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Abstract: Monitoring of the state of charge of the thermal energy storage component in solar thermal
systems for space heating and/or cooling in residential buildings is a key element from the overall
system control strategy point of view. According to the literature, there is not a unique method for
determining the state of charge of a thermal energy storage system that could generally be applied
in any system. This contribution firstly provides a classification of the state-of-the-art of available
techniques for the determination of the state of charge, and secondly, it presents an experimental
analysis of different methods based on established sensor technologies, namely temperature, mass flow
rates, and pressure measurements, tested using a lab-scale heat exchanger filled with a commercial
phase change material for cooling applications. The results indicate that, depending on the expected
accuracy and available instrumentation, each of the methods studied here can be used in the present
application, the deviations between the methods generally being below 20%. This study concludes
that a proper combination of two or more of these methods would be the ideal strategy to obtain a
more reliable and accurate estimation of the state of charge of the latent heat thermal energy storage.

Keywords: phase change material; thermal energy storage; state of charge; cooling applications;
residential buildings; experimental testing

1. Introduction

Worldwide energy requirements needed to sustain the continuously increasing human population,
while the main source of energy, that nowadays relies on the use of fossil fuels, is limited and not enough
to sustain the current trends. Furthermore, the main drawback of an excessive use of fossil fuels is the
high emission of pollutants to the environment, such as CO2, contributing to global warming. As a
consequence, worldwide bodies decided to adopt policies and targets to diminish the CO2 emissions
that reached a historic level of 32.5 gigatons in 2017 [1]. Therefore, new technologies based on the
use of renewable energies were developed or are still developing with the aim to reduce the use of
fossil fuels and the consequent amount of CO2 emissions. Most of these new technologies require
the use of energy storage systems to reduce the mismatch between supply and demand, and to fill
the gap that conventional energy sources do not have, because they can usually meet the immediate
energy demand.

Improving building energy efficiency is a key element to reduce energy consumption and to
maximize the use of renewable energy sources. Heat demand in residential buildings accounts for
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60% to 80% of the overall energy consumption in cold climate regions, while cooling demand accounts
for 30% to 40% in warm climate regions [2]. This means that the implementation of solar thermal
systems for space heating and/or cooling could be a great opportunity to substantially reduce the
energy use in residential buildings. However, the main challenges related to the implementation of
solar thermal systems in residential buildings are their current high installation costs with respect
to conventional systems and a complex process of integration into existing housing. In addition,
the effective integration of thermal energy storage (TES) systems, with their inherent dynamic operation,
require a proper monitoring and advanced control strategies to realize effective operation strategies for
dynamic heat integration [3,4].

For water/ice storage systems, a method based on the use of electrical conductivity sensors was
applied [5–7]. The thickness of the growing ice layer on the heat exchanger surface can be seen by the
different electrical conductivity between ice and water. This mature measurement technique can give
accurate results for the determination of the position of a solid/liquid interface (monitoring the phase
front propagation) in simple storage tank geometries applying a series of sensors in one-dimension
(1D). For other types of phase change materials (PCM), or higher temperatures, no commercial
solutions/measurement techniques are known to determine the State of Charge (SoC) [5] based on
the electrical conductivity method. According to Paberit and Ojerborn [8], electrical measurement
techniques could also be used commercially. These authors investigated the electrical resistance
technique to satisfactorily determine the SoC in applications that use polymers as PCM.

Methods based on the use of pressure sensors to detect changes in the volume of the PCM can
also be used to determine the phase fraction of the storage material, thus the SoC of a PCM tank.
This technique was investigated by, for example, Steinmaurer et al. [9] and Paberit and Ojerborn [8],
but no results were presented. Bissell and Gataora [10] proposed a concept based on a pressure
measurement in the storage tank and the transformation of measured pressures into state of charge via
a look-up table.

One of the most studied methods used for monitoring of storage tanks is by means of temperature
sensors located in (or near) the PCM. Together with the knowledge of the specific melting point of the
PCM, this information allows a statement on the condition of the PCM, being either solid or liquid,
and therefore, on the SoC. In Grama et al. [11], a thermal energy battery with enhanced heat exchange
capability and modularity was developed, in which the temperature in the heat transfer fluid at the
bottom of a simple storage tank filled with PCM was monitored. Dixler and Kwok [12] used two
temperature sensors (central and at the edge of the PCM) to determine the state of the PCM in an
electrical energy storage with storage cells embedded in a PCM. Ros [13] measured the temperature
distribution in the PCM enveloping a thermally insulated container by means of several temperature
sensors to determine the insulation time. Viessmann Kaeltetechnik [14] determined the SoC of a
thermal energy storage composed of an arbitrary number of cells with storage media for a cooling
chamber or room. Each medium can have different phase change temperatures, and a temperature
measuring device is arranged in the individual storage cells to detect the temperature of the storage
medium in the respective storage cell and transmits it to a device that calculates the SoC based on the
known actual temperatures and known phase change temperatures. Kazuhiro et al. [15] used a similar
device as Viessmann Kaeltetechnik [14] for the application of a storage chamber equipped with latent
heat storage materials. The main limitation of the aforementioned methods is the application of point
(local) measurements, which give accurate results only for homogeneous temperature fields in the
PCM, storage tank, and storage internals. For inhomogeneous temperatures, these point measurements
can only realize a poor resolution of temperature fields and the position of phase fronts.

To improve the accuracy of the estimation of the solid/liquid phase fraction of the PCM, Barz [16]
developed a method based on the determination of temperature fields inside the PCM. These fields
were determined from multiple temperature sensors and optionally in combination with a model-based
estimation algorithm. Based on the known relation between temperature and phase fraction, phase
fraction fields and mean phase fractions (SoC) in the PCM were calculated. Among many other
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studies applying temperature sensors within the PCM to monitor the phase change, one can mention
Beaupere et al. [17], Charvat et al. [18], Zhou et al. [19], and Wang et al. [20]. Wang et al. [20] used a
relatively high number of temperature sensors to accurately measure the temperature distributions in
the solid and the fluid domain in a small rectangular test cell. Barz et al. [21] evaluated a model-based
sensor (soft-sensor) for the determination of characteristic temperature and phase fraction fields in the
PCM in a lab-scale thermal energy storage with cylindrical PCM shells.

Energy flow sensors can, in principle, be applied for the determination of the SoC defined by the
stored energy. These sensors could be used to measure the amount of heat supplied to and dissipated
by the storage system, which could then allow determining the SoC via an energy balance. However,
as previously stated, this method has the huge disadvantage of not being practicable as it requires very
accurate and complex measurement technology as well as an accurate estimation of heat losses [9,22].

Image sensor or camera was also used for academic research to monitor phase front propagation in
small test cells for studying specific phenomena and to derive from this the solid/liquid fraction of the
PCM and the SoC. Charvat et al. [18] monitored the melting front propagation in a rectangular cavity
filled with a paraffin-based PCM by means of a digital camera, although their study was not intended
to monitor the SoC of the storage. An in-house image processing code was used for conversion of the
photos into black and white images to monitor the propagation of the melting front and to assess the
melt fraction. In another study, Klimes et al. [23,24] used the identified position of the melting front to
assess the performance and accuracy of different simulation models based on the front tracking and
interface capturing methods. Beaupere et al. [17] also used processed images from a camera to calculate
solid fractions. Wang et al. [20] applied direct visual measurement of the liquid–solid interface in a
small rectangular test cell to examine thermal characteristics of the melting process.

Level sensors can also be used to determine the solid/liquid phase front position and the SoC of a
storage tank. Chazelle et al. [25] developed a system and method for determining the charge level
of a reservoir partially filled with PCM, whose volume varied depending on the state of the PCM.
Depending on the difference between the height of the fluid present in the reservoir when the PCM
was completely discharged and charged, the SoC of the PCM could be determined. Henze et al. [26]
used direct measurement of the ice level in a storage tank to estimate the SoC of a PCM storage.

Steinmaurer et al. [9] applied a method based on measurements of oscillating crystals to estimate
the SoC of a PCM storage system. The method consisted of the application of an alternating voltage to
electrodes made of quartz crystal and measurement of impedance, which depends on the phase state
of the PCM. The main limitations of this method are that it is only applicable locally and the required
impedance measurement has very high costs associated.

Propagation of sound was also investigated to determine the SoC of PCM storage systems.
Steinmaurer et al. [9] performed global measurement of the propagation of structure-borne sound
in the storage tank excitation by means of a pulse generator (e.g., electromagnet for striking) and
measurement of the pressure fluctuation by means of piezoelectric acceleration sensors. The main
advantages of this method are its relatively low costs, it is globally applicable, and it only requires one
sensor to characterize the mean phase state. On the other hand, this method has the disadvantage of
requiring complex calibration.

Waschull et al. [27] used electrical resistance measurement of conductive silicone membrane, which
changes its electrical conductivity almost linearly depending on the mechanical stress, to generate the
SoC signal. The storage tank was tightly sealed with such a silicone membrane, and volume variations
of the PCM due to phase change produced different levels of membrane strain and the consequent
variation of the electrical resistance. The disadvantages of this method are that it can only by applied
for materials with a sufficiently high-volume change during phase change, as well as for designs with
a very simple geometry.

Other methods for determination of the SoC of PCM storage systems, mainly used for
academic research, consist of PCM viscosity measurement [8], impedance spectroscopy [8], neutron
diffractometer [28], light transmission measurements [8,17], and/or reaction measurements [22].
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From the literature review performed, it can be said that the technological maturity of available
methods for determining the SoC of latent heat storage systems based on the use of water/ice as an
energy storage material is mature. Commercial sensors are available for this method [29]. For other
different solid/liquid PCM, especially those in the industrially relevant temperature range of 80–300 °C,
several patents were granted for techniques based on pressure sensors (no applications reported),
electrical conductivity, temperature sensors, and a level sensor, all of these indicating a higher potential
for practical application.

All measurement techniques can be grouped according to the following points:

1. The sensor applied to obtain a measurement signal, realizing either:

1A. A local measurement for determination of a quantity at a specific position in the PCM or
storage tank, or

1B. A global or integral measurement for determining a mean or average quantity.

2. Aims at measurement of quantities which are sensitive to changes, either in:

2A. The PCM state, being either solid or liquid, or
2B. The energy of the PCM and/or storage system.

Group 2A techniques focus on the monitoring of changes in the PCM average phase fraction
of solid/liquid PCM, while group 2B techniques focus on the monitoring of the amount of absorbed
(or released) heat. Accordingly, both groups use a different definition of the SoC (also see Reference [21]
for a discussion on that point). For group 2A, the following definition is used:

Definition 1: The SoC indicates the extent to which a storage with PCM is charged relative to storable latent
heat, i.e., the phase transition enthalpy of the PCM during melting and solidification.

For group 2B, the following definition is used:

Definition 2: The SoC indicates the extent to which a storage with PCM is charged relative to a maximal
storable energy calculated from actual charging/discharging and reference temperatures.

According to these points, the aforementioned most relevant measurement techniques are grouped
as shown in Table 1.

Table 1. Classification of the most relevant measurement techniques for determination of the State of
Charge (SoC).

Method 1A 1B 2A 2B

Electrical conductivity sensor × ×

Pressure sensor × ×

Temperature sensor × ×

Energy flow sensor × ×

Image processing from digital camera × ×

Level sensor × ×

Oscillating crystals × ×

Propagation of sound × ×

Propagation of ultrasonic × ×

Dielectricity, capacitance measurement × ×

Resistance measurement × ×

Light transmission measurements × ×

Various approaches exist to improve the performance of the aforementioned techniques.
For instance, in order to provide global information of the PCM or thermal energy storage state, various
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local sensors can be used simultaneously, either to more accurately resolve thermodynamic states in
the storage or PCM, or to more accurately track the evolution of the solid/liquid phase front. Examples
are the combination of various local electrical conductivity or temperature sensors, and calculation of
mean or average quantities [29]. However, this approach comes at the price of increased complexity
and/or costs, making the method less attractive. It is limited in that the high resolution in possibly
complex PCM geometries can easily require a prohibitively high number of sensors.

In addition, model-based algorithms can increase the accuracy of data obtained from sensors, e.g.,
to improve the accuracy of approximated temperature fields based on the solution of a heat transfer
equation, or to improve the estimation of the mean PCM state using known PCM thermophysical
relations to calculate PCM phase fractions from temperature data (e.g., Reference [21]).

Finally, the different techniques perform very differently for different PCM and storage internals
and container geometries. Moreover, the compatibility of the sensors with relevant temperature ranges
and materials needs to be evaluated. Finally, there is the question whether these sensors are established
sensor technologies in the aimed use case, e.g., building or industrial applications.

The main objective of this paper is to study and assess four different methods for the determination
of the SoC in a realistic experimental set-up and operating conditions, using established sensor
technologies in industry as well as commercial industrial grade PCM integrated in a compact thermal
energy storage with efficient and cost-effective heat exchanger (HEX) geometry for efficient charging
and discharging operation. Different techniques are analyzed, which are based on pressure and
temperature measurements for the determination of the SoC of a thermal energy storage tank filled
with the commercial RT-4 [30] PCM.

The methods are based on local and global measurement techniques and are used to quantify the
stored energy using the above-mentioned Definition 2 to define the SoC. Moreover, the issue of how to
process signals from the pressure sensor to distinguish between variations due to volume changes in
the PCM and to temperature variations in the range outside the phase change temperature range is
discussed. Finally, advantages and disadvantages of the different measurement techniques and data
processing methods are discussed and direction for future work are given.

2. Materials and Methods

The considered thermal energy storage system is part of a compact hybrid electric/thermal energy
storage system, which is currently being developed for Mediterranean climates standalone or district
connected residential buildings developed in the H2020 project, HYBUILD [31]. The TES tank is
connected to a photovoltaic-driven (PV-driven) compression heat pump (HP), which is primarily used
for space cooling. The TES is primarily used to store the cold produced by the HP during the periods
of high availability of solar radiation and to cool the building when convenient from the energy and/or
cost points of view. A key point in the development of an optimized control strategy is the continuous
monitoring of the SoC of the TES tank. This parameter will be used as an input to decide whether to
use energy from the PV panels, from the electrical or thermal energy storage, or electricity from the
grid, to efficiently meet the energy requirements of the building.

2.1. Materials

The commercial RT-4 product provided by the company Rubitherm [30] was used as PCM in all
experimental tests. It is an organic material, chemically inert, and thermally stable, therefore a constant
behavior is expected for a large number of charges and discharges cycles. According to the data sheet
provided by the manufacturer [30], it has a phase change temperature in the range between 2 and
4 °C, which suits the requirements of the specific application for which the PCM tank will be used.
The relevant thermo-physical properties of RT-4 are shown in Table 2. Figure 1a shows the partial
specific enthalpy of the PCM according to its data sheet.
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Table 2. Properties of the RT-4 commercial phase change materials (PCM) as given by the manufacturer [30].

Properties Value Units

Phase change range 2–4 °C

Density 0.88 (solid)
kg·L−1

0.77 (liquid)
Thermal conductivity 0.2 W·m−1

·K−1

Volume expansion 12.5 %

Figure 1. Partial specific enthalpy of RT-4. (a) Data taken from Reference [30], (b) DSC analysis by
the authors.

Since the partial specific enthalpy of the PCM is a key input for the determination of the SoC of
the PCM, experimental values were used in the present study. Experimental data were obtained by
differential scanning calorimetry (DSC) analysis performed using the DSC 3+ Mettler Toledo equipment
available at the GREiA research group at the University of Lleida (UdL). Heat flux measurements were
obtained for different melting and solidification processes performed with a small sample of PCM
within the temperature range between −18 and 28 °C at a constant heating/cooling rate of 0.5 K/minute.
According to experimental data, the partial specific enthalpy of RT-4 is slightly different, as shown in
Figure 1b.

A mixture of 70% water and 30% mono ethylene glycol was used as heat transfer fluid (HTF). Some
of the relevant thermo-physical properties of the HTF are shown in Table 3, which were calculated by
interpolating the values provided by the manufacturer at different temperatures [32].

Table 3. Properties of the heat transfer fluid (HTF) used, as given by the manufacturer [32].

Properties At T = −2 °C At T = 12 °C Units

Density 1052.7 1047.4 kg·m−3

Viscosity 4.5 2.8 mPa·s
Specific heat 3585 3624 J·kg−1

·K−1

Conductivity 0.421 0.437 W·m−1
·K−1

2.2. Experimental Set-Up

The experimental test rig shown in Figure 2 was built in the laboratory of the GREiA research group
to perform different PCM charging and discharging processes in different configurations. It consists of
two temperature-controlled water baths filled with the HTF, a HEX filled with 2.49 kg of RT-4 PCM
connected to a DAB VA 65/180 wet rotor pump to recirculate the HTF through the HEX, a Badger Meter
Primo Advanced flow meter, with an accuracy of ±0.25%, two three-way valves to switch the HTF flow
between the hot or the cold HTF bath, 0.5” copper pipes insulated with 18 × 0.9 mm polyurethane
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tubes, and valves. The cold and hot HTF baths had a capacity of 12 L and 20 L, respectively. Auxiliary
units such as two JP SELECTA FRIGEDOR cooling coils, an OVAN TH100E immersion thermostat,
and a JP SELECTA Termotronic immersion thermostat were used to control the temperature in both
the cold and the hot HTF baths.

Figure 2. Schematic view of the experimental set-up.

The HEX design corresponds to the so-called compact heat exchanger design, which is widely
applied for air conditioning and refrigeration systems [33]. It is an aluminum plate-fin extended
surfaces heat exchanger with 14 parallel liquid passages of 3 mm height, and 15 air passages of 10 mm
height. The core length (dimension of HEX internals) is 300 × 216 × 94 mm. The HTF flows through
the liquid passages, while the air passages are filled with PCM and hermetically sealed.

The test rig and the HEX were equipped with different temperature sensors located at relevant
positions and one pressure sensor. Seven Pt-100 class B temperature sensors with an accuracy of
±0.3 °C were used, five of them within the HEX to measure the PCM temperature at different locations,
and two of them at the inlet and outlet of the HEX to measure the HTF temperature. Furthermore, an
FG 10S20 WIKA pressure sensor with an accuracy ±0.25% was used to measure the pressure inside the
HEX cavity where PCM was placed. The temperature in the HTF baths and the mass flow of the HTF
were monitored as well. A data acquisition system consisting of a STEP DL-01 data logger connected
to a personal computer was used to record the experimental measurements at a time interval of 30 s.

Figure 3 shows the details regarding the HEX configuration and the location of the temperature
and pressure sensors within the heat exchanger. As shown in Figure 3a, the volume of the HEX filled
with PCM has two cavities: an upper cavity that is filled with air and a lower cavity filled with PCM.
The PCM was introduced through the upper opening until it reached the desired filling level, after
which the pressure sensor was placed on the upper opening to hermetically close the PCM cavity.
The details regarding HTF and PCM channels distribution are shown in Figure 3b, while the locations
of the temperature and pressure sensors are shown in Figure 3c. Sensors T1 and T2, as well as T4 and
T5 were placed symmetrically with respect to the horizontal plane that crosses the HEX through its
center, while sensor T3 was located in the center of the HEX.
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Figure 3. Heat exchanger (HEX) geometry: (a) three-dimensional (3D) view, (b) internal channels
distribution, and (c) location of temperature and pressure sensors in the top view.

Figure 4 shows a picture of the experimental test rig, where the main components are indicated.
The HEX is in the center of the figure covered by the insulating material.
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Figure 4. Photo of the experimental test rig.

2.3. Experimental Methodology

Several experiments were performed to evaluate alternative methods for the determination of the
SoC under different operating conditions. Two operating scenarios were tested, as explained in Table 4.
It should be noted that cooling applications are considered in this contribution. Thus, the TES tank is
considered to be charged when the PCM is in the solid state.

Table 4. Experimental design.

For the charging process, the PCM was initially at a
maximum temperature (Tmax) that corresponds to a
completely discharged state. Then, the two 3-way

valves were switched to recirculate HTF from the cold
tank through the HEX to charge the PCM with cold,

until the TES tank got completely charged.

For the discharging process, the PCM was initially at
a minimum temperature (Tmin) that corresponds to a
completely charged state. Then, the two 3-way valves
were switched to recirculate HTF from the hot tank

through the HEX to discharge the cold from the PCM,
until the TES tank got completely discharged.

The cold HTF bath was used as a source to charge cold within the TES tank through solidification
of the PCM by supplying an inlet constant temperature to the HEX. The hot HTF bath was used to
discharge the cold stored within the TES tank through melting of the PCM by supplying an inlet
constant temperature to the HEX. The charging and discharging processes were considered completed
when the average PCM temperature approached the HTF inlet temperature with a maximum deviation
of 0.4 ◦C.
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Two types of experiments were performed, by varying the HTF flow rate for a fixed HTF inlet
temperature and by varying the HTF inlet temperature for a fixed HTF flow rate (see Table 5 All
experiments were repeated three times to check the consistency in the results. Once all these tests were
performed, the most representative experiment (i.e., the experiment with the most stable HEX inlet
conditions) was selected to compare the different scenarios and to analyze the relation between flow,
HTF inlet temperature, PCM temperatures, and the SoC.

Table 5. Experimental plan.

Type
Temperature Range

for the Charging
Process (◦C)

Temperature
Range for the
Discharging
Process (◦C)

HTF Flow Rate
(L/min) Repetitions

Variable HTF flow rate

12→−2 −2→ 12 2.0 3
12→−2 −2→ 12 1.5 3
12→−2 −2→ 12 1.0 3
12→−2 −2→ 12 0.5 3

Variable temperature range
14→−3 −3→ 14 0.5 3
12→−2 −2→ 12 0.5 3
10→ 1 1→10 0.5 3

3. Theory and Calculations

Four different methods were used in this study to calculate the SoC of the TES tank, as described
below. In each case, the TES tank was considered to be 100% charged when it reached the minimum
level of energy, i.e., when it was able to provide then maximum amount of cold stored, while it was
considered to be totally discharged when it reached the maximum level of energy.

3.1. Average PCM Temperature

The simplest way to estimate the SoC of the TES tank is based on calculating the average of the
PCM temperature as shown in Equation (1). The main advantage of this method consists in the fact that
the SoC can be obtained by means of a simple equation in terms of PCM temperature measurements.
No detailed information is required regarding the PCM specific heat capacity and the SoC varies
linearly with the PCM average temperature from 0 to 1. The SoC according to the average PCM
temperature (SoCT,PCM) is calculated using Equation (1):

SoCT,PCM =
Tmax −

∑
i Ti(t)·mi
MPCM

Tmax − Tmin
(1)

where Ti(t) is the temperature of the PCM compartment i at time instant t, Tmin and Tmax are the
minimum and maximum PCM temperature along the entire process respectively, mi is the mass of the
PCM associated to the PCM compartment i, and MPCM is the total mass of PCM inside the HEX.

3.2. Average Specific PCM Enthalpy

In order to improve the previous method, the relation between PCM temperature and partial
specific enthalpy (Figure 1) was taken into account. In doing so, temperature is related to the amount of
energy stored within the PCM. The SoC according to the average specific PCM (SoCh,PCM) is calculated
using Equation (2):

SoCh,PCM =
hmax −

∑
i hi(t)·mi
MPCM

hmax − hmin
(2)

where hi(t) is the specific enthalpy of the PCM compartment i at temperature Ti at time instant t, with
hmin and hmax being the specific PCM enthalpy corresponding to Tmin and Tmax, respectively.
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3.3. Energy Balance of the HTF

The temperature variation of the HTF as it flows through the HEX is the only source of energy
that is being transferred to the TES tank, and the energy associated to this temperature variation can
be considered as the maximum amount of energy that the PCM may store. However, this amount of
energy is not only transferred to the PCM, but also to the aluminum casing of the HEX, the HTF that
is inside the HEX, and also to the ambient as thermal losses. Therefore, in terms of absolute energy,
the value obtained by means of an energy balance of the HTF will be different from the one obtained
by applying the average enthalpy of the PCM method.

Nevertheless, the fact the SoC parameter is defined as a relative quantity allows to compare the
different methods at any instant during the charging or discharging processes. Even so, the main
drawback of this method consists in the fact that due to thermal losses, the amount of energy that
can be restored from the TES tank will always be less than the maximum energy that is obtained
by applying an energy balance of the HEX. If there is a large period between the charging and the
discharging processes, heat losses during this period may be significant, and the SoC may give a wrong
indication of the actual amount of cold that can be recovered from the TES tank.

The SoC is obtained in terms of the heat extracted from or supplied to the HEX by the HTF,
depending on whether the TES tank is charging or discharging. The SoC according to the energy
balance of the HTF (SOCHTF) is calculated using Equation (3):

SOCHTF =


∫ t

0 (THTF,out(τ)−THTF,in(τ))·dτ∫ t f
0 (THTF,out(τ)−THTF,in(τ))·dτ

, for charging

1−
∫ t

0 (THTF,in(τ)−THTF,out(τ))·dτ∫ t f
0 (THTF,in(τ)−THTF,out(τ))·dτ

, for discharging
(3)

where THTF, in and THTF, out are the HTF temperature at the inlet and outlet of the HEX respectively, and
tf is the total duration of the charging/discharging process.

3.4. Pressure inside the PCM Cavity

The pressure inside the PCM cavity can vary because of two main effects: (1) variation of the
PCM volume when it changes phase from liquid to solid states (and vice-versa) due to different values
of the density in each state, and (2) temperature variation of the air trapped inside the PCM cavity,
which causes an expansion or contraction of the air depending on whether the temperature increases
or decreases, respectively. In this case, the two contributions have the same effect, that is, when the
temperature increases above the PCM melting point, both the PCM and the air increase their volumes,
so that the total pressure increase is the sum of both contributions. The opposite happens when the
temperature decreases below the solidification point.

This method is based on the fact that the pressure inside the PCM cavity is expected to decrease
when the PCM is solidifying because of its lower specific volume (higher density) in solid state,
which allows the air trapped inside the PCM cavity to expand and decrease its pressure. Therefore,
the minimum value of the pressure should indicate that the PCM is completely solidified, i.e., the TES
tank is completely charged with cold. The SoC according to the pressure measured inside the PCM
cavity (SOCp) is calculated using Equation (4):

SOCp =
pmax − p(t)
pmax − pmin

(4)

where p(t) is the pressure inside the PCM cavity at time instant t, and pmin and pmax are the minimum
and the maximum pressure corresponding to Tmin and Tmax, respectively.
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4. Results

4.1. Repeatability Tests

All the experimental tests shown in Table 5 were performed three times to ensure data reliability.
Figure 5 shows the HTF inlet (Tin) and outlet (Tout) temperature evolution of three experiments for
PCM charging (a) and discharging (b) processes for a HTF flow rate of 1.0 L/min. The results show that
the temperature evolution is similar among the different experiments.

Figure 5. Results of HTF inlet and outlet temperature at a flow of 1 L/min for (a) charging and
(b) discharging of PCM.

Figure 6 shows PCM temperature evolution of three experiments for PCM charging (a) and
discharging (b) processes for a HTF flow rate of 1.0 L/min. Since the pair of temperature sensors
positioned at the same distance inside the HEX along the direction of HTF flow (i.e., T1 and T2, and T4

and T5) had very similar values in all the experiments performed, the data of only one sensor of each
pair is shown in all figures for simplicity. Here again, the temperature evolution is similar among the
different experiments.

Figure 6. Results of repeatability of PCM temperature at a flow rate of 1 L/min for (a) charging and
(b) discharging of PCM.

4.2. Evolution of PCM Temperatures during Charging and Discharging

Figure 7a shows the evolution of the PCM temperature at the relevant locations during charging
at different HTF flow rates and constant HTF inlet temperature of −2 °C. The sensors located at a
position closer to the inlet of the HEX (T4) show an earlier and quicker temperature drop from the
initial value of around 12 °C towards the final value around −2 °C for all flow rates. The effect of the
PCM solidification, i.e., slowly changing temperatures within the phase transition temperature range
especially around the peak of the PCM partial specific enthalpies in Figure 1b, can hardly be noticed at
this location. However, for the sensor located in the middle of the HEX (T3), this effect can be clearly
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seen when the temperature reaches about 6 °C. Here, the slope of the temperature drop is reduced
during a short time (approximately 1 min). This effect is more evident as the flow rate is lower (up to
6 min for 0.5 L/min). The sensors located closer to the outlet of the HEX (T1) show a delayed and
slower temperature drop, and the phase change effect is evident around 5 °C with an almost constant
temperature for around 5 to 6 min. As expected, the overall duration of the charging process depends
on the HTF flow rate, and it varies from about 17 min for a flow rate of 2 L/min to about 47 min for a
flow rate of 0.5 L/min.

Figure 7. PCM temperature evolution at (a) different flow rates during the charging process, (b) different
temperature ranges during the charging process, (c) different flow rates during the discharging process,
and (d) different temperature ranges during the discharging process—Note that flow rate values
(in L/min) and temperature ranges (K) are shown inside brackets in the legends. ∆T ±8 and ∆T ±4 in
the legends of (b) and (d) refer to the temperature difference between the HTF inlet temperature and
the peak of the PCM phase change temperature.

Figure 7b shows the temperature evolution of the PCM during charging processes for different
temperature ranges and for a fixed flow rate of 0.5 L/min. The higher temperature range corresponds
to a PCM temperature variation from 14 to −3 °C (denoted by ∆T ± 8 in the legend), while the lower
temperature range corresponds to a PCM temperature variation from 10 to 1 °C (denoted by ∆T ± 4 in
the legend).

Figure 7c shows the evolution of the PCM temperature during discharging at different HTF flow
rates and constant HTF inlet temperature of 12 °C. Similar to the charging process, the change in
temperature occurs faster for higher values of the HTF flow rate. The sensors located closer to the
inlet of the HEX (T4) show a faster change in temperature towards 12 °C. Unlike the charging process,
the sensors located in the middle (T3) and closer to the outlet of the HEX (T1) do not show a significant
reduction of the slope of temperature increase around the phase change temperature. This difference
can be attributed to the different shape of the PCM specific heat capacity for solidification and melting
(see Figure 1b).



Energies 2020, 13, 1425 14 of 26

Figure 7d shows the temperature evolution of the PCM during discharging processes for different
temperature ranges and for a fixed flow rate of 0.5 L/min. The higher temperature range corresponds
to a PCM temperature variation from −3 to 14 °C (denoted by ∆T ± 8 in the legend), while the lower
temperature range corresponds to a PCM temperature variation from 1 to 10 °C (denoted by ∆T ± 4 in
the legend). The results are in line with results obtained in Figure 7b.

4.3. SoC—Average PCM Temperature Method

The SoC obtained by following this method is shown in Figure 8a for the charging process at
different HTF flow rates and constant HTF inlet temperature of −2 °C. The SoC increases faster at the
beginning of the process and it slows down its increase as the average PCM temperature approaches the
inlet HTF temperature. The curves corresponding to the different HTF flow rates have similar features,
although the time required to complete the process is lower for higher HTF flow rates, as expected.

Figure 8. SoC according to PCM average temperature method at (a) different flow rates for the charging
process, (b) different temperature ranges for the charging process, (c) different flow rates for the
discharging process, and (d) different temperature ranges for the discharging process.

The comparison of the SoC evolution for the charging process at a flow of 0.5 L/min for different
temperature ranges is shown in Figure 8b. The two curves are almost identical, meaning that the
temperature range has a very low influence on the evolution of the SoC with time during charging.
There is a kink in the signal around 10 min, which might indicate that part of the PCM starts to solidify,
as also observed in Figure 7b.

Results for discharging at different flow rates and constant HTF inlet temperature of 12 °C are
shown in Figure 8c. Like in the charging process, the four curves show similar behavior, and the
discharging is faster for higher HTF flow rates. The comparison of the SoC evolution for the discharging
process at a flow of 0.5 L/min for different temperature ranges is shown in Figure 8d. In this case,
it can be seen that the discharging process is slightly slower for the lower temperature range ∆T ± 4 °C,
especially after 10 min from the beginning of the process. Again, as in Figure 7b,d the shape of the
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curve for charging and discharging is different (e.g., in Figure 8d there is no kink around 10 min while
there is a kink in Figure 8b), and can be attributed to the different shape of the PCM specific heat
capacity for solidification and melting.

4.4. SoC—Average PCM Enthalpy Method

The SoC calculated according to the average PCM enthalpy method is shown in Figure 9a for the
charging process at different flow rates and constant HTF inlet temperature of−2 °C. In all cases, the SoC
starts to increase 1 min after the beginning of the charging process at a relatively high rate until it
reaches around 80%, when the slope of the curve starts to decrease towards zero as the SoC approaches
100%. The slope of the SoC curve is higher for higher values of the HTF flow rate. The reason is that
energy is transferred to the PCM at a higher rate at the beginning of the process because there is more
temperature difference between the PCM and the HTF. For instance, at a flow rate of 1.5 L/min, a SoC
value of 80% is reached in the first 10 min, while more than 20 min are needed to charge the rest of 20%
required to reach a complete charge. This relation between SoC and time is similar for the different
flow rates.

Figure 9. SoC according to the PCM average enthalpy method at (a) different flow rates for the
charging process, (b) different temperature ranges for the charging process, (c) different flow rates for
the discharging process, and (d) different temperature ranges for the discharging process.

The evolution of the SoC during the charging process at a flow of 0.5 L/min for different temperature
ranges is shown in Figure 9b. The two curves are very similar during the first 15 min, after which the
charging at a lower temperature range becomes slower than the other one.

The SoC evolution during the discharging process at different flow rates and constant HTF inlet
temperature of 12 °C is shown in Figure 9c. When compared to the charging process, it can be noticed
that the discharging process occurs faster and it is qualitatively different. Moreover, the slope of
the predicted SoC curve for the discharging process shows strong variations that occur when the
SoC is around 30%. This behavior is directly related to the evolution of the single PCM temperature
measurements (and their average values) used to calculate the enthalpy values. In Figure 7c, it can be
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seen that for all flow rates, the temperature profiles show an inflection point at about 5–6 ◦C, which
corresponds to the point where the melting of the PCM is completed and the temperatures start
rising faster.

The comparison between the variations of the SoC for the discharging process at a flow of 0.5 L/min
for different temperature ranges is shown in Figure 9d. The two curves are quite similar along the entire
process, although the discharging at a lower temperature range (∆T ± 4 °C) is initially slightly faster,
and it finally becomes slower in the final part of the process. Again, as for Figure 9c, the predicted SoC
shows inflection points here for 35% and 60%, which might be caused by the sudden changes of the
PCM specific partial enthalpies (Figure 1b) at the start and end of the melting process (see also the
inflection points in Figure 7d). Finally, it can also be noticed that for the calculated SoC, the entire
discharging process is faster than the corresponding charging for both temperature ranges.

4.5. SoC—Energy Balance of the HTF Method

The SoC calculated according to the HTF energy balance method is shown in Figure 10a for
the charging process at different flow rates and constant HTF inlet temperature of −2 °C. The SoC
increases faster at the beginning of the process because of the larger temperature difference between
the PCM and the HTF, and the rate of increase gradually diminishes until the TES tank is completely
charged. As already seen in previous figures, the charging process occurs faster at higher HTF flow
rates. The evolution of the SoC for charging process at a flow of 0.5 L/min for different temperature
ranges is shown in Figure 10b. The two curves are similar, and only a slight difference can be noticed
at the middle part of the process, which does not affect that overall process duration that is practically
the same in both cases.

Figure 10. SoC according to the HTF energy balance method at (a) different flow rates for the charging
process, (b) different temperature ranges for the charging process, (c) different flow rates for the
discharging process, and (d) different temperature ranges for the discharging process.
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The SoC evolution for discharging at different flow rates and constant HTF inlet temperature
of 12 °C is shown in Figure 10c. The curves behave as expected, i.e., the SoC decreases faster at the
beginning of the process and the process occurs faster at higher HTF flow rates. The evolution of the
SoC for the discharging process at a flow of 0.5 L/min for different temperature ranges is shown in
Figure 10d. In this case, again, the temperature range has practically no influence on the SoC time
evolution, which are very similar for both values of the temperature range.

4.6. SoC—Pressure inside the PCM Cavity Method

Figure 11a shows the SoC evolution according to the pressure method for the charging process at
different flow rates and constant HTF inlet temperature of −2 °C. The SoC rate of increase is faster
in the first half of the charging process, after which it slows down until the TES tank is completely
charged. For instance, at a flow rate of 1.5 L/min, it can be noticed how after the first 4 min, the SoC
already reaches a value of 50%, while it takes more than 10 min to charge the rest of the 50% needed
to reach complete charging. This can be explained by the fact that the heat transfer rate is higher at
the beginning of the process because of a larger temperature difference between the HTF and the
PCM, which causes a faster temperature variation of both the PCM and the air inside the PCM cavity.
The maximum slope of the predicted SoC curve is attained when the average PCM temperature is close
to the phase change point, when the volumetric change of the PCM is more pronounced. The overall
evolution of pressure is quite similar among the different flow rates, the pressure increase being higher
for higher values of the HTF flow rate.

Figure 11. SoC according to the PCM cavity pressure method at (a) different flow rates for the charging
process, (b) different temperature ranges for the charging process, (c) different flow rates for the
discharging process, and (d) different temperature ranges for the discharging process.

The evolution of the SoC for the charging process at a flow of 0.5 L/min for different temperature
ranges is shown in Figure 11b. The SoC increases faster for a higher temperature range (∆T ± 8 °C)
during the first part of the process, and it slows down its increase in the second half of the process.
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As a consequence, a maximum SoC difference of around 20% between the two curves is achieved in
the central part of the process.

The SoC evolution according to the PCM cavity pressure method during discharging at different
flow rates and constant HTF inlet temperature of 12 °C is shown in Figure 11c. The evolution of
pressure is generally quite similar among the different curves, the SoC decrease being faster at higher
values of the HTF flow rate. As in the charging case, the pressure variations are faster at the beginning
of the process, considerably decreasing towards the end of the process when the PCM is almost
discharged. The evolution of the SoC during the discharging process at a flow of 0.5 L/min for different
temperature ranges is shown in Figure 11d. Similar to the charging process, the SoC varies faster for a
higher temperature range (∆T ±8 °C) during the first part of the process, which produces a maximum
SoC difference of more than 15% between the two curves after the first 7 min.

4.7. Comparison of the Four SoC Methods Studied

The four methods investigated in this study are summarized and compared in this section, for
several charging and discharging processes performed in the temperature range between −2 and 12 °C,
and at four different HTF flow rates. Figure 12 shows that, during charging, a consistent relationship
exists between the methods based on PCM enthalpy estimation and energy balance of the HTF, which
follow similar trends along most of the process duration for each of the flow rates. However, the
method based on PCM average temperature measurements predicts a faster increase at the first part of
the process, and when the SoC reaches a value around 50%, there is a clear reduction in the rate of
increase, and it adjusts to the previous two curves when the SoC is around 80%. Finally, the method
based on pressure measurements also shows a different behavior with respect to the other three
methods. At the beginning of the process, it increases at similar rates as the other methods, but unlike
the other curves, in this case, the increase is maintained at a similar level as at the beginning until it
reaches values almost as high as 90%.

Figure 12. Comparison between the four methods for determining the SoC during charging at a HTF
flow rate of (a) 0.5 L/min, (b) 1.0 L/min, (c) 1.5 L/min, and (d) 2 L/min.
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Very similar results are obtained for the charging process at a flow rate of 0.5 L/min and at different
temperature ranges (not shown here).

The evolution of the SoC according to the different methods during discharging at different HTF
flow rates is shown in Figure 13. Unlike the charging process, the methods based on PCM enthalpy
and energy balance of the HTF give quite different curves during discharging. The curve based on
HTF energy balance is decreasing smoothly towards its minimum value, while the curve based on
PCM enthalpy shows large slope variations with inflection points along the entire process, especially
for higher HTF flow rates (see also the discussion of this effect in Section 4.4). Like in the charging
process, the curve based on pressure measurements has the highest variation rate during the first part
of the process, therefore being the method that gives the lowest values for the SoC along the major
part of the entire process. On the other hand, the curve based on the average PCM temperature has a
different profile as compared to the charging profile, in this case, being more similar to the profile of
the curve based on the HTF energy balance.

Figure 13. Comparison between the four methods for determining the SoC during discharging at a
HTF flow rate of (a) 0.5 L/min, (b) 1.0 L/min, (c) 1.5 L/min, and (d) 2 L/min.

Very similar results are obtained for the discharging process at a flow rate of 0.5 L/min and at
different temperature ranges (not shown here).

4.8. Detailed Analysis of the Pressure Signals inside and outside of the Phase Transition Temperature Range

An important aspect of the SoC method based on pressure measurements is to distinguish
between the contributions coming from the sensible and latent temperature ranges. The sensible
contribution is mainly due to the volume change of the air inside the cavity, and possibly from PCM
expansion/contraction when it is totally liquid/solid. The latent contribution only comes from density
variation of the PCM during phase change. Therefore, to quantify the magnitude of both sensible and
latent contributions, an additional experiment was performed at a flow rate of 0.5 L/min in the sensible
temperature range between 12 and 26 °C to compare it to a temperature range of the same amplitude
between −2 and 12 °C, which includes the latent temperature range of the PCM.
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Figure 14 shows the pressure variation in both sensible and latent temperature ranges.
The temperature at the center of the HEX (T3) is also shown in the graph to give a rough indication
of the PCM SoC. During the first 40 min of the experiment, the PCM is cooled down in the sensible
range from 26 to 12 °C. The pressure drop in this range is 0.17 bar, from 1.08 bar to 0.91 bar, due to the
sensible contribution. During the next 40 min, the PCM is further cooled down from around 13 to
−1 °C, and the pressure drops 0.36 bar, from 0.94 bar to 0.58 bar, due to both the sensible and latent
contributions. Therefore, by subtracting the sensible contribution, one can get the latent contribution
of 0.19 bar, which is almost the same as the sensible contribution. At around 120 min, the discharging
process is initiated. The PCM is heated from −2 to 12 °C during 40 min, and the pressure increases
0.37 bar in this temperature range, from 0.59 bar to 0.96 bar. Finally, the PCM is heated in the sensible
range from 13 to 26 °C, and the pressure increases 0.11 bar, from 0.97 to 1.08 bar. Thus, the pressure
variation in the latent range is very similar for charging and discharging processes (0.36 bar versus
0.37 bar), while there is a slight difference in the sensible range, the variation during discharging being
less than during charging (0.11 bar versus 0.19 bar). This may happen because the discharging process
started immediately after the end of the charging, and the temperature distribution inside the HEX
may probably not be uniform, which can cause a deviation of the pressure inside the air cavity with
respect to the expected value.

Figure 14. Pressure and temperature evolution in the sensible and latent temperature ranges for both
charging and discharging processes at 0.5 L/min.

Figure 14 also shows an estimation of the latent contribution to the total pressure (denoted as
‘Pressure_lat’) that was obtained by subtracting the sensible contribution term, which was assumed
to be a linear function of T3, from the total pressure. It can be noticed how the latent contribution is
kept constant around 0.75 bar outside the phase change range, and it decreases to a minimum around
0.58 bar when the TES tank is supposed to be completely charged (no contribution from the sensible
term). A slight deviation from the expected value of around 0.75 bar occurs just after the discharging
process, where the latent term contribution increases to around 0.80 bar during 30 min, after which it
slightly decreases towards 0.75 bar.

In view of the above analysis, the method based on pressure measurements inside the PCM cavity
can be applied to estimate the SoC of the TES tank because there is a direct relation between the pressure
and the state of the PCM. However, because of some effects that are related to the dynamics of successive
charging or discharging processes, as well as particularities related to the specific configuration of the
HEX studied here, some deviations from the typical and expected behavior may occur, which may
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affect the accuracy of the SoC obtained by means of this method. The main lessons learnt regarding the
application of this method are further explained in detail in the Appendix A.

5. Discussion

In this study, four different methods for the determination of the SoC of a small prototype of a
TES tank filled with the commercial PCM RT4 for cooling applications in residential buildings were
investigated, based on: (1) average PCM temperature, (2) average specific PCM enthalpy, (3) energy
balance of the HTF, and (4) pressure inside the PCM cavity. All methods aim at the determination of
the energy content of the PCM (according to Definition 2). The results show that for the considered
application and instrumentation, each of these methods can be used to estimate the SoC.

Regarding the method based on average PCM temperature, it has the main advantage of being
very simple and easy to implement. However, it assumes a linear relationship between temperature
and SoC and thus, is not recommendable when an accurate estimation of the SoC is needed, e.g., during
partial charging or discharging. The method based on the average specific PCM enthalpy improves
the previous method relating temperature to specific enthalpies based on information on the PCM
thermo-physical properties, and by this relating temperature to the amount of energy stored within
the PCM.

For both temperature-based methods, to achieve accurate results, a large number of sensors
is required, along with reliable information regarding the PCM specific enthalpy curve. If too few
temperature sensors are used, as in the case of this study, the SoC shows large oscillations, especially
in the discharging process, which denotes deviations from the SoC obtained using the other three
methods. Furthermore, the use of established temperature measurement technology offers a robust
solution for most solid/liquid storage systems, but with strong limitations regarding the accuracy of
the derived SoC, in particular when a small number of sensors are used, when the PCM has variable or
unknown thermo-physical properties, or in the case of complex geometries.

The method based on temperature measurement techniques has the advantage of using
cheap sensors and established temperature measurement technology. However, it also has some
disadvantages, such as the fact that it only applies locally and therefore it is not suitable for complex
designs of latent heat accumulators. It is also problematic when PCM show hysteresis effects: in this
case, the conversion of temperatures into specific enthalpies (and phase states) is only possible with
comparatively complex mathematical models and strongly limited accuracy. If there are changes in the
thermo-physical properties of the PCM due to, for instance, degradation of the material, this directly
affects the performance of the process. Moreover, insufficient sensitivity of the sensors can lead to
large errors for PCM with a small phase change temperature range (T < 3K).

Similar to the methods based on temperature measurement techniques, the method based on
the energy balance of the HTF has the advantage of not requiring any information on the PCM.
Moreover, this method can, in principle, be very accurate if additional information on the latent heat
thermal energy storage is provided, such as the exact amount and specific heat of the casing material,
average temperature of the casing material, amount and temperature of HTF inside the tank, ambient
temperature, global heat transfer coefficient, and heat transfer surface area. The last three parameters
allow calculating the heat transfer rate between the latent heat thermal energy storage and the ambient
air, which is a key variable that is needed if this method is applied. Therefore, the main disadvantages
of this method are the need for accurate additional information on the system, it is time-dependent due
to heat transfer from the ambient, and it also required additional calculations to subtract the sensible
heat stored in the casing material and the HTF inside the tank from the total energy to get the energy
stored in the PCM only. This method is therefore used in this contribution to provide a reference value
of the SoC. However, it is not recommended for practical applications.

Finally, the method based on pressure measurements inside the PCM cavity has the advantages
that it only requires one pressure sensor, it does not require any information on the PCM, and it
directly relates to the overall SoC of the PCM, regardless of its temperature distribution and the
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phase transition behavior (e.g., hysteresis effects for melting and solidification). The main limitation
of this method is that it is only applicable for PCM that significantly change their volume during
phase change. In contrast to previous studies, where the pressure sensors are considered to provide
information regarding changes in the PCM volume during phase transition, in this study, it was shown
that the pressure signal can be divided into sensible contribution (contribution from the air) and latent
contribution (PCM density changes in the phase transition temperature range). Thus, the pressure
sensor can provide information on the stored energy according to Definition 2. It was also noted, that
for the experiments conducted, in some cases, a strange and unexpected behavior was observed, which
can reduce the accuracy and reliability of the method. The performance of this technique relies on the
critical assumptions that the pressure is homogenous within the entire storage tank even for complex
designs, and that the storage tank is absolutely tight over the entire service life. In the case that all
the above-mentioned assumptions are fulfilled, this technique is a global measurement method that
provides information on the average PCM (phase) state in the storage system, and it only requires one
pressure sensor. Another disadvantage might be that pressure sensors are less robust in long-term
operation because they need to be periodically re-calibrated.

6. Conclusions

The implementation of energy storage systems is deemed necessary in most of the new technologies
based on the use of renewable energies aimed at mitigating the use of fossil fuels and their associated
CO2 emissions. In particular, the use of thermal energy storage within solar thermal systems for space
heating and/or cooling in residential buildings could be a key element for achieving a significant
reduction of the overall energy consumption and an improvement of the overall system efficiency.

For thermal energy storage systems based on the use of PCM, the information regarding the SoC
is very important from the control strategy point of view. Therefore, a reliable method is deemed
necessary to accurately determine the SoC of the PCM at any time. For solid/liquid PCM, different
methods for SoC determination were previously investigated. A classification of the measurement
techniques and data processing methods is given, distinguishing between local and global/integral
measurement techniques, and using sensors that are either sensitive to changes in the PCM phase state,
being either solid or liquid, or the energy of the PCM and/or energy storage system. Two corresponding
alternative definitions of the SoC were introduced.

All four methods for determining the SoC of the PCM tank investigated in this study have both
advantages and disadvantages. A good strategy in practical applications could be to combine two
or more of these methods and take profit of the advantages of each of the methods. For instance,
one could use the method based on pressure measurements combined with the average temperature
method, which would not require any information on the PCM properties or tank characteristics. The
temperature measurements could be used to determine the SoC outside the PCM phase changes range,
i.e., when the tank is completely charged or discharged, while the pressure measurements could be
used during the phase change. The transition from one method to the other would be dictated by the
point when temperature measurements indicate the starting or finishing of the phase change process.
Temperature measurements could also be used to calibrate the pressure measurements before each of
the phase change processes.
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Appendix A Lessons Learnt Applying the Pressure inside the PCM Cavity Method

Although the evaluation of the SoC based on pressure measurements inside the PCM cavity
seems to be a reliable method because the pressure directly depends on the state of the PCM, some
irregularities were observed in a few experiments. Figure A1a shows the evolution of the pressure in
two charging processes performed at a flow rate of 1 L/min. The process denoted by ‘A’ shows a typical
behavior of the pressure evolution, for which the pressure decreases from an initial value of about
0.90 bar to a final value between 0.55 bar and 0.60 bar. On the other hand, the process denoted by ‘B’
shows a different behavior, i.e., the pressure decreases from the initial value of 0.96 bar until it reaches
a value around 0.75 bar when it suddenly stops decreasing and stabilizes around 0.73 bar, despite that
fact that the PCM temperature keeps decreasing until the TES tank gets completely charged. This
strange behavior of pressure variation could be explained by the solidification of the PCM in the
region between the air cavity, where the pressure sensor is located, and the space where the PCM is
located between the HTF channels, which could block the expansion of air inside the cavity, in this
way creating a local overpressure.

A strange behavior was also observed in a few discharging processes. Figure A1b hows the
evolution of the pressure in two discharging processes performed at a flow rate of 1 L/min. The process
denoted by ‘A’ shows a typical behavior of the pressure evolution, for which the pressure increases
from an initial value between 0.55 bar and 0.60 bar to a final value around 0.96 bar. In the case of the
strange behavior denoted by ‘B’, the pressure starts at 0.75 bar, which is much higher than usual, and it
increases until it reaches a value around 0.9 bar, after which it stops increasing and it even decreases for
a short period, after which it recovers the normal evolution towards the maximum value of around 1.00
bar corresponding to complete discharging of the TES tank. The cause of such a strange behavior can
be the same, or similar, as in the charging case. If initially the solid PCM blocks the space that allows
communication between the air cavity and the space where the PCM is located, as the temperature
of the air inside the cavity increases, the pressure also increases until the solid PCM that blocks the
air cavity changes phase and finally allows the air trapped inside the cavity to redistribute inside the
whole space where the PCM is located.

Figure A1. Examples of pressure evolution during (a) two charging processes at a flow rate of 1 L/min,
and (b) two discharging processes at a flow rate of 1 L/min. Curve A shows the pressure behavior in
most of the experiments, while curve B shows an unusual pressure behavior.
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Another reason for the unusual pressure behavior could be related to air bubbles that may form
during the solidification process, which may artificially increase the volume occupied by the PCM
when it is completely solid. It is also possible that the PCM that occupies the second cavity of the HEX
(see Figure 3) is in a state different from the state of the PCM that is in direct contact with the HTF
channels if the duration of the charging and discharging processes, as well as the time period between
two consecutive processes, is too short to allow the PCM to undergo a complete phase change.

To check this last hypothesis, the initial values of the pressure at the beginning of all charging
and discharging processes performed were put together to compare the differences between the
experiments. Figure A2a shows the initial values of the pressure for charging processes with an initial
temperature value around 12 °C and at different flow rates, while Figure A2b shows the initial values of
the pressure for discharging processes with an initial temperature value around −2 °C and at different
flow rates. Two types of experiments can be distinguished in both charging and discharging. The first
one, denoted by 1st experiment, refers to experiments that were performed at the beginning of the day,
so that the time lapse from the previous experiment performed the previous day is large enough for
the system to have reached uniform and stable temperature distribution inside the HEX. The second
one, denoted by 2nd experiment, are experiments that were performed the same day after a previous
experiment, so that in this case the time lapse between the first and the second experiment is much
shorter, and the HEX may not have reached a uniform temperature distribution. The strange pressure
behavior occurred more frequently in the second experiment of the day, which could be a confirmation
of the hypothesis that (part of) the PCM inside the cavity might remain solid/liquid from the previous
charging/discharging process. Most of the second experiments start at a pressure that, in average, is
0.04 bars higher than the one of the 1st experiments of the day. Nevertheless, the strange behavior was
also observed in a few of the first experiments, which indicates that there may be other reasons that
may lead to such strange behavior.

Figure A2. PCM temperature and pressure initial values before (a) charging and (b) discharging
processes of daily experiments in the temperature range between −2 and 12 °C.
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