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Abstract
Several heat storage systems for domestic application can be used to promote Renewable Energy
Sources (RES) penetration by storing excess energy, which would otherwise be rejected during
curtailments. The present study investigates two types of PV powered latent heat storage technologies
for delivering heat and/or electricity at residential buildings and compares them against a reference
case which uses a conventional heat pump as a heating system, also powered by a PV. One technology
involves a low temperature PCM thermal energy storage system (LT-TES) heated by either an electric
resistance or a heat pump and the other technology involves an ultra-high temperature TES (UHT-TES).
It is revealed that any case with heat storage is preferable for better exploiting the produced renewable
energy than the conventional one which does not include heat storage. The most favorable from this
aspect are the cases which include the UHT-TES, which provide both heat and electricity. Focusing
exclusively on heat supply, the most preferable case from a technical performance aspect is the one
which includes a heat pump and a LT-TES system, albeit not providing any electricity. On the other hand,
the most advantageous only in terms of electricity supply is the case which includes the UHT-TES system.
Keywords: Dynamic modeling; Dymola; RES; Phase Change Materials (PCM); Thermal Energy Storage
(TES)

1 Introduction
Buildings were responsible for around 40% of EU final energy demand and for 36% of the greenhouse
gas emissions in 2015 [1, 2]. There are two main strategies that aim to mitigate the impact of building
sector on global warming; improvement of the energy performance of buildings reducing the energy
consumptions [3] and defossilizing of the building sector, adopting renewable based solutions. As
regards the first strategy, demand side management strategies and minimization of dwelling heat losses
[4, 5] are the main pillars. Concerning the second strategy, the use of renewable energy for heating and
cooling has been considered. Numerous studies dedicated on the combination of advanced energy
systems have been performed, involving electricity-driven air conditioning equipment, mainly heat
pumps, powered by photovoltaic (PV) systems [6-11]. However, the maximization of Renewable Energy
Sources (RES) penetration makes the use of appropriate heat storage technologies necessary. High share
of RES power capacity leads to increasing curtailment, which results in less use of wind or solar power
than what is potentially available [12]. The integration of a heat storage system in a power-to-heat
system may have a major contribution in mitigating curtailments during low load periods and ultimately
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increasing RES utilization. The implementation of heat storage would allow for the exploitation of any
excess energy which would otherwise be lost.
Towards this direction, there are several solutions for Thermal Energy Storage (TES) which can be
applied in domestic level heating. Thermal energy can be stored as a change in internal energy of a
material mainly as sensible heat or latent heat [13], but there are also other options in which
thermochemical energy or combination of these is stored [14] (Figure 1). The most common TES systems
are the ones which store sensible heat [15].

Figure 1: Classification of thermal energy storage systems (in red circles, the main features of storage
technologies investigated in this study) [14, 16] .

Among the advantages of those systems are the increase in overall efficiency and better reliability when
applied in an energy framework, resulting in better economics, reductions in investment and operating
costs, as well as reductions in greenhouse gas emissions [13]. They are flexible decentralized solutions
where large-scale heat transfer systems such as district heating and cooling are not practical or are too
expensive to apply. However, most current systems are water-based, and their storage capacity is
limited by the fact that water storage capacity depends on the operating temperature difference of the
heating system used.
Although sensible heat storage is the most common method of thermal energy storage, latent
heat storage systems that use Phase Change Materials (PCMs) offer a considerably higher energy
density compared to water-based sensible heat storage systems and have the advantage of the
isothermal nature of the storage process i.e storing heat compactly in a narrow temperature range [15,
17]. The effect of using PCMs in solar thermal storage systems has been investigated extensively both
in experimental and numerical studies [18-24]. Low temperature thermal storage systems (LT-TES) have
been sufficiently developed and are currently being used on a commercial level. Companies such as
Sunamp ltd, PCM products ltd etc. have commercialized such applications of PCM based TES systems in
the domestic or industrial scale, but the focus is only given in low temperature systems.
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Recent studies have been directed towards a solution using ultra-high temperature thermal energy
storage (UHT-TES) systems, with the utilization of metallic PCMs. These PCMs have the advantage of
presenting a high melting point (>1000 oC), high thermal conductivity and latent heat of fusion which
can potentially lead to greater energy densities than the ones achieved in low temperature systems [25,
26]. It is a newly developed concept under on-going research which has been studied in previous work
through experimental and theoretical studies including both steady-state and dynamic numerical
simulations [26-31]. So far, studies have been focused on the proof of concept, optimization of
characteristics (geometry, material etc.), and integration of such a system with a hybrid thermionic
photovoltaic (TIPV) electronic converter for parallel conversion of energy to heat and electricity.
However, the use of such systems on a domestic level has not been studied to a large extent. Datas et
al. has performed a techno-economic analysis on the application of such a system in the residential
sector for trigeneration within a solar PV power-to-heat-to-power scheme which also involves other
heating systems and latent heat storage technologies apart from this [32].
Our recent study was focused on the thermal performance of a PV- powered UHT-TES system combined
with a TIPV converter and its integration with a residential building within a 24 hour period [31]. The
scope of this paper is to further investigate the application of such a system in the residential sector and
to compare its performance with similar schemes. Several configurations of heating and powering
schemes of a typical South European residence are investigated, which include either a LT-TES system
or an UHT-TES system coupled with a TIPV converter and they are compared to a reference case of
conventional heating which includes only an air-to-water heat pump. A PV system is used in all cases to
provide, whenever available, the energy to be used or stored for covering the energy needs for heating
and electricity.

2 Methodology
2.1 Description of the examined systems
The implementation of a power-to-heat system scheme with heat storage capabilities in the building
sector could be crucial for rational use of renewable energy since it would allow the utilization of the
excess electricity generated by renewable energy sources which would otherwise be wasted. In
particular, a power-to-heat scheme which includes only a heat pump for example, although efficient
due to the high coefficient of performance (COP) of this type of system, allows for a limited percentage
of RES exploitation for heat, since it can only exploits RES production only at periods which match the
heat demand. A TES system would extend this period, allowing for covering heat demand at other times,
when heat demand and RES production do not normally match.
In this analysis, two cases of TES systems are considered, a low temperature TES (LT-TES) used for
covering only residential heating needs and an ultra-high temperature thermal energy storage (UHTTES) system integrated on a building level in order to cover both the electric and heat demand. Those
two cases are compared against a reference case which includes an individual heat pump (HP) for
covering residential heating requirements. A PV of maximum capacity 15 kW is a common element
which is used to power all the cases, the HP in the reference case as well as the studied cases with the
TES systems. All these types of heating systems are studied in conjunction with a building and its thermal
and electrical needs.
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The utilized data of the study involve typical heat and electric demand profiles for a typical South
European residence and the electricity production from a PV system which covers the corresponding
energy needs when available. The residence location was selected to be in South Europe, since the solar
power potential there can be significant for covering a substantial part of the thermal energy needs. A
similar methodology with our recent work [33] has also been followed here for specifying the annual
heat demand, based on the method of heating degree-hours, which result from the difference ΔΤ of the
hourly environmental temperature, subtracted from a base temperature. Furthermore, the same
potential PV production profile and annual electricity demand which has been used in previous work
[33] is also considered here. These parameters are presented in graphs which are given in the Annex
(Figure 17, Figure 18, Figure 19 and Figure 20 respectively).

2.1.1 Reference case
The reference case (Figure 2) includes a heat pump (HP) for covering the residential heating
requirements. The HP uses the R134a as a refrigerant medium and includes an electric motor driven
compressor, which is powered by a PV of 15 kWp capacity.

Figure 2: Schematic diagram of a PV-powered heat pump connected to residential heating

2.1.2 Low Temperature TES (LT-TES)
The Low Temperature TES (LT-TES) system consists of a closed container, which contains an inorganic,
Sodium Acetate based PCM which stores thermal energy as it changes phase from solid to liquid. Within
the PCM, a tube coil is immersed, which transfers the heat stored from the PCM to the heating medium,
usually water, for covering the residential heat demand. Thus, this storage system, also known as a heat
battery, is practically a heat exchanger with a container filled with PCM. A variety of heat sources can
be used to charge the heat battery, including, electricity from the grid or from a PV, heat from a heat
pump, hot water from a boiler or district heating.
Two subcases of LT-TES are investigated in this study, which are distinguished by the heat source used
for charging the heat battery: a) heat supplied from an internal electric resistor, powered by the PV
system. (Figure 3a) and b) heat supplied from hot water by a heat pump which flows in the heat battery
through an internal tube coil (Figure 3b).
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Figure 3: Residential thermal consumption covered by Heat Battery using a) electric resistor as a heat source b)
hot water from a heat pump as a heat source

2.1.3 Ultra-High Temperature TES (UHT-TES)
The investigated UHT-TES/TIPV system (Figure 4) consists of a series of interconnected components; a
silicon-based UHT-TES module, a heat-to-electricity solid-state device and a copper plate heat spreader.
The heat-to-electricity device, i.e. a hybrid thermionic-photovoltaic (TIPV) converter, consists of two
electrodes -a hot emitter and cold collector- separated by an ultra-high vacuum gap. During operation,
the TIPV emitter is heated up directly by the PCM container, reaches ultra-high temperatures (>1000
°C) and starts emitting photons and electrons towards the TIPV collector. By this manner, high temperature thermal energy is directly converted into electricity. At the TIPV collector rear side, where the PV
cell resides, the copper plate heat spreader acts as a heat sink of the excess thermal energy [30, 34]. In
this type of cooling system, water is used as a cooling medium. The whole system can operate in two
modes, separately or at the same time, charging and/or discharging. In charging mode (daytime), the
PCM vessel stores thermal energy produced from an electric resistor in the form of latent heat. During
discharging period, the TIPV device connected to the UHT-TES system converts part of the stored thermal energy into electricity and any remainder is utilized as high enthalpy thermal energy, through effective heat recovery.
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Figure 4: Flow chart of the UHT-TES/TIPV system.
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The heat storage block is charged when there is available power coming from the PV system and
discharged when there is a corresponding heat and/or electricity demand. In this assessment, two
different strategies for discharging are investigated, i.e. a) covering heat demand as a priority or b)
covering electricity demand as a priority. In the first one, the heat load is served as a priority, which
means that at every moment the power output from the heat storage system is set in that way so that
the share which corresponds to the produced heat can cover as much share from the heat demand as
possible. Τhe remaining extracted energy is converted to electricity at a specified ratio, with the target
to cover as much of the electric demand as possible. In the second case, the electricity demand is served
as a priority. Similarly, the power output from the heat storage system is set in that way so that the
share which corresponds to the produced electricity can cover as much share from the electricity
demand as possible and the remaining is converted to heat at the specified ratio.

2.2 Model description
The cases under examination are summarized in Table 1. For each of the cases which include heat
storage (Cases 1 and 2), three different heat battery capacities have been considered: 3 kWh, 10 kWh
and 40 kWh.
A model has been developed for each of the cases to calculate the heat covered and the electricity
required in each case. All the models have been developed in Dymola, a tool for dynamic multi-domain
modeling and simulation which uses the open-source Modelica programming language. In particular,
components have been taken from the default Modelica Library, or other existing libraries when
available or they have been developed from scratch when necessary. More information about the model
compounds are given below.
Table 1. Examined cases description

# Case
Reference
Case 1a
Case 1b
Case 2a

PV
yes
yes
yes
yes

Heat source
hot water from a heat pump
electric resistance
hot water from a heat pump
electric resistance

TES type
no TES
LT-TES
LT-TES
UHT-TES

Case 2b

yes

electric resistance

UHT-TES

Comment

Heat priority strategy: covering
heat demand as a priority
Electricity priority strategy:
covering electricity demand as a
priority

The calculations for each case have been performed with a time step Δt =1h for a one-year period
analysis, which is considered adequate to depict all the changes and the dynamic behavior within that
period.

2.2.1 Reference case (PV+HP)
The reference case includes a heat pump (HP) for covering residential heating requirements. The HP is
powered either by a PV of maximum capacity 15 kW or from the grid. Components from the
Thermocycle library [35] have been used, which is an open-source Modelica library for dynamic
modeling of thermal systems. Besides the standard refrigerant cycle components (compressor,
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condenser, expansion valve and evaporator) there are also two PID controllers involved in the operation
of the heat pump, which work simultaneously and in parallel to regulate the heat pump capacity. The
first one is used for keeping constant the superheating temperature difference of the refrigerant at the
exit of the evaporator, by controlling the opening of the valve. The second one keeps constant the
output water temperature of the condenser by controlling the frequency of the electric motor which
specifies the rotational speed of the compressor and subsequently the refrigerant mass flow. The model
also includes some auxiliary components, namely sensors and input and output stream components.
The layout of the model with all the components included is presented in Figure 5.
1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)

Compressor
Condenser
Valve
Evaporator
Electric motor
PID for controlling the valve
PID for controlling the compressor
Block for calculating ΔT from saturation point
Temperature and pressure sensor
Temperature sensor
Input air mass flow source component
Air pressure sink component
Ambient air temperature time table
Water temperature source component
Water pressure sink component
Input water mass flow time table

Figure 5: Layout diagram of heat pump model

After modeling the heat pump, a chart of the COP of the heat pump was derived, based on the input
ambient air temperature and the heat output of the heat pump (Figure 6a). Based on this chart, a simple
model has been developed, intended to replace the previous one, which uses just a table component,
for faster calculation of the COP and the electricity consumption of the heat pump (Figure 6b). This table
component uses two inputs, the ambient air temperature and the targeted heat production based on
the heat demand t and the output is the COP. Based on the COP and the heat demand, the total
electricity consumption can be defined and based on the PV production (Figure 19), the percentage of
energy which is covered by the PV can be calculated.
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a)

1
3

4

2

b)

1) Ambient Temperature input table
2) Heat Demand input table
3) COP chart table
4) COP output value

Figure 6: a) Chart of COP based on air temperature and heat output of the heat pump and b) Simplified heat pump
model based on COP chart

2.2.2 Case 1 (LT-TES)
2.2.2.1 Case 1a: LT-TES with electric resistor
In this case, the heat battery model includes a resistor with variable electric resistance, whose value is
set according to the power output of the PV system. The model includes seven basic components (Figure
7a): a time table which has registered data for the PV power production (1), a charge control (2), a heat
storage (3), a discharge control (4), a constant voltage which simulates the output voltage of the PV
system (5), a ground component (6) and a time table which has registered data for the heat demand (7).
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Figure 7: a) Model of heat battery with a variable electric resistance as a heat source b) Heat storage component

The heat storage component (4) consists of the following particular subcomponents: a component
which solves the energy balance equation of the heat battery (a), a variable resistor (b) and a switch
(c) which controls the electricity flow through the resistor. The subcomponents of this model are
presented in Figure 7b.
The heat storage component also includes some connectors which facilitate the data flow between the
components, such as the input of the heat demand data (u), the variable resistance value (u1), a Boolean
signal which controls the switch (u2) and the output of the value of state of charge (SOC) of the battery
(y), as well as positive and negative pins (pin_p and pin_n) for connecting the switch and variable resistor
to an electric circuit, as shown in Figure 7b.
The following equation is solved in the energy balance equation solver component:
d𝐸
=𝑃−𝑄
dt

(1)

where E is the stored energy in the heat battery, P is the input power from the electric resistance and Q
is the heat demand served. The state of charge (SOC) of the heat battery is also defined in this
component as follows:
𝑆𝑂𝐶 =

𝐸

(2)

𝐸𝑚𝑎𝑥
where 𝐸𝑚𝑎𝑥 is the maximum capacity of the heat battery as specified by the manufacturer. The
maximum capacity of the heat battery is defined to be 3, 10 or 40 kWh, depending on the case
examined.
The energy balance component which is fed with the proper values of P from the variable resistor (b)
and Q from the Heat Demand input table (7) through the discharge control (6), solves the equation and
determines the energy E stored in the battery, and subsequently, the state of charge (SOC) of the
battery.
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The variable value of resistance is dictated by the charge control component which is responsible for
controlling the input of heat in the heat battery. The resistance of the resistor is calculated according to
the equation:
(3)
𝑉2
𝑃
where R is the electric resistance of the resistor, V is the voltage applied to the resistor, set to a constant
value of 230 V and P is the electric power produced by the PV, which is converted to heat in the electric
resistor.
𝑅=

The charge control unit also determines when the circuit is switched on and off. It is switched off when
the battery is fully charged but also when there is no electric power produced by the PV and switched
on at any other time, i.e. when there is available electric power produced and the heat battery is not
fully charged at the same time. This determines how much of the available PV power will be used by the
battery and defines the proper value of P in equation (1). The discharge control component controls the
input of heat demand Q to the heat storage component and energy balance solver subcomponent. This
value Q reflects the amount of heat demand that can be served by the heat battery in each hour. The
discharge control simply sets the input value equal to zero when the heat battery is fully discharged and
cannot serve the demand, and equal to the value of the domestic heat demand at any other time. The
domestic heat demand is imported from a timetable component (7) which has the data from Figure 17
registered.

2.2.2.2 Case 1b: LT-TES with heat pump
This configuration (Figure 8) includes the same components for solving the energy equation of the heat
battery (5) as in the previous case, but also an extra component modeling the heat exchanger (4) which
provides the heat to the PCM. Besides those, a heat pump which is represented by the simplified heat
pump model mentioned in the reference case (Figure 6b) is included. Therefore, the COP chart table
component (2) and the Ambient Temperature input table (1) from that case are part of this model, too.
Other components used in this model include a charge control component (7), which controls the heat
pump on-off operation according to the charging strategy selected, a time table which has registered
data for the PV power production (3) and the heat demand (6), as well as a group of components (8)
with mathematical and logical functions used for unit conversion, water mass calculation, as well as
other monitoring and control checks (threshold component, division component, logical switch for
conditional comparison, monitoring components)
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Figure 8: Model of heat battery heated by heat pump through internal heat exchanger (Type 2)

The energy balance solver component (5) is the same as the one described previously and solves the
same equations (1) and (2). The maximum capacity of the heat battery Emax in equation (2) is again
considered to be 3, 10 or 40 kWh depending on the case. The same time table component with the
domestic heat demand data from Figure 17 is also included here. The data from this time table (6) are
used as an input to the energy balance solver component and define the value of Q in equation (1). The
heat exchanger (4) calculates the heat transferred to the PCM from hot water which is heated by the
heat pump, and defines the value of P in equation (1). The heat exchanger component follows the
method as presented in [17]. The tube of the heat exchanger is considered to be spatially discretized
into n parts or n+1 nodes. In this case n=100.
The equations which are solved for each node i are the following:
𝑄̇𝐻𝐸𝑋,𝑖 = 𝑚̇𝐻𝑇𝐹 ∙ 𝑐𝑝,𝐻𝑇𝐹 ∙ (𝑇𝐻𝑇𝐹,𝑖+1 − 𝑇𝐻𝑇𝐹,𝑖 )

(4)

𝑄̇𝐻𝐸𝑋,𝑖 = 𝛢 ∙ 𝑈𝐻𝑇𝐹,𝑖 ∙ 𝛥𝑇𝑙𝑛,𝑖

(5)

𝛥𝑇 𝑙𝑛,𝑖 =
𝑈𝐻𝑇𝐹,𝑖 =

𝛵𝑝𝑐 −𝛵𝐻𝑇𝐹,𝑖+1 −(𝛵−𝛵𝐻𝑇𝐹,𝑖 )
𝛵𝑝𝑐 −𝛵𝐻𝑇𝐹,𝑖+1

ln

1

1
𝑟𝑝𝑐𝑚
𝑟
𝑟
𝑟
+ 𝑖𝑛 ln 𝑜𝑢𝑡 + 𝑖𝑛 ln

𝑎𝐻𝑇𝐹,𝑖 𝜆𝑇𝑐

𝑎𝐻𝑇𝐹,𝑖 =

(6)

𝛵𝑝𝑐 −𝛵𝐻𝑇𝐹,𝑖

𝑟𝑖𝑛

𝑁𝑢∙𝑘𝑤𝑎𝑡𝑒𝑟
2∙𝑟𝑖𝑛

𝜆𝑒𝑓𝑓

(7)

𝑟𝑜𝑢𝑡

(8)
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𝜆𝑒𝑓𝑓

𝜆𝑒𝑓𝑓,𝑠 , 𝑖𝑓 𝑆𝑂𝐶 = 0
= {𝑆𝑂𝐶 ∙ 𝜆𝑒𝑓𝑓,𝑙 + (1 − 𝑆𝑂𝐶) ∙ 𝜆𝑒𝑓𝑓,𝑠 , 𝑖𝑓 0 < 𝑆𝑂𝐶 < 1
𝜆𝑒𝑓𝑓,𝑙 , 𝑖𝑓 𝑆𝑂𝐶 = 1

(9)

From the above equations, the total heat transferred to the PCM can be calculated as the sum of the
heat flows from each individual part of the tube coil, according to the following equation:
𝑛

𝑄̇𝑡𝑜𝑡 = ∑ 𝑄̇𝐻𝐸𝑋,𝑖

(10)

𝑖=1

The input and output temperature of water for each part are also specified. The convective heat transfer
coefficient between the heat transfer fluid and the inner tube wall, aHTF , is calculated according to eq.
(8) based on the definition of Nusselt number for which an empirical correlation for flow regimes in the
transition zone between laminar and turbulence introduced by Gnielinski [36] is applied. The effective
thermal conductivity values of the PCM heat exchanger compound for solid and liquid phase
correspondingly are taken from [17] and are equal to 𝜆𝑒𝑓𝑓,𝑠 = 3.25 𝑊/𝑚𝐾 and 𝜆𝑒𝑓𝑓,𝑙 = 8.75 𝑊/𝑚𝐾.
Finally, the heat pump is represented by the same simplified COP chart table component used in the
reference case. In this case, the heat output is specified retrospectively using a PI controller which varies
the heat output of the heat pump in order to set the electricity consumption to match with the known
PV production. From this heat output, and assuming that the heat pump operating temperatures of
water are 60oC at the inlet and 70oC at the outlet, the mass of the heated water is derived which is then
used as an input to the previously described heat exchanger. Those calculations are performed through
the components grouped and labelled as (8) in Figure 8.

2.2.3 Case 2 (UHT-TES)
In this case, an innovative energy storage system design that utilizes an ultra-high temperature phase
change material is investigated. In this configuration the heat battery is charged through an electric
resistor, storing thermal energy in the form of latent heat as in the previous cases, but at ultra-high
temperatures. The PCM, which is contained in an insulated crucible, is pure silicon with a melting point
of approximately 1400oC. During the discharging period, the stored thermal energy is converted into
electricity through a TIPV converter, which also allows for thermal energy production.
A 1D dynamic model (Figure 9), which calculates the temperature profile of the PCM heat storage, as
well as the supplied thermal and electric energy has been developed. In this model, the same PV to the
previous cases is used for feeding the UHT TES. The model includes a basic PCM heat storage
component, a charge control unit and some time tables with all the data which are used as inputs (PV
production, heat and electricity demand).
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Figure 9: a) 1D model developed for the UHT-TES/TIPV converter and b) Charge Control Unit

The simulated case considers a basic geometry of a cylinder for the heat storage component, as seen in
Figure 10, which has been investigated in previous work [37] and has been proven advantageous
regarding charging and discharging time compared to other geometries.

Figure 10: Geometry and discretization display of the Dymola 1D model

The heat storage component is based on the enthalpy-porosity approach to simulate the PCM
solidification/melting process, an implicit method to track the solid-liquid phase change front, originally
proposed by Voller et al. [33]. The heat flux imposed at the emitter surface during discharge is calculated
according to the following equation:
3
2
𝑄𝑒 = −(3.17𝛦 − 04 ∗ 𝑇𝑒𝑚
− 0.7616 ∗ 𝑇𝑒𝑚
+ 6.438𝛦02 ∗ 𝑇𝑒𝑚 − 1.8385𝛦05),
(11)
where Tem is the emitter temperature. The temperature at each point is calculated based on the energy
balance equation:

𝜕𝑇
𝜕 (𝑘 ∙ )
𝜕[𝜌𝑐𝑝 ∙ (𝑇 − 𝑇𝑟𝑒𝑓 )]
(12)
𝜕𝑥 − 𝑄
+𝛷 =
𝑙𝑜𝑠𝑠
𝜕𝑡
𝜕𝑥
where Τ is the temperature at a point of the PCM, Tref, the reference temperature (25oC or 298.15 K) ρ,
the PCM density (kg·m-3), cp the specific heat capacity (J·kg-1·K-1) and k the thermal conductivity of the
PCM (W·m-1·K-1).
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For the estimation of useful heat and electricity production it is assumed that the stored thermal energy
in the form of latent heat in the LHTES module is converted into both electricity and heat at a 32%-68%
ratio, according to the electrical conversion efficiency of the TIPV unit [38]. The heat output is totally
collected by the coolant and utilized to cover any heat demands. Heat losses from the crucible walls in
this case are neglected. More details about the model can be found in previous study [37].
For the discretization, the number of nodes used were n=402 and the time step was Δt=1h. Different
values have been considered for the PCM properties at its solid and liquid phases.
As mentioned earlier, three different heat battery capacities have been considered (3 kWh, 10 kWh and
40 kWh), which correspond to different geometric dimensions. The ratio of cylinder height to diameter
(H/D) was kept constant in all cases. The material properties used for modeling the examined cases are
presented in Table 2 below and the geometric characteristics in Table 3.

Table 2: Material properties of PCM

Parameter
Thermal conductivity
Specific heat
Density
Melting point
Solidification point
Latent heat of fusion

Symbol
ks
kl
cp
ρs
ρl
Tl
Ts
L

Value
20 W·m-1K-1
60 W·m-1K-1
1040 J·kg-1K-1
2330 kg·m-3
2570 kg·m-3
1681 K
1679 K
1.8∙106 J·kg-1

Table 3: Geometric characteristics of heat storage

Heat storage
capacity
Height
Absorber surface

H
Αabs

3 kWh

10 kWh

40 kWh

0.1122 m
0.0230 m2

0.1677 m
0.0512 m2

0.2661 m
0.1291 m2

The charging and discharging strategy is applied by a separate component as seen in Figure 9b, which
simulates a charge control unit. This unit outputs specific signals that control when the heat storage
system enters or leaves a charging and/or discharging state. When the heat storage system is neither at
a charging nor at a discharging state, the heat storage component is basically in a stand-by mode, in
which the heat is neither absorbed nor emitted and just stored in the form of latent heat. The heat
storage block is charged when there is available power coming from the PV system and discharged when
there is a corresponding heat and/or electricity demand and there is available energy stored in the heat
battery.

3 Results and Discussion
3.1 Dynamic behavior analysis on weekly period
A profile of the dynamic behavior of the heat battery during winter time on a weekly period (2nd week
of January) is presented for each case (i.e. reference case in Figure 11, Case 1a and 1b in Figure 12 and
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Cases 2a and 2b in Figure 13). The supply of heat from the heat pump (reference case) or from the heat
battery in the other cases (stored heat supply) and the domestic heat demand as well as the electricity
production, where applicable (Cases 2a and 2b) and the domestic electricity demand are presented for
the investigated cases with a heat battery capacity of 40 kWh. The electricity from the PV absorbed by
each heat storage system is also presented for each system along with the PV potential production. The
total energy stored in the heat batteries is also presented for Case 1a and 1b.
Seven clear cycles can be distinguished in most cases corresponding to the electricity input from the PV
at each day of the week. Some exceptions are in the heat and electric supply of Case 2a and 2b where
less than seven distinct cycles of discharging can be seen because in these cases either there was no
demand or the conditions for discharging have nοt been fully satisfied according to the charging control
strategy. Furthermore, less than seven cycles can also be observed in the stored energy of Case 1a and
1b, because in some of the days the energy provided by the PV as input is directly supplied to the
demand as a total, not leaving a remaining amount of energy to be stored.

Figure 11: Dynamic behavior of heating system (Reference case) on a weekly period
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Figure 12: Dynamic behavior of heat storage system for a) Case 1a and b) Case 1b on a weekly period

As seen in Figure 11, a considerable amount of the produced PV electricity at the reference case is not
used to cover the electricity demand of the house and if no absorption from the grid is foreseen, it is
lost (curtailed). This happens during midday of the sunny days, where the total electrical demand is
relatively low. It is observed that PV absorption is higher in any other case with a heat storage scheme.
Especially in Cases 2a and 2b the PV potential production is fully absorbed (Figure 13).
Something notable is that Case 1a presents better PV absorption than Case 1b (Figure 12), as it includes
an electric resistance for converting electricity to thermal power, while Case 1b includes a heat pump
for this purpose. Electric resistance has a COP=1, in contrast to the heat pump, which has COP>1. This
means that more electricity is required by the resistance in Case 1a than the heat pump in Case 1b to
get the same amount of heat. On the other hand, Case 1b presents more coverage of heat demand than
Case 1a, despite the fact that less electricity is used. This is also because of the fact that a heat pump
has COP≈3, which means that with less electricity, more heat is produced and consequently stored in
the heat battery.
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Figure 13: Dynamic behavior of heat storage system for a) Case 2a and b) Case 2b on a weekly period

Another noteworthy point is that coverage of heat and electricity demand for Cases 2a and 2b is
relatively low (Figure 13), despite the fact that utilization of produced electricity is quite high, reaching
full PV absorption. The high PV absorption is explained again due to the fact that an electric resistance
with COP=1 is also used as a means to convert electricity to heat, therefore a lot of electricity is required
to produce adequate heat. The low coverage of heat and electricity demand is partially due to the
limitations imposed through the charging control unit and partially due to the limited PV production in
winter time. Besides, none of the examined cases covers fully the heat or electricity demand in the
investigated period for the same reason.
For Cases 2a and 2b it can also be observed that with the current discharge strategy, electricity demand
is covered as soon as there is available stored energy in the heat battery. Focusing on the use of heat
batteries as a method to achieve peak shaving of the electricity demand, a modified discharge strategy
could be applied for those cases, that would take into account the peaks of the electricity demand and
would supply electricity specifically during those periods. Thus, peak shaving could be achieved in a
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smaller residential scale. However, if this effect is reproduced in multiple residencies, it could also have
an essential contribution in peak shaving of the total electric demand, relieving the grid from high
demand during power “rush hours”.

3.2 Energy flow analysis and Effect of Heat Battery size
The resulting heat and electricity supply per hour for covering the corresponding demand have been
calculated, and the percentage of heat and electricity demand covered from RES in each case is
presented in Figure 14 and Figure 15 on a monthly basis. The PV usage on a monthly basis, i.e. the
percentage of available PV power actually used for covering heating and electrical demand is shown in
Figure 16. Table 4 finally shows the same parameters but on an annual basis and other basic energyflow related annual parameters.
It is clearly shown that the case with the LT-TES which also includes a heat pump (Case 1b) covers the
most heat demand as a total for the whole year (Table 4), and for each month individually for all the
capacities of the heat battery (Figure 14). Case 1a with the electric resistance exceeds the total heat
demand coverage of the reference case only for battery capacities of 10 kWh and 40 kWh. On a monthly
basis, it manages to cover more heat demand than the reference case on March, April and December
for the capacity of 3 kWh, and all months except for November for battery capacities of 10 kWh and 40
kWh. At all circumstances, Case 1b covers more heat demand than Case 1a.
Cases 2a and 2b with the UHT-TES both cover less heat demand than the LT-TES cases as a total (Table
4), but Case 2a covers more heat demand than 2b in all circumstances (Figure 14 and Table 4), which is
expected, as it is the UHT-TES case optimized for heat output. Case 2a also covers more heat demand
as a total than the reference case for heat battery capacities of 10 kWh and 40 kWh (Table 4). On a
monthly basis (Figure 14), Case 2a only manages to exceed the reference in April for the 3 kWh capacity,
March and April for the 10 kWh capacity and from January to April for the 40 kWh capacity, exceeding
even Case 1a in March. Case 2b seems to be the case with the least heat coverage, exceeding the
reference case only in April for the 40 kWh capacity.
Regarding the electricity coverage, Cases 1a and 1b have no difference from the reference case (Figure
15 and Table 4), since unlike Cases 2a and 2b, none of the heat batteries used provides electricity and
therefore the electricity coverage depicted in the graph corresponds only to the energy supply covering
domestic needs directly from the PV. Between the two cases which do also supply electricity, Case 2b
which corresponds to the electricity priority strategy provides the most electricity coverage in all
circumstances. It can also be concluded that the larger the battery capacity, the higher the electricity
coverage is.
A comparison between the exploitation percentage of the produced energy from PV in each of the cases
is also given below. Regarding the PV usage, all the examined cases present a better performance than
the reference. In particular, Cases 2a and 2b are distinguished for the highest PV usage, with Case 2b
being more prominent and Case 1a closely following Case 2a. On a monthly basis (Figure 16), there are
months in which Case 2a and Case 1a sometimes reach or even exceed the PV utilization of Case 2b, but
as a total (Table 4), Case 2b exceeds all other cases.
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Figure 14: Comparison of heat coverage during the heating period (Dec-Apr) using Heat Battery with capacity a) 3
kWh, b) 10 kWh and c) 40 kWh
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Figure 15: Comparison of electricity demand coverage per month using Heat Battery with capacity a) 3 kWh, b) 10
kWh and c) 40 kWh
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Figure 16: Percentage of available PV power absorbed per month using Heat Battery with capacity a) 3 kWh, b) 10
kWh and c) 40 kWh

Table 4 presents basic energy-flow related parameters on an annual basis, such as the aforementioned
annual heat and electric coverage percentage, PV usage percentage, but also the annual PV energy
absorption (in kWh) as well as the needs for grid electricity and additional heat consumption from nonRES (also in kWh). There is a clear increasing trend of heat coverage, PV usage percentage and PV
absorption according to the increase of heat storage capacity. Moreover, especially for Case 2, an
increase in utilization of electricity derived from the PV with the increase of storage capacity is also
observed. As a consequence, the annual consumption of electricity from the grid is decreasing, which
leads to electricity cost reduction. Those savings correspond to a decrease in electricity consumption
from the grid compared to the reference case, ranging between 0.7% with a 3kWh battery capacity,
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1.75% with a 10 kWh capacity and 3.0 % with a 40 kWh capacity for Case 2a and between 4.8%, 10.55%
and 22.7% respectively for Case 2b.
For full heat coverage, additional heating from an energy source other than the available PV would be
required since none of the cases can fully cover heat demand. The reference case and Case 1b which
include a heat pump could use it with power from the grid for covering the extra heat demand required.
On the other hand, Case 1a, 2a and 2b would require an extra heating system to serve the remaining
heat demand. The amount of energy for additional heating in each case is given in Table 4.
It should be underlined that, for the specific case study with the given PV electricity production, only
the UHT-TES unit can potentially utilize most of the available electricity from the PV when it operates
under specific conditions (i.e. electricity priority – Case 2b) and for a minimum storage capacity of 40
kWh. In the rest of the cases, either a contract with the local DSO for grid injection or an additional
battery for electricity storage is required.

Table 4: Basic energy-flow related annual parameters for each case

Parameters
Heat Coverage from
Renewable (%)
Electricity Coverage
from Renewable (%)
PV Usage (%)
Annual PV absorption
(kWh)
Additional heat
consumption from
source other than PV
(kWh)
Annual Electricity Grid
consumption (kWh)

Heat storage
capacity
(kWh)
3
10
40
3
10
40
3
10
40
3
10
40
3
10

Cases
Reference

1a

1b

2a

2b

15.31

14.97
20.09
23.74

20.14
30.33
45.76

39.34

39.34

39.34

57.51
59.41
60.61
10724
11078
11301
6336
5955

54.25
55.26
56.95
10115
10304
10619
5951
5192

11.24
15.82
22.09
39.78
40.41
41.16
58.68
61.11
63.59
10941
11394
11857
6614
6273

4.69
8.40
11.53
42.24
45.74
53.11
60.98
74.35
99.62
11371
13864
18575
7103
6826

5683

4042

5806

6592

14692

14093

14799

14799

14540
14355

13238
11439

53.40

9957

6311

40
3
10
40

14799

4 Conclusions
Several cases of heating storage systems have been investigated in this study, aiming to determine their
dynamic behavior and their performance in thermal and electric coverage and renewable energy
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utilization of a given RES source. Investigation of dynamic behavior on hourly basis provides insight
regarding the charging and discharging stages for the heat storage system cases as well as the sequence
of energy absorption and supply from each system. Useful conclusions can be drawn from this
investigation, such as the causes for increased or reduced heat and electricity coverage and PV
absorption observed in each case, depending on the different method for converting electricity to
thermal power. It has been shown that the cases which use an electric resistance present higher PV
absorption percentages but lower heat and/or electricity coverage, in contrast to the cases that use a
heat pump, which show the opposite behavior.
On the one hand, taking into account the energy flow analysis on a long-term scale (monthly and annual
basis), it was concluded that the case with parallel coverage of both thermal and electric demands,
optimized for electricity supply (Case 2b), is the most advantageous for electricity coverage in all
circumstances. On the other hand, the most preferable case for heat supply is the one which includes
both a heat pump and a heat storage system (Case 1b), albeit not providing any electricity. All the
examined cases presented better performance than the reference one regarding PV usage. This allows
to conclude that any case with heat storage is preferable for better exploiting the produced renewable
energy than a conventional case without one. A lead is achieved when an ultra-high thermal energy
storage is used for this purpose (Case 2). There is also a clear increasing dependency of heat and electric
coverage and PV absorption with the increase of heat storage capacity. The implementation of this
technology in the residential sector seems promising, since significant energy savings both in heat and
electricity consumption can be achieved through the use of a proper configuration and strategy of such
a storage system. All these facts make clear that UHT-TES technology has the potential of being a
competitive storage option for domestic application and deserves further development towards this
direction.
This study also presented that despite the adoption of such a storage system, heat and electricity
demand cannot be fully covered exclusively from storage supply. This leaves room for further
investigation and optimization, taking also into account parameters such as investment and operating
costs, cost of electricity, energy savings, PV and heat battery capacity,etc.
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6 Nomenclature
𝛢, m2

inner tube wall area between two nodes i and i+1
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Αabs, m2
𝑎𝐻𝑇𝐹,𝑖 , W·m-2·K-1
cp
𝑐𝑝,𝐻𝑇𝐹 , J·kg-1K-1
E, J
𝐸𝑚𝑎𝑥 , J
H, m
kl, W·m-1K-1
ks, W·m-1K-1
L, J·kg-1
𝑚̇𝐻𝑇𝐹 , kg·s-1
P, W
Q, W
Qe, W
𝑄̇𝐻𝐸𝑋,𝑖 , W
𝑄̇𝑡𝑜𝑡 , W
R, Ω
𝑟𝑖𝑛 , m
𝑟𝑜𝑢𝑡 , m
𝑟𝑝𝑐𝑚 , m
SOC, Tem, K
𝑇𝐻𝑇𝐹,𝑖𝑛,𝑖 , K
Tl, K
Tref, K
Ts , K
𝛵𝑝𝑐 , K
𝑈𝐻𝑇𝐹,𝑖 , W·m-2·K-1
V, V
Greek letters
𝛥𝑇𝑙𝑛,𝑖 , K
𝜆 𝑇𝑐 , W·m-1·K-1
𝜆𝑒𝑓𝑓 , W·m-1·K-1
𝜆𝑒𝑓𝑓,𝑙 , W·m-1·K-1
𝜆𝑒𝑓𝑓,𝑠 , W·m-1·K-1
ρl, kg·m-3
ρs, kg·m-3

absorber surface area of cylinder heat storage
convective heat transfer coefficient between the heat transfer fluid and the inner tube wall
Specific heat capacity of PCM
specific heat capacity of the heat transfer fluid
stored energy in the heat battery
maximum capacity of the heat battery
cylinder heat storage height
thermal conductivity of liquid PCM
thermal conductivity of solid PCM
PCM latent heat of fusion
mass flow rate of the heat transfer fluid (here water)
electric power produced by the PV and input power in the heat battery from the electric
resistance
heat demand served by the heat battery
heat flux at the emitter surface
heat flow transferred through the heat exchanger for each node i
total heat flow transferred through the heat exchanger
electric resistance of the heat battery resistor
inner tube coil radius,
outer tube coil radius
half-distance between each pass of the tube-coil
state of charge of the heat battery
emitter temperature
temperature of the heat transfer fluid at node i
PCM melting point
reference temperature
PCM solidification point
phase change temperature of the PCM (58 oC)
overall heat transfer coefficient from HTF to PCM
voltage applied to the heat battery resistor
logarithmic mean temperature difference between HTF and PCM
thermal conductivity of the tube coil (385 W/mK for copper)
effective thermal conductivity value of the PCM heat exchanger compound
effective thermal conductivity value of the PCM heat exchanger compound in liquid phase
effective thermal conductivity value of the PCM heat exchanger compound in solid phase
density of liquid PCM
Density of solid PCM
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8 Annex
8.1 Heat Demand

Heat Demand (kWth)

Heat demand throughout a year, resulting from calculations based on the method of heating degreehours for a typical South European residence is presented in Figure 17.
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Figure 17. Heat demand throughout a year.

8.2 PV potential electric production

Total PV potential
production (kW)

In all cases, production of electric energy is achieved through a PV which feeds the heating systems. The
application of such a system in the specific area leads to an annual energy production profile as that of
Figure 18, according to an online tool for providing location-based hourly power output from solar
power plants [39]. Part of this electricity is led to cover directly the domestic electricity demand, and
the remaining, excess PV potential electric production is shown in Figure 19.
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Figure 18. Typical electricity power production from a PV system installed in S. Europe throughout a year.
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Excess PV potential
production (kW)
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Figure 19. Excess electricity power production from a PV system.

Total El. Demand (kW)

8.3 Electricity Demand
For the electricity demand, a typical consumption profile of a south European residential building, as
seen in Figure 20 has been considered. The PV covers part of this electrical demand directly, so the
remaining demand after subtracting this already covered demand is shown in Figure 21.

10
8
6
4
2
0
0

1000

2000

3000

4000
5000
Time (h)

6000

7000

8000

9000

7000

8000

9000

Remaining Elelectricity
Demand (kW)

Figure 20. Electricity demand throughout a year.
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Figure 21. Remaining electricity demand throughout a year.
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