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HIGHLIGHTS

« Experimental characterization a small scale heat storage for domestic applications.

« The heat storage is based on the hybrid “sensible + latent” configuration.

« Two different PCMs were compared, namely, a commercial paraffin and a hydrate salt mixture prepared in lab.

« A heat storage density increasing up to 13% has been highlighted.

« A new ESP-r component has been developed and validated thanks to the experimental outcomes.
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Aim of this work is to present the results of the testing of a small scale hybrid sensible/latent storage sys-

tem (nominal volume 48.6 dm?), consisting of water in which macro-encapsulated phase change mate-
rials (PCMs) are added. Two different PCMs were macro-encapsulated, a commercial paraffin and a
hydrate salts mixture prepared in the CNR ITAE lab, and loaded inside the tank in order to be tested.
Different volume ratios between the PCM and the water were tested. The tests were conducted simulat-
ing different domestic hot water draw-off profiles.
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The resulting data showed an appreciable increase of heat storage capacity per unit of volume, even for
limited fractions of PCM employed, reaching up to 10% of heat storage increasing by 1.3 dm® of hydrate
salts mixture added. Finally, the experimental results were used to test a numerical method of a PCM
enhanced tank for dynamic plant simulations in ESP-r environment.

1. Introduction

Currently, the development of innovative heat storage systems
represents one of the main issues to be overcome, in order to pro-
mote the market penetration of renewable energies as well as to
optimize the energy management, especially for application in res-
idential buildings [1].

The state of the art of commercially available heat storages for
domestic applications is dominated by sensible systems [2], based
on water as heat storage medium. Actually, for applications at tem-
peratures lower than 100 °C, the sensible/water system seems to
be the best option thanks to its availability, its low cost, and
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sufficiently high specific heat [3]. Nevertheless, it suffers of the
intrinsic limit related to the heat losses to the ambient that causes
reduction of energy stored during the stand-by periods. This leads
to the necessity of careful insulation of the vessels, thus reducing
the overall volumetric heat storage density of the systems.

During last years, application of Phase Change Materials (PCMs)
as heat storage mediums has been proposed in order to increase
the heat storage density as well as to guarantee an optimization
of the performance achievable by systems exploiting renewable
energy sources [4,5]. To this aim, initially, many efforts have been
dedicated to the development of advanced materials with
increased heat storage capacity, good heat transfer properties
and excellent cycling stability [6]. Actually, these research activi-
ties have led to excellent results, which are confirmed by the
growth of new companies commercializing PCMs for heat storage
applications [7,8].
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Nomenclature

Cp specific heat [k]/(kg K)]

E energy [Kk]]

m flow rate [kg/s]

t time [s]

T temperature [°C]

u(P) uncertainty on power calculation [kW]
1% volume [m?]

o density [kg/m3]

Subscripts

disch discharge
nom nominal
tap tap water
user user

w water

Recently, more attention has been paid to the realization of
advanced heat storage concepts, based on the employment of
PCMs [9]. In case of heat storage for domestic applications, two
main approaches have been followed namely, the integration of
macro-capsules inside a water heat storage container [10,11] and
the realization of full scale heat storages based on PCM embedded
inside efficient heat exchangers [12-14]. Despite the higher stor-
age volumetric density achievable by the latter one, the low deliv-
ered thermal power during discharging phase represents its main
limit [15]. This is mainly due to the slow kinetic of phase transition
as well as the poor thermal conductivity of PCMs [11]. In order to
overcome this limit, different approaches have been proposed in
literature, like the addition of carbon powders [16] or the embed-
ding of PCM inside open-cell metal foams [17], to increase the
overall thermal conductivity of the material. Although the obtained
results seem encouraging, these approaches are limited by the high
cost of the employed materials as well as the complicated prepara-
tion procedure. Another possible solution recently proposed for
thermal energy storage for domestic applications, is to exploit
supercooled state of particular PCMs, such as Sodium Acetate Tri-
hydrate, to increase heat storage capacity limiting the heat losses
through the environment. Recent experimental results [18]
demonstrate the interesting achievable performance of this inno-
vative concept. Nevertheless, some issues like material stability
and reliability of the supercooling process need to be carefully
investigated to make this approach more attractive.

In such a background, the approach based on the inclusion of
certain quantities of macro-encapsulated PCMs inside a water
tank, despite the lower increasing in thermal storage density, is
not affected by limitations in discharging power, since water is
the primary heat transfer medium [10]. Moreover, it results to be
a more cost effective solution. Some examples have been proposed
within the activities of IEA Task 32 “Advanced storage concepts for
solar and low energy buildings” [19]. In that case, configurations
employing metallic bottles filled with organic as well as inorganic
PCMs, whose thermal conductivity was increased by means of gra-
phite filler, were experimentally investigated. The results con-
firmed the possibility of increasing heat storage density,
compared to water. Nevertheless, the low heat transfer surface to
volume ratio of the employed macro-capsules limited the achiev-
able charging/discharging rate. Castell et al. [20] have reported
similar results.

Accordingly, such a kind of configuration needs to be optimized
in order to exploit as much as possible the benefit deriving from
the PCMs implementation.

Furthermore, numerical analysis carried out by means of soft-
ware for energy systems simulation, like ESP-r, can be a useful tool
to analyze application of PCM in buildings. By analyzing literature,
only few examples are available due to the lack of validated compo-
nents. For instance, in [21] analysis of PCM embedded in the gyp-
sum panels to store solar energy thus reducing the thermal load
in buildings has been carried out thanks to the implementation of

a dedicated component model in ESP-r. More recently, Padovan
and Manzan [22] have optimized a hybrid sensible/latent heat stor-
age in ESP-r environment, but no experimental validation has been
reported so far.

Accordingly, aim of the present paper is the experimental anal-
ysis of a domestic small-scale heat storage based on the hybrid
“sensible + latent” configuration properly sized for space heating
and DHW delivering. Sensible configuration has been experimen-
tally compared to the hybrid ones. Two different PCMs, never
investigated in literature under relevant operating conditions, have
been integrated inside the heat storage by macro-encapsulating
them in sealed parallelepiped polymeric capsules. In particular,
the employed PCMs are a commercial paraffin and a hydrate salt
mixture prepared at the CNR ITAE lab. The effect of varying volume
of PCM inside the heat storage has been experimentally analyzed
by means of a properly designed and realized test rig, able to sim-
ulate the daily hot water withdrawal profiles. Finally, a new ESP-r
component, able to simulate the behavior of a hybrid heat storage,
has been defined, implemented and validated by means of the
obtained experimental data. This will cover the lack of available
components to simulate the behavior of PCM-based heat storage
for system simulation.

2. Tested heat storage and test rig

With the aim to evaluate the performance of a hybrid “sensible
+ latent” heat storage for domestic application, a cylindrical verti-
cal tank has been realized. It is a fully mixed system (without inter-
nal heat exchangers) made of stainless steel, and its main
geometrical characteristics are reported in the following Table 1.

It has been realized with the idea to get a tank as flexible as pos-
sible in order to vary different testing parameters like typology,
amount and position of PCM material and to monitor temperatures
of several points within the tank and inside PCM macro-capsules.

Fig. 1 shows the realized cylindrical storage, in which the differ-
ent available hydraulic connections and the thermocouples feed-
throughs can be recognized. Furthermore, the allocation of the
six thermocouples inside the tank (TO-T5), the thermocouple for
PCM (T7), the position of the PCM module and the inlet and outlet
water connections are reported. They allow the monitoring of the
temperature evolutions along the vertical axis of the tested

Table 1

Main geometrical characteristics of the

tank.
Nominal volume [dm?] 48.6
Height [m] 0.85
Diameter [m] 0.27
Weight [kg] 35.6
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Fig. 1. Picture of the realized vertical heat storage, before thermal insulation and the schematic of the allocation of the thermocouples inside the tank (on the left-hand side);
schematic of the macro-capsule employed and its dimensions (on the right-hand side).

storage, in order to verify the presence of stratification effects. On
the right-hand side of Fig. 1, a schematic of the employed macro-
capsules and its picture are reported. They are made of polypropy-
lene, with a square-based parallelepiped geometry and a sealed
cap. The reduced dimensions of the capsules have been selected
in order to enhance the heat transfer between the PCM and the sur-
rounding water, thanks to the high heat transfer surface to volume
ratio, thus guarantying to achieve high charging/discharging
power.

In order to test the heat storage, a test rig was specifically
designed and built in the CNR ITAE laboratories. It was realized
in accordance to the specifications reported from the standard
EN 12977-3 [16], accordingly, it allows to carry out all the specified
tests for the full characterization of a domestic hot water storage.
Moreover, it can be employed for the simulation of different
draw-off profiles, typical of domestic applications (e.g. simulation
of taking a shower, etc.).

Fig. 2 reports the hydraulic schematic of the test rig. It is made
of two sections, the one at high temperature for energy providing,
and the one at low temperature for energy withdrawal. In the same
figure, the main components of the rig are also represented: the
HEX for the connection to the electric boiler (24 kW heating
power); the high temperature heat storage tank, which is neces-
sary in order to get a driving temperature as much constant as pos-
sible, by smoothing the power peaks during charge phases; the
tested heat storage, connected both to the heating source and to
the energy withdrawal side; an external HEX, to connect the tested
heat storage to the energy withdrawal side, avoiding potential
water contamination in case of leakages from PCM capsules; an
automatic mixing valve, which allows setting the temperature
delivered to the user during the discharging phase.

In Fig. 3, the built test rig is shown. It is fully automatized, by
means of National Instruments data acquisition and management
system, which is connected to a Labview software able to drive
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Fig. 2. Hydraulic layout of the realized test rig: (1) heat exchanger connected to electric boiler, (2) high temperature buffer heat storage, (3) heat storage under testing, (4)
intermediate heat exchanger between heat storage side and user side, (5) automatic mixing valve.
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Fig. 3. Picture of the installed test rig at the CNR ITAE laboratory: (1) high
temperature buffer heat storage, (2) heat storage under testing, (3) control and
management unit, (4) hydraulic circuit for charging and discharging phases
simulation.

all the electric valves and pumps and to acquire all the needed data
for the evaluation of the heat storage performance (temperatures
and heat flows).

Particular attention has been dedicated to the selection of
proper sensors. The temperature is measured by means of thermo-
couples “type T” (characterized by an accuracy of 0.5 °C), while
the flow rate is measured by means of an ultrasonic sensor, able
to work with different kind of fluids, having a measuring range
between Quin=0.01dm3/s and Qua=1.66dm3/s (CONTECA®
ULTRA). The measuring error curve of the flow sensor shows an
error, in the measuring range, of about 1% of the measured value.

Starting from the metrological characteristics of the employed
sensors, an analysis of the experimental error has been done,
according to the international standards [25]; the error on the
power measurement can be computed by the following
expression:

u(P)\/{(CPXAT)X%}Z—i— {(mxcp)x%r (1)

where u(P) [KW], represents the uncertainty, Cp [kJ/(kg K)] the fluid
specific heat, AT [K], the measured temperature difference across
each component and m, kg/s, the mass flow rate. Of course, this
value changes sensibly with the testing conditions. In general, espe-
cially during the discharging phases, thanks to the high employed
flow rate and temperature difference measured, an experimental
error around 3% was calculated for discharging power. The calcu-
lated error on the discharged energy was around 5%.

3. Experimental activity

The experimental activity on the heat storage was divided in
two different phases: the first one aimed at the characterization
of the sensible heat storage as reference system, the second one
to the evaluation of the achievable performance by hybrid storage

made of water and PCM, employing different kind and amount of
PCMs.

3.1. Sensible heat storage

The characterization of the sensible heat storage, employing
water as heat storage medium, has been carried out following
the specifications reported in the standard EN 12977-3 [24] for
the “fully mixed” tank configuration. In particular, in order to eval-
uate the heat loss capacity rate, U, the heat storage was charged at
70 °C and then let cooling down by releasing heat to the ambient
maintained at temperature around 25 °C. While, to determine the
actual heat storage volume, Vieq, both charging and discharging
phases were performed according to the recommendations
reported in the standard [24]. Table 2 summarizes the employed
testing conditions.

In Table 2, conditioning phase consists of bringing the entire
heat storage at uniform temperature before starting the charging
phase, in order to avoid internal temperature gradients.

Once obtained the experimental data, as requested by the stan-
dard test procedure, the values have been fitted by means of a reli-
able numerical model able to simulate the performance of a fully
mixed heat storage. To this aim, the Type 60, available in the
libraries of the TRNSYS 17 software [18] was employed as stan-
dard. Accordingly, a data regression was performed both for
stand-by cooling down and charging/discharging in order to mini-
mize the deviation, by varying the free parameters: U and V. Fol-
lowing Fig. 4 summarizes the obtained results.

As reported in Fig. 4, the actual heat storage volume was
slightly lower (3.6%) than the nominal one, reported in Table 1.
This is related to issues occurring during tank realization phase;
nevertheless, this limited deviation confirms that the measured
data are consistent with the ones deriving from the standard char-
acterization. Concerning the heat loss capacity rate, generally, the
obtained value, 2.05 W/K, is in line with common data available
in literature [27], which confirms that the installed insulation is
reliable.

3.2. Hybrid sensible + latent heat storage

Aiming at the comparison of the performance of the different
storage configurations realized, two more tests have been applied
as suggested by de Gracia et al. [23]:

e Test A, consisting in a continuous discharge of the heat storage,
which is completed once that the temperature delivered to the
user falls below 35 °C. Subsequently, there is a stand-by period
ranging between 45 and 60 min, during which, in presence of
PCM, there could be a reheating process. Then, another dis-
charging phase is performed. The process is repeated until the
heat storage is not able to deliver water to the user with a tem-
perature at least of 35 °C.

Table 2
Performed tests according to the standard EN 12977-3, for the main storage
parameters characterization [24].

Phase Duration Flow rate [kg/s]

Stand-by cooling down test

Conditioning Up to 25°C 0.012-0.017
Charging Up to 70 °C 0.012-0.017
Stand-by 30 h 0
Charging/discharging test

Conditioning Up to 25 °C 0.012-0.017
Charging Up to 70 °C 0.012-0.017
Discharging Down to 25 °C 0.012-0.017
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Fig. 4. Stand-by cooling down process fitted by TRNSYS simulation, on the left-hand side, and charging experimental evolution with the relative fitting, on the right-hand

side.

e Test B, is similar to the test A, but consists of different with-
drawals of the duration of 5 min each, with an interval ranging
between 45 and 60 min between two consecutive withdrawals.
In addition, in this case, the process is repeated until the storage
is able to deliver hot water at 35 °C.

As the aim was to simulate a real user, the mass flow rate during
discharging phases has been selected accordingly, with values
ranging between 0.13 and 0.16 kg/s, typical of domestic users.

The comparison was carried out employing two different PCMs,
which have been selected to be included inside the tank, namely:

e PCM 58, a mixtures of hydrates salts, Mg(NOs),-6H,0 and
MgCl,-6H,0 at the eutectic composition 58.7-41.3%, prepared
at the CNR ITAE laboratories employing proper stabilizing
agents [28].

e RT 65, an organic compound produced by the company
Rubitherm [7].

The materials have been chosen considering a heat storage for
domestic applications to be coupled to solar thermal collectors as
well as to other appliances like gas boiler or micro-CHP.

Their main thermodynamic characteristics were measured in
laboratory by means of specific apparatuses: Mettler Toledo DSC
27HP for latent heat and melting temperature evaluation, Mathis
TCi for thermal conductivity measurements, similarly as reported
in [29]. Table 3 summarizes the results of the measurements.

Afterwards, the following heat storage configurations have been
tested.

e Sensible heat storage (SENSIBLE);

o Hybrid sensible + latent employing 1.3 dm? of RT 65 (RT 65
CONFIG 1);

o Hybrid sensible + latent employing 2.25 dm® of RT 65 (RT 65
CONFIG 2);

Table 3
Thermodynamic properties of the employed phase change materials (PCMs).
PCM 58 RT 65

Melting T [°C] 57.7 65.8
Latent heat [k]/kg] 105 152
Specific heat solid state [k]/(kg K)] 2.8 2
Density solid state [kg/m?] 1800 880
Thermal conductivity solid state [W/(m K)] 13 0.2

e Hybrid sensible + latent employing 1.3 dm?® of PCM 58 (PCM 58
CONFIG).

The selection of the macro-capsules has been performed in
order to employ cost effective materials, with proved resistance
to possible corrosive effects and with good thermal stability at
the working temperatures. Moreover, in order to increase the heat
transfer area between PCM and water, the volume of each capsule
has been limited to 80 cm®. The final selection was oriented to
polypropylene macro-capsules with a parallelepiped geometry,
employing a sealing system able to avoid leakages of PCM in liquid
phase, as reported in Fig. 1.

After preparation of the right number of PCM capsules, they
were introduced into the tank by means of a properly designed
container, which allowed the allocation at the desired height dur-
ing the execution of the tests.

Finally, both test A and test B were repeated for each heat stor-
age configuration as reported in Table 4.

Test A and B have been performed for all the selected configu-
rations, varying the charging temperature, in order to compara-
tively evaluate their performance. On the contrary, the stand-by
cooling down test has been replicated only for SENSIBLE and
PCM 58 CONFIG, aiming at the analysis of the effect related to
the presence of PCM inside the tank.

In the following sections, the results of the experiments are ana-
lyzed in detail.

3.3. Stand-by cooling down test

As already stated above, the stand-by cooling down test, which
is necessary to characterize the sensible heat storage according to
the standard, has been also repeated for the hybrid “sensible
+latent” heat storage configuration employing PCM 58. It has been
performed to analyze the effect under these working conditions of
the PCM inclusion. Fig. 5 reports both charging and stand-by
phases measured.

Fig. 5a reports the charging phase evolution both for SENSIBLE
and PCM 58 CONFIG. This case has been selected to analyze the
charging dynamics thanks to the low flow rates employed (less
than 0.02 kg/s), which allow to highlight the different behavior
between the two systems. First, due to experimental issues, it
has to point out that the charging flow rates employed for the
two configurations are quite different, as reported in Table 4,
which causes a longer charging period for the SENSIBLE than for
the PCM 58 CONFIG, to reach the same temperature of 70 °C,



Table 4
Performed tests the. comparatlve exaluation of the tested hwat storages

Configuration Chargmg [°C]

hargmg ﬂo

rat [1<g/ Discharging mjedium Discl/arging flow rate [kg/s]

SENSIBLE

Tap water 5
Tap water 13-0.14

Tap water
Tap water 0.14-0.15

0.12-0.15

ing them difficul mparable. The inlet temperature for both
the tests is majntained sufficiently constant, thanks to the presence
of the buffer heat storage on the test rig. This means that the sim-

d charging phases can be considered as a typical heat storage
connected to a heating device able to deliver aquasi-constant tem-
perature (e.g. gas boiler, micro-CHP). Looking at the experimental
evolutions of the temperatures inside the tank of the PCM 58 CON
FIG, it is evident that there is a phase transition around the no#i-
nal melting temperature, 58 °C, which causes a high deviagton of
the PCM temperature from the average tank temperatyre. What
is interesting to analyze is the behavior of the system/during the
two sensible heating phases, namely, before and afjet phase tran-
sition. In fact, at low temperature, when the P! is in the soli
state, there is always an evident temperature Mdifference betwegn
the water temperature and PCM temperatyre (which is measufed
in the middle of the capsule). This is caused by the fact that, in/this
phase, the dominant heat transfer meghanism is the therma) con-
duction. Accordingly, the poor thefmal conductivity, typical of
these materials, heavily affect th process. On the contrayy, once
that the melting point is reaghed, the main heat transfey mecha-
nism become the convectig#, which noticeably enhance the overall
heat transfer coefficient fhus guarantying a quick redugtion of the
temperature differengeg between water and PCM. This fepresents a
first interesting copClusion, since, if on one hand th¢ inclusion of
high thermal coaductivity materials inside the PCM allows better
performance yhen the material is in the solid stafe, on the other
hand, the gresence of different phases inside thle capsule could
limit the”convection phenomena lowering the pverall PCM heat
transgér performance in the liquid phase.
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Fig. bb gdepicts the temperatyures evol\tion\ inside theank in
PCM NFIG during the stand\by period.\Th§ reported temyer-
atureg/are recorded along the longitudinal aXjis oX the\heat stora,
as #fpresented in Fig. 1. First, it is fvident ti\at, despXe the small

iniension of the heat storage, thele is stilll\a ceytair\ degree of
stratification inside, thanks to its high height\to-djamgter ratio.
e stratification is probably affected Ry the présende of\the PCM

acro-capsules. Indeed, while the two {hermdco\plej at the bot-
tom of the tank, TO and T1, shows a faster codling, down pYocess,
the thermocouples located closer to the\PCM|\con\aingy tefad to
maintain a more similar temperature. In particular, lpoking a¥ the
Fig. 5b, the phase transition is well highlighted by \the ‘evident
sub-cooling that affects the material. Actualy, \the sodlidificatiyn
starts only at a temperature around 48 °C, and then, th§ exdthe
mic reaction causes an increasing of temperatube\inside the mate-
rial itself.

3.4. Test A

As reported in Table 4, several Tests A have been performed\on
the four identified configurations. The main aim was|to\analyze tQe
evolution of internal temperatures during the imposed Withdraw.
profile, comparing the results obtained by different conf\gurations
and, finally, evaluating the different energies delivered to the user.

Fig. 6a reports, as example, the dynamic evolution of the tem-
peratures monitored inside the tank during the Test A for\RT 65
CONFIG 2. In order to understand the recorded temperature eyolu-
tions it has to be pointed out that the discharging process is yer-
formed by withdrawing hot water from the top of the tank and
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Fig. 6. (a) Temperature evolutions inside the tank during a Test A discharging phase for the RT 65 CONFIG 2; (b) comparison between experimental evolutions of average tank
temperature and PCM temperature under comparable boundary conditions for PCM 58 CONFIG, RT 65 CONFIG 2 and SENSIBLE.

sending back the colder water to the bottom of the tank. The water
is cooled down through the intermediate heat exchanger, see Fig. 2,
by exchanging heat with the tap water flowing on the user side.
Having in mind this, the temperature evolutions showed in
Fig. 6a can be explained. Indeed, during the first part of the dis-
charging process, the temperature of the water withdrawn from
the top of the tank is constant, because the cold water entering
at the bottom of the tank pushes the hot water upward. Accord-
ingly, in this phase the intermediate heat exchanger works in a
steady state conditions, indeed the entering temperatures both
on the heat storage and user side are constant. This means that
the cooled water coming back to the tank is also at constant tem-
perature, which, in the case reported in Fig. 6a is about 50 °C. Once
that the cold water reaches the top of the heat storage, the hot
temperature delivered to the heat exchanger suddenly drops
down, causing a sort of plateau recorded inside the tank, reaching
a sort of fully mixed system condition. Subsequently, the temper-
atures inside the tank starts again to go down. The withdrawal is
stopped once that the temperature delivered to the user falls below
the 35 °C.

During this phase, the PCMs start to solidify when the temper-
ature of the surrounding water drops down to 50 °C. Thanks to the
high flow rate of the exchanged water and to the high temperature
difference between PCM and water, the heat transfer is enhanced,
so the phase transition results quite fast. When the system is in
stand-by, after the first discharge, as expected, the PCMs tend to
heat up the surrounding water, thus guarantying a reheating of
the water itself. This affects only the upper zone of the heat stor-
age. In particular, in this case, a reheating of about 10°C has been
registered. Accordingly, the tank has been able to deliver again
hot water to the user for a duration of about 2 min.

Fig. 6b compares three different configurations subjected to
Test A: SENSIBLE, RT 65 CONFIG 2 and PCM 58 CONFIG. In this case,
only the average temperatures and the PCM temperatures are
reported. Looking at the average temperatures recorded, what is
particularly interesting is that the discharge durations for the dif-
ferent configurations are similar. This allows to conclude that the
inclusion of PCMs inside the tank does not affect the discharging
performance, or, in other words, that the discharging power is sim-
ilar in each configuration. Clearly, the presence of the PCM plays a
role in the possibility of reheating the water, thus performing more
discharging phases, as showed in Fig. 6b.

Moreover, the PCM temperature evolutions confirm the com-
pletely different behavior of the selected PCMs. Indeed, while the
RT 65 undergoes a typical phase transition, which is clearly

indicated by the temperature plateau around its nominal melting
temperature, the PCM 58 suffers of an evident sub-cooling effect,
which causes the shifting of the phase change process to a lower
temperature.

3.5. Test B

Fig. 7 reports the evolution of internal tank temperatures during
a Test B performed on the PCM 58 CONFIG. In this case the dis-
charging phases have a duration of 5 min each. Again, the evolu-
tion of internal temperatures follow the one already analyzed for
Test A. Thanks to the reheating process, the system in this config-
uration is able to perform three different discharging phases.
Moreover, looking at the PCM temperature evolution, after the first
discharging phase the material remains in the liquid state, simply
delivering heat to the surrounding water during the first stand-by
phase. The phase transition occurs only during the second dis-
charging phase, again showing a clear sub-cooling effect.

4. Performance evaluation

In order to compare the experimental results obtained by test-
ing the different configurations, the amounts of energy delivered to
the user both during Test A and Test B have been evaluated,
according to the following Eq. (2).
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Fig. 7. Temperature evolutions inside the tank during a Test B discharging phase for
the PCM 58 CONFIG.
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where E.: [K]], represents the energy delivered to the user during
the discharging process, n, represents the number of performed
useful discharges; tgiscn [S], the duration of each discharge phase,
m [kg/s], the discharging flow rate, Cp,, [k]/kg K], specific heat of
water, Tysr [°C], measured temperature delivered to the user, Tyqp
[°C], measured tap water temperature.

Fig. 8 compares discharging powers and the relative integrated
energies for three configurations, SENSIBLE, RT 65 CONFIG 2 and
PCM 58 CONFIG, during a typical Test A. As already argued in pre-
vious paragraphs, the discharging powers during the first stage are
comparable, oscillating around 14 kW. This confirms one more
time that the system, even in presence of PCM, does not lose its
dynamic performance. Accordingly, the energy discharged after
the first discharging stage is almost the same for each configura-
tion. After the stand-by period, there is again a brief discharging
phase for the configurations employing PCM, characterized by
lower power, about 12 kW, due to the lower temperature of the
water inside the heat storage. This additional discharging phase
allows increasing the total energy delivered to the user by the
PCM-based systems.

Moreover, starting from the energy delivered to the user, an
equivalent amount of DHW/space heating water produced has
been calculated, according to the following Eq. (3):

Euser
Viser = 3
e pwcpw(Tnom_user - Tnam_tap) (3)

where V., [m?], represents the equivalent hot water delivered to
the user. p,, [kg/m?], is the water density. Tnom_user [°C], is the nom-
inal temperature to be delivered to the user both for DHW and low
temperature space heating distribution systems (e.g. radiant pan-
els) which is fixed at 40 °C. Thom_rap [°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.

Fig. 9 reports the equivalent water volume delivered to the user
as function of the initial temperature inside the heat storage, reg-
istered under Test A conditions. The base line is represented by
the sensible heat storage. The water volume delivered employing
1.3 dm> of RT65 (RT 65 CONFIG 1) is only slightly higher than
the reference value. On the contrary, both the RT CONFIG 2 and
PCM 58 CONFIG guarantee a remarkable enhancement of the volu-
metric heat storage capacity, about 10% respect to water. Of course,
this increasing is more accentuated for charging temperatures only
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Fig. 9. Comparison between the equivalent water delivered to the user for all the
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slightly higher than the nominal melting temperature of the
employed PCM.

What is of particular interest is the possibility of reaching
almost the same results employing about half volume of PCM 58
respect to the RT 65. These outcomes are related to the higher den-
sity of the hydrates salt, which, on volumetric basis, presents a
latent heat almost double if compared with the commercial
organic compounds. Moreover, the highlighted sub-cooling effect
in PCM 58 seems to have a reduced effect on the overall achievable
performance of the system.

Similar results have been obtained for Test B, which means that
the overall achievable performance by the tested configurations
are only slightly influenced by the discharging conditions.

5. Numerical simulation

The correct exploitation of renewable resources, or the use of
alternative heating systems such as cogeneration or trigeneration,
requires an accurate design of sometimes-complicated systems.
Nowadays dynamic simulation tools allow studying plant systems
and plant/building coupling in different conditions. However, plant
components should be modelled with accurateness and an exper-
imental validation is always suggested. Tanks or energy storage
systems are common components used in water system plants
and a numerical model has been developed at the University of Tri-
este to simulate the effect of PCM to enhance thermal energy stor-
age capabilities.

The experimental results are a precious asset for testing numer-
ical models; therefore, the same tests have been carried using the
developed code specifically designed for the code ESP-r [30]. The
model features PCM filled cylindrical modules in vertical position.
The model is a direct extension of a stratified tank component
already present in ESP-r base code and has been extensively pre-
sented by Padovan et al. [31, 15ter]. Performance comparisons
have been carried out for both the sensible and latent heat storage
system.

5.1. Storage model

Esp-r stratified tank model features up to 100 water layers; a
mixing algorithm is present in order to mix tank layers that fea-
tures temperature inversion that is when the temperature of a
layer is higher than the one of a higher layer. When, during a sim-
ulation, this situation occurs, for example due to cold-water injec-
tion at a low inlet port, the layers are mixed until no inversion is
encountered.



The only component used for simulation is the tank avoiding
the simulation of the heat exchangers present in the experimental
test rig, therefore the available data are temperature and mass flow
rate of water at the inlets and outlets of the tank, comparing the
temperatures obtained at different levels as reported in Fig. 1.

In comparing numerical and experimental results however
some different conditions should be taken into account. In the
model the PCM modules are vertical cylinders, the user defines
the module diameter, height and vertical position from the bottom
of the tank. In the test rig, the PCM is contained in macro-capsules
with a parallelepiped geometry and furthermore, the capsules are
randomly positioned in a basket, as presented in Fig. 1, therefore
the numerical model is able to simulate the latent heat effect on
water tank temperature, but it is not possible to perform directly
a comparison on PCM temperatures.

Now, numerical model is not able to consider sub-cooling
effects, therefore, the comparison has been performed for RT65
PCM only. An additional issue arises for the comparison for short
time periods when inverse gradient temperatures can develop.
As stated before the tank model resolves immediately such situa-
tions by mixing the inverse temperature layers, this behavior is
consistent with long time simulations, but can prevent an accurate
representation in a short time scale. The tank model adopted is
one-dimensional that is the temperature can change in vertical
direction only, so local effects due to inlet jets cannot be simulated
and plume formations cannot be simulated. This problem is shared
with similar other models used in simulation systems such as
TRNSYS [26], and it is difficult to overcome since it would require
the use of CFD codes with long simulation times, also with large
computationally resources, incompatible with the requirement of
simulation of energy plants for long periods.

The one-dimensional model with mixing algorithm presented
an additional limit regarding the geometry of the tank as presented
in Fig. 1. During the charge phase, hot water enters the lower inlet
port of the tank. The mixing algorithm is not triggered for the cold
layers below the inlet port leaving the temperature unchanged,
with only a little rise due to heat conduction. However, in reality,
the water enters with a momentum and a horizontal plume devel-
ops, mixing also the water below the inlet port. To override the
problem the mixing of the water layers below the inlet port has
been forced also in presence of a correct thermal gradient during
the charge phase.

5.2. Sensible storage

The sensible storage cooling down experimental data has been
used for identifying the parameters of the tank to be used in the
following comparison. In order to identify the heat transfer coeffi-
cient of the tank, experimental data, obtained during charging and
discharging phases, have been used. An identification method has
been applied for automatically minimizing the error between the
temperatures history of the four levels with recorded history data,
obtaining a tank heat loss coefficient of 2.17 W/(m? K) comparable
with the one obtained with the fully mixed case.

5.3. Test A

The tank component with PCM has then been validated using
the experimental results of test A. Fig. 10 reports the time depen-
dent temperature comparison between numerical and experimen-
tal results for RT65 at the four-sensor location presented in Fig. 1.
The model predicts fairly well the temperature behavior at the
beginning of the test with the sudden reduction of temperature
due to the flow of cold water. Fig. 11 reports the long-term behav-
ior showing the effect of reheating due to the PCM clearly visible
for water temperature T1, the one positioned near the layer with
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PCM modules. In Fig. 11 the numerical PCM temperature is not
easily defined since, as declared before, the geometry is quite dif-
ferent and so it is impossible to identify the position in PCM mod-
ules corresponding to the experimental measurement point.
Nevertheless it can be appreciated the similar behavior during
the phase change in which the temperature recovering can be
easily identified. Temperature T1, the one positioned in proximity
of the inlet at the bottom of the tank, shows the largest difference,
higher than the ones of temperatures T2 and T3, furthermore tem-
perature T1 increases also when the cold water inflow stops, and
the value reaches the value of temperature T2. This different
behavior can be explained by the cold water inflow which creates
a mixing recirculating vortex that enhance a mixing between cold
and hot water layers. The one-dimensional model of water stratifi-
cation implemented in ESP-r cannot describe the mixing effect
thus the stratification is enhanced. It is worth noting that the
design of water tanks in real applications usually provides the
water inlet with diffusers in order to allow water stratification
and avoiding the formation of large mixing vortices.

5.4. Test B

Fig. 12 reports the time history of water temperature in Test B
using 16 cylinders filled with RT65 PCM. During this test, two dis-
charging phases lasting 5 min each are applied. Similar behavior is
observed between experimental and numerical tests, with an
increase of temperature registered by sensor T4 positioned in the
area of the PCM cylinders. It is worth noting that again also the
experimental value of T1, the sensor far from the PCM, registers
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an increase in temperature during both discharge phases. This
behavior is not reproduced by the numerical result and can be
again explained by the presence of recirculation zones that mix
the water between upper hot and cold low zones. As explained
before, the numerical approach considers water stratification with
a one-dimensional model, which is not capable of dealing with
such effects. This behavior explains also the steeper thermocline
registered in the numerical results, mixing effects between hot
and cold layers reduce the temperature difference between sensors
T1 and T4. From a practical point of view the adoption of diffusers
at inlet are usually employed in order to reduce recirculation
effects and the development of thermal plumes inside tanks
enhancing thermal stratification.

6. Conclusions

In the present paper, a study of different hybrid “sensible
+latent” heat storage configurations for domestic application is
presented.

Different charging and discharging tests have been performed
by means of a properly designed test rig, realized in accordance
to the standard EN 12977-3, able to simulate real operating condi-
tions of a heat storage for domestic applications.

Two different PCMs have been selected, a commercial paraffin,
RT 65, and a hydrate salts mixture, realized in the CNR ITAE lab,
having a nominal melting temperature of 58 °C. Different amount
of PCMs have been included inside a 48 dm? hot water heat storage
tank in order to evaluate the possible increasing in energy stored
and delivered to the user, by macro-encapsulating the PCM inside
small size (80 cm?) polypropylene capsules.

The experimental results showed an increasing of the hot water
delivering capacity to a typical domestic user, compared to the
sensible hot water system. In particular, an increasing of about
10% was obtained employing around 1.3 dm> of PCM 58. Similar
results have been reached employing almost a double volume of
RT 65. This outcome is related to the noticeably higher density of
the PCM 58 mixture compared to the paraffin RT 65. Moreover,
the presence of an evident sub-cooling effect for the PCM 58 seems
to have a reduced effect on the overall achievable performance of
the system.

Experimental results have been also used for testing a tank
model with latent heat storage. The model is an extension of the
model implemented in the software ESP-r. The simulations high-
lighted that the model can accurately reproduce the experimental
tests, both for the sensible cooling down test and for Tests A and B
for the latent heat storage. The major discrepancies between
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numerical and experimental data are due to the simplified one
dimensional stratification model that is not capable to replicate
recirculation areas inside the tank. The numerical model will be
enhanced in future to accommodate sub-cooling effects in order
to simulate PCM materials sensible to these phenomena.
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