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Abstract: This study focuses on the development and testing under lab-controlled conditions of a
hybrid sensible–latent thermal energy storage (TES) system for domestic hot water (DHW) provision
in residential buildings. The TES system’s design is based, for the first time in the literature, on a
commercial tank-in-tank architecture integrating a macro-encapsulated commercial phase change
material (PCM) inside the external tank to guarantee the safe provision of DHW and increase overall
energy storage density at a reasonable cost. The PCM is a salt hydrate with a nominal melting
temperature of 58 ◦C. The overall tank-in-tank TES volume is about 540 dm3. Almost one tenth of
this volume is occupied by the PCM macro-capsules. The developed TES system was comparatively
tested against the same configuration operated as a sensible TES. The obtained results showed the
ability of the PCM to increase the thermal inertia inside the external tank, thus guaranteeing the
quite stable provision of heat to the integral DHW tank during the stand-by periods. This effect was
confirmed by the PCM’s ability to achieve an energy storage capacity up to 16% higher than the
reference sensible TES system.

Keywords: thermal energy storage; domestic hot water; latent; PCM; experimental testing

1. Introduction

Thermal energy storage (TES) is considered to be a key enabling technology with
which to promote the widespread deployment of renewable sources in several sectors, such
as buildings [1], districts [2], and industries [3]. Indeed, the demand for space heating and
cooling as well as hot water is continuously increasing [4], and the possibility of either
directly exploiting renewable heat sources or converting other energy forms into heat to
address those demands strongly depends on the availability of TES solutions. TES systems
are able to cover the mismatch between heat provision and demand, and they provide
flexibility in terms of the exploitation of different sources [5,6]. Usually, TES technologies
are classified under three main classes, namely, sensible, latent, and thermochemical, which
each exploit different physical processes to store and release thermal energy. Focusing on
the residential and commercial applications, currently, the market is dominated by sensible
TES, which uses water as a storage medium, due to the high reliability, low cost, and high
specific capacity of water [7]. Nevertheless, innovative solutions with which to increase
energy storage density are still under development. Specifically, the exploitation of phase
change materials (PCMs) to enhance the volumetric and gravimetric energy densities of
TES, especially for short-term (e.g., daily) storage applications, was proposed several years
ago [5]. This solution was proven to be technically feasible and was able to reach the market,
where it has recently attracted commercial interest [8]. On the contrary, thermochemical
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storage, which is mainly proposed to increase long-term energy storage density, is still in
an early stage of development and not yet commercially available [9,10].

Focusing on the latent TES technology, its development for domestic applications
started some decades ago through attempts to exploit the properties of some materials ca-
pable of changing phase from solid to liquid and vice versa in a temperature range suitable
for space heating and domestic hot water (DHW) provision [11]. Under these conditions,
the latent heat of the phase transition can facilitate an increase in a TES system’s storage
density in both volumetric and gravimetric terms. Branching off from this perspective,
besides the development at the material level, which is not the focus of the present pa-
per [12,13], several efforts were exerted with respect to the design and testing of innovative
TES configurations integrating PCMs as a storage medium. Indeed, due to the poor heat
transfer efficiency achievable by the intrinsically low thermal conductivity of the PCMs, the
proper design of the storage system must be developed in order to efficiently provide and
withdraw heat to and from the TES system. To accomplish this task, different approaches
have been proposed in the literature. Some of them have focused on the improvement of
the heat transfer efficiency of the storage medium itself. For instance, the integration of
highly conductive additives such as metallic foam (e.g., copper) were studied in order to
increase the specific power both during the charging and discharging phases [14]. Recently,
the effect of a gradient pore density in the metallic foam integrated in a storage tank was
numerically investigated, and the ability of this approach to reduce the melting time inside
the tank was demonstrated, thus increasing the average charging power via the proper
design of the gradient of the porosity of the foam [15]. Another option is represented by
the addition of a graphite matrix, whose incorporation demonstrated the ability to strongly
reduce the melting and solidification times inside standard heat exchangers such as those in
a tube-in-shell configuration [16]. Despite the obtained performance improvements, these
approaches pose increased costs due to the addition of expensive additives and, overall,
mostly play a role when the material is in the solid state, and they can limit the convection
effectiveness of the PCM when melted.

For these reasons, other approaches have focused on the design of innovative and
highly efficient latent TES configurations, exploiting specifically optimized HEX designs
often by enlarging the specific heat transfer surface area through finned structures. A
review reporting the recent trends in developing HEXs for latent storage applications was
recently published [17]. There is a vast volume of research dedicated to this topic. Some
selected examples are summarized in the following studies. Sciacovelli et al. [18] proposed
and numerically investigated a Y-shaped, finned-structured shell-and-tube HEX for latent
TES applications. The paper focused on the optimization of the fins’ shape by varying
their angles and simulating different operations, resulting in a system efficiency increase
up to 24%. Sun et al. [19] recently investigated the solidification enhancement of a PCM
inside a triple-tube latent TES system using longitudinal twisted fins. The numerical results
showed improvements in the solidification time of up to 23% compared to non-finned tube
structures; furthermore, specific simulations were carried out to optimize the number of
fins. Aside from numerical optimization, the experimental characterization of innovative
structures has also been reported in the literature. Recently, He et al. [20] proposed a new
finned structure, which employed perforated spiral fins, to enhance heat transfer efficiency
while guaranteeing enough room for the melted PCM to move by natural convection. The
experimental results confirmed the assumptions by achieving a heat transfer efficiency
increase higher than 60% compared to the same configuration with non-perforated spiral
fins. Herbinger and Groulx [21] focused their study on the comparative analysis of different
finned HEX structures by varying the design, materials, and heat transfer fluid velocity.
The aim of the paper was to define a process for the standardization of the design methods
for innovative latent storage, which is still lacking in the literature.

All the efforts reported above were driven by the concept of maximizing the achievable
volumetric energy storage density by enhancing the amount of PCM filled inside the
tanks. Nevertheless, this approach turned out to be expensive both from economic and
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technological perspectives due to the complex HEX design employed and the additives
used. For this reason, a different method of enhancing the energy storage density of
storage tanks was developed, which was the design of a hybrid configuration based on
a sensible TES system employing encapsulated PCMs, thus retaining the heat transfer
efficiency of standard sensible TES system while increasing the overall storage density
due to the PCM’s contribution [22,23]. This approach was also widely investigated in the
literature through the variation of the macro-encapsulation shapes [24,25] and the methods
of their integration inside the tanks [26,27]. The reported results showed the possibility of
increasing the energy storage density by a lower degree compared to purely latent storage
TES systems. Nevertheless, the achieved heat transfer efficiency was usually much higher
due to the direct employment of the water contained inside the tanks as a heat transfer
fluid. A relevant concern limiting the applicability of this technology is also related to the
possibility of DHW pollution due to PCM leakage from the macro-capsules. For this reason,
DHW and PCM capsules should be kept separated. This can be accomplished by using
HEXs that separate the technical water contained inside the tank and the water intended
for provision. This approach limits the overall energy storage density due to the required
temperature difference between the storage medium and the DHW intended for provision.
In order to overcome this limitation, the use of different TES configurations such as the
tank-in-tank form, where the technical water is kept in an external tank while the DHW
is contained in an internal tank, can be proposed. Accordingly, the safety of the DHW is
guaranteed while the direct use of technical water as a heat transfer medium is enabled. To
the best of the authors’ knowledge, this kind of approach has never been investigated in the
literature. The tank-in-tank architecture was proposed by Englmair et al. [28] to develop a
latent TES system using a supercooled PCM for long-term energy storage applications, in
which the PCM was contained in the inner tank and thermally controlled by a spiral HEX,
while the external mantles were used to recover the thermal energy during the discharging
phase. The proposed structure confirmed the applicability of such a TES configuration for
long-term storage operations as well.

Following the above-reported literature analysis, the present paper features the de-
velopment and testing of an innovative concept of a hybrid sensible and latent TES con-
figuration to increase the achievable TES density for domestic applications by exploiting
the features of a robust commercial tank, thus guaranteeing high reliability during op-
eration and minimizing the overall cost of the solution. The TES system is based on a
tank-in-tank configuration, where the optimal integration of commercially available, macro-
encapsulated PCMs is employed. The detailed experimental characterization of the tank
is carried out at the lab level to demonstrate the increase in energy storage density and to
analyze its operation under different boundary conditions.

2. Materials and Methods
2.1. Hybrid Tank-in-Tank Storage Configuration

As previously introduced, the design phase of the hybrid sensible–latent TES started
with some key objectives:

• To employ a robust TES design, which was already commercially available, to minimize
the cost and make the TES system suitable for integration in standard heating systems;

• To investigate the possibility of physically separating technical water (used as heat
transfer fluid) and DHW in order to avoid pollution of the DHW by PCM;

• To integrate macro-encapsulated PCM with an optimized shape to maximize the
amount of PCM inside the TES system.

In accordance with these selection criteria, the designed TES system was based on the
well-known tank-in-tank architecture. This choice allowed this study’s authors to over-
come possible safety restrictions related to the employment of PCM for DHW applications.
Indeed, placing PCM macro-capsules within the external tank avoids any possible contam-
ination of DHW, which is stored inside the internal tank. Regarding the selection of the
most suitable commercial PCM, the authors referred to previous investigation performed
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on a small-scale, hybrid sensible–latent TES system, where different PCMs were tested [29].
According to the experimental outcomes, a commercial inorganic PCM, consisting of a
mixture of hydrated salts characterized by a nominal melting temperature of 58 ◦C, known
as S58, was selected. It was commercially provided by the PCM Products company [30]
and can be obtained pre-macro-encapsulated. In particular, according to the tank-in-tank
configuration under development, the tube shape was selected as macro-capsule, and these
macro-capsules are made of high-density polyethylene (HDPE). Such capsules are 1 m
in length with a diameter of 5 cm. The nominal features of the PCM and the employed
macro-encapsules are summarized in Table 1.

Table 1. Main features of the commercial macro-encapsulated PCM [22].

PCM 58—Macro Encapsulation

Nominal melting temperature (◦C) 58
Density (kg/m3) 1505
Nominal latent heat (kJ/kg) 145
Specific heat capacity (solid) (kJ/kg K) 2.55
Thermal conductivity (W/m K) 0.69
Macro capsule (tube) length (m) 1
Macro capsule (tube) diameter (m) 0.05
Macro capsule (tube) weight (kg) 2.65

The selected tank-in-tank architecture was chosen from a commercial provider, namely,
Riello 7200 Kombi Plus [31]. Starting from the existing configuration, a re-design phase
was carried out in order to adapt the external tank to allocate the PCM macro-capsules.

As represented in Figure 1, two circumferential, drilled plates were manufactured and
welded in the external tank of the TES system. Particularly, as can be seen in Figure 1a,
the holes on the bottom plate were drilled in order to hold the PCM tubes in specific
positions while the holes on the top plate were realized with a diameter slightly larger than
that of the tubes. Thus, the proper position of the macro-capsules inside the TES system
was guaranteed while also allowing for the proper degree of freedom for the capsules’
expansion (both longitudinally and transversally) due to thermal expansion during the
heating phase.

The maximum number of PCM macro-capsules that can be loaded inside the tank is 27.
According to their nominal features reported in Table 1, this means that about 67 kg of PCM
S58, displacing around 53 dm3 of water, can be loaded inside the hybrid sensible–latent
TES system.

As shown in the TES section in Figure 1b, the employed combi-tank allows for the
integration of more than one heating source. Indeed, the integration of an immersed copper
coil can be commonly employed to charge the TES through an onsite renewable source
such as a solar thermal field. In contrast, a direct exchange of the technical water contained
in the external tank can be used when either a boiler or a heat pump is connected to the
TES system. Furthermore, the water in the external tank can be used to provide spatial
heating to the user, while the internal tank, which is kept separately from the technical
water, guarantees the proper quality for DHW provision. Figure 1c reports the exploded
configuration of the hybrid sensible–latent TES system, also showing the procedure used
to install the PCM capsules.

Table 2 summarizes the main features of the designed and manufactured TES system.



Energies 2023, 16, 1875 5 of 18

Energies 2023, 16, x FOR PEER REVIEW 5 of 19 
 

 

(a) 

(c) 

(b) 

Figure 1. Detailed representation of the designed hybrid TES system: (a) 3D view of the internal 

structure, highlighting the PCM macro-capsules along the diameter and the internal spiral HEX; (b) 

2D section of the hybrid tank, with the different hydraulic connections and the internal tank in-

serted; (c) overall exploded 3D view with the different components highlighted. 

The maximum number of PCM macro-capsules that can be loaded inside the tank is 

27. According to their nominal features reported in Table 1, this means that about 67 kg 

of PCM S58, displacing around 53 dm3 of water, can be loaded inside the hybrid sensible–

latent TES system. 

As shown in the TES section in Figure 1b, the employed combi-tank allows for the 

integration of more than one heating source. Indeed, the integration of an immersed cop-

per coil can be commonly employed to charge the TES through an onsite renewable source 

such as a solar thermal field. In contrast, a direct exchange of the technical water contained 

in the external tank can be used when either a boiler or a heat pump is connected to the 

TES system. Furthermore, the water in the external tank can be used to provide spatial 

heating to the user, while the internal tank, which is kept separately from the technical 

water, guarantees the proper quality for DHW provision. Figure 1c reports the exploded 

configuration of the hybrid sensible–latent TES system, also showing the procedure used 

to install the PCM capsules. 

Table 2 summarizes the main features of the designed and manufactured TES system. 

 

 

Inlet
charging

Outlet 
charging

Figure 1. Detailed representation of the designed hybrid TES system: (a) 3D view of the internal
structure, highlighting the PCM macro-capsules along the diameter and the internal spiral HEX;
(b) 2D section of the hybrid tank, with the different hydraulic connections and the internal tank
inserted; (c) overall exploded 3D view with the different components highlighted.

Table 2. Main features of the designed hybrid TES system.

Hybrid Sensible–Latent TES system Features

External tank volume (dm3) 380
Internal DHW tank volume (dm3) 160
Tank external diameter (m) 0.89
Tank height (m) 1.74
PCM macro-capsules number 27
Maximum nominal operating temperature (◦C) 80
Theoretical energy storage capacity (MJ) 55
Theoretical energy storage density (MJ/m3) 137.5
Insulating material expanded polyurethane
Thermal conductivity of insulation (W/(mK)) 0.03
Insulating material thickness (mm) 90
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2.2. Testing Rig and Uncertainty Analysis

A dedicated testing rig already existing at CNR ITAE lab, which has already been
described elsewhere [22,29], was upgraded to test the developed hybrid sensible–latent TES
system. The test rig was designed to be able to mimic the operating conditions reported by
the standard EN 12977-3 [32]. Accordingly, it allows for the performance of all the specified
tests for the full characterization of DHW storage. Moreover, it can be employed for the
simulation of different draw-off profiles, which are typical of domestic applications.

Figure 2 shows the hydraulic schematic of the testing rig. It can be considered to be
composed of two separated sections: one operating at high temperature to simulate the
charging phase, and one operating at low temperature for the discharging phase. The
high-temperature heat source is a 24 kW electric boiler, employing a diathermic oil as heat
transfer fluid carrier. A plate heat exchanger (HEX 1 in Figure 2) is employed to transfer
heat from the oil loop to the water loop of the testing rig. A buffer vessel with a 100 dm3

volume (reported as 2 in Figure 2) is installed to smooth the fluctuation of the charging
temperature to be provided to the heat storage under examination, which is labeled as 3
in Figure 2. The TES system under examination is also connected to the discharging side
by an intermediate plate heat exchanger, HEX 2 in Figure 2, which avoids possible water
contamination in the event of leakages from PCM capsules. Moreover, an automatic mixing
valve, labeled as 5 in Figure 2, enables the setting of the water temperature to be delivered
to the user during the discharging phase. Low temperature source can be simulated either
directly by employing tap water or by a 12 kW electrical chiller, which allows for the setting
of a quasi-constant temperature.

Energies 2023, 16, x FOR PEER REVIEW 7 of 19 
 

 

 

Figure 2. Hydraulic schematic of the TES test rig at ITAE lab: 1, electric boiler high-temperature heat 

source; 2, intermediate buffer; 3, TES system under examination; 4, intermediate HEX on the energy 

withdrawal side; 5, automatic mixing valve. 

The realized testing rig was fully automatized by means of a control and monitoring 

software, implemented in LabView, which is able to control all the electric valves and 

pumps and also to acquire all the necessary data for the evaluation of the TES system's 

performance, which mostly concern temperature and heat transfer fluid flows. Figure 3 

depicts the installed testing rig at CNR ITAE lab as well as the hybrid sensible–latent TES 

system connected for the testing procedures. 

  

Figure 3. Picture of the testing rig installed at ITAE lab (left-hand side) and hybrid TES system 

connected under test conditions (right-hand side). 

Particular attention was paid to the selection of the proper sensors. The temperature 

is measured by means of thermocouples “type T” (characterized by an accuracy of ±0.5 

°C), while the flow rate is measured by means of an ultrasonic sensor, which is able to 

work with different kind of fluids, and has a measuring range between Qmin = 0.016 dm3/s 

and Qmax = 1.66 dm3/s. The measuring error curve of the flow sensor shows an error in the 

measuring range of about 1% of the measured value. Accounting for the metrological 

characteristics of the employed sensors, an analysis of the experimental error was per-

formed according to the international standards. Considering an accuracy of 0.5 °C for 

thermocouples, and 1% of the measured value for flow rate sensor, the error on the power 

measurement can be computed by the following expression: 

 

1 2

3
4

5

Figure 2. Hydraulic schematic of the TES test rig at ITAE lab: 1©, electric boiler high-temperature
heat source; 2©, intermediate buffer; 3©, TES system under examination; 4©, intermediate HEX on the
energy withdrawal side; 5©, automatic mixing valve.

The realized testing rig was fully automatized by means of a control and monitoring
software, implemented in LabView, which is able to control all the electric valves and
pumps and also to acquire all the necessary data for the evaluation of the TES system’s
performance, which mostly concern temperature and heat transfer fluid flows. Figure 3
depicts the installed testing rig at CNR ITAE lab as well as the hybrid sensible–latent TES
system connected for the testing procedures.
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Figure 3. Picture of the testing rig installed at ITAE lab (left-hand side) and hybrid TES system
connected under test conditions (right-hand side).

Particular attention was paid to the selection of the proper sensors. The temperature is
measured by means of thermocouples “type T” (characterized by an accuracy of ±0.5 ◦C),
while the flow rate is measured by means of an ultrasonic sensor, which is able to work
with different kind of fluids, and has a measuring range between Qmin = 0.016 dm3/s and
Qmax = 1.66 dm3/s. The measuring error curve of the flow sensor shows an error in the
measuring range of about 1% of the measured value. Accounting for the metrological
characteristics of the employed sensors, an analysis of the experimental error was per-
formed according to the international standards. Considering an accuracy of 0.5 ◦C for
thermocouples, and 1% of the measured value for flow rate sensor, the error on the power
measurement can be computed by the following expression:

u(P) =

√[
(CP × ∆T)× 0.01× .

m√
6

]2

+

[( .
m× CP

)
× 0.5√

3

]2
(1)

where u(P) (kW) represents the error of the measured thermal power, CP (kJ/(kg K)) is the
fluid specific heat, ∆T (K) is the measured temperature difference across each component,
and ṁ (kg/s) is the mass flow rate. Of course, this value changes sensibly with the testing
conditions. In general, especially during the discharging phases, due to the high employed
flow rate and quite large temperature difference measured, a very low experimental error,
about 2% of the overall discharged energy, was calculated.

As already mentioned, the performed TES characterization was based on the mea-
surement of temperature difference and heat transfer fluid flow during charging and
discharging phases, thus obtaining the complete energy balance during the operation. This
allows for the evaluation of the most relevant parameters, such as energy storage capacity
and average charging/discharging power. Nevertheless, in order to also monitor how the
TES system behaves during the different phases, a set of temperature sensors was installed
inside the tank. Specifically, Figure 4 represents the internal temperature sensors used to
monitor the hybrid TES system. Three thermocouples, T1, T2 and T3, were used to monitor
the evolution inside the external tank at different heights, while the T tank thermocouple
was inserted inside the internal tank to monitor the DHW temperature.
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Figure 4. Schematic representation of the internal temperature sensors integrated in the hybrid TES
system to monitor the process evolution.

2.3. Testing Conditions and Data Analysis

In order to experimentally characterize TES performance, three different testing condi-
tions were considered, as already proposed in the literature [29]. These conditions were
first applied to the tank-in-tank configuration operated as a sensible TES system (i.e., us-
ing water only) and then to the hybrid sensible–latent configuration, thus comparatively
evaluating the achievable performance. The experimental conditions were as follows:

• Stand-by cooldown. This test was mainly employed to evaluate the rate of heat
dissipation to the surrounding environment (heat loss coefficient). The TES system
is heated to a temperature above PCM’s melting point. Then, the heating is stopped,
and the system is allowed to cool down for 60 h solely through heat loss, with the
surrounding ambient temperature maintained at about 20 ◦C.

• Test A. This test simulates the periodic DHW demand by the user. It consists of
multiple 5 min discharges followed by a stand-by period. The TES system under
examination is heated; afterwards, the DHW is withdrawn for 5 min with a subsequent
stand-by period of 60 min. This procedure is repeated until the storage system is able
to deliver DHW at a temperature of at least 45 ◦C.

• Test B. This test simulates a continuous DHW demand by the user. The TES system
under examination is heated; afterwards, the DHW is continuously withdrawn as long
as the DHW temperature is higher than 45 ◦C. Subsequently, the storage system is put
on standby for 60 min, and then the procedure is repeated.

The different testing procedures were monitored by following the temperature evolu-
tion inside the TES system as well as in the external circuits.

All the tests were then evaluated by means of two Key Performance Indicators (KPIs):
the energy stored to provide DHW, EDHW, and the equivalent amount of DHW produced,
VDHW. These two KPIs were defined as:

EDHW = ∑n
i=1

∫ tdisch

0

.
m Cpw (Tout − Tin) dt (2)

where EDHW (MJ) represents the energy delivered by the TES system for DHW provision;
Cpw (kJ/(kg K)) is the heat transfer fluid’s specific heat, in this case, water; Tout (◦C) is the
outlet temperature from the HEX 2 while Tin (◦C) is the tap water inlet temperature; ṁ
(kg/s) is the tap water mass flow rate; and tdisch (s) is the duration of each discharging phase.

VDHW =
EDHW

ρw Cpw (TDHW − Tnet)
(3)
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where TDHW (◦C) is the DHW temperature to be delivered to the user, which, in this case,
was fixed at 40 ◦C, and Tnet (◦C) is the average seasonal tap water temperature, fixed at
15 ◦C. This evaluation is necessary in order to avoid the influence related to the fluctuation
of inlet tap water temperature registered during experimental testing.

3. Results
3.1. Experimental Results
3.1.1. Stand-by Tests

The first-performed test was the stand-by cooling down test. It was repeated different
times while changing the initial heating temperature and by comparing the effect of the
charged PCM on the purely sensible tank.

Figure 5 compares two analogous stand-by tests, starting from 65 ◦C, and monitoring
the temperature inside the DHW tank (T tank in Figure 4). As expected, in the first
stage, there is a quasi-linear temperature decrease, which is mostly related to the sensible
cooldown of the TES system due to heat loss. At the temperature of around 56.5 ◦C, the
PCM starts solidifying, thus causing a plateau in the temperature measured inside the tank.
This is proven by the slow phase change process which releases heat into the surrounding
water, thus keeping it at an almost constant temperature. Since no heat withdrawal occurred
in this test, the phase transition lasted almost 14 h. After the process was completed, the
PCM was completely solidified, and the temperature started decreasing once again. In
contrast, the sensible TES system faces a continuous temperature decrease throughout the
test due to the heat loss to the environment. The rate of temperature decrease slows down
as long as the tank temperature approaches the surrounding environmental temperature.
As can be easily noticed, after around 60 h of standby, the hybrid TES system configuration
maintains a temperature of almost 5 ◦C above the sensible one. This represents another
beneficial effect of the PCM’s inclusion inside the tank.
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Figure 5. Temperature evolution inside the internal tank of the hybrid TES system during the stand-by
cooldown process. The reference thermocouple is the T tank, as represented in Figure 4.

As already presented in a previous scientific publication [29], the stand-by evolution
temperature for the sensible TES configuration was employed to evaluate the heat loss
coefficient. The temperature decay was simulated by means of a TRNSYS model of a “fully
mixed” tank by varying the heat loss coefficient until the best fitting of the experimental
data was achieved. The analysis revealed a heat loss coefficient of U = 3.5 W/K, which is in
line with the standard heat loss coefficients of commercial tanks.
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3.1.2. Dynamic Tests

The discharge tests were carried out by withdrawing DHW from the top of the internal
tank and simulating the provision of hot water by exchanging heat through the intermediate
HEX 2, as represented in Figure 2. All the performed tests used tap water on the secondary
side of the HEX 2, with an average flow rate of 8 dm3/min. The automatic mixing valve
installed after the HEX enabled the setting of a temperature to be delivered to the user of
about 40 ◦C.

Test A
The first dynamic test performed was Test A, which mimicked the periodic with-

drawal of DHW from the internal tank, followed by a stand-by period. Specifically, each
withdrawal phase lasted 5 min and was followed by 30 min of standby. The test was
repeated as long as the TES system was capable of producing 45 ◦C. Figure 6 compares
the typical evolution of the discharging phase obtained in Test A for the sensible and
hybrid TES configurations. The reported temperatures refer to the DHW tank (T tank)
and to the temperature in the external tank obtained by averaging the values of the three
thermocouples installed, as represented in Figure 4. The obtained temperature evolutions
are peculiar for the tank-in-tank architecture. Indeed, during the short DHW discharge,
there is a clearly identifiable temperature decrease, followed by a re-heating phase during
the stand-by period, which was verified by the heat transfer from the external tank to the
internal tank. Thus, the overall amount of DHW discharged is higher than the volume of
the internal tank itself. This was verified by the potential to also exploit part of the thermal
energy stored in the external tank. Since the PCM macro-capsules are also installed in
the external tank, the energy transferred from the external to the internal tank during the
stand-by periods is higher in the hybrid TES configuration.
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Figure 6. Dynamic evolution of the temperatures inside the TES system in sensible and hybrid
configurations obtained under Test A conditions.

Interestingly, when examining the evolution reported in Figure 6, the sensible TES
system was able to perform more discharging runs than the hybrid TES system. This
discrepancy is due to the different flow rates measured on the tap water loop in the different
tests. Particularly, the tap water flow rates during the hybrid TES system’s discharge were
around 20% higher than those in the tests performed with the sensible TES configuration.
This is also confirmed by the higher temperature decrease measured for each discharging
phase of the hybrid TES system compared to those of the sensible TES system. Nevertheless,
the overall energy discharged from the DHW tank is higher for the hybrid TES system, as
will be discussed in the following section.
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Test B
The other set of dynamic testing conditions is represented by Test B, in which a

continuous DHW withdrawal was simulated. The test was extended until the delivered
temperature was above 45 ◦C. Afterwards, during the stand-by period, a re-heating phase
occurred. As already reported for Test A, Figure 7 compares the sensible and hybrid TES
systems’ evolutions under the same operating conditions. Due to the mismatch between the
power extracted from the internal tank and the heat transfer capacity between the external
and internal tanks, the temperature difference existing between the external and internal
tanks at the end of each withdrawal phase is significant, e.g., 10 K after the first discharge,
thus guaranteeing a high number of discharging phases for this testing condition as well.
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Figure 7. Dynamic evolution of the temperatures inside the TES system in sensible and hybrid
configurations under Test B conditions. Highlighted in red: the phase transition effect in the hybrid
TES system.

The presence of PCM is more evident under Test B’s operating conditions. Indeed,
as highlighted by the red circles in Figure 7, for the first two withdrawal phases, an
inflection of the temperature decay measured inside the DHW tank is noticed whenever
the temperature falls below that required for the solidification of the S58 PCM. At the same
time, the average temperature in the external tank reaches a plateau. This means that the
PCM macro-capsules increase the overall thermal inertia of the tank, thereby stabilizing the
water temperature for a longer period in and around the DHW tank. This is also confirmed
by the larger re-heating effect that occurred during the stand-by period of the hybrid TES
system compared to the sensible one. In addition, in this case, as already highlighted for
Test A, the discharging phases were shorter for the hybrid TES system due to a higher tap
water flow rate available during its testing.

Figure 8 depicts the power evolution during the discharge of the hybrid TES system
and the cumulative energy delivered in Test B. As expected, the discharging phase’s
duration decreases continuously, and the DHW power is also reduced. This is caused
by the lower temperature inside the DHW tank after each discharge, which limits the
energy delivered as well as the power due to the lower temperature difference between
the water in the tank and the tap water. Overall, the maximum discharge power is around
17 kW, with an average value of about 14 kW. The corresponding DHW energy discharged
amounts to 52 MJ, which is in line with the theoretical value reported in Table 2.
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Figure 8. Thermal power and energy discharged by the hybrid TES system during Test B.

3.2. Performance Evaluation

Several different testing conditions were applied to the developed TES configurations
in order to comparatively evaluate the benefits arising from the PCM’s integration in the
hybrid TES system.

In order to evaluate how the PCM affects the operation of the TES system, the re-
heating effects obtained for each stand-by phase under comparable Test A conditions are
summarized in Figure 9. The degree of re-heating is evaluated in terms of the temperature
increase that resulted after each discharging phase as a function of the temperature at
which each phase ended. As can be surmised from Figure 9, no appreciable deviation was
obtained down to 50 ◦C. Below this temperature range, while the sensible TES system
almost stabilizes the re-heating effect to around 4 K, the hybrid TES system continues
increasing the temperature difference, even reaching values above 8 K. This effect is related
to the increased energy storage in the external tank provided by the PCM and by the fact
that the energy is released efficiently only when the temperature difference between water
and PCM is sufficiently high; thus, the energy release is somehow self-regulated. Overall,
the re-heating effect is about 16% higher for the hybrid TES system than the sensible TES
system. This is related to the energy storage increase, which will be discussed shortly.
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The overall effect of the PCM’s inclusion was analyzed through an evaluation of the
energy storage capacity and the equivalent DHW production, as defined earlier in Equations
(2) and (3). Specifically, the equivalent DHW production obtained for the different tested
conditions is represented in Figure 10. The estimated error, which was experimentally
confirmed by three different runs for each operating condition, consistently turned out to
be around 2%.
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Figure 10. Comparison of equivalent DHW production for sensible and hybrid TES configurations
obtained under Test A (a) and Test B (b) operating conditions.

As expected, for both the sensible and latent TES systems, a higher level of water
production (and thus discharged energy) is registered when the initial temperature is
increased. In general, the hybrid TES system always presents higher levels of DHW
production compared to the sensible TES system. As reported in Figure 10, the closer the
starting temperature is to the phase transition, the higher the level of DHW production.
This is because the effect of the melting enthalpy is emphasized when the system operates
slightly above the melting temperature. Overall, the increase in DHW production (and
discharged energy) ranges between 13% and 8% if compared to the sensible TES system,
and it is not dependent on the operating conditions since the results obtained for Test A
and Test B are quite comparable.

4. Discussion

The results obtained from the experimental tests were used for the further evaluation
of the storage system with the aim of suggesting further enhancements of the system and
providing useful design guidelines.

4.1. Comparison with Other Studies and Heat Transfer Considerations

As stated in the introduction, several studies are available in the literature regarding
the development of PCM-based DHW tanks. However, for the sake of comparison, only
recent works employing a similar design to the one investigated in this work were selected.

Pop et al., in [26], used a numerical model to investigate a storage tank employed
for the provision of hot water to a swimming pool. This was a hybrid storage tank with
sensible water and the inclusion of some PCM cylinders, as in the present case. Commercial
PCMs with melting temperature of 55 ◦C and 46.85 ◦C were considered for the analysis.
For a 1.5 m3 storage tank, around 0.4 m3 is occupied by the PCM cylinders, which is about
double that of the packing factor of the system presented in herein. The results indicated
that an around 25% volume reduction can be obtained for the storage system by using
PCMs, so longs as the same equivalent volume of DHW produced is considered. However,
the results also indicated that the thermal losses due to the heat exchange of the PCM with
the surrounding water reduce the advantage of the application of the hybrid storage system
over the sensible one only in terms of a longer storage time (i.e., more than half a day)
unless proper insulation is used. For the present case, an around 13% volume reduction was
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measured, which is in line with the findings in the literature, since, in the work conducted
by Pop et al., the amount of PCM was double that in the current design.

Carmona et al. [33] presented a numerical analysis of a hybrid system with a concep-
tual design similar to the present one, i.e., a storage tank wherein a portion of the water
is replaced by cylinders filled with paraffinic PCM with a nominal melting temperature
of 55 ◦C. Out of the overall 65 dm3 of the tank, 25 dm3 is occupied by the PCM cylinders,
which is about three times higher than the current design. The PCM cylinders are arranged
in an almost identical layout as that of the current design, i.e., inserted into a custom-made
metal sheet along the storage circumference. The tests carried out were similar to the
ones presented in the previous section, with the remarkable difference that, instead of the
approach denoted as Test A presented in this paper, a test with three discharges over 24 h
was considered in the model. The results are presented in terms of energy and exergy
analysis and the same trend was observed: when 40% PCM is used, the efficiency increases
by around 16% relative to the case without PCM, with the actual value depending on the
type of operating cycle. The value is lower than the one obtained in the present study, with
an around 13% energy increase measured with a lower amount of PCM. This may be due to
the fact that by increasing the amount of PCM, the quantity of water between the cylinders
reduces; therefore, the convection effect between the capsules and the water inside the tank
is also lower. At the same time, the ∆T between the PCM and the sensible medium reduces,
thus further preventing heat exchange.

Fadl et al. in [34] and in [35] presented an experimental investigation of a PCM-based
storage unit for DHW provision. Compared to the present case, these authors’ selected
PCM’s melting point was lower, i.e., 44 ◦C. The tank was a cuboid filled with the PCM and
including a copper coil. The analysis focused mainly on the design and the orientation of
the heat exchanger. The main interesting results were related to the effect of the operating
parameters; the parameter that yielded the highest influence on the energy recovered
was the temperature gradient between the PCM and the HTF. As shown in the previous
section, this is also the case for the current design, which is due to the fact that the heat
conduction in the PCM is the main limiting factor for heat transfer. This further stresses
the advantage of a hybrid sensible–latent TES system over a latent one, especially with
respect to discontinuous discharging, since there is a temperature gradient between water
and PCM that guarantees better exploitation of the energy stored in the PCM and a faster
response time. Indeed, in the papers by Fadl et al., a discharging time of up to 350 min for
an 82 dm3 system was measured, while for the present case, 500 min of discharging time
was measured for a TES system that is four times larger.

All the designs presented so far, and in the literature in general, do not consider one of
the main issues that inspired the design of the TES system discussed herein, i.e., the need to
separate the DHW from the water that is in contact with the PCM to avoid contamination
in the case of PCM leakage. This aspect is considered for the TES system presented by Deng
et al. [36], which consists of DHW with PCM in the mantle, in which charge and discharge
is realized through copper spiral heat exchangers. A total of 35 kg of PCM is filled in the
mantle, whereas the overall volume of the storage is 148 dm3. The amount of PCM is then
about double that in the case investigated herein. The selected PCM was sodium acetate
tri-hydrate with a melting temperature of 58 ◦C. The results indicated that, for the selected
layout, the design of the heat exchangers for charging and discharging is critical since a
mismatch in these parameters caused much lower performance than expected. Moreover,
only around 70% of the PCM was estimated to be active in the process. Alternatively, in the
current design, the theoretical and measured storage capacities agreed, indicating that the
layout chosen guarantees that the PCM reacts fully.

4.2. Energy and Economic Analysis

Since, as previously discussed, the operational cycle considered does not significantly
affect the achieved results, the following analysis is based on the results from test B.
Figure 11 shows the energy gain derived from the use of the hybrid tank instead of the
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sensible one as a function of tank temperature. It is possible to notice that the maximum
energy gain is achieved in the range of 64–70 ◦C, which is a charging temperature that can
be easily reached even with flat plate solar collectors or the current commercial district-
heating networks.
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Figure 11. Energy gain derived from the use of the hybrid tank instead of the sensible one.

The economic benefits arising from the use of the TES system are quantified on the basis
of the energy gain in accordance with the Italian national unit price for energy (PUN) [37],
which is the reference value for the Italian energy market. This does not consider specific
discounts or rates from the various utilities and operators, but it was considered the fairest
means of comparison. For December 2022, the cost of energy was 0.294 EUR/kWh. The
economic benefit was calculated as the average price needed to obtain 1 L of DHW:

CDHW =
Echarged ∗ PUN

VDHW
(4)

where Echarged is the energy charged inside the storage system (kWh) for each case and
VDHW is the equivalent volume presented before. The results are shown in Figure 12 it is
possible to notice the investigated hybrid TES system can provide financial benefits, which
can be maximized when a higher charging temperature is considered (until reaching 70 ◦C).
Instead, below 62 ◦C and above 70 ◦C of the initial tank temperature, the economic benefit
is lower. This indicates that the operating temperature is another key parameter in the
selection of the operation scheme of the storage cases. Considering what was discussed in
the previous section regarding the results of other studies’ designs as well as the results of
these analyses, it is possible to state that it could be more beneficial to increase the amount
of PCM in the storage system, but a detailed numerical analysis is needed to identify the
optimal PCM amount, alongside a consideration of the adaptation of the tank-in-tank
TES design.
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5. Conclusions

This paper investigated the ability of an innovative hybrid sensible–latent TES sys-
tem based on a commercially available tank-in-tank TES system and macro-encapsulated
PCM to increase the overall energy storage density of TES systems while guaranteeing a
reasonable cost. The developed configuration used a salt hydrate with a melting tempera-
ture of 58 ◦C, suitable for DHW and space-heating applications, which had already been
successfully employed in previous investigations in the literature.

Different experimental characterizations were performed in the lab with the aim of
validating the heat losses to the surrounding environment during stand-by periods as
well as mimicking the variable discharging operating conditions defined by the European
standards for the testing of solar-combi storage. The obtained results highlighted the main
feature of the operation of the tank-in-tank configuration, namely, the re-heating effect of
the internal tank (i.e., the DHW one) due to the heat exchange with the external tank during
stand-by periods. This also allows for the exploitation of a share of the energy stored in the
external tank to provide DHW to the user.

A comparative analysis was carried out by testing both the sensible and hybrid
configurations under the same conditions. The experimental results showed the ability of
the PCM to keep the external tank warm for longer periods, especially during the deep
discharging phases and the stand-by periods, thus transferring a larger amount of thermal
energy to the internal DHW tank. The achievable discharging power reached peaks of 17 kW
with an average power of about 14 kW, which overcomes limitations often encountered for
latent TES systems. Overall, an increase in the energy storage capacity and corresponding
DHW provision of up to 16% can be guaranteed by the developed configuration, especially
when the charging temperature is maintained slightly above the melting temperature of
the PCM, in order to maximally exploit the effect of the melting enthalpy.

The results obtained were also compared to other designs and recent works presented
in the literature, highlighting the benefits of the selected layouts and, at the same time,
indicating that a higher benefit could be achieved if the PCM amount is increased inside
the tank. Economic and energy benefits were also calculated and were maximal when
considering an operating range of the tank for charging of 62–68 ◦C.

This paper demonstrated, for the first time, the possibility of efficiently employing a
tank-in-tank configuration to realize a hybrid sensible–latent TES system, thus making it
suitable for quick commercialization.
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