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Featured Application: the latent storage unit described in this paper is suitable for application
in heat pumps and chillers; either used for space heating/cooling or domestic hot water.

Abstract: In the present paper, the numerical modeling of an innovative latent thermal energy
storage unit, suitable for direct integration into the condenser or evaporator of a heat pump is
presented. The Modelica language, in the Dymola environment, and TIL libraries were used for the
development of a modular model, which is easily re-usable and adaptable to different configurations.
Validation of the model was carried out using experimental data under different operating modes and
it was subsequently used for the optimization of a design for charging and discharge. In particular,
since the storage unit is made up of parallel channels for the heat transfer fluid, refrigerant, and
phase change material, their number and distribution were changed to evaluate the effect on heat
transfer performance.

Keywords: phase change material; latent storage; Modelica

1. Introduction

Thermal energy storage is one of the enabling technologies driving the decarbonization
of the heating and cooling sector, which, in turn, represents the center of initiatives such
as the ‘green deal’ and the ‘renovation wave’, in the view of the massive deployment and
integration of renewables in the energy system.

Among the thermal energy storage (TES) technologies employed at a residential level,
latent thermal energy storage with the use of phase change materials (PCMs) is not only
moving towards commercial maturity [1], but is also the most active segment, with TES
systems at research level, as bibliometric analyses of the sector demonstrate [2,3]. How-
ever, it still needs to properly address the current challenges that limit its widespread use
in buildings and heating/cooling systems. As highlighted in [4,5], application-oriented
research should focus on heat transfer enhancement, materials cost reduction, and manage-
ment/control strategies.

In order to improve the heat transfer within latent TES (LTES), several methods
have been proposed, which mainly include an increase of the thermal conductivity of
the material itself, the use of extended heat transfer surfaces (e.g., finned structures) in
the heat exchanger (HEX), and the application of heat pipes [6,7]. Among these methods,
the increase of the thermal conductivity of the material is achieved through the use of
highly conductive porous media and the addition of conductive fillers [8,9], which however
reduces the overall energy density of the system and can increase the cost of the storage.
The use of fins has also been widely investigated [6], and several materials and geometries
have been analyzed.

For instance, in [10], a numerical model of a LTES system for solar cooling applications
is presented, in which the use of transversal fins was found to be the most effective way to
increase heat transfer in a shell-and-tube type heat exchanger. Similarly, in [11] the topology
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and material of fins in multi-tube LTES units is discussed, and it was found that, through
a proper design, the improvement in heat-transfer performance can reach 20%. The design
of fins that gives the maximum advantage for the majority of applications at low to mid
temperature (i.e., 10 to 100 ◦C) is a branched design of transversal fins. Aluminum and
graphite are materials that allow a fast charge/discharge process. In [12], shell-and-tube
and plate fin configurations are compared for medium temperature applications through
a numerical study. The results indicate that the advantages of the plate fin configuration
are higher flexibility of the design, which can be easily scaled; reliability, since the PCM
and heat transfer fluid are completely separated; and a higher amount of exploitable heat
during discharge. In [13] and [14], two heat storage configurations for LTES applications
are presented, in which the same PCM is used, i.e., a paraffin with a nominal melting
temperature of 82 ◦C. It was found that the use of a plate configuration with short channels
enhances heat transfer and, therefore, the achievable power delivered to the user, compared
to spaced longitudinal fins.

Such a literature overview demonstrates that the use of finned structures is an effective
way to maximize the performance of LTES. However, in order to properly select the most
appropriate configuration, the design process has to be carefully defined. This is also a key
point in evaluating the different management strategies that can increase the economic
profit of latent storage [15]. For this aim, different models can be used. A wide distinction
can be made between detailed computational fluid dynamic/finite element models and
simplified lumped parameter models that usually simplify the problem in terms of spatial
dimensions (i.e., 1D or 2D models against 3D models). The challenges in the modeling
of latent storage are mainly linked to the fact that the phase change process is non-linear
and, therefore, an exact analytical solution is only possible for extremely simple cases [16].
Moreover, according to the specific layout of the storage, natural convection may occur,
which further increases the complexity of the simulation, due to the need for solving
a Navier–Stokes equation for the PCM [17]. Finally, PCM properties are temperature-
dependent, thus increasing the required number of equations and the computational
time to model them. In order to simplify the problem and get accurate, and yet fast,
models, suitable for testing different design configurations, different approaches have
been proposed.

In [18], a 3D finite element model is developed for a LTES with longitudinal fins using
paraffin as the PCM and comparing the numerical results with experimental tests. The
model can be simplified during solidification, since during this process natural convection
does not occur. In [19], a simplified COMSOL model is implemented, in which a 3D model
of only the portion of PCM between the fins is combined with a 1D model of the heat
exchanger. The results for paraffin showed a good agreement with the experimental results,
during both charge and discharge. In [20], a simplified 3D model is constructed by using
an empirical equation for the heat delivered by the PCM, according to the calorimetric
measurements at the material level. Another approach, proposed in [21], is the use of a RC
model (resistance–capacitance), which was then compared to the 1D–3D coupled model
developed in [19]. The deviation of both models from the experiments was in the order of
1 K, but the RC model had a two to three times shorter computational time, which makes it
suitable for fast and reliable design. In [22], the simplification assumed is the use of lumped
masses for the PCM and the metal of the HEX accuracy. The deviation of the numerical and
simulation results was less than 9%; therefore, showing the applicability of such models
for design purposes. A simplified model for PCM storages is presented in [23,24], which
is realized in Modelica language. The results of the simulations were used to adapt the
storage geometry and PCM properties to cover a broad range of applications.

In the present paper, a simplified modelling methodology of LTES is applied to
an innovative configuration; i.e., a finned aluminum heat exchanger for refrigeration
applications. The novelty of the configuration, whose development is presented in detail
in [25,26], is the possibility of directly charging the PCM with the refrigerant of the heat
pump cycle, thus, allowing the storage unit to replace the evaporator of a heat pump, while
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using a separate heat transfer fluid (HTF) during discharge. The model was implemented
in the Modelica language using Dymola, and was realized by considering the fluids of
the storage (PCM, HTF, refrigerant) as interconnected volumes, according to an array-
like fashion, which allows easy scalability of the model. The model was validated under
different operating modes using experimental results and then optimization through
a parametric analysis was carried out.

2. Latent Thermal Storage Design

The latent thermal energy storage system described in this paper was specifically
designed for the integration of PCM into a vapor compression system, in order to reduce the
complexity of the integration of such components, as well as the bulkiness of a combined
heat pump + TES system. It was manufactured by AKG (Hofgeismar, Germany) and is
completely made of dip brazed aluminum 3000 alloy. It mainly consists of a central block,
in which the passages for the three fluids are located: the PCM, the HTF, and the refrigerant
of the vapor compression system. These consist of an array of parallel channels integrated
in a unique container, which removes the need for extra components, as in the case of
an external tank. In addition, the distributor for the HTF and the refrigerant are welded.
The HTF and refrigerant distributors and manifolds are arranged in order to have a counter
flow and, therefore, improve the heat transfer.

The ordered channel distribution is shown in Figure 1 and was optimized according
to the experimental activity described in [25]. The external dimensions of the LTES and
the volumes of the fluids for the HEX tested are listed in Table 1. The overall number of
channels is 76: 44 for the PCM, 22 for the HTF, and 10 for the refrigerant. The LTES was
insulated with 20-mm-thick mineral wool.
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Figure 1. Channel distribution in the latent storage. Coolant indicates the HTF.

Table 1. Main features of the latent TES investigated.

PCM Refrigerant Coolant

volume (dm3) 52.5 2.2 5.4

hydraulic diameter (m) 0.0035 0.0022 0.0024

cross sectional area (m2) 0.0534 0.0021 0.0054

heat transfer area (m2) 57.7 3.94 8.83

number of passages 44 10 22

core length × width × depth (m) 1 × 0.60 × 0.16

empty weight (kg) (Al) 110

As visible in Figure 1, several layers of PCM can be placed in between the HTF
and the refrigerant passages. Each layer corresponds to a finned channel with the fixed
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dimensions shown in Figure 1. Stacking of multiple layers is achieved by brazing of the
different channels.

The chosen PCM for the application is a commercial paraffin produced by RubiTherm,
whose main properties are summarized in Table 2. For the HTF and the refrigerant,
properties from the TIL Media package were used, which were in turn taken from CoolProp
library [27].

Table 2. Properties of the PCM.

Phase change temperature range (◦C) 2–4

Density (liquid) (kg m−3) 770

Density (solid) (kg m−3) 880

Specific heat (kJ kg−1 K−1) 2

Melting latent heat (kJ kg−1) 175

Volume expansion (%) 12.5

Thermal conductivity (W m−1 K—1) 0.2

3. Model Description

A lumped parameter model was developed in the Modelica language, using the
Dymola environment and the commercial TIL libraries for components and media [28].
The following assumptions were made:

- the thermo-physical properties of the refrigerant, the HTF, and the PCM are indepen-
dent of temperature; however, the properties in the solid phase are different from the
properties in the liquid phase;

- HTF is incompressible;
- the temperature of the refrigerant, HTF, and the metal walls varies only in the flow

direction (x-direction) along their lengths, which are divided into n nodes;
- radiative heat transfer is not considered;
- the heat loss to the surroundings is negligible;
- natural convection in the liquid PCM is ignored, as this effect is small due to the low

fin height and pitch [19,29].

A schematic view of the model structure is shown in Figure 2, together with the main
boundary conditions.

For each cell of refrigerant and HTF, momentum, energy, and mass balance equations
are solved. For the refrigerant of the heat pump:

pinre f − poutre f = ∆pre f (1)

.
minre f −

.
moutre f =

dmre f

dt
(2)

mre f
dhre f

dt
= Vre f

dpre f

dt
+

.
minre f

(
hinre f − hre f

)
+

.
moutre f

(
houtre f − hre f

)
+

.
Qre f (3)

where p (bar) is the pressure,
.

m (kg s−1) is the mass flow rate, h (J kg−1) is the specific
enthalpy, and

.
Q (W) is the heat transfer term.

The pressure drop ∆p in the refrigerant cell is considered constant and evaluated
according to experimental data. The heat transfer term is instead calculated as:

.
Q = Ure f A

(
Tre f rigerant − Twall

)
(4)

Ure f =
Nure f k
Dhre f

(5)
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Nu = j Re
1
3

Pr (6)

where Uref (W m−2 K−1) is the heat transfer coefficient for the refrigerant cell, A (m2) is
the heat transfer area for each cell, k (W m−1 K−1) is the thermal conductivity of the wall
material, Dh (m) is the hydraulic diameter of the channel, Re is the Reynolds number, Pr is
the Prandtl number, and Nu is the Nusselt number. The friction factor j is calculated as:

jre f = A + B Rec
re f (7)

with A, B, and C supplied by the heat exchanger manufacturer.
For the HTF:

pinHTF − poutHTF = ∆pHTF (8)

.
minHTF −

.
moutHTF =

dmHTF
dt

(9)

mHTFcpHTF

dTHTF
dt

=
.

minHTF

(
hinHTF − hHTF

)
+

.
moutHTF (houtHTF − hHTF) +

.
QHTF (10)

where cp (J kg−1 K−1) is the specific heat capacity of the heat transfer fluid. Similarly to the
case of the refrigerant cell, a constant pressure drop was considered and the heat transfer
was calculated as: .

Q = UHTF A(THTF − Twall) (11)

The heat transfer coefficient for the HTF cell UHTF was calculated according to a Nu
correlation, as in Equation (6), with:

jHTF = D + E Re f
HTF (12)

The parameters for the calculation of the friction factor were supplied by the heat
exchanger manufacturer.

For the PCM cells, energy balance is implemented as:

mPCMcpPCM

dTPCM
dt

=
.

minPCM

(
hinPCM − hPCM

)
+

.
moutPCM (houtPCM − hPCM) +

.

∑
.

Q (13)

The term ∑
.

Q (W) represents the sum of all the heat flows for the cell, which are due
both to the heat transfer within the PCM layer itself, as well as with the HTF. In both cases,
only thermal conduction within the PCM cell is considered.

The phase change is modelled using the solid–liquid equilibrium implementation in
the TIL media libraries, which makes use of the enthalpy method [10,19]. Accordingly, the
phase transition is described by means of effective enthalpy:

hPCM =

(
cp,s(T1 − T) for T < T1

cp,lγ + cp,s(1 − γ))(T − (T2 γ + T1(1 − γ)) + L γ for T1 < T < T2
cp,l(T − T2) for T > T2

(14)

where cp,s (J kg−1 K−1) is the specific heat of the solid, cp,l (J kg−1 K−1) is the specific
heat of the liquid, L (J kg−1) is the latent heat of melting, T1 (◦C) is the onset temperature
for melting, T2 (◦C) is the offset temperature for the melting process, and γ is the liquid
fraction, calculated as:

γ =
TPCM − T1

T2 − T1
(15)
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Initial and Boundary Conditions

A continuity condition between cells (PCM, refrigerant, and HTF) was applied. For
each i-th cell:

pin(i + 1) = pout(i) (16)
.

min(i + 1) =
.

mout(i) (17)

hin(i + 1) = hout(i) (18)

In addition, the pressure, mass flow rate, and inlet temperature for the refrigerant and
the HTF circuits were defined.

Initial conditions applied included a specified uniform temperature for all the refriger-
ant, HTF, and PCM cells:

TPCM(0) = TPCM,0 (19)

THTF(0) = THTF,0 (20)

Tre f rigerant(0) = Tre f rigerant,0 (21)

Moreover, a steady state condition at the initial point was imposed:

dhre f rigerant

dt
= 0 (22)

dTHTF
dt

= 0 (23)

The size of each cell is the core length/10 × core width × fin height. The independence
of results from the number of cells considered was verified prior to the simulation under
realistic operating conditions.
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4. Model Validation

The developed model was validated using the experimental data from a testing
campaign carried out for a complete system, including the heat pump and the embedded
thermal energy storage. A detailed description of the system, testing conditions, and
results is presented in [30]. The testing rig used for the experimental activity consisted
of three water storages units connected to different heat sources, to supply the different
temperature levels needed for the operation of thermal systems. The inlet and outlet
HTF flows of each storage were mixed through the use of high-speed mixing valves to
guarantee a constant inlet and the precise regulation of the desired set-point. Heat storage
units with charge/discharge power up to 30 kW can be tested. A picture of the system
(heat pump + heat storage) connected to the testing rig and the layout of the latent storage
are shown in Figure 3. The uncertainty of measurements for this setup was ±0.5 ◦C for the
temperatures and ±700 W for the thermal power [30].
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Different operating modes are possible for the storage unit [30]:

- charge mode: the refrigerant of the heat pump is used to solidify the PCM, there is no
flow in the HTF circuit;

- discharge mode: the heat pump is off, the HTF is circulated, and the PCM is melted
by subtracting the latent heat from the HTF, which is cooled down and delivered to
the user;

- parallel charging/discharging mode: the PCM is charged and discharged at the same
time. Hence, the heat pump is on and at the same time the HTF circuit is connected to
the load.

In order to validate the model, reference tests for each of the investigated operating
modes were considered. For the charge process, the case of a test with the PCM starting
at an average temperature of 15 ◦C and fully charged until 0 ◦C with the heat pump at
a part load of 60% was considered. The results are shown in Figure 4a, where a direct
comparison between the average measured PCM temperature and the simulated one is
presented. It is possible to notice that there was a good agreement between the experiments
and the simulation, with deviations lower than 0.5 K. An exception is represented by
the temperature range 0–2 ◦C, corresponding to the material in a fully solid state. In
this case, a deviation of 1.2 K was shown, probably due to the enthalpy formulation of
the implemented model in Dymola. However, under the designed operating conditions,
it is not beneficial to reach such temperatures, also due to a too high reduction in the
temperature of the refrigerant of the heat pump, with a, consequently, strong penalization
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of its efficiency. Accordingly, it is possible to state that the validation in the designed range
was successful.
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Figure 4. Model validation for the different operating modes. (a) charge; (b) discharge; (c) paral-
lel operation.

For the discharge process, a test with the PCM starting at −2 ◦C and ending at 12 ◦C,
with a discharge flow rate of 0.2 kg/s for the HTF was selected. A comparison of the
average PCM temperature from the experiments and the simulation is shown in Figure 4b.
In this case, the average deviation between the experiments and simulation was about 16%.
The larger difference being due to the larger thermal gradient in the heat exchanger, as
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a consequence of the turbulent flow of the HTF and its uneven distribution, which is more
complex to reproduce in lumped parameter modeling. However, considering that this
measurement error is in the order of 10%, the error introduced by the simulation for this
operating mode can also be considered acceptable for simulation-aided design purposes.

Finally, the validation for parallel operation is shown in Figure 4c. During this
operating mode, as described in detail in [30], the temperature of the PCM is almost
constant. Therefore, for validation purposes, the temperature of the outlet of the HTF is
also shown. It can be seen that the deviation between experiments and simulations is small
(1 K), and it is then possible to conclude that the model developed is able to fully describe
the operation of the storage under the different operating modes.

The run time was 10 s for 2000 s of storage operation on an Intel i8 laptop.

5. Optimization through Parametric Analysis under Variable Input Conditions

After the model validation, design optimization was carried out through parametric
analysis. The main application foreseen for the storage unit is use in residential heat pump
systems, and, therefore, only short-term storage periods are foreseen. Accordingly, the
main goal of the optimization was the improvement of the heat transfer, rather than the
overall amount of energy stored. In order to guarantee that the simulation runs performed
for optimization purposes were carried out under realistic operating conditions, the input
to the simulations were the measured experimental values (flow rate and temperature of
HTF, pressure and temperature in the refrigerant circuit). Therefore, an investigation time
range of 4000 s was considered, corresponding to the time range of data availability from
the experimental setup.

Both charge and discharge processes were investigated. Given the peculiarity of
the system, i.e., the charging of the storage directly through the heat exchange between
the refrigerant of the compression cycle and the PCM, the main parameter affecting the
charge of the storage was the number of stacked PCM layers in between the refrigerant
channels. Indeed, as already discussed in [25] for a similar design, since the heat transfer
is achieved only through thermal conduction, the main limitation to heat transfer is the
thermal conductivity of the PCM. Accordingly, three cases were considered: one, two, and
four consecutive PCM layers. For each case, the overall amount of PCM was not changed,
only the number of parallel channels was changed. The overall amount of energy that the
system can store was then constant for the investigated conditions.

In Figure 5, the results of the parametric analysis are shown; in terms of temperatures
in the refrigerant and PCM. The fluctuations in the average temperature of the refrigerant
were due to the specific behavior of the heat pump tested in the lab and, more specifically,
to the operation of the thermostatic valve. There is a clear difference in the temperature
trend for the different cases examined; since the heat transfer for one layer of PCM is better,
in the same time-span, all the material in the storage not only completes the phase change,
but also sensible heat in the solid phase can be exploited, and the average temperature
reached was −10 ◦C. For the configuration with two PCM layers, the phase change was
completed after 3500 s, and a final temperature of −2.5 ◦C was reached. Instead, in the
case of four PCM layers, after 4000 s, not all the material in the storage had completed
the phase change, due to the penalization of the heat transfer induced by the low thermal
conductivity of the material.

The average thermal power exchanged between the refrigerant and the PCM is re-
ported in Figure 6. For the temperature, during the first part of the charging, the fluctuations
in the power are due to the fluctuations in pressure and temperature of the refrigerant,
as a consequence of the opening/closing of the thermostatic expansion valve of the heat
pump. It is possible to notice that the average power delivered to the user is higher for the
case of one layer of PCM and decreases almost linearly with the increase in the number of
PCM layers.

It is, however, worth noting that the configuration of one PCM layer, despite being
more efficient from the point of view of heat transfer, is also the least advantageous from
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the point of view of system volume and metal usage. Indeed, in order to keep the same
amount of PCM, the amount of metal needed for the one-layer case is much higher than the
four-layer, which already amounts to 60% of the overall empty weight of the heat exchanger.
In particular, the weight for each additional channel is about 1.2 kg. Accordingly, it is
possible to state that, according to the specific application, a good compromise for heat
transfer could be a two-layer configuration (in cases where the weight and dimensions are
not especially constraining issues) or the four-layer configuration, in which the penalization
of heat transfer is compensated by the lower dimensions and weight of the TES.
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For the case of discharge, the parameters investigated were the flow rate of the
HTF, which was already proven during experiments to be an important parameter in
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the operation of the system [30], and the number of stacked PCM layers. The results,
for the case of four PCM layers and a HTF inlet of 12 ◦C are shown in Figures 7 and 8.
From Figure 7, it is possible to notice that the same trend is observed for all the cases;
i.e., a linear temperature increase, with a slope change when the melting process starts.
What is interesting to note is that, for all the flow rates investigated, the PCM had still not
completed the phase change after 2000 s, and that there was a considerable temperature
difference between the PCM and the HTF. Indeed, especially for the case of 0.3 kg/s and
0.5 kg/s, already, after 1000 s the HTF outlet temperature was close to the inlet one (12 ◦C);
thus, indicating that no useful effect can actually be supplied to the user. The average
power supplied to the user is shown in Figure 8. During the first seconds, there is a peak,
which increases with increasing flow rates, but already after 250 s, there is a strong decrease
in the power supplied; down to values of 4 kW to 2 kW, when passing from 1.2 kg/s
to 0.3 kg/s. As is common in other latent storage systems, the optimal HTF flow rate
depends on the intended application [13,14]; if high power has to be supplied to the user,
it is possible to increase the HTF flow rate, whereas to have a more constant supply for
a longer time, lower HTF flow rates are needed.

However, as clearly highlighted, the configuration with four PCM layers still has
several limitations, in terms of the heat transfer, as proven by the temperature difference
between the PCM and the HTF. Such features might be exploited through suitable manage-
ment strategies, as will be discussed in the next section. However, in order to highlight
the effect of the PCM volume in between the HTF channels, the cases of one, two, and
four layers were investigated. Figure 9 depicts the average PCM temperature evolution
for the layouts chosen. There is a clear effect when reducing the number of layers: the
phase transition is completed in less than 500 s for one-layer, 1200 s for two-layers, and
almost 2500 s for four-layers. In order for the PCM to reach the temperature of the HTF, and
therefore complete the heat exchange, also including the sensible part, it takes 1500 s for the
one-layer layout, 2500 s for two-layers, and more than 4000 s for four-layers. Nonetheless,
as already stated for the case of charging, reducing the number of layers would strongly
increase the weight and dimensions of the heat exchanger, thus penalizing the heat transfer
density. Moreover, in all the cases where a longer period of operation disconnected from
the grid (i.e., without using a heat pump) is foreseen, the four-layer case can be the most
advantageous one. A good compromise can be instead obtained with the two-layer layout.
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6. Comparison with the State-of- the-Art

The combination of heat pumps with LTES is gaining interest, due to the possibility of
better managing the operation of the heat pump, especially when driven by renewables.
A vast review of the possible couplings between heat pumps and LTES is discussed
in [31]. However, in the majority of research studies, the integration of the PCM and
the heat pump cycle is not direct, but is rather achieved through the use of an external
tank. In [32], the use of ice as a PCM for direct embedding in the evaporator of a heat
pump is investigated numerically, but no details on the possible layout of the storage are
given and the results are reported in terms of exergy analysis and power consumption
for the heat pump; showing that a reduction in the electricity consumption of the heat
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pump is possible. In [33], the experimental evaluation of a PCM (RT42, with melting
temperature of 42 ◦C) for integration in the condenser of a heat pump is discussed. In this
case, the optimization of the melting temperature of the paraffin is achieved by switching
from air-source to solar-assisted operation. The solar-assisted operation guaranteed lower
melting/solidification times, due to the higher temperature difference that was possible.
In [34], a three-sleeve HEX design for integration in the heat pump cycle for heating and
cooling purposes is discussed. Compared to the design presented in the current paper,
the passages for the PCM, refrigerant, and water are concentric annuli. Interestingly, the
profiles for the temperature and pressure in the storage are similar to those described for
the present design. In particular, similarities include some fluctuations in the evaporator
power of the heat pump, due to fluctuations in the temperature of the refrigerant, as well
as the general initial rapid decrease in PCM temperature (during charging) or increase
(during discharge), followed by a change in the slope of temperature once the melting
range is reached, and a slow variation of temperature afterwards. However, compared
to the three-sleeve design, the configuration presented here has some advantages, such
as the higher storage density, due to the higher packing factor of the HEX, and the easier
scalability to larger scales, due to the array-like configuration. A peculiarity of the current
configuration, which also simplifies the design and analysis of the HEX, is the thermal
conduction dominating the heat transfer mechanism, since, due to the arrangement of
channels and their dimensions, convection does not occur. Despite having found that
convection can boost the melting process of PCMs [18,35], it was, however, found that, at
HEX level, it is still more convenient to use heat transfer enhancement techniques, e.g.,
through fins or other methods, to increase the heat exchange area rather than exploiting
natural convection in the paraffin [36]. This is due to the low thermal conductivity of the
paraffin, which causes a slow onset of natural convection during melting, thus increasing
the time needed for charging, which is not desirable for applications in heat pumps.

Such a literature overview further reinforces the advancements presented in the
current configuration, while showing that the evaluation of systems is still mostly based
on experimental measurements; whereas, a more organic design requires suitable tools,
such as the one presented here.

7. Conclusions

The present paper describes a reduced numerical model, realized in the Modelica
language with Dymola software, for the design of an innovative heat exchanger suitable for
application in heat pumps. The peculiarity of this heat exchanger is the possibility of being
used, at the same time, as the evaporator of a vapor compression heat pump and a latent
thermal energy storage for the same heat pump. It is made of aluminum and includes
parallel finned channels for the PCM, the heat transfer fluid, and the refrigerant.

A parametric model was developed, which considers each flow path as a sequence of
control volumes, and which is fully parameterized and easily scalable. Validation of the model
under different operating conditions (charge, discharge, simultaneous charge/discharge) is
presented. Deviations from experimental results were within measurement uncertainty.

Accordingly, a parametric analysis was carried out, by varying the number of layers
of PCM between the two refrigerant and heat transfer fluid channels and the flow rate of
the heat transfer fluid, with the aim of improving the heat exchange. The results indicated
that faster melting/solidification times were achieved for the case of one layer of PCM, but
a good compromise between heat transfer performance and system dimensions/weight
can be achieved with two PCM layers. Further techno-economic evaluations will be carried
out in future works, since this represents the very first prototype of this kind, and, therefore,
proper economic evaluations are not possible.

Due to its flexibility and intrinsic reusability, the model here presented can be used
for other applications and further enhancements of heat exchanger design, for instance,
through a systematic parametric assessment, multi-variable optimization techniques, or
the evaluation of different PCMs.
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33. Koşan, M.; Aktaş, M. Experimental investigation of a novel thermal energy storage unit in the heat pump system. J. Clean. Prod.
2021, 311, 127607. [CrossRef]

34. Niu, F.; Ni, L.; Yao, Y.; Yu, Y.; Li, H. Performance and thermal charging/discharging features of a phase change material assisted
heat pump system in heating mode. Appl. Therm. Eng. 2013, 58, 536–541. [CrossRef]

35. Wang, Y.; Wang, L.; Xie, N.; Lin, X.; Chen, H. Experimental study on the melting and solidification behavior of erythritol in
a vertical shell-and-tube latent heat thermal storage unit. Int. J. Heat Mass Transf. 2016, 99, 770–781. [CrossRef]

36. Frazzica, A.; Palomba, V.; Rosa, D.L.; Brancato, V. Experimental comparison of two heat exchanger concepts for latent heat storage
applications. Energy Procedia 2017, 135, 183–192. [CrossRef]

http://doi.org/10.1016/j.ijheatmasstransfer.2021.121479
http://doi.org/10.1016/j.applthermaleng.2021.117232
http://doi.org/10.1016/j.est.2021.102871
http://doi.org/10.1016/j.apenergy.2016.06.138
http://doi.org/10.1016/j.apenergy.2016.12.079
http://doi.org/10.3390/app10134649
http://doi.org/10.3390/app10062116
http://doi.org/10.1021/ie4033999
http://www.ncbi.nlm.nih.gov/pubmed/24623957
http://doi.org/10.1016/j.est.2020.102148
http://doi.org/10.3390/en12061161
http://doi.org/10.3390/en14092580
http://doi.org/10.1016/j.enbuild.2017.01.061
http://doi.org/10.1016/j.applthermaleng.2015.11.107
http://doi.org/10.1016/j.jclepro.2021.127607
http://doi.org/10.1016/j.applthermaleng.2013.04.042
http://doi.org/10.1016/j.ijheatmasstransfer.2016.03.125
http://doi.org/10.1016/j.egypro.2017.09.501

	Introduction 
	Latent Thermal Storage Design 
	Model Description 
	Model Validation 
	Optimization through Parametric Analysis under Variable Input Conditions 
	Comparison with the State-of- the-Art 
	Conclusions 
	References

