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Abstract. The structure and operating principles of a system for monitoring and controlling the operation of a thermal energy store have been 
presented in this study. As a novel feature of the presented solution, the device can be operated as a thermal energy store that relies on specific 
heat of fluids or phase transition heat when packages of phase change materials (PCM) are placed inside the device. Grates were used to arrange 
PCM packages in a manner that guarantees the flow of the heat transfer medium. The grates were equipped with temperature sensors to control 
thermal decomposition throughout the entire tank. The use of aerogel for thermal insulation was also a novel solution. Only a thin layer of 
aerogel was required to reduce heat loss across the tank wall. The structure and functionality of the modelled thermal energy store correspond to 
real-life conditions. The model can be used to test monitoring and control systems and to analyse the phenomena observed during the operation 
of similar devices. The operation of the thermal energy store can be regularly monitored and controlled on-line from any location in the world. 
The developed model supports the automatic import of operating parameters into a database for further analysis.
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substance. A solution to the above problem was proposed by 
Cascetta et al. [10] where air was the heat transporting medium 
and thermal energy was stored in alumina beads.

A test stand for analysing the storage of heat from solar col-
lectors based on the phase transition effect has been developed 
by Nullasamy et al. [11]. In the cited study, water was the heat 
transporting medium, and thermal energy was stored in spher-
ical capsules filled with PCM. A similar solution was proposed 
by Pandiyarajan et al. [12] who installed cylindrical capsules 
in a storage tank. A special framework was built to distribute 
capsules on several levels.

Pan and Zhao [13] designed a thermal energy storage tank 
featuring cylindrical pipes filled with an aluminium-based ther-
mochemical solution. The pipes were arranged in a vertical po-
sition. In a similar solution developed by Zhang et al. [14], 
vertically arranged cylindrical pipes were filled with PCM and 
placed in two horizontal sections.

A similar study was presented by Karwacki et al. [15]. In 
this research, the authors focused on obtaining the accurate 
information about the transfer of heat between the heat transfer 
fluid (HTF) and the phase change material (PCM) during en-
ergy accumulation process using shell-and-tube thermal energy 
storage units.

Fopah-Lele et al. [16] designed a test stand with a heat ex-
changer made of porous material. The proposed solution in-
creased the contact surface between the heat transporting me-
dium and heat storage material. An interesting concept was also 
proposed by Dinker et al. [17], who analysed and compared 
various arrangements of heat exchangers in a tank filled with 
PCM.

The thermal energy store presented in this study has been 
designed for operation with any source of heat. Packages con-
taining various PCMs were placed inside the tank, and the col-

1.	 Introduction

For several years, the authors have been researching various 
methods for generating and storing energy from renewable 
sources. Energy storage is particularly important for distrib-
uted energy generation systems working with renewable energy 
sources [1]. Selected sources of renewable energy are charac-
terized by non-constant availability [2, 3], and all systems that 
use renewable energy have to be provided with monitoring and 
control tools which partially or fully automate device operation 
and create access to operating parameters in the automatic mode 
[4‒7].
Thermal energy stores rely on specific heat, latent heat, ther-
mochemical changes and heat of sorption [3]. Various mate-
rials with heat storing properties are used in the construction 
of thermal energy stores. The physical properties of substances 
and materials for heat storage have been broadly discussed and 
compared by Alva et al. [8].

Research into thermal energy storage requires laborato-
ry-scale test stands. Devices similar to that presented in this 
article have been widely discussed in the literature. Khana et 
al. [9] analysed changes in phase transition heat when packages 
of phase change materials (PCM) were placed inside an energy 
storage system. The cited authors emphasized the importance of 
tank structure and pointed to the problem of heat retention in the 
tank at an unfavourable ratio of PCM volume to heat exchange 
area. This problem requires new solutions to increase the tank’s 
heat exchange area relative to the volume of the heat absorbing 
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lection, utilization and distribution of heat were controlled. A da-
tabase management system (DBMS) was also designed and built 
to monitor and acquire measurement data. The system supports 
the collection and analysis of data acquired at any frequency. 
The charging and discharging of the thermal energy store can be 
controlled on-line with the use of the applied software.

The data control and acquisition system is a key element 
of the test stand for evaluating thermal energy stores. It relies 
on computerized control and measurement systems based on 
programmable logic controllers (PLC). A PLC has been ana-
lysed extensively by Milik et al. [18] who described the pro-
gramming operations performed by PLCs, time dependencies 
and responses to real-time events. Data control and acquisition 
systems operate autonomously in a supervisory control and 
data acquisition system (SCADA). Upadhyay and Srivastava 
[19] used a SCADA system to manage a solar power farm with 
a thermal energy store. The system can be used to visualise 
operating parameters, control the power station and its com-
munication with an energy store.

2.	 Structure of a thermal energy store

The thermal energy store presented in Fig. 1 has been designed 
and built by the authors. Three coil pipes inside the main storage 
tank act as heat exchangers which receive energy from the tank. 
The received energy is transferred to dissipation devices which 
can be replaced by a residential heating system or any heat store 
in a real-life application.

The tank is the main element of the thermal energy store, 
and it is filled with substances which undergo phase change 
within the range of operating temperatures of the analysed 
unit. Paraffin immersed in water was used for modelling pur-
poses. Thermal energy is freely transmitted from the heater 
to phase change material via a liquid medium. The medium is 
moved by convection, and it transfers heat to paraffin blocks 
in the storage tank. Twelve temperature sensors were installed 
in the tank at four levels, with three sensors on each level 
(one along the tank’s axis, one at half the tank’s radius and 
one near the coil pipe – the heat exchanger). Thermal energy 
was generated by an electric heater which can be supplied 
from any power source (power grid, wind power generator, 
microturbine, etc.).

Stored energy is captured from the system by an internal 
heat exchanger comprising three parallel coils connected to 
the main system circuit. A circulator pump sets the working 
medium (glycol/water solution) into motion inside the system. 
Heat captured from the store is dissipated by a cooler equipped 
with an electric fan. The device was built on a laboratory scale, 
but it can be used in real-life applications.

The modelled thermal energy store has been designed for 
operation with a small wind turbine. The store is “charged” by 
an electric heater powered by a wind turbine generator. Thermal 
energy produced by the device supplies heat for a residential 
building via a heating system [20‒23].

The system’s operating parameters have to be controlled. 
While the process of heating the working medium in the thermal 
energy store is controlled by an electric heater (which will be 
powered by a wind turbine generator in a real-life application), 
the process of receiving heat is limited by several factors:

●	 differences in temperature between the heating medium 
and the surroundings of the medium cooler,

●	 surface of the heat exchanger in the storage tank,
●	 flow rate of the working medium in the cooling system,
●	 cooler efficiency controlled by an electric fan.
The system has been designed to provide the widest possible 

range of control options for the cooling process in the thermal 
store. The rate at which heat is received from the store will be 
determined mainly by the temperature of the heating medium. 
Paraffin undergoes phase change [24‒27] at the temperature of 
around 55‒60°C. Since heat exchange is most effective during 
phase change, the planned experiment will take place at the 
temperature of approximately 60°C.

A control and measurement system is needed for the device 
to operate effectively. More than ten parameters have to be 
monitored and controlled during the operation of the thermal 
energy store and the heat capture system:

●	 Temperature inside the storage tank, measured at 12 
points distributed throughout the tank (T1_1, T1_2, …, 
T4_3);

●	 Temperature of the medium in the heat capture system at 
the outlet from heat receiving coils (Tg) and at the point 
of return to the tank (Tz);

●	 Ambient temperature;
●	 Air temperature before the fan which cools the heating 

medium;Fig. 1. Diagram of a thermal energy store with an energy capture system
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●	 Air temperature behind the fan which cools the heating 
medium;

●	 Pressure inside the heat capture system (p);
●	 Flow rate of the heating medium;
●	 Energy generated by the electric heater which “charges” 

the thermal energy store.
The following parameters have to be controlled during the 

storage and capture of thermal energy from the store:
●	 Output of the pump which circulates the heating medium 

(% rated power),
●	 Output of the fan which cools the heating medium 

(% rated power of the fan motor),
●	 Output of the heater which supplies heat to the heat store 

(heater output will be controlled naturally in systems op-
erating with a wind turbine generator. During modelling, 
heater output is set by the operator).

The system for monitoring and controlling the operation of 
the thermal energy store, including its hardware and software 
components, has been designed and built by the authors.

3.	 Control and measurement system – hardware

The main element of the control and measurement system is 
the PLC Siemens S7‒1200 controller with analogue input mod-
ules for operation with PT100 resistance temperature detectors 
(RTD) and an analogue output module for operation with the 
heater output controller. The PLC controller system generates 
control signals, collects and transmits measurement data.

A simple dual channel DC PWM controller was designed 
for controlling the operating parameters of the circulator pump 
motor and the fan motor. IGBT transistors are actuators which 
control high power DC receivers via low power signals avail-
able directly from the PLC controller.

Fig. 3. Elements of the system which controls heater output and reg-
isters the parameters of energy supplied to the store

Fig. 2. Basic elements of the control and measurement system
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Electric parameters are set by a voltage signal generated 
by the analogue output module. The actuating element is the 
connection between the group controller and an SSR switching 
device. Electric parameters are measured by the LE-01M dig-
ital meter.
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Fig. 4. Kamstrup Multical 402 heat meter
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Heat parameters, including feed temperature, return tem-
perature, flow rate and quantity of heat, are measured by the 
Kamstrup Multical 402 heat meter.

4.	 Control and measurement system – software

Measurement data from heat and power meters and data ac-
quired by the PLC controller is transmitted to the SCADA HMI 
system for the visualization and registration of measurement 
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and control data. The SCADA HMI system was developed in 
the PROMOTIC environment [15], and it also generates con-
trol signals which are transmitted to the system by the PLC 
controller.

Signal converters had to be used due to various types of 
communication interfaces in different parts of the system: 
RS485-USB for communication with the power meter, M-BUS 
– Ethernet for communication with the heat meter. Devices 
communicate with the PLC controller via the Ethernet interface.

The system is controlled by a computer application devel-
oped in the PROMOTIC SCADA environment. The applica-
tion supports communication with all devices that “charge” the 
thermal energy store and receive stored heat. The control pulpit 
is presented in Fig. 5.

The values of operating parameters in the thermal energy 
store and the heat capture system are displayed in windows in 
the centre of the screen. The parameters indicated in section 3 
are read and set with the use of a graphic interface.

Additional tools are displayed on the left side of the pulpit. 
Before launching the application and the system, the oper-
ator can set the parameters of the communication port which 
is used by the application to communicate with control and 
measuring devices. Time intervals (in seconds) can be set be-
tween recording sessions of data packets in the database. The 

recorded results can be allocated to specific experiments reg-
istered in the database. The application also features graphic 
tools for visualizing changes in the values of selected param-
eters:

●	 Temperatures inside the tank (T1_1, T1_2, …, T4_3),
●	 Temperature of the heating medium at tank outlet and 

upon return to the tank (Tg, Tz),
●	 Flow rate of the heating medium,
●	 Pressure of the heating medium,
●	 Heat power at heat reception point,
●	 Output of the heater supplying the thermal energy store.

5.	 Data archiving and analysis

The application described in section 4 can be used to control 
the system remotely in real time from any location in the world. 
To analyse changes in parameter values over longer periods of 
time, a database for storing values from system sensors has been 
designed and launched.

Recording intervals are set in the control application. The 
application has automatic on-line access to the database created 
in the MySQL environment, which is located on a professional 
server.

Fig. 5. The main console for controlling the system and monitoring operating parameters
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Registered data is used in various analyses. A diagram of 
changes in selected parameters over time is presented in Fig. 6. 
In the illustrated experiment, the medium was heated in the 
store, and stored energy was received by the energy capture 
system.

The diagram in Fig. 6 illustrates changes in the following 
parameters: temperature inside the storage tank (Tz_11, Tz_12, 
Tz_13, Tz_14), temperature before and behind the heat dissipa-
tion fan (Tw_2, Tw_1), temperature of the heating medium at 
the outlet of the storage tank (Tg), temperature of the heating 
medium returning to the heat exchanger (Tz), flow rate of the 
heating medium (Q).

This data can be divided into two parts which correspond 
to different experimental processes:
Part 1 – �heating the working medium of the thermal energy 

store (charging the store). Temperature increases in-
side the storage tank, and temperature variations are 
influenced by paraffin. The fluctuations in temperature 
measured by other sensors are caused by convection 
heating of the medium which evacuates heat from the 
store. The flow rate of the heating medium equals 0.

Part 2 – �cooling of the working medium of the thermal energy 
store (discharging the store). Temperature measured by 
sensors Tg, Tz, Tw_1 and Tw_2 changes rapidly when 
the energy capture system is activated. The above also 
leads to changes in flow rate Q.

The values on the horizontal axis correspond to successive 
intervals between sessions when the monitoring system records 
data in the database. In the discussed experiment, the interval 
was set at 30 s.

6.	 Research opportunities

The developed system for control and monitoring the work of 
the heat storage allows for a number of experimental tests aimed 
at improving the efficiency of this installation type. Thanks to 
full control over the devices supplying energy to the storage 
tank and receivers, it is possible to model the operation of 

the heat storage with different strategies of charging and dis-
charging energy storage system:
–	 energy supply at various power values;
–	 supplying energy to the storage while receiving heat with 

different intensity;
–	 modeling of storage work in variable time conditions;

Due to the design of the heat storage and its control system, it 
is also possible to conduct research in other directions:
–	 research on the efficiency of the heat storage process using 

packages containing various substances, both as heat storage 
and as a heat carrier between the packages and devices re-
ceiving them from the heat storage tank;

–	 research on the impact of the size and shape of heat accu-
mulating packages on the process of loading and unloading 
the heat storage system;

–	 modeling the impact of selected failures of the installation 
elements on its operating parameters (determination of the 
symptom-defect relationship) and elaboration of the so-
called reverse device models.

The construction of the measurement and control part of the 
stand and the design of the application for monitoring the sys-
tem’s operation has been developed with the focus on the pos-
sibility of using it on a technical scale. The use of a heat meter 
with a suitable measuring range for the technical scale equip-
ment of heating system and minor changes in the application 
for monitoring and control are the only modifications required 
to adapt the presented system to work in a technical scale.

7.	 Conclusions

The hardware and software solutions discussed in this exper-
iment were designed on a laboratory scale, but they can be 
applied directly to monitor energy storage and distribution 
systems in practical applications. The above applies to the de-
signed equipment, which comprises standard sensors, energy 
meters, measuring transducers and controllers, as well as the 
software application developed based on the SCADA PRO-
MOTIC system. The proposed solution supports on-line system 
management in real time, the registration and analysis of mea-
surement data and alarm signals.

The laboratory thermal energy store presented in this paper 
can be used to:
–	 acquire information about the distribution of temperature 

and heat in the process of charging and discharging an en-
ergy store,

–	 examine different combinations of heat transporting media 
and heat storage materials,

–	 store thermal energy from different sources of electricity or 
heat and simulate the operation of various heat receivers,

–	 design the optimal charging and discharging cycles by con-
trolling a thermal energy store’s parameters on-line.

The proposed thermal energy store and database systems can 
be used to develop strategies for charging and discharging en-
ergy stores in industrial applications. The developed control and 
monitoring system can be directly implemented in an industrial 
setting.

Fig. 6. Diagram of changes in selected system parameters over time
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