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Abstract—Assessing the performance of thermal energy
storage (TES) units beyond software simulation requires testing
in a controlled environment, with specific operating modes, and
in safe conditions. A test-rig with an energy source and a
monitoring system is very helpful to conduct experimental tests
to assess the performance of TES systems. To this end, this
paper presents an experimental facility for the study of latent
heat TES (LH-TES) units. Emphasis is placed on the individual
elements of the facility, which includes plumbing components
and electric heaters to support the charging process of the TES
units. Water is used as the heat transfer fluid (HTF). To
demonstrate the capabilities of the test-rig, an LH-TES
prototype for heating applications is used. Four different
configurations and three operating modes are assessed:
charging, discharging and discharging-mixing. The wide range
of the experiments possible with the developed facility enables
testing of early designs of LH-TES units ahead of deployment in
real thermal networks.

Keywords—Thermal energy storage, phase change material,
latent heat, test rig.

1. INTRODUCTION

Reducing greenhouse emissions is critical for all sectors
involved in the generation, supply and consumption of
energy. The change in energy consumption habits and the
incorporation of renewable energy sources into the residential
sector shows the active role that consumers may play in
achieving net-zero greenhouse emissions targets set by, for
example, the UK Government [1], [2]. This is also facilitated
by the inclusion of thermal energy storage (TES) systems.

The use of TES systems in residential buildings and
houses has increased considerably [3]-[5], with hot water
tanks (HWTs) being the most common option for storing
heat. HWTs rely on sensible heat. However, phase change
materials (PCMs) have high latent heat values, which enables
them to store a substantial amount of heat within a small
volume. A latent heat TES (LH-TES) unit requires less space
compared to a HWT to store a similar amount of heat and,
therefore, represents a more space efficient option for heat
storage in the residential sector.

Substantial research on different types of PCMs for hot
and cold stores is available in the literature [6], [7]. For
instance, the use of paraffin wax has been reported several
years ago [8], [9]. New types of PCM with improved
thermophysical properties (e.g. specific heat and thermal
conductivity) to increase the energy storage capacity have
also been presented [10]-[12]. However, a typical drawback
of PCMs, besides the toxicity of some materials, is their low
thermal conductivity. This gives a limited heat transfer
capability during the charging and discharging processes of
LH-TES units. Some solutions have been proposed in the

literature. For instance, different internal structures of the
TES units with an increased heat transfer area or with
improved hydraulic conditions of the heat transfer fluid
(HTF) have been presented [13], [14]. The inclusion of fins
with a high thermal conductivity has also been studied [15].

To assess the enhancements brought by the previous
options, mathematical models are employed [16]. However,
the accuracy of simplified models or the large computing
time required to simulate very detailed models are limitations
when analyzing the performance of LH-TES units. A way to
complement simulation-based analysis is by conducting
experimental work. The use of experimental facilities has
been reported in the literature [17], [18]. However, sufficient
information on the test-rig is often omitted as the focus of the
work is usually not the experimental facility itself. In other
cases, the operating modes to carry out the experiments are
not explained in detail [19], [20].

This paper presents an experimental test-rig for heating
applications suitable for assessing the performance of LH-
TES units. Emphasis is placed on the test-rig and its main
components. To demonstrate the capabilities of the facility,
four TES unit configurations and three operating modes are
considered: charging, discharging, and discharging-mixing.
The discharging-mixing is an innovative set-up where the
output of the TES unit is blended with cold water to extend
the time of hot fluid provision at a constant temperature.

The experimental facility is flexible and able to analyze
different configurations of TES units for domestic heating
applications employing water as the HTF. However, other
fluids such as glycol mixtures may be adopted to improve
heat transfer during discharging and charging processes [21],
[22]. The test-rig allows experiments to be undertaken in a
safe way, the impact of hydraulic and thermal conditions (e.g.
different temperatures and volumetric flows) to be assessed
over a TES unit, and practical operating conditions of a
thermal system to be emulated without compromising its
operation. The wide range of the possible experiments
enables early designs of LH-TES units to be tested ahead of
deployment in real thermal networks.

II. THE EXPERIMENTAL FACILITY

A schematic of the experimental facility is shown in Fig.
1. It consists of the LH-TES unit, a pump, a heater system, a
mixing valve, and sensors for volumetric flow and
temperature. To reduce the pressure of the HTF that flows
through the system, a pressure reducer is included.

The experimental facility is divided into four main
components, which are shown in Fig. 2: the LH-TES unit,
instrumentation, heat supply, and plumbing (pump, pipes,
and valves).
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Fig. 2. Main components of the experimental facility.
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Fig. 3. LH-TES unit’s headers: (a) schematic of top, front and
bottom views; (b) photo and schematic of the TES unit’s headers.
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A. LH-TES unit

The LH-TES unit comprises two heat exchangers
submerged in a PCM [23]. The HTF (i.e. water) circulates
through the channels of the heat exchangers to supply and
remove heat from the PCM by convection and conduction
heat transfer. The heat exchangers are connected at their ends
A and B through a vertical header, as shown in Fig. 3. This
enables different configurations for testing.

B. Instrumentation

The thermal performance of the TES unit is monitored
using three temperature sensors (model DS18B20) [24] to
capture the input and output temperatures of the HTF (Tj, and
Tour) and the temperature after the mixing valve (Ty,).

Volumetric flow sensors are installed to measure the flow
of the HTF in four different locations of the system. A
pressure sensor is located after the pressure reducer to
indicate the input pressure of the HTF. Also after the pressure
reducer, the flow through the pipes is monitored using an
analogue flow meter (CFM) [25] and a digital flow meter
(FM). The volumetric flow during discharging processes is
recorded with a digital flow meter (HFM) as well as the
output flow of the system (DFM). The three flow meters are
similar (YF-S201 model by UKUR [26]).

C. Heat Supply

The HTF is heated using two heaters connected in series,
each with a power rating of 3 kW [27]. The HTF flows
through the heaters, where an electric resistance is used to
increase the temperature of the HTF up to 80°C.

The experimental facility regulates the temperature of the
charging process to ensure repeatability in testing. For this
purpose, a temperature feedback control loop is implemented
(see Fig. 4). A digital thermometer is located immediately
after the heaters. An on/off controller within the monitoring
system activates a relay (‘smart switch’) which, in turn,
regulates the on/off switching of the heaters [28]. The
monitoring system quantifies the power supplied by the
heaters considering the time that the ‘smart switch’ is on.

D. Plumbing

A pump [29] is used to circulate the HTF in the system
during charging and discharging processes. The pipes
connecting the system components are made of cross-linked
polyethylene, which is adequate for high HTF temperatures
[30]. To avoid heat losses after the HTF is heated, the pipes
within the charging loop and the pipe that connects the
heaters to the mixing valve are covered by Noma rubber foam
pipe lagging [31]. The mixing valve is used to blend water
coming from the TES unit with cold water to achieve
reference set-point temperatures during discharging-mixing
processes. The mixing valve offers a temperature range of
38°-46°C, which is adequate for residential applications [32].
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Fig. 4. Block diagram of the temperature control for the heaters.




III. CASE STUDIES

To demonstrate the capabilities of the experimental
facilities, the performance of the LH-TES unit was
investigated under three operating modes: charging,
discharging and discharging-mixing. For all modes, different
set-points of the HTF’s volumetric flow rate and the charging
temperature are possible.

A. LH-TES Unit Configurations

The LH-TES unit used can be reconfigured by connecting
the heat exchangers either in parallel or in series. Thus, the
headers of the heat exchangers can be switched from input to
output depending on the selected connection.

Fig. 5 shows the four configurations tested. The first two
options (a and b) connect heat exchangers 1 and 2 in series.
This means that the output of heat exchanger 1 (header 1B) is
linked to the input of heat exchanger 2 (header 2A)—see Fig.
3. The overall input of this arrangement is header A of heat
exchanger 1, while the output is header B of heat exchanger
2. The main difference between the two series configurations
is in the locations of the input and output of the HTF: bottom
in option a, and top in option b. The ends of the headers not
used are blocked.

For the parallel configurations, headers 1A and 1B are
connected (see Fig. 3), so the input of the HTF is split into
both heat exchangers. The output of the unit is given by the
link between headers 2A and 2B. The difference between the
arrangements ¢ and d is in the location of the input: top and
bottom, respectively.
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Fig. 5. Heat exchanger set arrangements of the TES unit: @ and b in
series and ¢ and d in parallel.

B. Charging Process

Fig. 1 presents a schematic of the charging process. A
hydraulic loop is created by closing valves 2 and 3 and
turning on the pump. A non-return valve (NRV) stops any
backflow. The set-point of the pump is modified according to
the required volumetric flow. The pressure generated by the
pump forces the HTF to recirculate through a loop as shown
by the red arrows. Then, the heaters are turned on to gradually
increase the temperature of the HTF to 75°C.

Three main variables are monitored: volumetric flow rate,
temperature, and power. The input and output temperatures
of the HTF inside the TES unit are used to quantify the
duration of the charging process. A complete charge is
assumed when the output temperature meets the set-point of
the heater’s temperature controller.

Volumetric flow rate is a key variable in the performance
of the unit as it is directly related to the heat transfer between
the HTF and the PCM. Variations in volumetric flow thus
affect the duration of charging. It is also used to calculate the
thermal power Py, [W] provided by the HTF with

Pry, = Mygrp(Toue — Tin), (1)
where thyrp [kg/s] is the mass flow rate of the HTF, V¢
[/min] its volumetric flow (myrr = Vp/3600), Ty [°C] its
output temperature, and T;, [°C] its input temperature.

To assess the efficiency of the charging process, tests
were conducted to compare the thermal energy absorbed by
the TES unit against the electrical energy provided by the
heaters. Fig. 6 shows the charging process of configuration a
at a volumetric flow of 7.7 I/min (top plot). The input and
output temperatures (Tj, and T,,;) of the HTF increase
gradually to 75°C from an initial condition of 22°C (middle
plots). The slope of curve T, is nearly zero between 53°C
and 58°C, which indicates the PCM is changing phase from
solid to liquid and absorbs latent heat. Since there are no
internal sensors monitoring the PCM, it is assumed that
melting is complete once Ty, >58°C. This means that the
total latent heat is stored in approximately 23 minutes.
However, additional energy is added as sensible heat to
ensure a complete phase transition of the PCM.
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Fig. 6. Experimental results. Charging process for configuration a:

Volumetric flow (top), input and output temperatures of HTF
(middle) and the electrical and thermal power (bottom).



Fig. 6 (bottom plot) also shows the electrical power P,
provided by the heaters and the thermal power Py, calculated
with (1). Electrical and thermal energy (kWh) are quantified
by integrating the power curves. In this case, the total
electrical energy supplied by the heaters is 2.06 kWh and the
total thermal energy absorbed by the PCM is 1.79 kWh. This
represents an efficiency of 86% for the charging process.

Fig. 7 shows experimental results of the charging process
at different volumetric flows for the four configurations. For
clarity, only the output temperature of the HTF is provided.
Subscripts a, b, ¢ and d stand for the configurations shown in
Fig. 5. The transition zone where the PCM melts starts
approximately 12 minutes after initiating the test and lasts for
23 minutes. Due to the gradual increment of the input
temperature, the duration of the process is not affected by the
heat exchanger configuration, or by the volumetric flow of
the HTF. Thus, the only way to accelerate charging is by
increasing the input temperature of the HTF at a faster rate.
This could be achieved by increasing the power of the heaters
(although doing this is out of the scope of this work).

C. Discharging Process

Fig. 8 presents a schematic of the discharging process.
The heaters and the pump are turned off. Valve 2 is closed,
whereas valve 1 and outlet valve 3 are opened. The NRV
ensures the incoming HTF flows through the TES unit to exit
the system. Thus, discharging considers only the direct output
of the TES unit. The flow of the HTF is provided only by the
pressure given by the pressure reducer. Manual regulation of
valve 1 modifies the volumetric flow of the HTF.
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Fig. 7. Output temperature of the HTF for the four
configurations of the LH-TES unit (see Fig. 5) during
charging at different volumetric flows: 8.7 I/min (top), 7.7
/min (middle) and 6.9 1/min (bottom).
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Fig. 8. Schematic of the discharging process.

Fig. 9 shows the results of a discharging process for
configuration a@ with a volumetric flow of 7.4 I/min (top plot).
The HTF flows through the unit taking out the heat from the
PCM. At the beginning of the process, the output temperature
of the HTF is at 70°C (T,y¢)- Then, as the heat stored in the
PCM starts running out, T,,,; decreases to 20°C (middle plot)
to match the input temperature of the HTF (Tj,). The amount
of thermal power is quantified using (1) and the total energy
transferred is calculated by integrating the power curve as in
the charging process. The total thermal energy provided by
the LH-TES unit is 1.61 kWh, which represents an efficiency
of 78% for the discharging process.

The criteria used to define a full discharge may vary
depending on the output temperature of the HTF. The TES
unit is considered totally discharged when this temperature is
approximately 25°C. This value is near the end of the total
exothermic process of the PCM according to its differential
scanning calorimetry diagram given in [23]. This means that
the latent heat has been fully released.
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Fig. 9. Experimental results. Discharging process for
configuration a: volumetric flow (top), input and output
temperatures of the HTF (middle) and thermal power released
(bottom).



Experimental results of the discharging process at
different volumetric flows for the four configurations are
shown in the Fig. 10. The input temperature of the HTF for
all tests is about 20°C. As opposed to the charging process,
the volumetric flow significantly affects the duration of
discharging. In this case, the larger the volumetric flow of the
HTF at a constant temperature is, the faster the heat transfer
between the HTF and the PCM becomes. A complete
discharge of the unit for 7.4, 4.2 and 2.0 1/min is achieved in
10, 17 and 43 minutes, respectively.

The discharging performance is similar for medium and
high flows regardless of the unit configuration. However,
slight differences are noticeable between the series (a and b)
and parallel (¢ and d) configurations at low volumetric flows.
Focusing on the bottom plots of Fig. 10, during the phase
change of the PCM, the HTF for parallel configurations
exhibits a higher output temperature than for the series
arrangements. There is a temperature difference of ~3°C.
Although this is small, it implies that parallel configurations
have a slightly better discharging performance.

D. Discharging-mixing process
The third operating mode includes a mixing valve to
assess the performance of the LH-TES unit when hot HTF is
mixed with cold water from the system input to achieve a
temperature set-point. Such an operating condition resembles
a real implementation of TES systems (e.g. ‘cold’ tap water
could be at 10°C during winter). Fig. 11 shows the direction
of the HTF flow through the system during the discharging-
mixing process. Valve 1 is open at 100%, valve 3 is closed
and valve 2 is used to establish the desired volumetric flow at
the system output (orange arrows) by adjusting its opening.
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Fig. 10. Output temperature of the HTF for the four
configurations (see Fig. 5) during discharging at different
volumetric flows: 7.4 1/min (top), 4.2 I/min (middle) and 2.0
/min (bottom).

The mixing valve has a thermostat that internally modifies
the volumetric flow of the incoming fluid to achieve a desired
reference temperature. In Fig. 11, cold water is shown with
blue arrows and the HTF with red arrows. The discharging-
mixing process can be analyzed by increasing the flow
through the TES unit. To this end, the pump is switched on to
increase the pressure and to ensure sufficient flow. This
improves the heat transfer between the HTF and the PCM.

As LH-TES unit configurations with parallel connections
(c and d) presented a better performance for the discharging
process, configuration ¢ (see Fig. 5) is adopted to carry out
two discharging-mixing tests. Two volumetric flows (3.5 and
5 I/min) and a temperature reference of 40°C (T,,, ,) are used.
The value of T,,, - is adjusted with the mixing valve.

Fig. 12 shows the experimental results. The volumetric
flows of the cold water (V;), HTF (Vf), and the mixing valve
output (V;,) are shown in the top plots. V; and V; are regulated
to achieve the desired Ty, (bottom plots). The volumetric
flow of the HTF starts to increase when its temperature
decreases, which coincides with a decrement in volumetric
flow of the cold water. Although slight variations in V,, are
exhibited, its value remains close to that adjusted by valve 2.

The LH-TES unit can provide hot water at a constant
temperature (Ty, ) during 17 minutes for a volumetric flow of
3.5 /min and during 10 minutes for 5 I/min.
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Although an overshoot in the output temperature of the
mixing valve occurs at the beginning of the process, the
performance of the TES unit is acceptable if a tolerance of
+3°C in its output temperature is established.

IV. CONCLUSIONS

An experimental facility for the assessment of LH-TES
units has been presented. The main components required to
run charging and discharging processes of a TES unit have
been introduced. With the facility, different hydraulic and
thermal operating conditions (e.g. charging temperature,
volumetric flow) can be set up to replicate operating
conditions of practical implementations.

Experiments for four different TES unit configurations
(two connecting the unit’s heat exchangers in series and two
in parallel) were analyzed under different operating modes.
Results showed that performance under different volumetric
flows for charging and discharging processes was similar
regardless of the unit configuration. A discharging-mixing
process where the HTF output is mixed with cold water to
achieve a reference temperature was also analyzed. Results
demonstrate the capability of the TES unit to supply hot water
at a constant temperature during an extended period of time.

The case studies show the suitability of the experimental
facility to assess different operating modes of a LH-TES unit
under a range of hydraulic and thermal conditions. By
incorporating electrical heaters with suitable temperature
control, PCMs with different melting temperature may be
studied. Moreover, the pump enables the study of different
TES units requiring higher pressure and volumetric flows. In
addition, the modular design of the test-rig enables the
assessment of TES units with different shapes and sizes.
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