benchmark test, the outlet temperature of the hot gas after the compressor was 
limited by the OCHSNER HP controller to 105°C instead of 115°C due to safety issues. 

The temperature in the climatic chamber, where the evaporator of the HP was located, was set 
to - 7°C /- 8°C (wet bulb temperature) and the return temperature of the water (inlet to HP) was 
constant at 33°C. The water mass flow was set to 0.14 kg/s except for one test where it was set 
to 0.114 kg/s. An overview of the experiments is shown in Table 9. 
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Table 9: Overview of experiments with RPW-HEX version 1 

Series Description Compressor 
speed in % 

Water mass flow in kg/s mass flow rate through the 
RPW-HEX during discharging charging discharging 

1 charging 90 0.245 - None 
1 discharging I 0 - 0.14 Constant 
1 discharging II 90 - 0.14 Constant 
2 cyclic operation I 90 0.245 0.14 Constant 
2 cyclic operation II 90 0.245 0.14 Variable 

In the following, only the second test series are described. For a description of the first test series 
please look at 6. For “cyclic operation I” the system was operated for more than 50 hours 
covering seven RPW-HEX charging and discharging cycles (see Figure 87). While the charging 
cycle took between 6-7 hours, depending on how many defrosting cycles were needed, the 
discharging cycle always took approx. 30 minutes. 

 

 
Figure 87: Experimental results for the cyclic charging I test. Shown are the RPW-HEX surface temperatures at 

different locations.  

Figure 88 (left) shows the energy balance for one typical charging/discharging cycle. During 
heating operation, the RPW-HEX is charged and about 𝐸cond,charge = 49.2 kWh are transferred 
to the heating system via the condenser. During discharging of the RPW-HEX about 60% of the 
energy is provided by the RPW-HEX (ERPW,w = 5.36 kWh) and about Econd,discharge = 3.5 kWh are 
provided by the condenser. During the entire charging/discharging cycle about Etot = 56.7 kWh 
is delivered to the water circuit, what is about 1.37 kWh less than what is recovered from the 
condenser and the RPW-HEX. This discrepancy is caused by thermal losses in the piping system. 

A detailed analysis of the energy balance during discharging is given in Figure 88 (right) (shown 
as stacked plot). Based on the measurements it is obvious that a share of about 11% is 
attributable to direct heat transfer from the refrigerant – the hot gas from the compressor – to 
the water. The analysis also reveals that about 0.86 kWh appears as thermal loss which is 

 
6 Marx, K.; Emhofer, J.; Barz, T.; Krämer, J.; Cabeza, L.F.; Zsembinszki, G.; Strehlow, A.; Nitsch, B.; 
Wiesflecker, M.; Zitzenbacher, R.; Weiss, M. Dynamic performance tests of a heat pump cycle integrated 
latent heat thermal energy storage for optimized DHW generation, accepted paper for IEA HP 
conference 2021, Jeju 

Cycle ① ② ③ ④ ⑤ ⑥ ⑦
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relatively high compared to the total cycle (1.37 kWh). This is because the thermal energy loss 
is attributable to stagnant water in the piping system to the RPW-HEX which becomes effective 
during discharging operation only.  

 

 

 
Figure 88: Energy balance considerations for one typical charging/discharging cycle for test run cyclic operation I. 

Left: Energy transferred to the water cycle for one complete charging/discharging cycle. Right: Energy transfer 
during discharging illustrated as stacked plot. 

For the efficient use of the thermal energy stored in the RPW-HEX, the temperature at the outlet 
of the system must be controlled. This is obtained by controlling the 3-way valve and mixing 
warm water from the condenser outlet with hot water from the RPW-HEX outlet. Therefore, a 
control loop was implemented to reach a target temperature of 55°C at the system outlet for 
the use as DHW. 

Measured water temperatures for one representative discharging cycle for test run cyclic 
operation II are shown in Figure 89 (left). The discharging time is longer, compared to the test 
run cyclic operation I since only a part of the water passes the RPW-HEX. Due to the reduced 
water flow for discharging the condenser outlet temperature immediately increased from 41 to 
45°C and then drops to 43°C later due to increased heat transfer inside the RPW-HEX caused by 
decreasing PCM temperature during discharging. Similarly, the discharging experiments 
presented before the RPW-HEX water outlet temperature increases quickly and reaches about 
82°C after about 2 minutes. The water temperature at the system outlet at the beginning 
decreases quickly reaching a mere at 38°C due to the stagnant water in the piping system of the 
RPW-HEX – as mentioned before here as thermal energy loss. However, after about 5 minutes 
the setpoint (55°C) at the system outlet is reached and DHW is obtained for about 42 minutes.  

The detailed analysis of the energy balance is given in Figure 89 (right). Compared to the test 
run cyclic operation I (cf. Figure 88(right)) the total energy available for DHW increases by 22% 
while the contribution from the RPW-HEX (ERPW) is almost equal. This is caused by the increased 
contribution from the condenser (Econd discharge) and the direct heat transfer from the hot gas 
(ERPW,R).  
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Figure 89: Left: Temperature profiles in the water circuit for a typical discharging cycle for test run cyclic operation 

II. Right: Energy transfer during discharging illustrated as stacked plot. 

4.1.5 Lessons learned 

Start-up process: 

After the integration of the RPW-HEX and first tests the start-up of the HP had to be adapted for 
two reasons: 

1. Condensation of the refrigerant in the RPW-HEX had to be avoided otherwise there 
wouldn’t be enough refrigerant in the cycle. 

2. Accumulation of compressor oil inside the RPW-HEX had to be prevented to prevent the 
compressor from running dry. 

To solve the first issue a start-up procedure was developed where the compressor speed was 
slowly increased depending on the temperature difference between condensing temperature 
and the temperature of the refrigerant leaving the RPW-HEX. Please note that as long as the exit 
temperature of the refrigerant from the RPW-HEX is above the condensing temperature, all the 
refrigerant should condensate in the condenser. Figure 90 shows a typical measurement during 
the start-up process.  

The RPW-HEX is cold (around 28°C) when the HP is started at about minute 15. After the first 
minutes of operation when the compressor runs at 50% (needed to get rid of liquid refrigerant 
in the suction line of the compressor) and refrigerant is condensing in the RPW-HEX, the 
compressor speed (black line in Figure 90) was reduced to 30%. At about minute 19, the 
condensing temperature (green line) is already slightly smaller than the then the temperature 
in the refrigerant leaving the RPW-HEX (orange line). With increasing temperature difference, 
the compressor speed is increased until the final compressor speed is reached. 

Starting-up the system with this procedure ensured a safe cold start. During the following 
experiments, the temperature of the RPW-HEX was never discharged to a temperature level 
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where condensation could occur. In other words, the RPW-HEX was never discharged below the 
condensing temperature during heating operation. 

 
Figure 90: Start-up process with a cold RPW-HEX 

 The second issue (accumulation of compressor oil inside the RPW-HEX) led to the destruction 
of the compressor within the first trial tests as the compressor was running without oil for some 
time. To avoid this from happening again an oil filter was implemented behind the compressor 
and in addition, the RPW-HEX was mounted diagonally so that oil could flow back to the 
compressor.  

Defrost: 

During the first cycle tests (RPW-HEX was periodically charged and discharged), we found out 
that the automatic control had some problems during defrost operation. Automatic switching 
from heating to defrost didn’t work properly. Figure 91 shows that with progressing frost on the 
evaporator the thermal power of the system decreases. The accumulation of ice at the 
evaporator is represented by the scale which was positioned below the outdoor unit. With 
increasing mass of ice, the expansion valve starts to oscillate. Just before the defrost is triggered 
between hours 5 and 6 the electric power starts to oscillate, too. OCHSNER adapted their 
controller after the first two test cycles which solved the problem.  

 
Figure 91: Measured data of the first cycle in the first test series. Top: Thermal and electric power of the system. 

Bottom: Scale, Liquid injection valve and Expansion valve. 

Condensation inside RPW-HEX

∆𝑇
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Discharging the RPW-HEX: 

During the first cycle tests (RPW-HEX was periodically charged and discharged), a total amount 
of seven charging and discharging cycles have been conducted per experiment. Each cycle lasted 
between 6 and 8 hours. During continuous operation with the RPW-HEX, two different discharge 
approaches (Discharge I and Discharge II) were tested.  

 Discharge I: The RPW-HEX was discharged with 100% of the total water mass flow. The 
3-way-valve ((9) in Figure 85) opens completely. This results in an outlet temperature of 
the water between 80°C and 55°C. Once the water outlet temperature of the RPW-HEX 
felt below 55°C the discharging process was stopped. 

 Discharge II: In this approach, a constant outlet temperature of 55°C was set with the 
aid of the 3-way-valve. In this case, the water mass flow through the RPW-HEX was 
smaller compared to the Discharge I-operation and therefore, the discharging process 
took longer and the contribution of the HP condenser to the total amount of energy was 
increased. Again, the discharging process was stopped once the RPW-HEX water exit 
temperature felt below 55°C.  

Figure 92 shows two representative discharging processes of each kind. From an energetic point 
of view, the second method is preferable to the first method as shown in the previous section. 

 
Figure 92: Measured water temperatures of two discharge cycles. Left: Discharge approach I. Right: Discharge 
approach II. 

From an energetic point of view, Discharge approach II should be preferred over discharge 
approach I due to the higher contribution of the condenser which provides heat at a high COP. 

Blocking of the pressure hose: 

In order to measure the pressure of the air above the PCM a pressure sensor was attached to 
the RPW-HEX. During the experiments, the liquid PCM was pressed regularly into the pressure 
sensors hose where it solidified and prevented the pressure sensor to read the accurate pressure 
(Figure 93). 

4-way-valve: 

With the end of the fourth test series, a bug in the automatic control caused the 4-way-valve to 
malfunction. After shutting down the HP the valve did not close properly. Since this valve is held 
in place by the pressure difference during operation it was now impossible to start up the HP 
because the open valve prevented the compressor to successfully build up pressure on the 
pressure side. By manually correcting the position of the valve and a change in the controller by 
OCHSNER this problem was solved. 

 

RPW-HEX outlet

System outlet

RPW-HEX inlet System inlet

Condenser outlet

System inletRPW-HEX inlet

Condenser outlet System outlet

RPW-HEX outlet
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Figure 93: Left: Picture of the pressure sensor PDTI-38. Middle: Pressure Sensor which was clogged by PCM. 
Right: Picture of the PCM inside the pressure sensors hose. 

Pressure loss over RPW-HEX bypass: 

Since the Bypass and the RPW-HEX have different pressure losses, opening the 3-way-valve (V-
1) 50/50 will not guarantee the mass flow to split accordingly. Therefore, it was decided to open 
the 3-way-valve 50/50 and throttle the mass flow in the bypass with a manual flow control valve 
(V-10) until the mass flow through the Bypass accounted for half the total mass flow. This way 
the pressure loss through the RPW-HEX and the Bypass were adjusted to the same level at a 
total water mass flow of 0.258 kg/s. 

4.1.6 Design decisions 

From the experimental development as well as from the results, following conclusions were 
drawn for further improvement of the system. 

1. The charging time of the RPW-HEX is significantly longer than expected from 
simulations. This is due to the safety limitation of the compressor outlet temperature as 
well as due to a lower heat transfer between refrigerant and RPW-HEX as expected. 
Therefore, the RPW-HEX will be redesigned. The refrigerant and water channels will 
have a “U-turn” to increase the velocity of the refrigerant and therefore, the heat 
transfer between the refrigerant and the PCM.  

2. The RPW-HEX will be mounted vertically above the HP to ensure return flow of the 
lubricant. 

3. An oil filter is implemented in the refrigerant line after the compressor as a second 
measure to avoid oil traps in the RPW-HEX. 

4. The inverter of the HP was operated with DC without problems, but it was also observed 
that for the same operating point, the electric consumption was slightly higher if the DC-
voltage was also higher (see also Deliverable 3.2). 

5. Switching between charging and discharging the RPW-HEX was smooth and did not raise 
complications. 

6. Direct DHW-Generation has to be tested with the next RPW-HEX version. 
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4.2 Experimental tests with RPW-HEX Version 3 

4.2.1 Layout of the sub-system 

Figure 94 shows the Process Flow Diagram (PFD) scheme of the experimental tests with the 
RPW-HEX version 3. Contrary to the previous tests with the RPW-HEX version 1 additionally, a 
hydraulic group for decoupling the HP internal and the building water cycle (K, H, U), three 
decentralized DHW storages including hydraulic modules (X1-3, M1-3), and the thermal 
controller from PINK (not shown in Figure 94) were integrated in the overall setup. A detailed 
description of the set-up including the refrigerant and the water cycle can be found in section 
3.2.1 in Deliverable D3.3. 
 

 

Figure 94: PFD scheme of the experimental setup to perform tests with RPW-HEX version 3. (A) interface to AIT 
lab infrastructure (heat-source and -sink), (B) liquid injection valve, (C) condenser, (D) three-way valve to control 
the water outlet temperature during DHW charging (RPW-HEX discharging), (E) evaporator and fan, (F) fresh 
water inlet, (G) internal water pump of the heat pump, (H) hydraulic separator between HP internal water cycle 
and building water cycle, (I) inverter, (J) DHW outlet, (K) water pump of building water cycle, (L) HEX for 
additional subcooling, (M1-M3) hydraulic modules of enerboxxes to switch between DHW charging, 
heating/cooling and bypassing the enerboxxes, (MI) mixing point for DHW generation, (N) water pump of 
building water cycle, (O) outdoor unit including (E), (L) and (X), (P) compressor, (Q) DC generator, (R1 and R2) 
RPW-HEX modules, (S) Heat exchanger working as heat-sink or -source for the building water cycle, (U) three-
way valve to control the building water cycle temperature, (V) process water feed line, (W) four-way valve for 
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switching between regular and reverse heat pump cycle (i.e. between heating and cooling/defrost), (X1-X3) 
enerboxx DHW storages, (Y) process water return line. 

 

4.2.2 Data reduction 

The total heat transferred from the HP to the HP internal water cycle was calculated from the 
inlet and outlet temperatures close to the hydraulic separator: 

�̇� =  �̇�  ℎ(𝜗 ) − ℎ(𝜗  ) , (41) 

where �̇�  is the mass flow calculated from the volume flow rate (volume flow sensor in the 
FTI-57 in Figure 94), ℎ is the specific enthalpy calculated with the aid of the CoolProp library7 
from the temperatures at the in- (𝜗 ) and outlet (𝜗𝑇𝐼 − ) of the HP internal water cycle.  

The heat transferred from the RPW-HEX to the water was calculated with: 

�̇� , =  �̇�  ℎ(𝜗 ) − ℎ(𝜗  ) ,  (42) 

where �̇�  is the mass flow through the RPW-HEX calculated from the difference between 
the volume flows measured with FTI-57 and FTI-22. The specific enthalpy of the water ℎ was 
calculated from the temperatures measured at the in- (TI-30) and outlet (TI-23) of the RPW-HEX, 
respectively.  

Finally, the heat transferred from the condenser and the water pump to the water was 
calculated with: 

�̇� =  �̇� −  �̇� ,  . (43) 

The heat transferred from the refrigerant to the RPW-HEX follows from: 

�̇� , =  �̇�  ℎ(𝜗 ) − ℎ(𝜗  )  ,  (44) 

where �̇�  is the mass flow measured with the Coriolis mass flow sensor in the refrigerant cycle 
(FTI-8), ℎ is the specific enthalpy of R32 calculated with the aid of the CoolProp library7 from the 
temperatures of the refrigerant at the in- (𝜗 ) and outlet (𝜗 ) of the RPW-HEX. 

The EER at a certain point of time was calculated with: 

𝐸𝐸𝑅(𝑡) =
̇ ( )

( ) ,  (45) 

where 𝑃  is the total electric power consumption of compressor (DC), evaporator fan (AC) 
and water pump (AC) at the time t. The integral EER over a timespan from t=0 to t= 𝜏 is given by: 

𝐸𝐸𝑅(𝜏) = ∫ ̇  

∫  
 .   (46) 

The stored energy in the RPW-HEX modules was estimated with the aid of four temperature 
sensors for each RPW-HEX (either with the sensors immersed in the PCM or with the surface 
sensors mounted on the aluminium above the PCM passages). We assumed that each of the 
four temperature sensors represent the average temperature of a fourth of one RPW-HEX 

 
7 Bell, I. H.; Wronski, J.; Quoilin, S.; Lemort, V. Pure and Pseudo-pure Fluid Thermophysical Property 
Evaluation and the Open-Source Thermophysical Property Library CoolProp, Ind Eng Chem, 2014, 53 (6), 
2498--2508. 
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module. With these assumptions, the stored energy at each time was calculated considering: 
the latent energy of the PCM and the sensible energy of the PCM, the aluminium and the water:  

𝐻(𝜗) = ∑  (   [ , , , , , , , ] ∫ (  𝑐 , + 𝑐 , (𝑇) ) d𝑇     (47) 

where Malu and MPCM is the mass of aluminium and PCM per module8, respectively, cp,alu is the 
constant specific heat capacity of aluminium (896 J/kg·K), cp,PCM is the temperature dependent 
specific heat capacity of the PCM including latent and sensible part taken from the 
manufacturers data sheet (Rubitherm RT64HC) and 𝜗  is a reference temperature (e.g. 0°C). 

Figure 95 shows the location of the temperature sensors placed in the RPW-HEX modules R1 
and R2 of the third version of the Continental RPW-HEX. 

 
Figure 95: Sketch of the water and refrigerant flow through the RPW-HEX and the locations of the temperature 
sensors. The sensors are numbered after their positions in relation to the refrigerant flow, i.e. at the entrance 
of the first RPW-HEX module (R1), refrigerant sensor number 1 is mounted and at the exit of the second RPW-
HEX module (R2), sensor number 14 is mounted. Sensors 2,3,5,6,9,10,12 and 13 were mounted directly inside 
the PCM. The sensors were inserted from the front side until the sensor head was in the middle between front 
and back side. At the same location on the back side, surface sensors (indicated with “S” were mounted. 

 

4.2.3 Results and Discussion 

4.2.3.1 Operating mode: heating and energy efficient DHW generation 

Two days experiments were carried out to simulate a typical winter day when heating and DHW 
generation is needed. In the following we show results from a typical test. The outdoor unit of 
the climatic chamber was set to an outdoor temperature of -2°C (85% r.h.) and the feed 
temperature of the HP was set to 39.7°C9 and 60°C for heating and DHW generation, 

 
8 Please note that the RPW-HEX consists of two modules (R1 and R2). Hence, a fourth of the module 
mass represents an eight of the entire RPW-HEX. 
9 arising from EN 14 825, “Air conditioners, liquid chilling packages and heat pumps, with electrically 
driven compressors, for space hea ng and cooling ― Tes ng and ra ng at part load condi ons and 
calculation of seasonal performance”, EN 14 825, 2016-03, for intermediate temperatures of the heating 
distribution system 
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respectively. A tap water profile for medium DHW consumption was taken from the testing 
standard EN1614710 to discharge around 6 kWh from each decentralized DHW storage 
(enerboxx) per day and the average heat transfer to the “building” (heat sink (S) in Figure 94) 
was 5.4 kW over the two days. At all times, the operation mode with the RPW-HEX assisted DHW 
generation was sufficient to provide the DHW.  

Figure 96 shows the temperatures inside the PCM during the experiment. Charging the RPW-
HEX took around 6 hours. Once, all the PCM in the RPW-HEX has been melted, the DHW charging 
operation was triggered and the RPW-HEX was discharged (DHW was charged) within around 
45 minutes.  

Figure 96: Temperatures measured in the RPW-HEX modules (R1) and (R2) in the PCM passages. The numbers 
indicated in the legend correspond to the position of the temperature sensors according to Figure 95. As soon 
as the RPW-HEX charging (DHW charging) is completed (Temperatures around 40-55°C), the new cycle starts and 
the RPW-HEX is charged again.  

One can see that the phase change (indicated by temperatures above 64°C) is finished already 
early close to the refrigerant entrance (position 2). At the end of the RPW-HEX charging process 
(after about 6 hours), the temperature and therefore the total energy close to the entrance 
(position 2 in R1) is significant higher compared to the temperatures close to the exit of the 

 
10 Heat pumps with electrically driven compressors - Testing, performance rating and requirements for 
marking of domestic hot water units, Standard EN 16 147, 2017-01 
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refrigerant (position 12, 13 in R2), where the PCM has just melted. These high temperatures in 
R1 go hand in hand with relatively high thermal losses and it would be more beneficial to operate 
the RPW-HEX closer to the phase transition temperature. In future designs this issue should be 
addressed, because the thermal losses decrease the overall performance of the system 
significantly.  

The low amount of latent energy compared to the total thermal energy stored in the RPW-HEX 
is also clearly visible in Figure 97. It shows the difference of stored energy in the RPW-HEX 
between start and end of RPW-HEX discharging (DHW generation) calculated from the 
temperature sensors immersed in the PCM (blue) and the energies calculated from mass flow 
rates and temperature differences between inlet and outlet of water (orange) and refrigerant 
(red), respectively.  

 

 
Figure 97: Difference of energy between the beginning and the end of the RPW-HEX discharging (DHW charging) 
operation. Calculated from temperature sensors in RPW-HEX (blue), calculated from the energy transferred from 
the refrigerant to the RPW-HEX (red) and calculated from the energy transferred to the water that feeds the 
decentralized DHW storages (orange). 

The difference between calculation from the temperature sensors immersed in the PCM and the 
actually thermal energy transferred from the RPW-HEX to the water in the RPW-HEX11 is around 
7% for the different cycles. Considering the simple approach for the calculation of the stored 
energy in the RPW-HEX, the agreement between the two methods is good. Furthermore, the 
stored energy in the RPW-HEX was calculated using the temperatures measured with the surface 
sensors instead of the sensors immersed in the PCM. This is of practicable importance, because 

 
11 Please note that this includes the contribution from the stored energy ΔH and the sensible heat 
transferred from the refrigerant to the water via the RPW-HEX ΔQRPWref. 
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they are much easier to apply compared to the temperature sensors immersed in the PCM (see 
also D3.3 and Figure 95). The calculated energies are indicated with green “+” markers in Figure 
97. There is only a small difference between the two methods to calculate the stored energy in 
the RPW-HEX.  

However, the latent part of the thermal energy stored is around 50 %. This amount should be 
improved in the future to reduce thermal losses as discussed with Figure 96. Figure 97 shows 
also the contribution of the condenser of the HP running at a high (heating) COP (hatched orange 
area in Figure 97) to the energy transferred to the DHW storages. Depending on the charging 
state of the decentralized DHW storages and therefore on the water return temperature, as it 
occurred during the different cycles, the contribution of the condenser (ΔQconwater) to the total 
amount of provided energy for DHW varies from around 10% to 30%. In other words, with the 
current RPW-HEX designed with a latent stored energy of around 2.5 kWh it was possible to 
provide in average 6.52 kWh for DHW charging per cycle. Under realistic conditions (different 
charging states of the decentralized DHW storages) a contribution of about 5-8 kWh/cycle can 
be expected for DHW charging, whereby about 5 kWh can be expected from the RPW-HEX. 

Figure 98 shows the total energy efficiency ratio for heating and DHW for the scenario discussed 
in Figure 96 and Figure 9712. The EER was calculated at the system boundary of the heat pump 
(before the hydraulic separator H in Figure 29 and 30 of D3.3). Depending on the ice aggregation 
on the outdoor unit and the part load behaviour, the EER during heating and RPW-HEX charging 
varied between 2.2 and 2.8. The total integrated energy efficiency ratio, including heating and 
DHW, was around 2.548 after two days of operation.  

 
Figure 98: Time dependent total energy efficiency ratio calculated from the heat transfer rates and electric 
consumption at a certain point of time (EER, black, dashed) and integrated over the time (𝑬𝑬𝑹, blue, solid). 

4.2.3.2 Operating Mode: Direct DHW generation 

If the thermal energy stored in the RPW-HEX is not enough for the energy efficient DHW 
generation or if the HP is neither in heating- or cooling-mode prior to DHW generation (i.e. RPW 
is not charged), DHW must be generated with the aid of high condensing temperatures and the 
RPW-HEX acts as HEX only.  

 
12 Two-day experiment at an ambient temperature of -2°C and a heating and DHW feed temperature of 
around 40°C and 60°C, respectively 
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The first case (RPW-HEX energy is not enough to charge all decentralized storages) will be 
discussed in the following. Figure 99 and Figure 100 show the heat transfer rates and the water 
cycle temperatures from an experiment testing the switching from energy efficient DHW-
generation mode (utilization of RPW-HEX and condensing set-temperature = 40°C) to direct 
DHW generation mode (condensing set temperature = 60°C).  

 
Figure 99: Switching to direct DHW generation: Heat transfer to the process water from the entire HP system 
(water pump, condenser, RPW-HEX) in black and from the RPW-HEX only in green. 

 
Figure 100: Switching to direct DHW generation: Temperatures in the water circuit. Outlet temperature of entire 
HP-System in black (ϑ32), inlet temperature to the HP system in green (ϑ15) and inlet temperature to the RPW-
HEX in red (ϑ30).  

After a preheating phase, the energy efficient DHW generation starts at around 700 s. Until 
about 1500 s, the RPW-HEX is discharged and the decentralized DHW storages are charged. Then 
(feed water temperature ϑ32 falls below 55°C) the HP switches to direct DHW generation i.e. the 
condensing set-temperature is set to 60°C. At first (until 1900 s), the HP can increase the feed 
water temperature (ϑ32) before it stops operation. At this point of time, the refrigerant 
condensates in the RPW-HEX and therefore it takes nearly all the heat provided by the HP. 
Although the HP tries to increase the water outlet temperature of the condenser by increasing 
the compressor speed as usually it has no effect due to this high heat transfer into the RPW-
HEX. Because the HP controller can’t handle the situation (and couldn’t be adapted to do so), it 
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was tried to preheat the RPW-HEX with the sensible energy in the hot gas in “heating mode” 
(1900 s – 2600 s). During this time, the feed temperature had to be reduced to about 45°C. Then 
the HP was switched to direct DHW charging mode again. First the outlet temperature of the 
system increases up to about 65°C due to the stored energy in the RPW-HEX before it decreases 
again. At around 4000 s the desired temperature of 55°C is reached again. Although it looks like 
a stable operation at this point of time, the heat pump turned-off and -on multiple times 
between 2600 s and 5000 s.  

In total in took about 2100 s (35 min) from the first time when the HP turned off until the 55°C 
outlet temperature is reached. During this time, the HP operation was unstable. Therefore, AIT 
and OCHSNER propose to bypass the RPW-HEX during direct DHW generation mode in the future 
(see “Lessons learned” in section 4.2.4). 

The operation with bypassed RPW-HEX on the refrigerant side was tested by manually switching 
the already integrated manual valves (V-4 to V-6). During these tests, the inverter had problems 
close to the maximum speed at low ambient temperatures (<-2°C) and high condensing 
temperatures (about 60°C). Therefore, the maximum speed of the compressor was limited with 
90% of the maximum speed for all experiments. 

4.2.3.3 Operating mode: Cooling 

Contrary to the originally planned demo site in Talance (NBK) where fan coils would have been 
used for cooling, the demo site in Langenwang (PINK) uses cooling ceilings which require higher 
feed water temperatures (about 18°C instead of 7°C). Therefore, cooling operation was tested 
at an ambient temperature of 30°C and a feed water temperature of 18°C.  

The cooling operation worked without any technical problems with the integrated RPW-HEX. 
Figure 101 shows the temperatures measured in the PCM passages of the RPW-HEX and the 
temperature of the refrigerant after the outlet of the compressor.  

Figure 101: Local temperatures in the RPW-HEX (positions according to Figure 95) compared to the refrigerant 
temperature at the outlet of the compressor (red line). 

The cooling power of the HP was around 6 kW during the tests and the condensing temperature 
was about 40°C. Due to the small temperature difference between evaporator and condenser, 
the hot gas temperature is significantly smaller compared to the winter situation (65°C instead 
of temperatures above 100°C). Hence, less energy is transferred to the RPW-HEX. After 12 h of 
cooling operation, the experiment was aborted because charging the RPW-HEX would take too 
long for a practical application.  
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4.2.4 Lessons learned 

Switching to direct DHW generation  RPW-HEX is working as HEX: 

As discussed in the previous section, switching into the direct DHW mode takes too due to the 
thermal inertia of the PCM in the RPW-HEX. Therefore, it is suggested to integrate additional 
magnetic valves in the refrigerant cycle of the heat pump for the demo site to bypass the RPW-
HE during direct DHW generation mode. Manual valves at the same positions as the planned 
magnetic valves, were already integrated in the HP tested in the lab. Hence, switching between 
energy efficient DHW mode and direct DHW mode by bypassing the RPW-HEX on the refrigerant 
side could have been successfully tested by manual switching of the valves in the refrigeration 
line.  

Limiting the maximum compressor speed: 

Due to the problems of the inverter at maximum speed and high temperature lifts, the maximum 
speed of the compressor was limited to 90% of the maximum speed during the experiments. It 
would be the advantageous if the limitation would only apply for DHW generation. Maybe this 
can be implemented in the HP controller for the demo site.  

Cooling operation: 

As discussed previously, it wouldn’t make sense to charge the RPW-HEX in cooling mode in a 
cooling ceiling application. Nevertheless, it could make sense to decrease the fan speed (and 
therefore the electric energy consumption of the fan) to increase the condensing temperature 
and therefore increase the heat transfer to the RPW-HEX. Of course, this goes hand in hand with 
a higher energy consumption of the compressor and the RPW-HEX losses over time has to be 
considered, too. Therefore, an optimum fan speed exists, which strongly depends on the 
constraints. For the demo-site in Langenwang, we recommend bypassing the RPW-HEX during 
cooling operations as outdoor temperatures well above 30°C are not expected.  

Thermal losses of the RPW-HEX: 

Figure 102 shows the temperature change of the RPW-HEX with 3.6 cm of Armaflex HT 
insulation. The HP was stopped when the RPW-HEX was considered fully charged at t=0.  

At first, the PCM (and the aluminum) cool down in their sensible region before the phase change 
starts around 64°C after 5 h for R2 and after around 7.5 h for R1, respectively. The thermal losses 
are completely covered by the energy gained from the phase change at this point of time. After 
15 h for R2 and after 17 h for R1, respectively, a second phase transition occurs at a temperature 
of about 61°C before sensible cooling starts again after 20 h and 22, respectively. These two 
peaks during cooling in cp are also documented in the datasheet of RT64HC. However, after 
25 hours around 5 kWh of energy are lost due to the thermal losses.  

At the end of the test series, the RPW-HEX modules were insulated with further 10 cm mineral 
wool and two further two-day tests and the cooling test (discussed before) were carried out with 
the additional insulation. A significant improvement was already visible during the last two-day 
tests. Hence, it is recommended to insulate RPW-HEX on the demo-site with at least 10 cm of 
mineral wool. 
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Figure 102: Temperature change of RPW-HEX insulated with 3.6 cm Armaflex HT after shutting down operation 
at t=0. 

Temperature sensors mounted in PCM and refrigerant passages of RPW-HEX: 

Temperature sensors were directly mounted in the refrigerant and PCM passages of the RPW-
HEX with the aid of metal compression fittings. During the assembling process, especially in the 
refrigerant passage, the aluminum threads for two sensors were destroyed. Hence, they had to 
be reinforced. Therefore, we suggest: 

 mounting the sensors for the refrigerant solely inside or at least in contact with the copper 
pipes connecting the RPW-HEX with the other components 

 using surface temperature sensors on the aluminum surface to estimate the temperature 
in the PCM.  

Pressure sensors mounted with standard thread fittings_ 

Pressure sensors in the RPW-HEX were mounted with standard thread fittings, as the pressure 
in the PCM passages of the RPW-HEX should not reach values above a few bars. 

Nevertheless, due to the low viscosity of the melted PCM around 300 g of PCM were lost from 
the R1-module due to a leakage at the fittings (see Figure 103). It is important to note that the 
leakage was not detected instantaneously, because the PCM flowed along the aluminum surface 
below the insulation and left the RPW-HEX finally on the opposite side far away from the actual 
leakage.  

Further lessons learned: 

 The mounting brackets of the RPW-HEX shall be improved as their limited size made 
attachment of the thermal insulation difficult. 

 Once set, the volume flow should be kept constant with the aid of the volume control 
valves in the hydraulic modules. Nevertheless, it was observed that the volume flow 
changed slightly over time. Furthermore, a small leakage flow in one of the valves (10-
15 l/h) was observed.  

 Due to the geometry and the multiple sensor ports of the RPW-HEX, insulating the RPW-
HEX was very time consuming and difficult. Since a proper insulation is crucial for the 
performance of the system, this should be considered in future designs. 
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Figure 103: PCM leakage from the mounting point of the pressure sensor. (Left) PCM left the RPW-HEX far away 
from the actual leakage (Right) Accumulation of PCM below the leakage after the insulation was cut out around 
the fitting. 

  

4.2.5 Design decisions 

From the experimental development as well as from the results, following conclusions were 
drawn for further improvement of the system. 

1. The thermal losses from the RPW-HEX with 3.6 cm Armaflex HT are still too high. 
Therefore, the insulation has to be increased with further 10 cm mineral wool (c.f. Figure 
37 on D3.3).  

2. Switching into direct DHW generation takes too long. Therefore, magnetic valves will be 
integrated in the refrigerant cycle to bypass the RPW-HEX for direct DHW mode and in 
times when no heating is required. 

3. The cooling distribution system at the new demo site in Langenwang need feed water 
temperatures of about 18°C instead of 7°C as planned in the previous demo-site. At a 
feed water temperature of 18°C at a typical operating point of 30°C ambient 
temperature, the energy provided by the hot gas was not enough to heat up the RPW-
HEX within a reasonable period. Hence, it is suggested to bypass the RPW-HEX with the 
aid of the magnetic valves in cooling mode at the demo-site in Langenwang. 

4. During tests with bypassed RPW-HEX on the refrigerant side (new direct DHW 
generation mode), it was not possible to operate the compressor at full speed. 
Therefore, the compressor speed was limited by the AIT controller to guarantee a 
constant temperature difference13 between return- and feed-line of the water cycle. A 
similar control strategy should be implemented in the OCHSNER controller at the demo-
site. 

 

4.3 Techno-economic analysis 
AIT has used data from the experiments without the RPW-HEX to validate the heat pump models 
(M19-M24). Based on the validated models, performance maps for annual calculations and high 
level controlling in WP4 have been created and submitted to WP4. Furthermore, the 
performance maps were used to carry out annual simulations of the sub-system to calculate the 

 
13 and therefore, a constant heat transfer from the condenser to the water as the mass flow in the water 
cycle was constant. 
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energy efficiency and the economic viability of the Continental hybrid sub-system (see also 14,15). 
AKG, OCHSNER and PINK provided economic numbers for the techno-economic analysis and an 
overall rule-based control strategy for the hybrid sub-system was elaborated by AIT, OCHSNER 
and PINK to ensure a robust control of the Continental system even without a high-level 
controller connected.  

In the following some of the results of the techno-economic analysis will be discussed. The 
description of the methodology and a more detailed analysis can be found elsewhere15.  

4.3.1 Results and discussion 

Figure 104 shows one of the results of the techno-economic analysis, namely the profit for the 
Continental thermal hybrid sub-system for two different operating scenarios (passive house 
building located in Helsinki and low energy building located in Strasbourg). The RPW-HEX storage 
size was varied (1 to 10 kWh) and different operating modes (eco, standard and comfort) were 
considered. In both simulated buildings, the heat pump was the same, but the number of 
apartments was adjusted to meet the design heating load of the heat pump16. In other words, 
the investment costs of the heat pump without RPW-HEX were the same in both buildings. For 
both buildings an optimal storage capacity of around 4 to 5 kWh was found and the highest cost 
savings compared to a system without RPW-HEX can be obtained if the system is operated in 
economic mode, i.e. with a low minimum amount of hot water in the decentralized storage tanks 
and large decentralized storage volumes. This is since the Continental system is able to cope 
with low return temperatures much better than a conventional system, because the heat 
transfer from the RPW-HEX to the process water, which is charging the decentralized storages 
during DHW generation, is solely limited by the setting of the DHW feed temperature. Contrary 
to a conventional system, the high heat demand at the beginning of the DHW charging process 
can always be provided by the RPW-HEX (see Figure 99 between 700 s and 800 s; the RPW-HEX 
provides 20 kW additional to the heat provided by the condenser of the HP). 

 
14 Emhofer, J.; Barz, T.; Marx, K.; Hochwallner, F.; Cabeza, L.F.; Zsembinszki, G.; Strehlow, A.; Nitsch, B.; 
Weiss, M.; Integration of a compact two fluid PCM heat exchanger into the hot superheated section of an 
air source heat pump cycle for optimized DHW generation, Proceedings of the 25th IIR International 
Congress of Refrigeration, Montreal, Canada, August 24−30, 2019, Manuscript ID: 645, Free Download: 
http://www.hybuild.eu/wp-content/uploads/2019/10/paper_ICR2019_publicationHYBUILD.pdf 
 
15 Emhofer, J.; Marx, K., Barz, T.; Hochwallner, F.; Cabeza, L.F.; Zsembinszki, G.; Strehlow, A.; Nitsch, B.; 
Wiesflecker, M.;Pink, W. Techno-economic analysis of a heat pump cycle including a three-media 
refrigerant/phase change material/water heat exchanger in the hot superheated section for efficient 
domestic hot water generation, Appl. Sci. 2020, 10(21), 7873; https://doi.org/10.3390/app10217873 
16 The used heat capacity was the same as the one from the OCHSNER heat pump used for the benchmark 
tests in the lab and for the demo site. 
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Figure 104. Calculated profit for the Continental hybrid subsystem after 20 years of operation for (a) a passive 
house located in Helsinki and (b) a low energy building located in Strasbourg. Markers “▼”, “●” and “▲” denote 
small (140 liter), medium (210 liter) and large (280 liter) decentralized DHW storages.  
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5 Results on the tests of the complete MED subsystem 

5.1 System configuration and installation 
Compared to the measurements previously reported, more sensors were added to the PCM 
circuit of the RPW-HEX to have a more complete map of the results. Their position and 
nomenclature are shown in Figure 105. 

 
Figure 105: temperature sensors in the PCM circuit of the RPW-HEX. Front view. 

Some pictures of the system installed at CNR are instead shown in Figure 106 and Figure 107.  

 
Figure 106: HYBUILD complete prototype at CNR labs. 
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Figure 107: sorption module, RPW-HEX and heat pump connected to CNR testing rig. 

5.2 Characterization of the sorption module 
The preliminary tests were carried out on the sorption module operating as a stand-alone unit, 
which represent the basis, together with the tests on the heat pump working as a stand-alone 
unit already reported in D3.4, for the complete and integrated operation of HYBUILD 
Mediterranean system.  

5.3 Example of a reference test 
In the following, the main experimental results are presented, in terms of temporal evolutions 
of the different parameters recorded, since they represent a useful starting point for the 
definition of possible critical issues in the cascade operation tested later on. Figure 108 shows 
the temporal trend for the temperatures in all the circuits of the sorption module. It is possible 
to notice that, due to small differences in the two adsorbers, due to the necessity to replace the 
adsorber based on the AKG HEX, with a Fahrenheit’s one, after the failure experienced some 
months ago, the operation of the two adsorbers is not identical. Nonetheless, a continuous and 
regular operation is kept during the test. 
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Figure 108: temperature evolutions for a test with the sorption module in stand-alone operation for a reference 

test. 

Figure 109 shows the powers measured during the operation in stand-alone during the same 
test. All the powers present a maximum corresponding to the switching time between the two 
adsorbers. As previously stated, even though some construction differences exist in the two 
modules, a smooth operation and reproducible results for continuous service were still 
achieved.  
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Figure 109: thermal powers measured in the circuits of the sorption module for a reference test. 

5.4 Operational results 
In order to have a more complete characterization of the sorption module, different tests were 
carried out, varying the MTin temperature, i.e. the temperature inlet from the dry cooler in the 
condenser-adsorber circuit and LTin temperature, i.e. the return temperature from the 
evaporator circuit. As heat source temperature, 85°C was considered, which represent a 
reasonable value for realistic operation taking into account the operation in Almatret pilot, 
where the heat for driving the sorption module is drained from a storage tank which is, in turn, 
connected to the Fresnel collectors. Accordingly, it was considered that, for an output of 90-
95°C from the Fresnel collectors, an inlet of 85-90°C to the sorption module can be obtained.  

The results were then analysed in terms of cooling power and thermal COP (=cooling energy 
delivered/heating energy needed) and are reported in Figure 110. The tests were sorted 
according to the temperature different MTin-LTout, i.e. the difference between the inlet 
temperature from the dry cooler and the supply temperature from the sorption module to the 
user, which represents, with good approximation, the operating temperature lift of the chiller. 
Indeed, as demonstrated, for instance, in [1,2], such a parameter can adequately represent the 
influence of external conditions on the operation of a thermally driven unit. The results show 
that, under the considered boundaries, almost constant average cooling power can be obtained, 
with a COP in the range of 0.44-0.50, with the only exception of very high temperature lifts, 
where still a value of 0.32 was measured.  

 
Figure 110: cooling power and COP for the sorption module under different operating conditions. 

5.5 Tests of the cascade configuration 

5.5.1 Testing conditions 

Following the preliminary characterization of the sorption module, the combined operation with 
the heat pump and DC bus was tested under several boundary condition. More in detail, the 
following operating modes (see D4.2 for a complete specification of the operating modes of 
HYBUILD system) were evaluated: 

- Cascade operation with standard evaporator: cooling to the user is supplied by the 
Daikin unit. The condenser of the Daikin unit is directly connected to the evaporator 
circuit of the sorption unit. 

- Charge of RPW-HEX in cascade operation: this is one of the two foreseen charging 
modes for the RPW-HEX (the other, as defined in D4.2, consists in the charging with the 
heat pump working as a stand-alone unit). In this mode, the condenser of the Daikin 
unit is directly connected to the evaporator circuit of the sorption unit. The pump on 
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the HTF side of the RPW-HEX is not operated and therefore all the evaporation heat is 
supplied by the PCM. 

- Parallel operation (charging/discharging) of RPW-HEX in cascade operation: in this 
mode, the condenser of the Daikin unit is directly connected to the evaporator circuit of 
the sorption unit. The pump on the HTF side of the RPW-HEX is operated and therefore 
evaporation heat is supplied by the user, thus supplying a cooling useful effect, and the 
PCM, that is partially charged. 

The tested conditions are reported in Table 10. In the following sections, the main experimental 
results and their analysis for each operating mode are reported. 

Table 10: testing conditions. 

Test Tsorp, MTin Tcomp,LTin Tcomp,LTout PCM 
mean T 
initial  

PCM 
mean T 
final 

compressor 
frequency 

- °C °C °C °C °C Hz 

cascade operation with standard evaporator 

1 26.3 11.1 5.2 - - 50 

2 23.4 10.5 4.9 - - 50 

3 26.1 10.6 5.2 - - 50 

4 31.9 11.8 6.0 - - 50 

5 34.0 10.8 4.8 - - 50 

6 36.3 8.3 3.1 - - 50 

7 35.7 13.4 9.9 - - 30 

8 21.6 11.3 7.0 - - 30 

9 33.4 9.5 7.2 - - 30 

10 36.2 9.7 7.5 - - 30 

11 41.7 10.1 8.1 - - 30 

cascade operation- charge RPW-HEX 

12 27.1 - - 25.8 0.5 30 

13 28.0 - - 12.7 4.9 30 

14 26.4 - - 6.8 2.3 30 

15 29.8 - - 14.4 2.2 30 

16 30.7 - - 17.8 2.0 30 

17 31.4 - - 16.3 3.2 30 

18 30.0 - - 12.5 1.7 30 

19 27.1 - - 16.7 3.2 30 

20 26.8 - - 11.7 2.3 30 

21 26.7 - - 12.7 3.5 30 
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22 31.8 - - 13.2 2.1 30 

23 33.7 - - 14.2 2.7 30 

24 37.2 - - 15.5 -2.4 30 

25 34.3 - - 11.7 -1.1 30 

cascade mode - parallel operation of RPW-HEX 

26 28.0 14.5 8.4 17.9 4.8 30 

27 18.3 5.8 4.6 14.4 2.7 30 

28 20.8 6.2 4.9 5.4 5.6 30 

29 30.5 10.1 8.3 10.2 8.2 30 

30 30.3 6.6 5.2 8.2 5.4 30 

31 32.3 6.3 4.8 5.4 5.6 30 

32 36.9 6.7 5.3 5.9 6.0 30 

33 38.8 6.8 5.4 6.0 6.1 30 

 

5.5.2 Results with cascade operation and standard evaporator 

In the present section, the temporal evolutions of the recorded parameters for a reference test 
are reported. Figure 111 shows the temperature trends in the sorption module and the Daikin 
compression unit during the test. It is possible to notice a very regular behaviour. Despite the 
discontinuous typical operation of the sorption module, due to the switching phase between 
the adsorption and desorption steps of each adsorber, the temperature in the evaporator circuit 
of the compression unit, which represents the useful effect during the combined operation, can 
be kept constant, thus ensuring a good temperature regulation for the user. It is also possible to 
highlight the benefit arising from the operation of the system under cascade mode: while the 
return temperature from the dry cooler circuit is around 32°C (yellow line in Figure 111), the 
condenser of the compression unit works at temperature between 13°C and 18°C (light blue and 
green lines in Figure 111).  
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Figure 111: temperatures in the HTF circuit of the compression and sorption units. 

Figure 112 shows the temporal trends for the power in the different circuits of the compression 
unit and sorption module. For readability’s sake, the useful effects, i.e. the powers measured in 
the evaporation circuits of the compression and sorption units are reported in the figure at the 
bottom, together with the electricity consumption. It is possible to notice that during the 
switching phase of the sorption unit, the useful effect delivered by the compression unit 
decreases by approximately 1 kW, due to the higher temperatures in the HTF circuit of the 
condenser, but still an almost regular behaviour is observed. The effect on the electricity 
consumption is negligible, with a variation of about 200 W.  

 
Figure 112: powers in the compression and sorption units. Up: all power, Down: thermal powers in the 

evaporator circuits of the sorption and compression units and electricity consumption. 

5.5.3 Test results 

The results for the operating mode investigated are reported in Figure 113, where the 
EER(=cooling effect to the user/electricity consumption) is reported in three cases: (a) operation 
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of the Daikin unit as a stand-alone one, which corresponds to the results already presented in 
D3.4; (b) cascade operation with a heat source temperature inlet to the sorption unit of 85°C; 
(c) cascade operation with a heat source temperature inlet to the sorption unit of 80°C. The 
definition of condenser inlet refers to the return temperature from the cooling circuit of the 
condenser and therefore is the inlet temperature of the HTF of the condenser of the 
compression unit when this works in stand alone and the inlet temperature to the condenser-
adsorber circuit of the sorption unit in cascade operation. 

This allows to actually compare the benefits and achievable energy savings with the present 
configuration. For the intermediate temperatures (27-34°C), the achievable benefit, in terms of 
EER increase passing from compression to cascade operation is in the range of 50-60%, whereas 
for higher temperatures, (>34°C), up to 80% increase in EER, and therefore energy savings, can 
be achieved. It is also possible to notice that the penalisation in driving the sorption unit with 
lower temperatures is minimal, thus ensuring that even under not completely sunny days still a 
good operation is possible.  

 
Figure 113: comparison of achievable EER for the cascade operation and the compression-only operation. 

The better efficiency due to the reduced temperature lift on the compression unit corresponds 
also to a higher cooling power delivered to the user, as shown in Figure 114. It is also important 
to notice that, whereas increasing condensing temperatures usually correspond to a 
penalisation on the achievable cooling power, cascade operation allows a constant effect for a 
wide range of temperatures. 
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Figure 114: useful effect delivered to the user for the different operating modes. 

5.5.4 Results with cascade operation for charging of RPW-HEX 

5.5.4.1 Example of test results for a reference test 

The second operating mode tested is the charge of the RPW-HEX under cascade mode. An 
example of the temporal evolutions for a charging test for the temperatures in the HTF circuits 
of the sorption unit, the HTF and refrigerant circuits of the RPW-HEX and the PCM. It is possible 
to notice that the operation of the sorption unit is constant and regular, thus guaranteeing that 
the temperature of the refrigerant at the exit of the compressor keeps almost constant, which 
is a significant difference compared to the case of the cascade unit only, as discussed in D3.4. 
The temperature of the refrigerant at the outlet of the evaporator reduces with time while 
charge progresses. As discussed in D3.4, in the PCM there is a stratification in longitudinal and 
transversal direction. Accordingly, during charge, the coldest spots are PCM4 and PCM5, which 
are placed at the inlet of the refrigerant. The PCM in the lower part of the HEX (PCM1, PCM2, 
PCM3), is at the same temperature of the outlet of the refrigerant (PCM6), whereas the upper 
part of the HEX (PCM7, PCM8) is at a higher temperature and does not reach the phase change 
temperature. 
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(b) 

 
(c) 

 
 

 
Figure 115: temperatures during a charging test in cascade mode in (a) the sorption module, (b) the compression 

unit, (c) the PCM. 

The energy charged during the test is shown in Figure 116. The points indicated with the red 
circles correspond to the periodical switching in the sorption module, which reflect in a 
temperature inversion in the condenser HTF circuit and the lack of useful effect for some 
seconds. 
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Figure 116: energy charged during a reference test. 

5.5.4.2 Test results 

The results of the tests are analysed comparing the EER during the charging operation of the 
RPW-HEX are presented in Figure 117. In this case, only 85°C inlet temperature from the heat 
source to the sorption module was considered. Similarly to the previous case, the condenser 
inlet is the return temperature from the cooling circuit (condenser of the compression unit for 
the stand-alone operation and condenser-adsorption circuit of the sorption unit in cascade 
mode). The energy savings, due to the reduced temperature lift on the compression unit are 
more consistent than in the previous case, with 100% increase of EER for condenser inlet higher 
than 33°C and up to 80% for lower temperatures. The higher relative increase in EER is due to 
the higher temperature lifts that the compression chiller experiences in this operation, due to 
the very low temperature of the refrigerant towards the end of the charging period.  
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Figure 117: comparison of EER during cascade and compression-only charging mode of the RPW-HEX. 

5.5.5 Results with cascade operation for parallel operation of RPW-HEX 

5.5.5.1 Example of test results for a reference test 

The temperature trends for the parallel operation, i.e. simultaneous charge and discharge of the 
RPW-HEX during a reference test in all the circuits are presented in Figure 118. The test is run in 
“steady-state” mode, meaning that the PCM has already been charged to the operating 
temperature for the parallel mode, which is LTcomp,in=5°C, ensuring that part of the PCM is already 
in liquid state. Under these conditions, the system is run for a long period, to verify the proper 
operation (i.e. 4 hours). It is possible to notice that a regular operation is maintained by all the 
components and the temperatures in all the circuits are stable. The stratification inside the PCM 
is in the order of 3 K, with the lower values for the PCM4 temperatures, i.e. the closest point to 
refrigerant inlet.  
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(c) 

 
Figure 118:temperatures during a charging test in cascade mode in (a) the sorption module, (b) the compression 

unit, (c) the PCM. 

5.5.5.2 Test results 

Test data were analysed to define the gain in the EER between the cascade and compression 
only operation during parallel charge-discharge (Figure 119) and the cooling power delivered to 
the user during the same conditions (Figure 120). In this case, compared to the operation with 
the standard evaporator, the cooling power delivered to the user is lower, since part of the 
energy is used to keep the PCM within a certain state of charge. What is interesting to notice is 
that, for a wide operational range, the EER for the cascade operation is about 3, which is a value 
higher than the state-of-art of common small-size heat pumps for residential applications under 
the same temperature conditions (condenser inlet temperature > 32°C), thus indicating that this 
operation, which is peculiar of HYBUILD system, is actually able to bring consistent savings while 
providing a hybrid storage possibility. This is further remarked by the results in Figure 120, where 
the cooling power delivered to the user is about 20% higher in cascade operation, representing 
an additional benefit.  
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Figure 119: comparison of EER during cascade and compression only modes for the parallel operation of RPW-

HEX. 

 

 
Figure 120: cooling power for the cascade and compression only modes for the parallel operation of the RPW-

HEX. 
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6 Updated simplified models of the HYBUILD system for the different 
operating modes 

Starting from the results of the tests, simplified models to be used for control purposes in WP4 
(i.e. to be embedded in the optimizer of Almatret) demo site were derived. More in detail, for 
each operating mode, one or more equations for the definition of the performance under 
compression and cascade cases were fitted and are reported in Table 11. 

For the nominal conditions, it is suggested to take a measurement under MTin=30°C and 
LTout=7°C (compression only) directly after installation at the demo site. 

Table 11: simplified models - set of equations. 

Standard evaporator – compression only 

Parameter Equation Validity limits 

�̇�
�̇�

𝑘𝑊
𝑘𝑊  

�̇�
�̇�

𝑘𝑊
𝑘𝑊 = 1.064 − 0.01072 𝐶𝑜𝑛𝑑 [°𝐶]

+ 0.02746 𝐸𝑣𝑎𝑝 [°𝐶] 

 𝐶𝑜𝑛𝑑
= 20 − 42°𝐶, 𝐸𝑣𝑎𝑝
= 5 − 10°𝐶 

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ  

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ = 1.685

− 0.02934 𝐶𝑜𝑛𝑑 [°𝐶]
+ 0.01629 𝐸𝑣𝑎𝑝 [°𝐶] 

 

Charging RPW-HEX - compression only 

Parameter Equation Validity limits 

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ  

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ = 2.166

− 0.03937 𝐶𝑜𝑛𝑑 [°𝐶] 

 

𝐶𝑜𝑛𝑑 = 20 − 42°𝐶 

Parallel charge/discharge of RPW-HEX– compression only 

Parameter Equation Validity limits 

�̇�
�̇�

𝑘𝑊
𝑘𝑊  

�̇�
�̇�

𝑘𝑊
𝑘𝑊

= 0.6662 − 0.007486 𝐶𝑜𝑛𝑑 [°𝐶] 𝐶𝑜𝑛𝑑
= 20 − 42°𝐶, 𝐸𝑣𝑎𝑝
= 4 − 6°𝐶 𝐸𝐸𝑅

𝐸𝐸𝑅
𝑘𝑊ℎ
𝑘𝑊ℎ  

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ = 1.314

− 0.02519 𝐶𝑜𝑛𝑑 [°𝐶] 

Standard evaporator – cascade 

Parameter Equation Validity limits 
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�̇�
�̇�

𝑘𝑊
𝑘𝑊  

�̇�
�̇�

𝑘𝑊
𝑘𝑊 = 98.066 − 2.1520 ∗ 𝐻𝑇

+ 0.0109 ∗∗ 𝐻𝑇 − 0.3086
∗ 𝑀𝑇 − 0.0042
∗ 𝑀𝑇 − 0.8748
∗ 𝐿𝑇 + 0.0049
∗ 𝐿𝑇 + 0.0077
∗ 𝐻𝑇 𝑀𝑇 + 0.0117
∗ 𝐻𝑇 ∗ 𝐿𝑇
− 0.0042 ∗ 𝑀𝑇
∗ 𝐿𝑇  

𝐻𝑇
= 80 − 90°𝐶, 𝑀𝑇
= 28
− 42°𝐶, 𝐿𝑇
= 5 − 10°𝐶 

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ  

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ = 1.666 + 0.03687 ∗ 𝐻𝑇

− 0.1103 ∗ 𝑀𝑇
+ 0.03978 ∗ 𝐿𝑇  

Charging RPW-HEX - cascade 

Parameter Equation Validity limits 

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ  

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ = 2.551

− 0.04732 𝑀𝑇 [°𝐶] 
𝑀𝑇 = 28 − 42°𝐶 

Parallel charge/discharge of RPW-HEX– cascade 

Parameter Equation Validity limits 

�̇�
�̇�

𝑘𝑊
𝑘𝑊  

�̇�
�̇�

𝑘𝑊
𝑘𝑊 = 0.48 

𝐻𝑇
= 80 − 90°𝐶, 𝑀𝑇
= 28
− 42°𝐶, 𝐿𝑇
= 4 − 6°𝐶 

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ  

𝐸𝐸𝑅
𝐸𝐸𝑅

𝑘𝑊ℎ
𝑘𝑊ℎ = 0.76 
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8 Conclusions 
In the present deliverable, lab experiments carried out with the Mediterranean and the 
Continental hybrid sub-systems were presented and discussed.  

For the Mediterranean system, the tests under lab-controlled conditions of the heat pump with 
the integrated latent storage, coupled with the electric storage and DC bus, were carried out 
and the main results presented. The integration with the sorption module was simulated 
through dedicated tests, on the sorption module itself and on the heat pump. All the tests 
confirm that the HYBUILD solution can be viable for application in Mediterranean systems and 
that proper operation of components with a high degree of integration and flexibility was 
achieved. Moreover, simplified models were developed, which are suitable for implementation 
of low-level and high-level control strategies within WP4. Finally, a techno-economic analysis 
was carried out, which allowed the identification of the main heat flows and contributions to 
system primary energy consumption. 

For the Continental system, results from lab experiments with the HP without RPW-HEX, from 
lab experiments with the HP and the RPW-HEX version 1, and from lab experiments with the 
entire sub-system were presented. The last experiments integrated the HP, the RPW-HEX 
version 3, three decentralized DHW storages, a hydraulic separator, a DC generator and a 
thermal controller. The lessons learned and design decisions derived from the main results of 
the experiments were reported. The latest RPW-HEX version (Continental RPW-HEX version 3) 
can provide around 5 kWh of thermal energy at typical operating conditions in winter. This is 
also in the range of the optimal size of the RPW-HEX, which was found at around 4-5 kWh in a 
techno-economic analysis for different scenarios and the given HP capacity.  
 


