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Executive summary
This deliverable describes the activities related to the detailed design of two high-performing
Latent Heat Thermal Storage (LHTS) units. All the design choices are carefully explained
and justified. First, the main features of Phase Change Materials (PCMs) suitable for LHTS
units are briefly presented and discussed in view of the LHTS prototypes produced within
RE-COGNITION. Then, the most common methods for improving the performance of shelland-tube LHTS are summarized and the innovation introduced by the topology optimization
approach for the design of tube fins is explained and contextualized. Secondly, starting from
the guidelines suggested by this innovative approach, several practical considerations
leading to the final design of the shell-and-tube LHTS prototypes are assessed. Hence, the
main design choices are thoroughly presented and discussed. This regard:
 The selection of appropriate PCM and high conducting material (HCM) in the
storage units;
 The practical design of tube fins able to reduce the overall time for discharge;
 The choice regarding the separation of charging and discharging hydraulic loops;
 The disposition of the pipes inside the LHTS tank;
 Considerations about the safe operation of the selected PCM and pressurized
vessels.
Then, the integration of the storage unit in the pilot site of POLITO is analysed. The
connection schemes are provided and thoroughly commented. Finally, the performance of
the designed LHTS is estimated through CFD simulations. These address both the charging
and discharging phase, proving that the designed fins guarantee an excellent reduction of
the overall charging and discharging times.
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1 Introduction
1.1 Context
This deliverable constitutes one of the outcomes of WP2, which deals with the design and
development of renewable energy and storage technologies proposed within the RECOGNITON framework. More specifically, this deliverable describes the work performed
within the T2.4, which regards the detailed design of the thermal energy storage through an
innovative optimization approach.

1.2 Notations, abbreviations and acronyms
Table 1 - Acronyms list

DH

District heating

DHW

Domestic Hot Water

CSP

Concentrated Solar Power

HCM

High Conducting Material

HTF

Heat Transfer Fluid

LHTS

Latent Heat Thermal Storage

PCM

Phase Change Material

PEG

Polyethylene Glycol

SOC

State of Charge

TRL

Technology Readiness Level

1.3 Purpose of this deliverable
As summarised in “D7.1 – Project Management Plan”, the purpose of this deliverable is to
report the description of the activities related the detailed design and realization of the
thermal energy storage system.
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2 State of the Art on Latent Heat Thermal Storage
Most of the energy for heating and cooling in the EU comes from fossil fuels (82%).
Nevertheless, the EU has set ambitious energy targets that aim at a reduction of greenhouse
gas emissions by 40% and an increase of the share of renewables to at least 27% within
2030 [1]. Relying on fossil fuels implies the total availability of satisfying the heating demand
whenever requested by end-users. On the contrary, renewable energy sources are
characterized by different degrees of intermittency, thus they are less reliable. In this
context, the path towards the decarbonization of the heating sector needs a pivotal
supporting element: thermal energy storage. Actually, there are three major techniques for
storing thermal energy [2]:
1) Sensible heat storage
2) Latent heat storage
3) Thermo-chemical heat storage
Sensible heat storage exploits the raise of temperature in solids or liquids. In this case, the
amount of stored thermal energy is dependent on three parameters: the specific heat
capacity of the medium, its temperature change and the quantity of storage material. Water
is generally used for sensible thermal storage thanks to its availability and elevated heat
capacity. However, when operating temperatures are above 100°C, oils, molten salts or
liquid metals are preferred. Instead, for air heating applications rock beds are often used.
On the contrary, latent heat storage exploits the large amount of energy that is absorbed or
released by a material that undergoes a phase change from solid to liquid and vice versa.
The absorbed thermal energy is therefore dependent on the medium enthalpy of fusion and
its quantity. A wide range of materials is suitable for this purpose, as detailed below. Finally,
thermochemical systems are based on the breaking and reforming of molecular bonds in
reversible chemical reactions. In this case the relevant parameters are the endothermic heat
of reaction and the extent of conversion.
Latent and thermochemical storage systems are characterized by much larger energy
densities when compared to sensible ones. Indeed, latent and thermochemical systems can
store roughly up to 4-10 times [3], [4] the energy than can be stored in sensible storage
systems considering the same occupied volume (with thermochemical ones having the
highest energy density). Thus, they both represent a promising technology when the
installation space is limited, such as in numerous buildings.
However, thermochemical systems are still in the early development phase, while the
knowledge on latent storage technology is more advanced and its Technology Readiness
Level (TRL) is closer to market deployment. The working principle of LHTS units is rather
simple, as they behave as thermal batteries that can be charged or discharged when
necessary thanks to thermal properties of phase change materials (PCMs). During the
charging phase, heat is stored through the melting of the PCM that is contained inside the
storage unit. On the contrary, during the discharging phase heat is recovered solidifying the
same PCM. The change of phase from solid to liquid and vice versa is performed over a
small temperature range (<5 °C) but with large amount of energy stored/released. Hence,
LHTS systems represent a promising technology among the possibilities for storing thermal
energy.
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2.1 Overview of materials for Latent Heat Thermal Storage
The storage of thermal energy in the form of latent heat is made possible by the deployment
of a particular class of materials known as Phase Change Materials (PCMs). These are
commonly classified in three main categories: organic, inorganic and eutectic mixtures [5],
[6] as depicted in Figure 1.

Figure 1 - Classification of Phase Change Materials (PCMs) [3]

Among the organic PCMs there are paraffins, fatty acids, alcohols and glycols. Currently,
paraffins (also known as alcanes) are the most widespread class on the market [7]. These
materials cover a large melting temperature range and are generally characterized by a high
enthalpy of fusion. In addition, they display a limited phase separation and the phenomenon
of subcooling is practically absent. On the other hand, their density and thermal conductivity
are lower compared to other types of PCMs.
Furthermore, at nominal operating temperatures they are stable, but they might produce
flammable mixtures at high temperatures (>200°C). Similar thermo-physical properties are
also present in fatty acids [8]. However, these have often been tested as part of eutectic
mixtures [9]. Sugar alcohols, instead, have not received much attention yet [10]. Due to their
characteristic melting temperatures, they are suitable for intermediate temperature
applications.
Among the organic PCMs, they generally show the highest density and enthalpy of fusion,
but they require subcooling for complete solidification. Moreover, recent studies have
questioned their stability to thermal cycling [11]. Finally, the preferred type of glycol for
thermal energy storage is represented by the Polyethylene Glycol (PEG). PEGs have
different melting temperatures and enthalpy of fusion depending on the length of their
molecular chain. Overall, PEGs have demonstrated chemical and thermal stability [12], [13].

D2.4 – Optimized Latent-Heat based Thermal Energy
Storage technology

Table 2, summarizes the reference values of melting temperatures and latent heat content
for organic PCMs.
Table 2 - Reference melting temperatures and latent heat of fusion for organic PCMs [14]

Melting temperature [°C]

Latent heat [kJ/kg]

Paraffins

-10 ÷ 82°C

148 ÷ 255 kJ/kg

Fatty acids

16 ÷ 69°C

148 ÷ 209 kJ/kg

Alcohols

39 ÷ 165°C

110 ÷ 344 kJ/kg

Glycols

4 ÷ 70°C

118 ÷ 176 kJ/kg

Organic
eutectics

21 ÷ 52°C

143 ÷ 183 kJ/kg

As far as inorganic PCMs are concerned, this category includes salt hydrates, salts, metals
and metal alloys. They are generally characterized by a higher density compared to organic
PCMs [5], but they often need subcooling for full solidification. In addition, some of them are
highly corrosive [8]. This reduces the spectrum of usable materials for the storage pipes and
container. Salt hydrates contain an elevated quantity of crystallized water; thus, their melting
temperature range is generally lower.
However, in addition to the aforementioned issues, they present a poor cycling stability due
to phase separation. On the contrary, salts are suitable for high temperature applications
such as Concentrated Solar Power (CSP) due to their elevated melting temperatures (above
150°C). However, their thermo-physical properties display large variations depending on the
salt nature (nitrates, carbonates, hydroxides and chlorides).
Furthermore, inorganic salts are generally used in the form of eutectic mixtures, which
present a moderate thermal conductivity, limited subcooling and good chemical and thermal
stability [8]. Finally, metals and metal alloys guarantee fast charge and discharge processes
thanks to their high thermal conductivity. However, these materials are characterized by very
high melting temperatures and density. This last feature, in particular, might constitute a
barrier for the design of storage containers. The reference values of melting temperatures
and latent heat content for inorganic PCMs are introduced in Table 3.
Table 3 - Reference melting temperatures and latent heat of fusion for inorganic PCMs [14]

Melting temperature [°C]

Latent heat [kJ/kg]

30 ÷ 117°C

116 ÷ 280 kJ/kg

Salts (Nitrates,
Carbonates,
etc…)

192 ÷ 1460°C

75 ÷ 1044 kJ/kg

Metals and
alloys

340 ÷ 1084°C

92 ÷ 757 kJ/kg

13 ÷ 767°C

74 ÷ 790 kJ/kg

Salt hydrates

Salt eutectics
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Summarising, the main advantages and disadvantages of organic and inorganic PCMs are
reported in Table 4.
Table 4 - Comparison between organic and inorganic PCMs

Organic PCMs

Inorganic PCMs

Non-corrosive
Advantages Low or no subcooling
Chemical and thermal stability.
Lower phase change enthalpy
Disadvantages Lower thermal conductivity
Possible flammability

Larger phase change enthalpy
Possible subcooling
Corrosion
Phase separation

In conclusion, when selecting a PCM for thermal storage applications, a trade-off between
the ideal thermal, physical, chemical and economic properties should be considered as
reported in Table 5. Among these, it should be noticed that the melting temperature and the
enthalpy of phase change are often correlated. Indeed, the storage featuring an elevated
melting temperature are also generally characterized by a high phase change enthalpy [15].
Table 5 - Ideal properties of application-oriented PCMs [16]

Thermal
properties

Physical
properties

Correct phase change
temperature for the
application

Low density variation
between liquid and
solid

High phase change
enthalpy per unit
volume

Little or no subcooling
(i.e. charge/discharge
cycles over small
temperature range)

High thermal
conductivity (for quick
charge/discharge)

Chemical properties
Stability

Economic
properties
Cheap and abundant

No phase separation
(i.e. no performance
degradation)
Compatibility with
container, pipes and
fins materials
Non-toxic, nonflammable and nonpolluting

2.2 Overview of Latent Heat Thermal Storage design approaches
The development of a Latent Heat Thermal Storage (LHTS) system requires the
understanding of two diverse subjects: heat storage materials and heat exchangers [17]. The
former topic has been addressed in section 2.1, while the common approaches for the
design of heat exchanging surfaces are here presented. Indeed, the choice of the storage
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material is important for matching the desired application, but the choice of the heat
exchanger concept is fundamental for the real operability of the LHTS system.
As already mentioned, PCMs of practical interest are generally characterized by low
thermal conductivity. This determines a slow dynamic of the phase change process. As a
result, the rate at which heat is exchanged between the storage material (PCM) and the heat
transfer fluid (HTF) is often too low for practical applications. Consequently, the time spans
for completing the storage charge or discharge are excessively long. Metallic PCMs
represent an exception, but their elevated melting temperature is only appropriate for CSP
applications. Hence, in the past decades research efforts focused on heat transfer
enhancement techniques for LHTS systems. One of the most popular research directions
aims at the reduction of the average diffusion distance in the PCM through various structures
made of high conducting material (HCM). This approach includes:
 extended surfaces (also called fins)
 multi-pass HTF tubes
 heat pipes
 metal capsules.
In multi-pass configurations, the heat transfer area between the PCM and the HTF pipe is
increased with respect to a single tube pass. However, a unique stream of HTF is circulated
and the effectiveness of heat exchange is reduced along the flow path due to the decreasing
temperature difference between the PCM and the HTF. The potential of the enhancement
through heat pipes, instead, is a new concept and it still needs further research [18].
On the contrary, the encapsulation of PCM with metallic capsules is a mature technology at
the industrial level [8]. Depending on the capsule size, it is referred as nano-encapsulation,
micro-encapsulation and macro-encapsulation [19]. However, one of the most attractive
solution for heat transfer enhancement is represented by extended surfaces, which increase
the overall heat transfer area of the HTF pipes. Investigated fins layouts are often of five
types [3]: longitudinal, circular, Y-shaped, pins and helical (Figure 2).

Figure 2 - Typical fins layout [3]

Longitudinal fins are often investigated in the literature. In general, the length of the fins is
more influential on the LHTS performance with respect to their thickness [19]. Moreover, this
fin configuration is reported to be more favorable for the PCM solidification rather than its
melting because it tends to suppress natural convection phenomena in the liquid PCM [20],
[21].
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Tubes with circular fins are much easier to be manufactured, but the heat transfer appears to
be less effective. Several studies in literature are available varying the fin radius dimension
and the vertical distance between each fin. Pin fins geometries are generally destined to
electronics cooling applications with PCMs, while for LHTS shell-and-tube configurations
have scarcely been considered. An example is reported here [22], but its performance is
rather poor.
A different approach, instead, consists in extending longitudinal fins into Y-shaped fins [23].
When an optimal bifurcation angle is identified, the LHTS discharge efficiency is reported to
increase. Similar structures were obtained and manufactured by the Institute of Engineering
Thermodynamics (DLR, Germany) [24]. Finally, an option that has recently emerged in the
LHTS community is represented by helical fins [25]. This configuration is expected to favor
the PCM melting phase, but first numerical results suggest lower performance with respect
to longitudinal ones [26].
However, all the above-mentioned fin design guidelines start from a pre-assumed fin shape.
Therefore, although an optimal performance can be identified for a specific configuration,
this might not be the overall best achievable performance for the same amount of PCM and
high conductive material (HCM). In this view, an innovative LHTS design approach is
represented by topology optimization, which suggests how to distribute the material to
maximize the LHTS performances given the amount of fin material [3]. The essential feature
of this approach is represented by design freedom. A visual example on how this method is
different from other design routes is presented in Figure 3.

Figure 3 – (a) sample optimization problem; (b) Sizing optimization approach; (c) Shape optimization
approach; (d) Topology optimization approach [3]
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For instance, in order to design the best dissipative HCM structure for a rectangular domain
that is heated on one side and cooled on the other side (fig. 3(a)), different approaches can
be followed. A possible solution could be represented by starting from a guessed structure
and then optimizing the number and thickness of bar connections (sizing optimization). A
valid alternative is constituted by shape optimization, where it is assumed to drill some
“holes” in a block of HCM in order to find the optimal shape and size of each hole. However,
also in this case the number of holes is fixed a priori.
On the contrary, topology optimization searches for the optimal shape without a priori
assumptions. At the beginning of the simulation, the computational domain is made of an
artificial material that has average properties between those of the PCM and those of the
HCM. Through the optimization process some areas of the domain evolve towards PCM,
while others evolve towards HCM. For further details on this method, the interested reader is
referred to [3].
Summarizing, topology optimization is a valuable approach for the identification of design
guidelines that are suitable for extended pipe surfaces in shell-and-tube LHTS system.
Hence, the concepts of LHTS system proposed in this project originate from this experience
and are detailed in the following chapters.
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3 LHTS design
This section describes the design choices adopted for the LHTS design. As previously
mentioned, the design guidelines followed in this project result from a topology optimization
approach. More specifically, this process suggested two different design concepts as far as
the tube fins are concerned. Hence, two latent heat storage tanks are developed in this
project. The first design guideline suggested by the adopted optimization approach confirms
the effectiveness of longitudinal fins along the HTF pipes that are used for the discharging
phase. Thus, the first storage tank (referred as configuration A) is designed and
manufactured according to this principle.
On the other hand, the second type of guideline recommended by the topology optimization
approach is rather unexpected and unconventional. This guideline applies when considering
the whole charging and discharging cycle. For this reason, the design of the second storage
tank (referred as configuration B) is currently under patent procedure and it is not
addressed in the following subsections.
Overall, the flow chart in Figure 4 summarizes the whole process that yields to the
realization of the two latent thermal storage tanks. A public tender for technology
procurement was defined first. In order to make the technical requests compliant with the
selected pilot site, local constraints were identified (such as space availability and type of
connections to existing systems). These were included in the public tender technical
document together with the expected features of the LHTS tanks.
Once the procurement was assigned to the winner manufacturing company, a pilot site
inspection was organized and the preliminary design project was defined. Finally, a detailed
project for the tanks design and system integration was developed carefully considering its
techno-economic feasibility. The conclusion of the manufacturing and installation processes
is expected in M24. Hence, the experimental phase is scheduled to start from M25 as
planned (see D7.1 for further details).
During the preliminary and final project phases, several practical aspects were considered
for the realization of the LHTS systems. The final result is thus the best trade-off between
technical and economical constraints that are generally faced by manufacturers. Hence, the
following subchapters address: the combined choice of PCM and HCM materials (3.1); the
practical fins design for configuration A (3.2); the definition of charge and discharge loops
(3.3); the choice for pipes arrangement in the storage tanks (3.4); the consideration of safety
issues (3.5) and the final realizable design for configuration A (3.6).
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Figure 4 - Process for the realization of RE-COGNITION LHTS
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3.1 PCM and HCM materials
The choice of the Phase Change Material depends on the application of the LHTS. The first
driving parameter is the PCM melting temperature, which needs to be compatible with the
temperature level of the interfacing heating system. In this case, a PCM known as
CrodaThermTM C74 was chosen due to its medium/low melting temperature and its good
energy density. Its thermophysical properties are summarised in Table 6.
Table 6 - Thermophysical properties of CrodaThermTM C74

Melting temperature
[°C]

74

Latent heat of fusion
[kJ/kg]

225

Density
[kg/m3]

858

Liquid specific heat capacity
[kJ/(kgK)]

1.4

Solid specific heat capacity
[kJ/(kgK)]

2.3

The second important aspect concerning the choice of the PCM regards its environmental
and material compatibility. CrodaThermTM C74 is a paraffin PCM that is no toxic nor
flammable and it guarantees an excellent chemical compatibility with the most common high
conductive materials used for the LHTS fins and pipes. Overall, each storage tank
(configuration A and B) contains 500 kg of the selected PCM, corresponding to a latent heat
storage capacity of 112.5 MJ. Considering also the sensible energy that can be stored when
the PCM is fully solid and fully liquid across a temperature difference of 20°C, the total
amount of heat that each LHTS tank is able to store can reach 131 MJ.
As far as the choice of the high conducting material (HCM) for pipes and fins is concerned,
the most common options are aluminium, copper and steel. The selection of the HCM
influences both the LHTS performance and, above all, the overall cost of the storage tank.
Therefore, common selection criteria are thermal conductivity, density, corrosion potential
and cost [18]. In general, steel is often disregarded in the LHTS community because of its
low thermal conductivity and high density. However, industrial standard components for heat
transfer enhancement are frequently made of steel.
Thus, this material represents a practical option. Copper, instead, is the most effective
enhancer material considering its extremely high thermal conductivity. However, installations
relying on copper are bulky and expensive due to the very large density of this material.
Instead, aluminium is characterized by a high conductivity and a low density. In addition,
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several studies proved the absence of corrosion in different conditions. For these reasons,
aluminium is often the preferred choice for HTF pipes and fins. A summary of the thermophysical properties of these materials is reported in Table 7.
Table 7 - Thermo-physical properties of the most common HCMs

Thermal conductivity
[W/(mK)]
Specific heat
[kJ/(kgK)]
Density
[kg/m3]

Steel

Copper

Aluminium

30 ÷ 50

350

200

0.5

0.4

0.9

7800

8900

2700

As far as HCM costs are concerned, it is difficult to provide general trends. As a matter of
fact, each company has its own pricing scheme based on the quantity of the purchased
material and on the specific industrial process needed for the fabrication of the required
tubes and fins. In addition, the company might pose constraints on the minimum amount of
commissioned quantity and the prices are not publicly available. Therefore, none of the
abovementioned HCMs was excluded a priori for the LHTS configurations proposed in RECOGNITION. Instead, thorough considerations were made only after numerous
confrontations with several vendors. Indeed, the cost for the quantity and shape of the HCM
proved to be a relevant constraint to consider.
As a result, a combination of copper and aluminium was selected in order to facilitate the
heat transfer enhancement through fins. More specifically, the pipes in which the HTF is
circulated are made of copper, while an external matrix made of aluminium adheres to the
pipes (Figure 5). This determines a high degree of freedom as far as the design of extruded
longitudinal fins is concerned. The perfect contact between the pipe and the inner wall of the
matrix is guaranteed by an expanding process. As a result, the inner diameter of the copper
pipe is 14.9 mm.

Figure 5 - Ensemble of copper pipe and aluminium matrix for finned tubes
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3.2 LHTS fins design
The design of the extended surfaces applied to the HTF pipes is a crucial aspect for the
LHTS performance. As anticipated in section 2.2, fins made of high conductive material
determine a reduction of the average diffusion distance between the HTF and the PCM. This
effect is essential for guaranteeing a reasonable duration of the LHTS charge and discharge
times. Without enhancing fins, the operation of LHTS tanks would not be compatible with
energy needs in buildings due to the low heat conductive properties of PCMs, which would
yield to excessively long charge and discharge times.
In this context, the topology optimization approach was applied to identify guidelines for fins
design able to minimize the LHTS operational times. Considering that the identified fin shape
would be applied to all the HTF pipes, the topology optimization approach was performed on
a single tube taken as a reference. The first interesting result suggested two different fin
concepts depending on the optimized operational phase (i.e. charge or discharge), as shown
in Figure 6. When the objective is the time minimization of a full charge process, the adopted
approach indicates to increase the fin density on the bottom of the tube and to leave enough
free space above it in order to exploit the favourable effect of natural convection. On the
contrary, when the objective is the time minimization of a full discharge process, the result of
the topology optimization closely resembles longitudinal fins [3].

Figure 6 - Fin topological optimization for time minimization of full charge (a) and full discharge (b) [3]

This evident difference is explained by the presence of convective transport phenomena in
the liquid PCM. When the PCM is melting during the charging phase, the liquid fraction is
lighter than the solid one and it tends to move upwards, thus facilitating the melting of the
remaining PCM above the horizontal pipe. Instead, the solid part of the PCM tends to
accumulate below, hence the need to increase the fins density in this region. On the
contrary, during the discharging phase a solid layer of PCM is readily formed around the
tube and the fins. This remarkably reduces the effect of natural convection and the only
dominant heat transfer mechanism is conduction.
Hence, the need for adopting fins able to penetrate the solidifying PCM and extract more
energy through conduction. Nevertheless, a relevant constraint regarding the final fins
design concerns its manufacturability. The realization of an optimized layout for melting is
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definitely more complicated compared to the one optimized for discharge. Indeed, this latter
design closely resembles standard longitudinal fins. Further inspections proved that in the
charging phase the performance of longitudinal fins is expected to be comparable to that of
the optimized fins (Figure 6a) until the energy stored in the LHTS corresponds to 80% of its
maximum value.
Therefore, it appears that the optimized fin layout for melting is advantageous during the last
step of the LHTS charging process, determining a 26% reduction in the overall time for a full
PCM melting with respect to standard longitudinal fins. However, in a real case a full
charging process might not always be completed, therefore this advantage could not always
be exploited. Similarly, also the optimized fins for discharge (Figure 6b) are expected to
provide improved performance with respect to standard longitudinal fins only in the last
phase of the discharging process, yielding to a 9% reduction of the overall discharge time. In
this latter case the performance difference is less evident due to the close similarity of the
two fins design. As a result, the preferred type of fins manufactured for the first LHTS tank
(configuration A) is longitudinal. This type proved to be an excellent trade-off between
LHTS performance and feasibility.
The design guidelines provided by the topology optimization approach were then adapted in
order to realize feasible aluminium matrices fitting the profile of copper HTF pipes (Figure 7).
As detailed in section 3.3, the designed LHTS is characterized by two separate hydraulic
loops. Consequently, part of the tubes is dedicated to the charging process, while the
remainder to the discharging process. The aluminium matrix for the charging pipes (Figure
7a) is made of 12 equally-spaced longitudinal fins with an extension of 25 mm. The length of
the fins is maximized to reach the furthest regions of the PCM, avoiding the contact with the
surrounding pipes at the same time. Similarly, the aluminium matrix for the discharging pipes
is made of 12 equally-spaced longitudinal fins following a hexagonal perimeter (Figure 7b).
This determines an alternation between longer (30 mm) and shorter fins (25 mm). The
hexagonal shape of the matrix perimeter derives from the choice for the pipe arrangement
inside the LHTS tank (see section 3.4 for details). Indeed, considering that during the
discharge phase the favourable contribution of natural convection is negligible, different fin
lengths contribute to support heat diffusion in the furthest PCM regions.

Figure 7 - Aluminium matrix for HTF tubes: (a) charging pipes; (b) discharging pipes
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3.3 Separate charge and discharge hydraulic loops
A relevant innovation introduced in the LHTS design consists in considering two separate
hydraulic loops for the heat transfer fluid pipes. Several benefits are yielded by this choice
and they can be summarized as follows:
 Simpler mechanical system design
 Possibility to work with two different HTFs for charge and discharge without contact
or contamination
 Possibility of simultaneous charge and discharge
 Possibility to work with different operating pressures

Figure 8 - Schematic of LHTS with separate hydraulic loops representing the charging phase (left),
the discharging phase (middle) and possibly a combination of the two (right) [3]

As depicted in Figure 8, the charging and discharging loops are completely decoupled in this
configuration. Hence, the management of charging and discharging operational phases
requires a simpler design compared to a single loop configuration (where the same pipes are
used both for heating and cooling the LHTS). Indeed, in the latter case dedicated valves
must be installed to switch from the charge phase to the discharge phase and vice versa.
A second important advantage is represented by the possibility of operating the LHTS with
two different HTFs without contact or contamination. This feature might be particularly
beneficial when LHTSs are integrated in several industrial processes, where different
processing fluids cannot be contaminated. Instead, as far as the building sector is
concerned, this configuration is particularly useful when the LHTS is integrated in solar
heating systems. Indeed, these systems are generally characterized by two separate
hydraulic loops because the HTF that is circulated through the solar collectors is composed
of water and glycol to avoid its freezing when outdoor air temperatures are low. On the
contrary, the HTF supplied to the user is constituted by pure water (see Figure 9).
Furthermore, heating systems supplied by renewable energy sources necessarily require a
storage buffer to compensate the unavoidable fluctuations in the energy production. In this
case, the heat source cannot be directly connected to the heat demand terminals. Hence,
the thermal storage used in this type of systems can be simultaneously charged by the
available renewable energy and discharged by the users’ heat demand. Therefore, it is
necessary to design the LHTS with separate hydraulic loops in order to facilitate its
integration in most renewable heating systems.
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Figure 9 - Solar heating system with buffer storage

Figure 10 - (a) LHTS unit connected to primary and secondary DH loops; (b) LHTS unit connected
only to building heating network (downstream the DH substation)
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Finally, separate charge and discharge hydraulic loops can promote the integration of LHTS
also in District Heating (DH) systems. Thermal storage units distributed at users’ substations
are convenient for a better thermal network management [27]. However, the primary loop of
the DH grid is operated at a higher pressure (>10 bar) compared to the one of the users’
secondary loop (2-3 bar) because super-heated water is used as HTF. Hence, if the LHTS is
designed with two separate hydraulic loops, it can be directly connected to the DH network
for its charging phase. This type of installation (Figure 10a) is more efficient compared to the
one that places the LHTS downstream the DH substation (Figure 10b) because it has fewer
intermediate steps between the heat source and the heat demand.

3.4 Pipes arrangement
The arrangement of the pipes inside the LHTS tank is an important parameter to be
determined as it influences the average heat diffusion distance in the PCM (together with the
fin type). However, when manufacturing a building-scale LHTS tank, the tubes disposition is
constrained by three main considerations:
1) The need to determine an inter-pipe distance that guarantees good performance and
avoids pipes overlapping;
2) The need to connect groups of pipes to a few larger pipes known as collectors;
3) The need to identify a proper ratio between the number of pipes dedicated to the
charging phase (“hot pipes”) and those dedicated to the discharging phase (“cold
pipes”).
As far as the first request is concerned, a trade-off must be found between the design of a
compact LHTS and the need to avoid overlapping tubes and fins. Since the total amount of
PCM is determined by the quantity of the stored energy and the total number of pipes and
their diameter are determined by the hydraulic characteristics of the existing heating system,
the overall LHTS volume is fixed. Hence, when the distance between each pipe is modified,
the dimensions of the LHTS tank are affected.
More specifically, a short inter-pipe distance yields to a small LHTS cross section area but
also to a large LHTS length (or height if the storage is vertical). Although a compact cross
section area might reduce the overall time for charging and discharging, an excessively long
storage cannot fit in the space available for its installation. Furthermore, as pipes get closer,
their fins might overlap and bend due to thermal expansion.
A second relevant constraint affecting the arrangement of the pipes is determined by the
layout of the external tube collectors. These collectors allow the HTF distribution inside each
pipe of the storage tank without flow imbalances. Since collectors are straight tubes, they
influence the arrangement of the charging and discharging pipes to which they are
connected (Figure 12).
Finally, a third constraint derives from the choice of separating the hydraulic loops for charge
and discharge (see section 3.3). In this case, the location of “hot” and “cold” pipes must
guarantee that the whole PCM can be melted and solidified during the LHTS operation. If the
PCM portions too far from the pipes do not change their phase, they cannot transfer the
amount of energy that they contain. Therefore, the ratio R between the number of cold and
hot pipes is a crucial quantity to be selected:
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If R > 1: the discharging phase is quick, but the PCM might not melt entirely if the
average distance between hot pipes is excessive. Therefore, the discharging
efficiency might decrease in successive cycles;



If R < 1: the charging phase is quick, but the PCM might not solidify entirely if the
average distance between cold pipes is excessive. Therefore, the charging
efficiency might decrease in successive cycles;



If R = 1: the duration of the discharging phase is longer than the case in which R>1.
Respectively, the duration of the charging phase is longer than the case in which
R<1. However, the two processes are balanced and it is easier to melt and solidify
the PCM completely. Thus, the storage efficiency is not expected to be influenced
by this choice.

Hence, the proposed LHTS is designed with an equal number of cold and hot pipes. Each
storage tank is constituted by 48 pipes for the charging phase and 48 pipes for the
discharging phase.
In conclusion, considering all the above-mentioned constraints, the final layout is presented
in Figure 11. As can be seen, the pipes are arranged in uniform cold and hot rows to
facilitate the successive connection with the collectors (Figure 12). A homogeneous
distribution of these pipes (with alternate hot and cold pipes) was initially considered, but
finally discarded due to the increased difficulty in the connection with the collectors.
Nevertheless, the choice of placing the hot pipes below the cold pipes is expected to favour
the overall heat transfer in the PCM thanks to convective heat transport. Indeed, the solid
PCM (closer to the cold pipes) has a larger density with respect to the liquid PCM (closer to
the hot pipes). Thus, buoyancy forces are expected to move the solid PCM downwards and
the liquid PCM upwards, enhancing the PCM mixing.

D2.4 – Optimized Latent-Heat based Thermal Energy
Storage technology

Figure 11 – Charge (red) and discharge (blue) pipes arrangement: (a) without fins; (b) with fins

Figure 12 – Pipe collectors for charge and discharge loops: (a) frontal view; (b) top view
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As a concluding remark, it is worth noticing that, although the LHTS tanks are designed with
two separate hydraulic loops (i.e. 48 tubes for charge and 48 tubes for discharge), they
could still be operated as a single hydraulic loop (i.e. all the 96 tubes are used for the
selected operational phase). As a matter of fact, this aspect depends on how the
connections to the heating system are performed. For further details refer to section 4.2.

3.5 Safety issues
The storage of thermal energy in buildings using traditional methods is generally
characterized by a low risk of accident. Indeed, thermal storage units are not coupled to
electromechanical equipment and their operating temperatures in the building sector are well
below 100°C. However, two limited sources of hazards can be considered regarding LHTS
units: the thermo-physical and chemical properties of the adopted PCM and the operating
pressure of the heating system piping.
The PCM is a chemical compound that may impact on both human health and the
environment if not managed correctly. Hence, the European Union regulation on the
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) must be
followed when adopting a specific PCM. Similarly, the Pressure Equipment Directive (PED)
sets the EU standards for the design and fabrication of pressure equipment (such as
pressure vessels and piping) having a maximum pressure over 0.5 bar gauge.
The PCM chosen in the LHTS design phase (CrodaThermTM C74) is a water insoluble
organic phase change material which is derived from plant-based feedstocks. It appears as
a white crystalline wax or oily liquid depending on its temperature. Its safety datasheet
(compliant with the REACH regulation) indicates its ideal use for energy storage and heat
recovery applications. Concerning the classification and labelling of this PCM, it is
considered as “non-hazardous mixture or substance”. Moreover, it does not contain
components that are toxic nor long-lasting in the environment. Furthermore, it is a low
flammable substance as most of the paraffin waxes (flash point between 250 - 300°C) and it
is chemically stable when employed as recommended. Therefore, standard procedures
regarding fire prevention and substance management are sufficient for guaranteeing the
safe operation of this PCM.
Similarly, the operating pressure of the building heating system is slightly higher than the
threshold imposed by the PED. Hence, the pipes composing the LHTS are manufactured
according to this directive.

3.6 Final design
A 3D rendering of the final design is reported in Figure 13.
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Figure 13 - 3D Rendering of the LHTS prototype
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4 System integration
The LHTS technology developed within RE-COGNITION will be installed at the Energy
Center, which is a building owned and managed by Politecnico di Torino (Figure 14). This
site hosts firms, academic staff and public administration who jointly develop research
activities in the field of energy sustainability and the transition towards decarbonized
societies. The building, inaugurated in October 2017, is developed on four floors plus a
basement for a total net surface of 5441 m2. A detailed description of this pilot site is
reported in the project deliverable D5.1.

Figure 14 - POLITO pilot site (Energy Center)

From an energy system point of view, the operation of a LHTS unit can be divided into three
different phases:
 The discharging phase, when the total or partial user heat demand is satisfied
through the LHTS;
 The charging phase, when an amount of useful thermal energy must be stored in the
LHTS (usually when there is a mismatch between heat demand and heat
production);
 The idle phase, when the LHTS is not operated.
A schematic representation of these three operational phases is reported below.
During the discharging phase (Figure 15), the LHTS contributes to the supply of the user
heat demand (Quser). In this phase the system controller acts on three main components: a
pump for the discharge hydraulic loop (Pdis) and two valves for the connection with the
existing heating system (Vd1 and Vd2). Through the regulation system, the mass flow rate
(Gcircuit) and the hot water supply temperature (Tsup) are controlled, thus the thermal power to
the user is modulated. During the charging phase (Figure 16), the LHTS receives an amount
of thermal energy that cannot be delivered to the user. As in the previous case, the system
controller generally acts on three components in order to deviate the hot water flow towards
the LHTS: a pump (Pch) and two valves (Vc1 and Vc2). As a result, the mass flow rate (Gcharge)
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and the hot water charging temperature (Tcharge) are controlled, thus the thermal power to the
LHTS is modulated.

Figure 15 - Schematics of LHTS system integration (discharging phase)

Figure 16 – Schematics of LHTS system integration (charging phase)
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Finally, during the idle phase (Figure 17) the LHTS is excluded from the heating system
acting on the necessary valves (in this case Vc1, Vc2 and Vd1, Vd2). Under these
circumstances the storage does not receive nor release thermal energy from/to the heating
system.

Figure 17 – Schematics of LHTS system integration (idle phase)

4.1 Thermal energy demand of POLITO pilot site
A summary of the building thermal energy demand is here reported in order to quantify the
influence of the LHTS developed in this project. The heat for space heating and Domestic
Hot Water (DHW) is supplied by the local District Heating (DH) provider along with an on-site
geothermal heat pump. The latter, is operative from April to October, while during winter the
thermal energy is entirely supplied by the DH network. The total annual building heat
demands registered in 2018 and 2019 are:


398 MWh/yr. (2018)



338 MWh/yr. (2019)

A detailed building monitoring platform was adopted since June 2019. Figure 18 shows the
monthly thermal energy consumption during the period that spans from June 2019 to May
2020.
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Figure 18 - Monthly thermal energy consumption in POLITO pilot site over one year

The typical building heating profiles are reported in Figure 19. These represent the average
daily building heat demand for each season of the year. During winter, the heating profile is
characterized by a significant peak power demand in the morning, corresponding to the
beginning of the daily activities carried out in the building.
On the contrary, the demand profile is rather flat in spring and summer as the needs of the
building are mainly related to DHW alone. Finally, the daily heat demand profile during the
autumn season is characterized by an intermediate behaviour, where a morning peak starts
to emerge. Similarly, Figure 20 shows the daily building heat demand profile averaged over
the whole year.

Figure 19 - Average daily heat demand profile at POLITO pilot site in different seasons
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Figure 20 - Average daily heat demand profile at POLITO pilot site over one year

Summarizing, the average daily heat demand is reported in Figure 21. As described in
section 3.1, the LHTS developed in this project can store up to 131 MJ per tank,
corresponding to 7.8% of the average daily heat demand of the building. Considering each
typical season, instead, the size of the LHTS tanks could cover the following fraction of the
daily heat demand with a single discharge:
 12.1% in spring
 24.3% in summer
 5.6% in autumn
 3.6% in winter

Figure 21 - Average daily heat demand per season at POLITO pilot site
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4.2 Integration of LHTS in the existing pilot site heating system
The LHTS tanks are integrated in the existing pilot site according to the scheme shown in
Figure 22. The main components of the hydraulic circuit are:
 The district heating substation
 Three groups of valves (V1, V2 and V3)
 The dry cooler
The district heating substation is a plate heat exchanger located in the building technical
room that transfers the required thermal power from the DH local network to the building
heating system. Therefore, this component is responsible for the LHTS charging phase, thus
constituting the main heat source of the entire heating system. In parallel to the DH
substation, heat can be provided to the system by the micro-CHP technology. Indeed, the
hydraulic loop of the pilot site is ready to be connected with this additional component.
Instead, when the LHTS tanks are discharged, the generated thermal power can only be
dissipated through a dry cooler placed on the building rooftop. As a matter of fact, the
connection between the hydraulic loop of Figure 22 and the rest of the building heating
system is still under construction. Therefore, the dry cooler allows to operate the LHTS tanks
for experimental tests even if the thermal energy that is produced cannot be currently
supplied to the rest of building.

Figure 22 - Schematics of POLITO pilot site heating system for testing LHTS tanks
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Although the charging and discharging phases of the LHTS tanks are two separate
processes, some parts of the system ducts are used in both phases, as can be seen from
the figure. In this context, the operation of three groups of valves (V1, V2 and V3) is
essential. During the charging phase, the hot water is supplied to the storage tanks by the
DH substation through valve V1. Simultaneously, valves V2 and V3 close the path towards
the dry cooler, thus allowing the heat exchange only between the LHTS tanks and the DH
substation. During discharge V1 is closed while V2 and V3 deviate the water flow towards
the dry cooler.
It should be noticed that V1 would already be able to deviate the flow towards the rest of the
building heating system in case a connection existed. Therefore, when this junction is
completed, the heat generated by the LHTS tanks will be promptly recovered in the building.
A further important aspect concerns the circulating pump. This is equipped with an electric
inverter that allows a fine regulation of the water mass flow rate. Consequently, the mass
flow rate that crosses the storage tanks can be regulated in order to adjust their thermal
power input or output. The operations carried out during the charging and discharging
phases are reported in detail in Figure 23, where the active components are highlighted.
Two automatic valves are installed for each storage tank, allowing the flow to switch from the
charging loop to the discharging loop and vice versa. As previously mentioned, the dry
cooler is operative only during discharge. In addition, an electric heater was foreseen in
order to adjust the hot inlet temperature during experimental tests if necessary.

Figure 23 - Active components during charging and discharging phases
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It is worth noticing that this type of connection schemes allows operating the LHTS units in
two ways. Depending on the position of the automatic valves at the inlet of each LHTS tank,
the charge and discharge hydraulic loops inside the tank might be unified and all the pipes
would be used for the selected operational phase. This would determine a further increase in
the LHTS performance in terms of speed for total charge and discharge. However, as
underlined in section 3.3, in some cases it is necessary to maintain the charging and
discharging loops separate.
For this reason, the LHTS units have been designed with separate hydraulic loops, although
in the upcoming experimental tests both the configurations will be investigated. Finally, a
mass flow meter and temperature sensors at the tanks inlet and outlet allow a thorough
characterization of the thermal power absorbed or generated by this technology.
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5 LHTS model and simulation results
The performance of the LHTS design previously identified is here estimated through a CFD
model. The expected results will be compared with the experimental measurements carried
out in the testing phase foreseen in RE-COGNITION (M25-M36). Thus, this model will be
successively validated and, if necessary, calibrated.
The computational domain of the CFD model is shown in Figure 24. Due to the simultaneous
presence of the solid and liquid phase in the PCM, heat can be transferred to the HTF by
means of two mechanisms: heat conduction and natural convection. Thus, a full 3D
numerical domain is generally recommended to describe all the existing physical
phenomena.
Nevertheless, when a LHTS unit is discharged, several numerical and experimental studies
[28], [29] proved that heat is predominantly transferred by conduction. This is due to the fact
that a layer of solid PCM is rapidly formed around the (colder) tube and fins. Here, the only
available heat transfer mechanism is conduction. Furthermore, in the pipe cross-section
plane the temperature gradient driving heat conduction is expected to be much larger
compared to the axial direction [30].
Hence, the computational domain is reduced to this section and further simplified exploiting
the symmetry created by the fins for the analysis of the discharge phase. On the contrary,
the charge phase is generally more affected by natural convection, thus a pure conductive
model might often result inaccurate. However, when the LHTS cross-section design is
compact, convective transport in the liquid PCM is hampered and most of the transient is
dominated by heat conduction [31]. Hence, the same simplified domain considered for the
LHTS discharging phase is also assumed valid for its charging phase as a first
approximation. The strength of this hypothesis will be verified with experimental tests.

Figure 24 – LHTS Computational domain
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The physical problem is modelled using the finite volume method implemented in the
commercial code Ansys Fluent (2020 R1). In particular, the melting and solidification process
is approached with the enthalpy-porosity technique [32], which is often used in the LHTS
community. Hence, combining this method with the aforementioned hypotheses, the only
governing equation to be discretized and solved is the energy equation, as expressed in Eq.
(1):
𝜕
(𝜌𝐻) − ∇ ∙ (𝑘∇𝑇) = 0
𝜕𝑡

(1)

where 𝐻 is the sum of the sensible enthalpy and latent heat of the material, 𝜌 is the density
and 𝑘 is the material thermal conductivity.
As far as boundary conditions are concerned, they are summarized as follows:
 For the charging phase, the wall temperature of the charging pipe is fixed to 85°C
(Dirichlet boundary condition)
 For the discharging phase, the wall temperature of the discharging pipe is fixed to
50°C (Dirichlet boundary condition)
 When charge and discharge are simulated following separate hydraulic loops, a null
heat flux is imposed on the wall of the discharging pipe (Neumann boundary
condition)
 The remaining walls of the computational domain are instead modelled under the
assumption of symmetry
The computational grid consists of a non-structured mesh made of 22013 cells. The selected
mesh proved to be sufficiently fine not to influence the results. A Second Order Upwind
scheme is used for the spatial discretization of the energy equation together with the Least
Squares Cell Based method for gradient calculation. The convergence is reached when the
residuals of the energy equation are lower than 10-9. The transient nature of the problem is
approached with a First Order Implicit Euler method, with a time-step of 0.5 s. The selected
value proved to be sufficiently fine not to influence the overall results.

5.1 Expected LHTS performance
Results of the CFD simulation are here reported for the configuration A of the LHTS tanks.
Both the simulations for charging and discharging processes are presented. These are
divided in two modes: the former considers separate hydraulic loops for the charge and
discharge processes (i.e. 48 tubes dedicated to each operational phase as in the original
design); the latter considers a single pass for charge and discharge (i.e. all the 96 tubes are
either crossed by hot or cold water as also allowed by the existing heating system). The
LHTS charging and discharging processes are slower when separate hydraulic loops are
used. Therefore, in order to compare the results independently on time, a parameter known
as state of charge (SOC) is here introduced:

SOC =

EPCM (t) − EPCM,min
EPCM,max − EPCM,min

(2)
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Where:
EPCM (t) is the sum of latent and sensible energy of the PCM at time instant t;
EPCM,min is the energy contained in the PCM at 50°C;
EPCM,max is the energy contained in the PCM at 85°C.

5.1.1 LHTS discharging phase with separate hydraulic loops
In this configuration, only the rows of tubes designed for discharge are supplied by cold
water at the inlet. Indeed, Figure 25 clearly shows that the heat stored in the PCM is
withdrawn from the pipe on the top, while the pipe on the bottom is isolated. As a
consequence, the PCM is immediately solidified around the discharging tube (liquid fraction
equal to 0), while it remains liquid around the isolated one for most of the transient
simulation (liquid fraction equal to 1).
The performance of this configuration is satisfactory, as in only 30 minutes it is able to
discharge 50% of its initial energy. After this point, the discharging process proceeds at a
much slower pace. Nevertheless, the remaining energy content might still be useful to
reduce the morning peak in the heat demand of the POLITO pilot site, as this lasts from 2 to
5 hours depending on the season (Figure 19, Figure 20).

Figure 25 - LHTS discharging phase with separate hydraulic loops

D2.4 – Optimized Latent-Heat based Thermal Energy
Storage technology

5.1.2 LHTS discharging phase with single hydraulic loop
In this case, both the rows of tubes designed for charge and discharge are actually used for
the discharging phase: the cold water is supplied at the inlet of all the 96 tubes that
constitute the storage tank. Consequently, the heat stored in the PCM is released at a very
fast rate thanks to the longitudinal fins made of aluminium. In only 5.8 minutes the LHTS
releases half of its initial energy and the transient process can be concluded in less than 40
minutes (Figure 26).

Figure 26 - LHTS discharging with single hydraulic loop

The fast discharging time is due to the larger heat transfer area compared to the previous
case. Consequently, also the thermal power level is higher when all the pipes are supplied
with cold water, as shown in Figure 27. in both cases the power output is highly unsteady in
the first half of the transient simulation. This effect is attributed to the phase change
phenomenon, which is strongly non-linear. Nevertheless, a better control of the thermal
power output could be achieved by a fine regulation of the water flow rate entering the
LHTS. This hypothesis will be verified in the upcoming experimental tests.
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Figure 27 - Thermal power evolution during discharge for separate and single hydraulic loops

5.1.3 LHTS charging phase with separate hydraulic loops
In this case, only the rows of tubes designed for charge are supplied by hot water at their
inlet. Similarly to the previous analyses, Figure 28 shows that the heat is mainly provided to
the PCM by the pipe on the bottom. Indeed, in the majority of the transient processes a clear
distinction between the liquid and solid phases is visible. As far as its performance is
concerned, 30 minutes are again enough to store half of the total energy.
After this point, the charging process slows down due to the difficulty of transferring heat to
the furthest regions of solid PCM. However, the presence of buoyancy forces acting on the
solid PCM (which is heavier than the liquid one) might facilitate the mixing of this material.
This hypothesis will be further inspected during the experimental tests since these results
are based on a pure conductive CFD model, which is not able to capture natural convection
phenomena. If this hypothesis proves to be correct, a higher thermal power rate and a faster
charging process could be achieved.
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Figure 28 - LHTS charging phase with separate hydraulic loops

5.1.4 LHTS charging phase with single hydraulic loop
Here, both the rows of tubes designed for charge and discharge are actually used for the
charging phase: the hot water is supplied at the inlet of all the 96 tubes constituting the
storage tank. As in its corresponding case, the heat provided to the PCM is absorbed at a
very fast rate thanks to the larger contact surface between fins and PCM. After 7.5 minutes
the LHTS has already stored half of its total energy and the transient process can be
concluded in less than 55 minutes. The above considerations about natural convection
(section 5.1.3) are still valid, although the buoyancy forces might not be so crucial for a
quicker completion of the charging process in this case.
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Figure 29 - LHTS charging phase with a single hydraulic loop

Again, the thermal power level is higher when all the pipes are supplied with hot water, as
shown in Figure 30. In addition, also in the charging process the power input is unsteady
during the first half of the transient simulation due to the non-linearity of the phase change
phenomenon. The considerations made in section 5.1.2 about the role of the water mass
flow rate are again valid.
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Figure 30 - Thermal power evolution during charge for separate and single hydraulic loops
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6 Conclusions and further work
The purpose of this deliverable was to report the description of the activities related the
detailed design and realization of the thermal energy storage system within the framework of
RE-COGNITION. The final design of two shell-and-tube LHTS units was achieved after a
multi-stage process in which the guidelines suggested by the innovative topology
optimization approach for the storage fins were adapted to the practical requirements of heat
exchanger manufacturers.
The design guidelines suggested by a topological optimization of the LHTS fins highlighted
two different pathways. The former confirmed that common longitudinal fins represent an
optimal trade-off between performance and ease of manufacturing. The latter, instead, was
unexpected and it is currently under patent procedure. For this reason, only the former
design was addressed in this deliverable. Thus, the main design choices regarding this
prototype were carefully addressed and explained.
More specifically, five essential decisions were justified: the combination of PCM and HCM
materials; the role of longitudinal fins for heat transfer enhancement; the possibility of
operating the LHTS unit with two separate hydraulic loops for charge and discharge; the
pipes arrangement inside the tank; the security issues related to the operation of the PCM
and pressurized vessels. Furthermore, the integration of the designed units in the POLITO
pilot site was also considered. Detailed hydraulic schemes were presented and commented.
Finally, the expected performance of the LHTS prototype was estimated by means of CFD
simulations. Outstanding performance in terms of rapid charge and discharge is achieved,
especially when the LHTS is assumed to be operated with a unique hydraulic loop for charge
and discharge. Instead, when it is operated with separate hydraulic loops the overall
charging and discharging times are increased, although roughly 60% of the total energy is
still delivered or absorbed within an hour.
It is worth noting that the choice of operating the LHTS with separate or single hydraulic
loops depends on its application. If the heating and cooling fluids cannot be put into contact,
then the separation of charge and discharge loops is mandatory. Otherwise, the same pipes
for charge and discharge can be used. Furthermore, the adopted CFD model was purely
conductive, hence its results are expected to be conservative. In fact, the presence of
natural convection in the liquid PCM is deemed to be beneficial for a further reduction of the
overall charging and discharging times, especially when the LHTS is operated with separate
hydraulic loops. The experimental tests scheduled between M25 and M36 will definitely
prove the validity of these hypotheses.
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