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Abstract 
The energy transition will not succeed without a 
fundamental transformation of the building heat 
supply. Preliminary studies have shown that 
improving the thermal insulation of buildings will not 
yield sufficient reduction in energy demand and 
greenhouse gas emissions. New efficient heat supply 
systems are needed to enhance the use of renewable 
energy in the building sector. Electrically driven heat 
pumps are promoted for the heating sector, currently 
dominated by fossil fired boilers. Aiming at best 
adaptation to the fluctuating availability of electricity 
from renewable sources, grid-serving operation of 
heat pumps is required, allowing temporal decoupling 
of electricity consumption and heat demand of 
buildings. As an alternative to electrical energy 
storage, heat pumps with integrated latent heat storage 
can offer the desired flexibility. To design these 
systems and to describe the interaction of the 
individual components, a simulation model has been 
created using the Engineering Equation Solver (EES) 
software. The model has then been validated by 
comparison to measurement data obtained by 
laboratory tests of a pilot plant. 

Introduction 
In a series of development steps, latent heat storages 
have been designed, characterized by laboratory tests 
and integrated into the refrigerant cycle of heat pumps, 
forming a profound basis for further implementation. 
The research project “smartCASE-NZEB” deals with 

the staged integration of a latent heat storage on the 
high-pressure side of a heat pump cycle. The latent 
heat storage is charged and discharged directly by 
condensation and evaporation of refrigerant, 
respectively. The connection of the heating system to 
the heat pump is identical to conventional heat pumps. 
Yet, due to the use of an inverter-controlled 
compressor, no heat buffer is required in order to 
avoid frequent on/off cycles. 
The aim of the staged cycle concept is to avoid an 
increase of the pressure lift to charge the storage which 
is needed when a conventional integration of a thermal 
storage is chosen. This additional effort would have an 
undesired negative influence on the heat pump's 
annual coefficient of performance. Simulation models 
for the calculation of latent heat storages in this 
specific application are not available. Thus, for the 
design of such heat pump systems with integrated 
latent heat storage, a simulation model has been 
developed with the software EES, followed by 
validation with reference to operating data of a pilot 
plant.  
Figure 1 shows why an additional pressure resp. 
temperature lift is needed when a regular integration 
of a latent heat storage into the heat pump systems is 
chosen. The temperature levels of the refrigerant cycle 
of the heat pump, as well as the levels of the heat 
transfer fluid circuit for heat input into the storage as 
well as the temperature levels of the heat storage and 
the heating loop are displayed.  

  

 
Figure 1: Regular refrigerant cycle of a heat pump system with external conventional heat storage 



                                                                                                                                                   
 

 
Figure 2: Modified refrigerant cycle of a heat pump system with integrated latent heat storage 

 

According to the current state of the art, an external 
heat transfer fluid circuit serves for heat transfer from 
the condenser of the heat pump cycle to the latent heat 
storage, resulting in a two-stage temperature drop. A 
third heat exchange accompanied by a third 
temperature drop is necessary for the heat transfer 
from the heat storage to the supply flow of the heating 
system. As a result of this three-stage heat transfer 
from refrigerant condensation to the heating circuit an 
increased temperature level of the heat pumps 
condenser is required. During regular heating 
operation of the heat pump, without a heat storage, the 
temperature level of the condenser is slightly below 
the level of the supply flow temperature of the heating 
loop. The final temperature increase of the heating 
loop is achieved by de-superheating the refrigerant 
vapor provided by the compressor of the heat pump 
cycle. As indicated in Figure 1, the condenser pressure 
level must be raised relative to the original design due 
to the additional temperature differences required for 
the activation of the heat storage. 
Figure 2 shows the novel concept, which avoids the 
increase of the condensation pressure level of the 
regular heat pump cycle during charging of the 
integrated heat storage. In contrast to the conventional 
concept described before, heat transfer to the thermal 
storage is accomplished by direct heat exchange with 
the refrigerant without intermediate heat carrier 
circuit. 
The regular temperature level of condenser 1 is 
sufficient for heat transfer to both, supply flow of the 
heating system and the heat storage. Because a 
temperature difference is required to charge the 
storage, its temperature level is below that of the first 
condenser. Discharging the storage also requires a 
temperature difference. Thus, the temperature level of 
the second condenser serving for heat output from the 
storage to the heating circuit is below the phase change 
temperature of the storage. For this purpose, after 
condensation in condenser 1, the refrigerant is 
evaporated again in the storage and condensed a 
second time in condenser 2. The return flow is thus 
preheated in condenser 2. The heating loop passes 
through the two condensers in series. After preheating 

in condenser 2, the heating loop is brought up to the 
desired supply flow temperature in condenser 1. On 
the refrigerant side, condenser 1, the storage and 
finally condenser 2 are also linked in series, forming a 
cascade for consecutive condensation, evaporation 
and condensation. The concept is realized with a latent 
heat storage, enabling the cascade to operate in the 
narrow temperature range between the temperatures of 
supply flow and return flow. Latent heat storages store 
high amounts of heat in a defined small temperature 
range, avoiding an unfavorable increase of the 
temperature, which occurs when sensible heat is 
stored. This makes them particularly well suited for 
use in the novel cascade design. In previous 
publications, the operating principles of the heat pump 
cycle with cascaded integration of a latent heat storage 
and the technical implementation have already been 
explained in detail (Korth, 2019a; Korth, 2019b). 
Moreover, the functionality of the concept could be 
demonstrated with the help of a pilot plant (Barton et 
al., 2021). In addition, it could be proven that the 
avoided pressure lift also prevented the associated 
negative influence on the coefficient of performance 
(Barton et al., 2022). 

Simulation and experiment 
A physical model combining the thermal behavior of 
the latent heat storage with the thermophysical 
processes of the heat pump cycle has been developed. 
The flow chart of the time resolved simulation model 
is shown in Figure 3. The first simulation run is based 
on initial conditions given to the model. The blocks 
evaporator, compressor, latent heat storage (LHS) and 
condensers are calculated in parallel. In the blocks, the 
heat transfer processes of the individual components 
are replicated. 
Basically, the simulation calculations are based on the 
following procedure: Using the refrigerant volume 
flows and the pipe diameters, the duration of the 
current time step is calculated. Then, depending on the 
general conditions such as temperatures, state of 
charge, charging or discharging mode, etc., the 
performances of the individual components are 
determined. The resulting changes in the material 



                                                                                                                                                   
 

 
Figure 3: Flow chart of the simulation model: heat pump with integrated latent heat storage 

 

properties are calculated and assigned to the 
corresponding cells. The refrigerant mass flow is the 
regulated variable. Depending on the operating 
strategy, this mass flow is adjusted for the next time 
step. For example, if the controlled variable is the 
supply flow temperature, the refrigerant mass flow is 
increased if the targeted supply temperature is not 
reached and it is decreased if this temperature is 
exceeded. 
At the end of a calculation cycle, the energy balance, 
the coefficient of performance and other key figures 
of the system are determined. After each calculation 
run, a check is made to see whether specified 
termination criteria or definitions for completing the 
simulation calculations have been fulfilled. If neither 
is the case, the calculated values are reassigned and the 
boundary conditions are adjusted by comparison with 
the target values before the next simulation run begins. 
During each simulation run, the model accesses all 
required input data. This includes information on the 
heat pump, the latent heat storage, the refrigerant 
cycle, the heating loop and the brine loop. These data 
are stored before the calculations start. The 
calculations can be executed under consideration of 
different operating strategies, governed by the control 
of the refrigerant mass flow. Options can be, for 

example, that the desired supply flow temperature is 
reached, that the storage is operated with variable 
refrigerant flow in order to reach complete 
evaporation or condensation of the refrigerant at the 
storage outlet, or that the storage is charged with the 
best possible efficiency without supplying the heating 
loop. The options of the operating strategy can be 
extended and combined if the chosen criteria do not 
contradict each other. 

Thermodynamic model of the latent heat storage 
The core of the simulation model is the calculation of 
the thermodynamic processes within the latent heat 
storage. These heat transfer processes were described 
mathematically and integrated into the calculation of 
the overall refrigerant cycle. Figure 4 shows the 
calculation principle. The heat exchanger of the 
storage is considered as a straight tube with cylindrical 
arrangement of the phase change material (PCM) 
around the heat exchanger tube. The cylindrical 
volume of the PCM is discretized in two dimensions. 
The first discretization is in the direction of the radius 
(r) starting from the center of the tube towards the shell 
of the PCM. The second discretization is made along 
the axis of the pipe. This direction corresponds to the 
direction of the refrigerant flow within the tube.  

  

 
Figure 4: Thermodynamic model of the latent heat storage implemented in the EES heat pump system model 



                                                                                                                                                   
 
Propagation of the refrigerant along the tube is 
reflected by using the outlet state of the refrigerant as 
inlet state for the subsequent cell in the next time step, 
whereas the PCM is calculated statically, remaining in 
the respective cell. The PCM changes phase through 
the loading or unloading process. This is replicated in 
the calculations by distinguishing phases a and b. The 
phase change front moves outward, starting from the 
tube wall in the direction of the PCM's shell surface. 
The phase front expanding in this direction results in 
an increasing layer thickness of phase a over the 
calculation steps, which represents an increasing 
thermal resistance for the heat flow from the 
refrigerant toward phase b. In the phase b volume, the 
phase change takes place. This increasing thermal 
resistance formed by the phase a layer causes the 
thermal output of each cell to decrease over the 
charging or discharging process. The tube-side 
calculation takes into account the phase change of 
refrigerant during evaporation or condensation and its 
influence on velocity, pressure drop, saturation 
temperature, and associated heat transfer 
characteristics. In general, the simulation model is 
structured according to the finite difference method 
(FDM) and is based on the explicit calculation 
method. Numerous physical properties of the storage 
medium and the refrigerant affect the heat transfer 
processes in the latent heat storage. In order to assign 
these properties to a distinct amount of refrigerant, the 
volume of the cells is taken into account, leading to a 
hybrid approach, involving both finite difference 
method (FDM) and finite volume method (FVM). Yet, 
using only one feature of the FVM, the approach is 
clearly dominated by the FDM. 

Pilot Plant 
A commercially available heat pump has served as the 
basis for the construction of the pilot plant, which has 
been used to validate the simulation model (Figure 5). 
The refrigerant cycle and the control electronics have 
been taken as a starting point and have been modified 
as required. The condenser has been removed from the 
refrigerant cycle and has been replaced by the 
cascaded configuration of two condensers and latent 
heat storage, as described before. A number of 
components such as valves have been added to switch 
between the operating modes. The control electronics 
have been extended by a separate control unit, which 
controls the new components and is operated in 
parallel to the original control. After laboratory testing 
of all operational modes, the plant has been installed 
at a pilot test site in Finland in order to perform an 
endurance test under real conditions in a practical 
application.  
Some of the relevant specifications and key data of the 
pilot plant are listed below. The basic unit is a 
brine/water heat pump with a thermal power of 10 kW. 
The refrigerant used in the modified unit is 7 kg R32. 
Inside the storage a heat exchanger tube register is 
installed with a total length of 138 m copper tubing, 
which is divided into two parallel strings. To improve 
thermal conductivity of the used PCM, 53 kg of 
graphite was added. This increased the thermal 
conductivity from 0.2 to 2 W/(m×K). As PCM, the 
storage tank was filled with 248 kg of paraffin. The 
phase change temperature occurs in the temperature 
range 41 to 44°C. The melting enthalpy is 250 kJ/kg. 
The dimensions of the entire system are 1.2 m length, 
0.8 m width and 1.75 m height. 

   

 
Figure 5: Pilot plant heat pump with integrated latent heat storage – 3D model (left) and photo (right) 



                                                                                                                                                   
 

Analysis and discussion of the results 
In order to allow comparison of the results of practical 
operation with the theoretic modeling, the following 
measured data are imported into the model: 

• Mass flow of refrigerant 
• Flow rate, heating loop 
• Return flow temperature of the heating loop 
• Supply flow temperature of the brine loop 

These mass flows serve in the usual use of the 
simulation model as control variables. By entering 
them as input values into the calculations, the control 
applied during the operation of the plant is used as a 
presetting for the calculations. The measurement data 
used for validation were recorded under laboratory 
conditions. To validate the model, a full cycle of the 
heat pump system with integrated heat storage is used. 
In the first half cycle with a duration of about 4 hours 
the latent heat storage is charged in parallel to the heat 
supply to the heating loop. In the second half cycle the 
storage is discharged for a duration of about 3 hours, 
also simultaneous to the supply of the heating loop. 
Figures 6 and 7 show measured and calculated values 
of this intervals. The measured values are shown in 
stronger colours, the respective calculated values are 
represented by light shades of the same colors. 
Between the charging and discharging period, a 
transitional phase of about 10 minutes can be found, 
where the system switches between these operating 
modes. At the beginning of the discharging phase, the 
system needs about half an hour for establishing stable 
operation. 
Figure 6 shows the curves of thermal and electrical 
power. Energy input is represented by positive values. 
Heat flows transferred to the heating loop or the LHS 
are shown as negative values. Consequently, the latent 
heat storage changes sign between charging and 

discharging. When charging, it behaves like a load that 
is supplied with heat. When discharging, it behaves 
like a producer by releasing the previously absorbed 
heat. During discharge, the intermediate step of the 
two stage increase of the heating loop temperature can 
be seen, which results from the preheating in the 
second condenser. The load shift and the associated 
flexibility of the heating system which is 
accomplished by the use of the thermal storage are 
clearly expressed by the profile of the useful heat 
output and the electric demand of the compressor. 
Despite the similar heating level during charging and 
discharging, the electrical power consumption 
decreases significantly when the storage is discharged. 
Figure 7 shows the graphs of characteristic 
temperature values of the heat pump system. During 
the starting phase, the supply temperature of the 
heating loop (Supply) increases in parallel with the 
sensible heating of the latent heat storage (LHS). After 
one hour the phase change in the LHS starts, resulting 
in a rather moderate further increase of the mean 
internal temperature of the storage during the loading 
phase. The condensing temperature (Condensation) 
representing refrigerant condensation in both 
condensers and the LHS shows the same trend. In the 
discharging phase, different temperature levels are 
formed in the internal heat pump cycle, linked to the 
different temperature levels of the heating loop and the 
LHS. The heating flow is preheated in condenser 2 
from the heating return temperature (Return) to the 
intermediate temperature (Middle) by condensation of 
refrigerant vapour generated by evaporation in the 
LHS. In a second step, the heating loop reaches its 
supply flow temperature (Supply) by condensation of 
refrigerant at condensing temperature of condenser 1 
(Condensation). 

   

 
Figure 6: Comparison of measured and calculated power values of a charging discharging cycle 



                                                                                                                                                   
 

 
Figure 7: Comparison of measured and calculated temperature values of a charging/discharging cycle 

 

The decreasing power of the latent heat storage over 
the discharge process due to the increasing thermal 
resistance of the moving phase front within the PCM 
is clearly represented by the course of the heating loop 
temperatures at inlet and outlet of condenser 2. 
Measured and calculated values show similar profiles 
with only minor deviations. The same proof could be 
provided for measurement data and modelling results 
for other operating conditions. The obtained validation 
of the theoretic model by practical data provides 
verification of the chosen modelling approach for fluid 
flow and heat transfer, and in particular for the 
discretized modelling of the latent heat storage. 
However, the validation results also show deviations, 
as can be seen, for example, in the electrical power in 
Fig.6 and the supply flow temperature in Fig.7. These 
deviations result from the uncertainties of measured 
values which serve as input data for the theoretic 
model. For example, the mass flow of the refrigerant 
is determined by matching the heat balance of the 
brine with the internal enthalpy balance of the 
evaporator. The respective measurement of brine 
temperatures and flow rates have certain inaccuracies. 
Furthermore, the calculation does not take into 
account heat losses, which also lead to deviations 
between measurement and theoretic calculation. 

Summary / Conclusion 
To design and scale the novel heat pump system with 
integrated latent heat storage, a simulation model has 
been developed with the software EES. With a pilot 
plant, measurement data were collected, which 
allowed to validate the model. For given input 
parameters that serve as control variables for practical 
operation and theoretic simulation, measured and 
calculated data show a high congruence. The results 

thus show that the thermodynamic processes of the 
latent heat storage system and the overall cycle have 
been modelled correctly. On this basis, the simulation 
model can be regarded as validated. The simulation 
model will be continuously tested in ongoing research 
projects using measurement data and will be expanded 
with additional functions. It can be used for the design 
and construction of further concepts of heat pumps 
with integrated latent heat storage. 
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