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in the EU countries

1. The recent extraordinary increase in installed photovoltaic (PV) capacity cannot be successful without integrating it with energy stor-
age (ES) to store generated surplus power to be consumed later.

2. Technological developments and the trend of falling PV module and inverter prices makes it possible to apply economical solutions for
hot water production for domestic hot water use and/or assisting space heating, based on the use of solar energy.

3. The combination of modern inverter technology, PV and domestic electric water heating systems provides a storage solution for PV
energy with considerable cost saving potentials in the countries of the EU.

4. Many factors influence the ideal and economical size of such combined systems and their components, which need careful considera-
tion and calculation.

5. For a better utilization of the potentials offered by this new solution more complex analyses and the investigation of the ways of linking
thermal energy storage (TES) and PV systems and possibly other technologies is necessary.

Recently, there has been a considerable decrease in photovoltaic technology prices (i.e. modules and inverters), creating a suitable environment
for the deployment of PV power in a novel economical way to heat water for residential use. Although the technology of TES can contribute to
balancing energy supply and demand, only a few studies have investigated its potentials. These days, TES technology can play a significant
role in mitigating the negative network effects resulting from higher proportions of electricity generated by PV systems. The presented research
examined the possibility of applying a new technological direction in connection with PV utilization in the European Union (EU), with a view
to promoting the spread of cost-effective energy storage and increase energy independence. The purpose of this study was to examine the
deployment of combined TES and PV systems in the EU countries by the example of a special 3.5 kW inverter and a 200-| domestic electric
water heating system. The innovative significance of the research is that it explores this practical solution, by determining the seasonal energy
saving potentials of the application of this sensible heat storage method in the context of all the EU countries.

Keywords photovoltaic - energy generation - energy storage - specific heat - sustainability - circular economy

Discussion What determines the potential energy and costs savings
achieved by a combined system of a small photovoltaic power
(1) How can the efforts to decrease the household consumption plant and a home electric water heating system for the house-

of energy used for heating water and space heating connected holds in the various countries of the European Union?

to the issue of integrating variable renewable energy sources What are the potentials of the suggested system in terms of
into energy systems? energy and costs savings in the context of households in the EU
How can currently commercially available technology be used countries?

for storing electrical energy generated by photovoltaic systems

in the form of heat energy?
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Introduction

The energy sector faces numerous challenges these days, such
as the all-encompassing issue of sustainability,' and the ever-
increasing demand coupled with the looming exhaustion of energy
resources, leading to shortages.® At present, humanity’s insatia-
ble hunger for energy is still covered by fossil fuels mainly. How-
ever, due to the severe negative effects of fossil fuel-based energy
generation, renewable energy sources (RES) have been ascribed
more and more importance to, although the technologies utilizing
these are not without sustainability issues either.* As a consider-
able drop in the costs of renewable energy technologies (RETs)
has cleared the way for their higher penetrations, countries have
increased their efforts to promote new ways in both energy pro-
duction and consumption.” More and more governments world-
wide seem to agree that without sustainable and reliable energy
there is no socioeconomic well-being for any nation.*-°

Wind and solar energy are commonly regarded as great
alternatives to conventional fossil fuels thanks to their practi-
cal infinity and clean power production technologies. On the
downside, however, due to the variable nature and geographi-
cally and climatically determined availability of RES, it is
indispensable to make electricity networks more flexible and
dynamic than traditional ones, characterized by centralized
and vertically integrated structures, if a high share of RES is
to be attained in the power supply. As a result, concepts for
decentralized power production (e.g. stand-alone power sys-
tems, micro-grids and smart grids) have emerged to accom-
modate a high share of RES.™

The above-mentioned intermittency of solar energy and
the frequent discrepancies between demand and supply make
the effective and/or continuous use of solar energy difficult
in such solar-assisted uses as the heating of buildings.* In
the EU, it is buildings that consume 40% of the total energy
consumption and emit 36% of all greenhouse gases.'*!! Since
they primarily deploy traditional sources of energy, they con-
stitute an obvious sector where energy efficiency measures and
RES technologies could produce conspicuous changes.'? An
apparent solution would be storing the solar energy when it is
plentiful and utilize it for the sustainable operation of various
applications when it is needed. Thermal energy storage (TES)
systems could play a considerable role in the sustainable utili-
zation of RES,* as TES applications could offer vital solutions
to ensure the sustainability of PV energy.'®'* Designing suit-
able TES systems and integrating them with energy systems
can be conducive to their continued efficiency, sustainability
and environmentally friendly operation.'®

At the beginning of this decade, in 2020, households were
responsible for almost one third, 27.0%, of the final energy
consumption in the European Union. Most of this came from
natural gas (31.7%) and electric energy (24.8%), followed by
renewables at 20.3%, and oil and petroleum products at 12.3%,
and derived heat at 8.2%. A relatively small percentage, 2.7%,
came from coal and associated solid fuel products. The heat-
ing of homes requires the most energy in EU households, with
62.8% of the final energy use in total. Adding water heating

to this, the combined percentage of space and water heating
comes to 77.9%.'%!7 This hot water is most commonly pro-
duced by burning gas or biomass, or using electricity.'® The
heating season lasts seven months in most of the EU, typi-
cally from October till the end of April. What proportion of a
nation’s primary energy demand this corresponds to depends
on the actual energy mix of the given country.

With a view to decreasing the deployment of fossil fuels
and protecting the environment, the European Parliament
and the Council of the European Union have passed numer-
ous directives and regulations that oblige the member states
to promote energy efficiency and the deployment of renewable
sources of energy in their economies. Directive 2010/31/EU of
the European Parliament and of the Council of 19 May 2010 on
the energy performance of buildings '° has had a great impact
on national energy policies in terms of decreasing the energy
consumption of buildings.!®

The heating of water for household use is not only an
elemental need in every home, but it is also responsible for
about 15.1% of the total residential energy consumption in
the EU,'"20-2 a5 it is a very energy intensive process.'® In a
vast number of households worldwide, it is domestic electric
water heating systems (DEWH) that supply hot water for peo-
ple.?! The majority of these are based on the use of immersive
resistive heaters, as they are a cost-effective solution, but air-
to water heat pumps also represent a viable alternative due
to their better energy efficiency characteristics.?? The water
storage tanks of DEWHs essentially comprise alarge thermal
storage capacity, where the energy of hot water can be kept for
a relatively long time for later use. Due to this considerable
storage capacity coupled with the high penetration of this tech-
nology all around the world and the high energy requirement
of heating water, DEWH has become one of the most popular
applications utilized for the purposes of demand side manage-
ment for network operators.*?

Increasing efficiency and falling equipment prices have made
PV one of the most cost-effective technologies of electricity gen-
eration that is available to residential electricity consumers,
resulting in increasing installation rates, which are expected to
continue in the future.?2® Using PV systems, households pro-
duce electric power within their premises (behind the meter),
with the combined benefits of utilizing more renewable energy
and achieving financial savings by reducing the amount of elec-
tricity purchased from the network. Nevertheless, it also needs to
be noted that the growing levels of distributed electricity produc-
tion by PV modules may cause difficulties for power networks, as
they were essentially made to accommodate only unidirectional
energy flows.?”

A source of great potential challenges resulting from the
integration of increasing levels of distributed PV energy genera-
tion is keeping the voltage within safe limits in network areas
with high PV penetration.?” One way of coping with this prob-
lem is controlling and curtailing PV power generation, while a
more reasonable strategy would be to increase the households’
PV self-consumption rates, which would not only reduce the

MRS ENERGY & SUSTAINABILITY // VOLUME 11 // www.mrs.org/energy-sustainability-journal 75



quantity of electricity fed into the grid but also greatly reduce
CO2 emissions.”® One of the methods to achieve this would
be to deploy ES behind the meter, but as scientific studies 2°-°
have also pointed out lately, people still do not find residential
battery ES systems attractive, for economic reasons. A poten-
tial solution could be the utilization of DEWH storage tanks to
store the surplus energy from PV power production in the form
of the energy of hot water. This solution could achieve two goals
at once: decreasing the quantity of electricity purchased from
the network for heating water, and increasing the proportion of
PV energy self-consumption. Due to the fact that DEWHs are
extremely common appliances in many parts of the world and
their inexpensiveness relative to battery ES systems, DEWHs
can play a big role in facilitating the integration of PV systems
and distributed electricity generation into the grid, by providing
a certain amount of flexibility necessary for the integration of
variable renewable energy, as PV systems become increasingly
common.2® It needs, however, to be noted here that domestic hot
water (DHW) consumption habits and patterns are rather com-
plex and vary greatly depending on a number of factors, such as
geography, climatic and weather conditions, social aspects (e.g.
number of people in a household), people’s habits, lifestyles,
economic status, etc.”!

The use of photovoltaic systems in buildings is increasing
quickly due to the demand for environmentally-friendly energy
sources and the need to reduce carbon emissions from buildings.
However, there is a growing emphasis on improving PV self-
consumption through energy storage systems (ESS) to make PV
plants more profitable and minimize reliance on the power grid.
This has made it necessary to analyze the self-consumption of PV
energy with various ES configurations, which is not only of great
relevance and importance in building energy modelling, but is
also a complex and time-consuming process, especially when try-
ing to optimize ESS designs with multiple objectives in mind.>
The combination of TES and PV systems has the potential to pro-
vide an ideal solution to the current energy challenges in the
EU, as today’s technological advancements effectively facilitate
the direct use of electricity generated by PV systems for water
heating. Furthermore, information on the seasonal energy sav-
ing potentials of these devices in the territory of the EU is cur-
rently very scarce. This study examines the joint application of
TES and PV systems in the context of the EU countries, using a
special 3.5 kW inverter and a 200-L domestic electric water heat-
ing system to determine the seasonal energy saving potential.
The structure of this paper is as follows: Sect. 2 introduces the
methods related to the research, Sect. 3 contains the description
of the results and the related discussion, while Sect. 4 presents
the conclusions.

Methodology

Reasons for researching water-based sensible heat storage

The aim of the following partis to provide an overview of the
physical and technical aspects of the researched field as well
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as the significance of water-based heat storage and its residen-
tial solutions, as the relationships and information connected
to these comprise the basis of the various methodological
approaches used in the research.

TES has become an increasingly significant area that has
received a lot of attention from scientists over the past few dec-
ades.?? A significant amount of literature has been published on
the advantages of utilizing TES in renewable energy systems and
their integration.>43” While PV installations typically use bat-
teries to store electrical energy in the form of chemical energy,
there is a growing interest in storing PV energy in the form of
thermal energy.2® Thermal energy storage is typically classified
in the literature as sensible and latent heat storage, with the cur-
rent research focusing on sensible heat storage, while the latent
heat TES (LHTES) technology, which is based on the use of phase
change materials, is outside the scope of the present research.
On the other hand, sensible heat TES (SHTES) is a well-estab-
lished and economically viable technique that has more practical
applications than LHTES. SHTES systems store thermal energy
through changes in temperature, and they require a significant
amount of storage medium and great variations in temperature
to store great quantities of thermal energy.* Materials used for
sensible heat thermal energy storage have the ability to store
heat energy through their specific heat capacity (Cp). Thermal
energy stored by using SHTES is expressed as Q =m-Cp-AT,
where m means the mass (kg), Cp refers to the specific heat
capacity (k] kg-1 K-1) and AT is the temperature rise during the
process of charging. While absorbing heat energy, the materials
go through an increase in temperature without undergoing any
phase change. The quantity of heat that can be thusly stored is
directly related to the storage material’s density, volume, specific
heat, and the degree of temperature variation.*> The following
are the most common sensible heat storage materials:

37,38

¢ liquid storage media: water, mineral 0il,® molten

salts,?>3% liquid metals and alloys®®;

35,41,42

. sand, 543,

* solid storage media: rocks,*’ concrete
bricks.3?-38-44

The present research focused on water-based sensible heat
storage in relation to space heating and hot water supply, so
the most important relationships related to this are described
herein. In the case of sensible heat storage, it is necessary to take
into account the daily heat loss from the tank to the environ-
ment.'® For low temperature storage applications, water is one
of the best materials. The temperature of operation for a system
based onwater is between 25 and 90 °C, and it has several advan-
tages, such as high specific heat, affordability, easy accessibil-
ity, and non-toxicity. However, it has some disadvantages too,
including high vapor pressure and corrosivity. Water is an ideal
choice for applications such as space heating and hot water sup-
plyin households. Water storage tanks are manufactured from a
wide of range materials, including steel, aluminium, reinforced
concrete, and fiberglass, and can be insulated with materials like
polyurethane, glass wool or mineral wool. Tank sizes may vary
greatly, from as small as a couple of hundred liters up to several



thousand cubic meters. To preserve the thermal performance
and lifespan of a solar heating plant, technologies must be able
to ensure water tightness, to minimize heat loss by steam diffu-
sion through the walls, and to optimize stratification of the water
inside the tank. Large-scale seasonal heat energy storage can also
be achieved by using water in underground aquifers mixed with
sand and gravel, which can be a cost-effective alternative to con-
structing expensive water tanks. 5”38

In Europe, water tanks are frequently used connected to
solar collectors to produce warm water for space heating and/
or hot tap water, with the primary application being in smaller
plants for single-family homes. However, there are also large
water tanks utilized for seasonal or even buffer storage. Since
seasonal storage requires large amounts of water, tanks are
typically placed in the ground or near the ground surface. To
produce hot tap water, auxiliary heat sources like biomass, gas
or electricity are often necessary. Heat pumps are also com-
monly used to assist with heating and/or cooling, regarding
the low storage temperatures in the case of seasonal thermal
storage.?® Determining the right size for a storage tank is a sig-
nificant challenge,*® and all water storage tanks exhibit some
level of stratification, which is influenced by such factors as the
volume, geometry, water flow rates, and circulation conditions
of the given storage system. Studies have shown that temperature
stratification within the TES unit of a solar heating system can
greatly enhance the system performance.®’45¢ Several factors
determine the optimal size of the storage tank for a solar system
in terms of its economy and operation, including the intended
purpose of the energy system, the collector area, the prevailing
meteorological conditions, and the operational features of the
system. The cost-effectiveness of the system is determined by
the cost percentage, and the proportion of the total operational
energy consumed by the solar collectors in meeting the load.?
In connection with this issue, it should be noted that nowadays
there are economical #"*® devices with the help of which hot
water can be produced using the electricity generated by PV sys-
tems, for the purposes of assisting with the heating and/or the
domestic hot water supply. This research explores this particular
application.

Using PV systems for producing hot water and the related
modelling aspects of the research

The present research investigated the application potentials
of a technology developed by AZO Digital Sp. z o.0., through
the combined use of PV systems and household electric water
heating systems of a given size. The technology developed by the
company is a new, effective solution in the European market.
By using the inverter presented in this chapter, households can
store large amounts of solar energy in the form of heat in the
most cost-effective way available currently, thereby reducing
their fossil-based energy demand. The study presented herein
determined the average daily energy saving capacity of a house-
hold electric water heating system of a given volume when heated
with the help of a PV system during the 12 months of the year.
The modelling did not take specific consumer habits for hot

water into account. The main goal of the simulation was to deter-
mine the amount of average daily water temperature increase
(AT) for each month of the year.

The inverters developed by the above-mentioned company
have a rated power of 3.5 kW or 4.5 kW. This paper focuses on
the application possibilities of the 3.5 kW inverter, technical and
economic parameters of which are shown in Table 1. The device
was designed to supply power to heating appliances, e.g. boilers,
heaters and heating mats directly with electricity generated by
PV modules. Therefore, an energy storage system of this type can
provide a more cost-effective solution compared to, for example,
a traditional off-grid PV system, where the current costs of bat-
teries are rather high. A feature of this technological solution is
that if the PV system is installed with this type of inverter, the
PV energy can onlybe used for heating devices, i.e. it can not be
used for other energy-consuming systems. The system consists
of 4-9 PV modules connected in series, with the sum of open
circuit voltages (Voc) ranging from 120 to 350 V, where the total
power of the connected modules must not exceed 5 kW. Heaters
with a power of 200-3500 W can be connected to the inverter.
The casing has two primary outputs that enable the connection
of two heating devices. One of these is always heated first, while
the second one is only heated once the thermostat of the first
device stops receiving power from the inverter. This mechanism
guarantees that energy from the PV modules is not wasted when
either of the heating units reaches a predetermined temperature.
The device incorporates an algorithm for maximum power point
tracking (MPPT), which maximizes the amount of power that
can be obtained from the PV modules and automatically adjusts
the heater power. According to the manufacturer’s recommenda-
tions, for optimal operation in Europe, systems should comprise
4-7 PV modules and boilers with a capacity of 50-200 1.#% This
research calculated with the larger storage capacity, i.e. 200 1.
The inverter can be used for conventional heating devices with
no electronics (e.g. electric boiler). The reason for this is that the
electronic control of a heater may be disturbed by the modified
sine wave of the inverter. With the help of the inverter, conven-
tional electric boilers are able to operate with reduced power too;
itis not necessary to provide the constant, factory-specified heat-
ing power, thanks to their resistance heating operation. There-
fore, the water heating system selected for the research, which
is easily available in the EU*’ was the Hajdu Z200S ErP,*® the
technical characteristics of which are shown in Table 2.

In general, domestic electric water heating systems with a
storage capacity of 2001 have a heating power of 2400 W, so the
research scaled the rated power of the PV system to this power
magnitude. However, during periods when the power of the PV
system exceeds 2400 W, the available surplus PV power is not
utilized and is lost, since the heating power of the water heating
system limits the PV power that can be used. The goal was to
maximize the daily and annual energy production potential of
the PV system. PV systems in Europe typically deliver 75-80%
of their rated output in summer during ideal, cloud-free, sunny
periods.?>3 To ensure that the PV system has the highest prob-
ability of reaching the 2400 W heating capacity of the electric
water heating system in the months with high irradiation, and
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Tahle 1. The technical and economic parameters of the 3.5 kW inverter suitable for domestic electric water heating systems.

PV modules in series connection (Vpc)

The minimum and maximum values of the open circuit voltage range for

120-350

Waveform, output type

Modified sine wave (quasi-sine)

MPPT

Yes, included

PV array connection

Serial and serial-parallel

Maximum power (kW) 35
Gross price, 3" quarter 2023 (€) 400
Efficiency (%) 96
Output VAC, 1 Priority
Output VAC, 2 Dependent
Thermal protection Yes, included
High and low voltage protection Yes, included
Over current protection Yes, included
Energy meter Yes, included
Power meter Yes, included

Cooling Active intelligent fan
Housing Aluminum
Dimensions (mm) 320x 272 %96
Weight (kg) 41

to maximize the annual energy generation potential of the PV
system, the modelled PV system size was 3200 W.

APV system can heat the water in a water heater as long as the
PV modules are exposed to the rays of the sun. The extent of this
aswell as the power output of the PV modules—consequently—are
not constant throughout the day, as they vary following a daily
power curve, which is also subject to seasonal changes. It follows
from this thatif a PV system is used for power supply, the factory-
specified heating time for the water heating device increases.
This means that during the period when the PV system produces
less power than the 2400 W heating power of the water heating
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system studied in the research, the electric boiler will operate
at reduced power. For domestic electric water heating systems
of a given capacity, it is generally accepted by manufacturers to
take into account the same amount of energy requirement for
heating water by 1 °C at AT 35 °C, AT at 45 °C and also AT
at 50 °C (Table 2). During this research, the approach used by
manufacturers in their calculations was applied in the model-
ling.**>* The model took into account the proportional amount
of factory-specified energy loss (Table 2) at standby energy con-
sumption during 24 h, for the period the water was heated with
power from the PV system.



Tahle 2. The technical parameters of the Hajdu Z200S ErP water heating system.

Volume (1) 200
Nominal working pressure (Mpa) 0.6
Heating power (kW) 2.4
Heating time, manufacturer’s data, AT 50 °C (h) 53
Average energy demand for heating by 1 °C (kWh) 0.25
Standby energy consumption, manufacturer's data (kWh/24 h) 1.45

Currently, in the second quarter of 2023, a number of PV
module power sizes ranging from 365 to 600W, with open circuit
voltages (Voc) typically between 37 and 50 V, are already avail-
able to investors in Europe.*®~" For the purposes of the research
a type of PV module that can be easily connected in series to
achieve arated power of 3200 Wwas selected. Thus, the research
used 8 JA Solar JAM54530 400/MR type 58 (Table 3) half-cell,
monofacial, monocrystalline PV modules with a nominal power
of 400 W and an open circuit voltage (Voc) of 37.07 V, for the
simulations.’® As a result, the total power of the PV modules
corresponded to the power value recommended by the inverter
manufacturer, which is less than 5 kW. Figure 1 is a schematic
diagram of the examined system, comprising domestic electric
water heater technology and a PV system.

Radiation, power generation, PV module orientation and economic
data of the examined EU countries, modelling aspects

In order to determine the annual electricity production of the
PV system under consideration, it is essential to know the local
climatic characteristics, including solar radiation, temperature
and other weather factors. Although some of the countries in
the study occupy vast areas with very diverse geographical and
climatic conditions, for the purposes of the present research
the investigations focused only on the capital cities. This deci-
sion was justified by their economic role and the size of their
populations as well as their general significance in the life of the
respective countries. Data from the Global Solar Atlas (GSA) 59
were used for the majority of the countries, but due to data gaps,
in the case of Finland the information was obtained from the
Photovoltaic Geographical Information System (PVGIS).®” As
for the climatic data, the GSA database works with a 22-year-old
(1999-2021),°" while the PVGIS database with a 15-year-old real
weather data series (2005-2020).%2 The results of the research
were based on this input information. The two databases also
propose optimal slope and azimuth values for PV system instal-
lations, based on the radiation conditions of the given capitals,
on which the research is based (Table 4).

The data on the average daily number of hours suitable for
heating water with electric power from the PV systems in the
different months were compiled from the GSA for all the coun-
tries examined, except for Finland, whose data were collected
from the PVGIS, as mentioned earlier.’>®* From the data,
it was possible to determine the PV operating hours for the
given capitals. In addition, with the help of the two platforms,
a database of average daily energy production for the particu-
lar months was also developed for the PV capacities and the
countries examined. The purpose of this was to estimate the
average daily energy saving potential of a household electric
water heating system with a capacity of 200 L for the particu-
lar months, using the PV capacity examined, which is shown
by the magnitude of water temperature increase (AT) in the
research.

The research also evaluated the results from an economic
point of view, using the electricity prices for EU household
customers, i.e. the European Union Country Household Elec-
tricity Prices (EUCHEP), based on the information in the
Eurostat’s database ®* for each member state. The research
used the electricity prices for the second half of 2022 for the
annual consumption range between 2500 and 4999 kWh, in
Euros, including all taxes and levies 63 (Fig. 2). For the eco-
nomic calculations, the following methodology was used for
each country:

Costsaving = Epysystem x EUCHEP (D)

Figure 2 shows that there are significant differences in elec-
tricity prices for household consumers in the EU countries.
Denmark stands out with the highest price at 58.71 EUR cents/
kWh, followed by Belgium (44.89 EUR cents/kWh), the Czech
Republic (38.44 EUR cents/kWh), Italy (36.41 EUR cents/kWh)
and Romania (34.11 EUR cents/kWh). Hungary is one of the
EU countries with the lowest electricity prices, with an average
price of only 10.84 EUR cents per kWh, and it is followed by Bul-
garia (11.47 EUR cents/kWh), Malta (12.77 EUR cents/kWh),
the Netherlands (13.5 EUR cents/kWh) and Croatia (14.79 EUR
cents/kWh).
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Table 3. JA Solar JAM54S30 400/
MR type PV module standard test

conditions technical parameters

(STC) (STC: irradiance 1000 W/m?,
cell temperature 25 °C, AM1.5).

Rated maximum power (Pmax) (W) 400
Open circuit voltage (Voc) (V) 37.07
Maximum power voltage (Vmp) (V) 31.01
Short circuit current (Isc) (A) 13.79
Maximum power current (Imp) (A) 12.90
Module efficiency (%) 205
Temperature coefficient of Isc (%/°C) +0.045
Temperature coefficient of Voc (%/°C) —-0.275
Temperature coefficient of Pmax (%/°C) —-0.350

AC (modified
sine wave)

o

N
3.2kWPV 35kW Household electric
capacity inverter water heating
system, 200 |

Figure 1. The schematic diagram of the examined system: domestic
electric water heating system, inverter, PV modules.

Summary of the modelling aspects

This section summarizes the modelling aspects described in
previous sections for easier comprehension in Table 5.

The values of the average daily PV system operating hours
suitable for powering water heating appliances in each month
(PV,

ave. operating hours) and those of average daily electricity gen-

eration of a 3.2 kWp PV system in each month (E,,. py) were
determined on the basis of the results of the GSA and the PVGIS
simulations. It was these results that provided the basis for the
further energy calculations. As a result, it became possible to
determine energy metrics that could not be calculated with the
help of modeling programs, but are essential for the modeling
used in research. The estimated daily energy loss in the electric
water heating system during the period of water heating pow-
ered by the PV system (E
as follows:

ave. loss, heating period by PV) was calculated

Eqpe. loss, heating period by PV = Eqve. 1oss X PV que. operating hours

@
Knowing the values of E ave. loss, heating period by PV is
necessary, because this allows the determination of the amount

pvand E

ave.

of stored energy in the water heating system that remains at the
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end of the heating period powered by PV after the heat losses, on
the average (E

rem.):

Eqve. rem. = Eqye. PV — Eque. loss, heating period by PV (3)

The E,,,,, figures are not specifically given in the Results and
Discussion section, since theylogically follow from the E, pyand
the Eave. loss, heating period by PV data.

The potential rate of the average daily increase in the water tem-
perature (AT) over the PV heating period can be determined by the
following formula:

ELI’I]G. rem.

AT = )

Egve. energy demand| for water heating

Results

The daily PV system operating hours in the countries of the EU

The research determined the average daily PV system oper-
ating hours in the capitals of the EU countries, during which
PV systems can be used for powering water heating equipment,
for each month (Table 6). It can be said that in the capital cit-
ies examined there are significant differences in the seasonal
operating time of PV systems. According to the results shown
in Table 6, the length of the period during which a water heat-
ing appliance can be powered by a PV system is significantly
influenced by the geographical location and the climatic
factors. During the coldest and darkest winter months (e.g.
December) the operating time in the capitals of the northern
countries is typically 5-6 h (e.g. Helsinki in Finland, Stock-
holm in Sweden), while in the south, for example in Nicosia
(Cyprus), Rome (Italy) or Valetta (Malta) it reaches 10 h. In
contrast, due to seasonal changes, this value is significantly
longer in the summer months, even up to 11-12 h longer than
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Figure 2. The electricity prices
for household consumers in the
EU countries in the second half of
2022, inclusive of all taxes and
levies.
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in the winter (e.g. Helsinki in Finland, Tallinn in Estonia). The
number of PV system operating hours varies between 14 and
18 h during the summer period (e.g. June).

The different shades of red in Table 6 help interpret the data.
The lighter the red color of the cell is, fading into white, the more
the hours of PV system operation suitable for powering water
heating devices decrease. The value represented by the brightest
shade of red, 18 h, was recorded in Stockholm, Sweden, in June,
while the lowest value, which was a mere 5 h, was recorded in
Helsinki, Finland, in December.

Average daily electricity production, thermal energy loss

and the average daily energy saving potentials during the PV
system operating hours which are suitable for powering water
heating appliances in each month

The specific information on the average daily electricity pro-
duction of PV systems in each month allows the planning of the
energy saving potentials of the combined use of PV and domestic
electric water heating systems. The PV system modeled in the
research had a capacity of 3200 W. Table 7 shows how the aver-
age daily electricity production of a PV system of this capacity
changes in each month in the capitals examined. The determina-
tion of these values is crucial because these amounts of energy

are stored in the form of heat. Table 7 shows that there are sig-
nificant differences between countries concerning the quantities
of electricity that can be generated by PV systems, due to geo-
graphical location, climatic factors and irradiation. In general, it
can be stated that PV systems are less efficient in terms of energy
production in winter than in summer. However, the differences
between the months vary significantly in the countries exam-
ined. In the case of the Nordic countries, the average daily elec-
tricity production in January ranges between 2.1 and 2.6 kWh,
while in the case of the southern ones it may even exceed 10
kWh, for the PV capacity examined. In contrast, during the
summer period, e.g. in June, these values range from 11.8 to
17.6 kWhin all the countries. It is worth noting that in the case
of the Nordic countries, the summer period can be considered
favorable for PV system electricity generation, since during this
period 12.0-14.5 kWh can be produced in Stockholm, Sweden,
or 13.3-15.7 kWh in Helsinki, Finland for example. However,
in Belgium, for instance, which is farther south than the two
countries above, these values are lower, ranging from 11.6 to
12.8 kWh. The colors in Table 7 are used for easier interpreta-
tion. The brightest red represents Valetta’s (Malta) 18.1 kWh,
which was typical in July, while the lowest figure is seen for Esto-
nia (Tallinn), which is 1.2 kWh in December.
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Table 5. The main aspects of the modeling.

Aspect applied in the modelling process Value

Examined inverter technology: maximum output power (kW) 35

Examined water heating system: maximum heating power (kW) 2.4

Examined water heating system: heating time at max. heating power, AT 50 °C (h) 5.3

Examined water heating system: average energy demand for heating by 1 °C 0.25

(Eave. energy demand for water heating) (kWh)

Examined water heating system: standby energy consumption, manufacturer's data (Wh/24 h) 1450

Examined water heating system: average energy loss over a 1-h period (E,q 1,ss) (Wh) 60.4

Examined PV module: rated maximum power, STC (Pmax) (W) 400

Examined PV modules: power, connected in series, STC (W) 3200

Does the PV system feed into the grid? No

Does the PV system only produce hot water? Yes

Average daily information on radiation, power generation, PV system operation, PV-based heating Authors’ own results based on

hours of water heating systems; orientation aggregation of GSA and PVGIS
simulation results

Examined locations Capitals of EU member states

Does the modelling take specific hot water usage patterns into account? No

Does the modelling determine the potential magnitude of the average daily PV-based water tempera- Yes

ture increase (AT) on a monthly basis for the whole year?

The power output of PV modules varies throughout the day
along a daily power curve. For this reason, if a PV system is used
for powering a water heating appliance, the factory-specified
heating time increases, so the proportional amount of thermal
energy loss during the factory-specified standby energy use was
taken into account for the period of heating with power from the
PV system (Sect. 2.2). The estimated energy loss in the electric
water heating systems varied between 0.3 and 1.1 kWh in the
particular months in the EU capitals during the heating periods
with power from the PV systems. It can be seen that heat loss is
higher in the summer months because the PV system heats up
the electric boiler more than in winter. In the period from March
to September, heatloss is typically 0.7-1.1 kWh, while in winter
itisbetween 0.3 and 0.7 kWh. The colors in Table 8 are also used

84 m MRS ENERGY & SUSTAINABILITY // VOLUME 11 // www.mrs.org/energy-sustainability-journal

for ease of interpretation. The highest (brightest red) value was
recorded in Sweden, Stockholm at 1.1 kWh, which was typical
in June, while the lowest (faintest red) was recorded in Finland,
Helsinki, at 0.3 kWh, which was recorded in December.

The estimation of the heat loss in the domestic electric
water heating system was necessary to determine the average
increase in water temperature (AT) during the period of heat-
ing powered by the PV system for each month of the year. The
results in Table 9 show that local climatic conditions, includ-
ing irradiation to the PV system, have a significant influence
on the average daily temperature increase (AT) of the water
during the period of heating powered by the PV system. In
general, regarding the capital cities studied, the value of AT
shows significant differences during the year, ranging between



Tahle 6. The average daily PV system operating hours which are suitable for powering water heating appliances in each month.
PV ve. operating hours h)

Country (city) Jan [Feb [Mar |Apr |May |Jun |Jul |Aug |Sep |[Oct [Nov | Dec
Austria (Vienna) 10 12 14 15 16 16 14 13 11 9 8
Belgium (Brussels) 10 12 14 15 16 16 14 13 11 9 8
Bulgaria (Sofia) 11 13 13 15 15 15 14 13 11 10 9
Croatia (Zagreb) 10 12 14 15 16 16 14 13 11 9 9
Cyprus (Nicosia) 12 12 13 14 14 14 14 12 11 11 10

Czech Republic (Prague) 10 | 12 | 14 | 16 | 16 | 15 | 14 | 12 | 10

Denmark (Copenhagen) 9 11 14 16 17 16 15 12 10
Estonia (Tallinn) 9 11 15 17 17 17 15 13 10
Finland (Helsinki) 9 11 14 17 17 17 15 13 10

10 12 14 15 16 16 14 13 11
9 12 14 16 16 16 14 12 10

France (Paris)
Germany (Berlin)

BN Na INoJ o) [or) kU, ko ) BN | (o]

Greece (Athens) 11 13 13 14 15 15 13 12 11
Hungary (Budapest) 10 12 14 15 16 15 14 13 11
Ireland (Dublin) 10 12 13 15 16 15 15 13 11
Italy (Rome) 11 12 14 14 15 15 14 12 11 10
Latvia (Riga) 9 11 15 15 17 17 15 13 10

9 11 14 15 17 16 15 13 10
11 13 14 15 16 16 15 13 11

Lithuania (Vilnius)
Luxembourg (Luxembourg)

Malta (Valetta) 11 12 14 14 14 14 14 12 11 10
Netherlands (Amsterdam) 10 12 14 15 16 16 14 13 11
Poland (Warsaw) 10 12 14 15 16 16 14 13 11

11 12 13 15 15 15 13 13 11
11 12 14 14 15 15 14 12 12
10 12 14 15 16 16 14 13 11

Portugal (Lisbon)
Romania (Bucharest)
Slovak Republic (Bratislava)

000 [\O[\O |0 o

S| o|S[e|e|S|e|N|Ro|xo[S|e|w|||c|S|S[e|xe|e

=S N=l =1 1= p o) No g o1 (5] BN T g O] N bl {28 N [20) IRl ) e
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Slovenia (Ljubljana) 10 12 14 15 16 16 14 12 11
Spain (Madrid) 11| 12 | 14 | 14 [ 15 [15] 14 | 12 | 12 10
Sweden (Stockholm) 9 12 | 14 | 16 | 18 | 16 | 15 | 12 | 10 6

Table 7. The average daily electricity generation of a 3.2 kWp PV system in each month.

0 Eave. PV (kWh)

Country (city) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Austria (Vienna) 5.0 8.1 10.6 13.3 134 13.9 13.9 134 11.1 8.1 4.9 42
Belgium (Brussels) 4.0 6.3 9.3 12.1 12.7 12.8 12.4 11.6 10.1 7.2 4.5 3.3
Bulgaria (Sofia) 7.2 9.9 11.7 12.4 13.3 144 15.1 14.9 12.6 10.6 7.8 6.0
Croatia (Zagreb) 6.0 8.7 11.0 12.4 13.6 14.4 14.7 14.2 11.4 9.0 5.7 5.0
Cyprus (Nicosia) 10.6 12.6 14.8 15.5 16.3 17.1 17.3 17.1 16.4 14.2 12.2 10.2
Czech Republic (Prague) 4.3 7.1 9.6 12.6 13.0 133 12.9 12.5 10.3 7.4 43 3.6
Denmark (Copenhagen) 3.1 5.4 9.6 13.1 14.0 13.9 13.4 12.1 9.7 6.2 3.3 2.1
Estonia (Tallinn) 2.1 5.2 10.1 13.6 15.5 15.0 144 12.5 9.0 5.3 2.0 1.2
Finland (Helsinki) 2.2 5.2 10.2 14.3 16.3 15.7 15.3 13.3 9.6 5.8 2.1 1.2
France (Paris) 4.6 7.1 10.1 12.6 13.0 13.5 13.4 12.7 11.1 7.9 5.2 4.1
Germany (Berlin) 3.7 6.4 9.1 12.5 13.3 13.3 12.9 12.2 10.1 7.0 4.1 3.0
Greece (Athens) 9.4 11.5 13.6 15.0 15.9 16.8 17.2 16.9 14.9 12.2 9.7 8.2
Hungary (Budapest) 5.5 8.4 11.2 13.1 13.8 14.1 14.3 13.9 11.4 9.2 5.6 44
Ireland (Dublin) 3.6 6.1 8.5 10.9 12.3 11.8 10.9 9.9 8.6 6.4 4.4 3.1
Italy (Rome) 8.7 11.1 13.1 14.2 15.5 16.5 17.2 16.4 13.8 11.5 8.6 8.0
Latvia (Riga) 2.6 5.7 9.8 13.2 14.8 14.6 14.0 12.4 9.6 6.0 2.5 1.5
Lithuania (Vilnius) 3.0 5.6 9.4 12.3 13.5 13.7 13.0 12.2 9.6 6.0 2.5 1.9
Luxembourg (Luxembourg) 3.9 6.6 10.0 12.7 12.9 13.6 13.3 12.3 10.7 7.2 4.0 3.2
Malta (Valetta) 97 | 122 | 143 | 157 | 172 | 17.6 | 181 | 17.2 | 145 | 120 | 98 | 9.0
Netherlands (Amsterdam) 3.8 6.2 9.1 12.3 13.2 13.0 12.7 11.5 9.5 6.7 39 3.0
Poland (Warsaw) 3.7 5.9 9.4 12.4 13.6 13.7 13.2 12.8 10.2 7.0 3.6 2.7
Portugal (Lisbon) 9.3 11.6 13.9 15.1 16.0 16.8 17.4 17.5 15.5 12.1 9.7 8.5
Romania (Bucharest) 6.0 8.9 11.6 13.1 14.2 14.7 15.2 14.9 12.6 9.7 6.5 5.3
Slovak Republic (Bratislava) 4.8 7.9 10.7 13.5 13.9 14.4 14.2 13.7 11.3 8.4 5.0 3.9
Slovenia (Ljubljana) 5.2 8.5 11.3 12.4 134 14.3 14.8 13.9 11.4 8.1 4.6 3.9
Spain (Madrid) 10.2 12.7 14.7 15.2 15.6 16.8 17.5 17.1 15.4 12.7 10.3 9.4
Sweden (Stockholm) 2.6 5.7 10.1 13.4 14.5 14.5 13.8 12.0 9.5 5.9 2.7 1.7
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Tahle 8. Estimated daily energy loss in the electric water heating system during the period of water heating powered by the PV system.

. Eave. loss, heating period by PV (kWh)

Country (city) Jan Feb Mar | Apr | May Jun Jul Aug Sep Oct | Nov Dec
Austria (Vienna) 0.5 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.8 0.7 0.5 0.5
Belgium (Brussels) 0.5 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.8 0.7 0.5 0.5
Bulgaria (Sofia) 0.5 0.7 0.8 0.8 0.9 0.9 0.9 0.8 0.8 0.7 0.6 0.5
Croatia (Zagreb) 0.6 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.8 0.7 0.5 0.5
Cyprus (Nicosia) 0.6 0.7 0.7 0.8 0.8 0.8 0.8 0.8 0.7 0.7 0.7 0.6
Czech Republic (Prague) 0.5 0.6 0.7 0.8 1.0 1.0 0.9 0.8 0.7 0.6 0.5 0.5
Denmark (Copenhagen) 0.4 0.5 0.7 0.8 1.0 1.0 1.0 0.9 0.7 0.6 0.5 0.4
Estonia (Tallinn) 0.4 0.5 0.7 0.9 1.0 1.0 1.0 0.9 0.8 0.6 0.5 0.4
Finland (Helsinki) 0.4 0.5 0.7 0.8 1.0 1.0 1.0 0.9 0.8 0.6 0.5 0.3
France (Paris) 0.5 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.8 0.7 0.5 0.5
Germany (Berlin) 0.5 0.5 0.7 0.8 1.0 1.0 1.0 0.8 0.7 0.6 0.5 0.5
Greece (Athens) 0.6 0.7 0.8 0.8 0.8 0.9 0.9 0.8 0.7 0.7 0.6 0.5
Hungary (Budapest) 0.5 0.6 0.7 0.8 0.9 1.0 0.9 0.8 0.8 0.7 0.5 0.5
Ireland (Dublin) 0.4 0.6 0.7 0.8 0.9 1.0 0.9 0.9 0.8 0.7 0.5 0.4
Italy (Rome) 0.5 0.7 0.7 0.8 0.8 0.9 0.9 0.8 0.7 0.7 0.6 0.6
Latvia (Riga) 0.4 0.5 0.7 0.9 0.9 1.0 1.0 0.9 0.8 0.6 0.4 0.4
Lithuania (Vilnius) 0.4 0.5 0.7 0.8 0.9 1.0 1.0 0.9 0.8 0.6 0.5 0.4
Luxembourg (Luxembourg) 0.5 0.7 0.8 0.8 0.9 1.0 1.0 0.9 0.8 0.7 0.5 0.5
Malta (Valetta) 0.6 0.7 0.7 0.8 0.8 0.8 0.8 0.8 0.7 0.7 0.6 0.6
Netherlands (Amsterdam) 0.5 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.8 0.7 0.5 0.5
Poland (Warsaw) 0.5 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.8 0.7 0.5 0.5
Portugal (Lisbon) 0.6 0.7 0.7 0.8 0.9 0.9 0.9 0.8 0.8 0.7 0.6 0.5
Romania (Bucharest) 0.5 0.7 0.7 0.8 0.8 0.9 0.9 0.8 0.7 0.7 0.6 0.5
Slovak Republic (Bratislava) 0.5 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.8 0.7 0.5 0.5
Slovenia (Ljubljana) 0.5 0.6 0.7 0.8 0.9 1.0 1.0 0.8 0.7 0.7 0.5 0.5
Spain (Madrid) 0.6 0.7 0.7 0.8 0.8 0.9 0.9 0.8 0.7 0.7 0.6 0.6
Sweden (Stockholm) 04 | 05 | 07 [ 08 | 10 |l |10 ] 09 | 07 | 06 | 04 | 04

3 and 68 °C. This value was above 30 °C in every country in
the period from March to September. In summer, this figure
varied between 35 and 68 °C. The lowest AT value during sum-
mer was observed in Dublin, Ireland (35°), while the highest
was recorded in Valetta, Malta. In the case of the Scandinavian
countries, e.g. Stockholm, Sweden, these temperatures were
between 44 and 53 °C during this period, while in the case
of Helsinki, Finland, slightly higher values were observed
between 49 and 58 °C. In the countries with higher irradia-
tion, the AT values exceeded 60 °C during the summer period,
e.g.in Cyprus (Nicosia), Greece (Athens), Italy (Rome), Malta
(Valetta), Portugal (Lisbon) and Spain (Madrid). It is worth not-
ing that the maximum hot water temperature value for elec-
tric water heating systems varies between 65 and 95 °C,** so a
storage tank with the appropriate technical parameters should
always be chosen for the efficient and economical storage of
thermal energy.

The magnitude of AT in winter deteriorates significantly com-
pared to summer. From the point of view of the system under
consideration, the month of December is the most unfavorable.
AT values below 10 °C were observed in 8 countries, namely
Denmark (Copenhagen), Estonia (Tallinn), Finland (Helsinki),
Latvia (Riga), Lithuania (Vilnius), Netherlands (Amsterdam),
Poland (Warsaw) and Sweden (Stockholm). During this period,
the worst situation can be seen in the Scandinavian countries,
where the AT is between 3 and 5 °C.

The colors in Table 9 were added for ease of interpretation.
Malta (Valetta) had the brightest red color with 68 °C, which was

recorded in July, while Estonia (Tallinn) had the lightest color
with 3 °C, which was observed in December.

The potentials of using home electric water heating technology
in energy storage

It should be noted that the dynamic spread of so-called
on-grid PV systems, which are capable of feeding into the
grid, for example, the currently unused electricity of a house-
hold, is increasingly causing technical problems in the EU’s
macroenergy systems. This mainly causes reverse power flows
in local power grids, resulting in the inverter disconnecting
from the grid for safety reasons, in which case it is not pos-
sible to feed into it. For this reason, off-grid or hybrid PV
systems are more and more often installed in the EU. An off-
grid PV system does not feed into the grid, it only charges a
battery to facilitate the use of the generated electricity. In
contrast, in the case of a hybrid system, a hybrid inverter
not only enables feeding power into the grid, but also allows
the charging of batteries, as in the case of an off-grid sys-
tem. The disadvantage of both systems is the use of batter-
ies, which requires a significant investment. With regard to
hybrid PV systems, it is worth noting that an earlier research
determined %! the proportion of household electricity con-
sumption that can be saved in certain European countries
by directly using PV energy when deploying PV capacities
between 0.5 and 5 kW coupled with lithium-ion energy stor-
age equipment with usable energy capacities of 0-20 kWh.
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Table 9. Average daily water temperature increase (AT) during the period of water heating powered by the PV system.

Average daily water temperature increase (AT) during the period of water
Country (city) heating powered by the PV system

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Austria (Vienna) 18 29 39 49 49 51 51 49 40 29 17 15
Belgium (Brussels) 14 22 34 44 46 47 45 42 37 26 16 11
Bulgaria (Sofia) 26 36 43 46 49 53 56 55 46 39 28 21
Croatia (Zagreb) 21 32 40 45 50 53 54 52 42 33 20 18
Cyprus (Nicosia) 39 47 55 58 61 64 65 64 62 53 45 38
Czech Republic (Prague) 15 26 35 46 47 48 47 46 38 27 15 12
Denmark (Copenhagen) 11 19 35 48 51 51 49 44 35 22 11 7
Estonia (Tallinn) 7 18 37 50 57 55 53 46 32 18 6 3
Finland (Helsinki) 7 18 37 53 60 58 56 49 35 20 6 3
France (Paris) 16 25 37 46 47 49 49 46 41 29 18 14
Germany (Berlin) 13 23 33 46 48 49 47 45 37 25 14 10
Greece (Athens) 35 43 50 56 59 63 64 63 56 45 36 30
Hungary (Budapest) 20 30 41 48 51 52 53 51 42 33 20 15
Ireland (Dublin) 12 22 31 40 45 42 39 35 31 23 16 11
Italy (Rome) 32 41 49 52 58 61 64 61 52 42 31 29
Latvia (Riga) 9 20 36 48 55 53 51 45 35 21 8 4
Lithuania (Vilnius) 10 20 34 45 50 50 47 44 35 21 8 6
Luxembourg (Luxembourg) 13 23 36 46 47 50 48 45 39 26 14 10
Malta (Valctta) 36 | 45 | 53 | 58 | 64 | 66 | 68 | 64 | 54 | 45 | 36 | 33
Netherlands (Amsterdam) 13 22 33 45 438 47 46 42 34 24 13 10
Poland (Warsaw) 13 21 34 45 50 50 48 47 37 25 12 9
Portugal (Lisbon) 34 43 52 56 59 62 65 66 58 45 36 31
Romania (Bucharest) 21 32 43 48 53 54 56 55 47 35 23 19
Slovak Republic (Bratislava) 17 29 39 50 51 53 52 51 41 30 17 14
Slovenia (Ljubljana) 18 31 42 45 49 52 54 51 42 29 16 13
Spain (Madrid) 38 47 55 57 58 63 65 64 58 47 38 35
Sweden (Stockholm) 9 20 37 49 53 53 50 44 34 21 9 5

Furthermore, the potentials for the direct use of PV energy
compared to the annual energy production of such hybrid PV
systems were also determined. The findings showed that by
raising the energy capacity of the energy storage systems the
electricity saving efficiency of residential hybrid PV systems
per capita is increased up to a level when it reaches 100%.
The hybrid PV system capacities that correspond to this
point, however, need to be established for each country sepa-
rately, which is impossible without taking into account the
country-specific conditions and the relationships of the rel-
evant factors. Also, the investigations revealed that beyond
a given size, higher energy storage system energy capacities
do not result in any or only slight improvements in the yearly
direct PV energy consumption.

When designing off-grid and hybrid PV systems it is worth
considering the energy storage method presented in this study.
Itis necessary to think about what the potentially generated PV
energy that would be stored in the batteries would be used for. If
part ofitwould be used for heating water, itis worth considering
designing part of the PV capacity exclusively for hot water pro-
duction. This is mostly justified by the fact that this could reduce
the required battery energy capacity, which could create a more
favorable situation from an investment point of view, and on the
other hand, energy storage in an electric water heating system is
amuch more economical and cost-effective solution. Moreover,
a battery used in a PV system undergoes frequent charge-dis-
charge cycles, as a result of which it suffers constant technical
deterioration.

It needs to be noted here that the gross consumer price
of the LiFePO4 batteries used in off-grid or hybrid systems
was around EUR 400/kWh in the EU in the third quarter of
2023.% This means that the price of a larger LiFePO4 bat-
tery with a nominal energy capacity of 15.3 kWh exceeded
EUR 6000. The advantage of choosing such an option is that
the stored energy can not only be used as electricity, but can
also be converted into thermal energy. On the other hand,
the disadvantage of the domestic electric water heater tech-
nology combined with PV system presented in this research
is that the energy can only be stored in the form of heat.
However, based on the rate of the average daily water tem-
perature increase (AT), it was apparent that even AT 65
could be achieved with the help of the system studied in
the research during the PV heating period. This means that
in summer, a domestic electric water heating system with
a storage capacity of 200 1 can store more than 16 kWh of
energy in the form of heat on average per day. In addition,
the gross retail price of a 200 I water heating system over
the same period was around EUR 1000,%° which is much
more favorable compared to that of the LiFePO4 battery.
Therefore, in this type of investments, it is worth carefully
considering whether it would be more economical to use
the technology and method presented in this research in the
production of domestic hot water or in aiding heating. This
could help reduce the investment costs associated with the
battery system by optimizing the nominal energy capacity.
Related to this, it should also be taken into account that the
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Figure 3. Cost saving potentials
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total system efficiency (system loss, inverter, battery) of off-
grid and hybrid PV systems varies typically between 72 and
86%, depending on the battery type. However, in the case
of the electric water heating system tested in the research,
heated to 65 °C, 89% of the stored thermal energy is still
available after 24 h.

The annual cost-saving potential of the combined system
of domestic electric water heater technology and PV studied
in the research

The results (Fig. 3) show that, taking into account the
electricity prices inclusive of taxes and levies prevailing in
the second half 0of 2022, the use of a combination of domestic
electric water heating technology and PV system examined
in the research has significant cost-saving potentials for EU
households. Combining these technologies will allow for
efficient, more sustainable water heating, while also facilitat-
ing solar self-sufficiency. At the top of the list are countries
such as Denmark, Cyprus, Italy and Spain, which offer out-
standing savings opportunities to energy consumers, helping
to promote sustainable energy use in the EU. These results
underline the importance of energy efficiency measures and
contribute to achieving the goals of the Energy Strategy for
Europe. The high cost savings are mainly due to high electric-
ity prices in some countries, so high energy prices can be an
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incentive for consumers to reduce energy consumption and
adopt energy-efficient systems. Thus, the results highlight
that electricity prices greatly influence the choice of energy
sources used and the possibilities of the spread of alternative
energy technologies.

Conclusions

The past ten years have seen a great rise in on-grid PV
power generation capacities in many countries of the world.
This rapid spread has involved large commercial utility-size
power plants as well as small, household PV systems, and all
sectors. However, the use of intermittent renewable energies
also entails some limitations, due to their high variability and
availability limited by various factors, such as geography, cli-
mate and weather. Consequently, energy production from vari-
able sources needs to be combined with efficient ES options,
so that power can be stored to be used later when the energy
source is not available.

Among variable renewable energies, solar PV has experienced
an unprecedented hike lately, and this growth is forecasted to
accelerate more in years to come. Because of the absence of solar
radiation at night and the great variability and difficult predicta-
bility of solar power in the daytime, the successful deployment of
PV energy relies on ES technologies to a high degree. Thanks to



the fact that energy can be stored in different forms such as elec-
trical, mechanical and thermal energy, there are many practical
and potential methods for storing it. Although the most common
ES option in the case of PV power generation is the use of batter-
ies, solutions based on thermal energy are also gaining more and
more popularity. Thermal energy storage can also be achieved
in different ways: latent heat, sensible heat and thermochemical
ES, or even by a combination of these.

Reducing the demand for energy based on fossil fuel is of
paramount importance in the European Union. The present
research offers a novel technological solution, which is already
available in the market, to achieve this goal. The new type of PV
system discussed herein will be of increasing importance in the
European market nowadays, as with the help of the presented
inverter, the population can store large amounts of solar energy
in the most cost-effective way currently possible, thusly reducing
the fossil-based energy demand of households.

The research presented herein focused on water-based
sensible heat storage in relation to space heating and house-
hold hot water supply, as nowadays there is an increasing
interest in storing generated PV power in the form of ther-
mal energy. The work explored the application possibilities
of the 3.5 kW inverter technology developed by AZO Digital
Sp. zo.0. using a 3.2 kWp PV system together with a 200-1
capacity domestic electric water heating system. The results
of the research showed that the local climatic characteristics
and irradiation to the PV system significantly influenced the
amount of average daily increase in water temperature (AT)
during the examined period of water heating powered by the
PV system. For the capitals of the EU countries studied, the
value of AT varied significantly during the year, ranging
from 3 to 68 °C. This value was always above 30 °C from
March to September, ranging from 35 to 68 °C in summer
and from 1.2 to 12.7 °Cin winter. In six countries with high
irradiation figures during the year, the AT value exceeded
60 °C during the summer months, of which Malta (Valetta)
stood out. However, the applicability of the system examined
is limited during the winter, especially in the Nordic coun-
tries. In these countries, December is the most unfavorable
month, when the AT is between 3 and 5 °C. In contrast,
the estimated value of the AT during this period is 38 °C
in Cyprus (Nicosia), 35 °C in Spain (Madrid) and 29 °Cin
Italy (Rome), as these countries are characterized by warm
summers and mild winters.

The aim of the research was to present a possible alternative
of using TES and PV systems combined, under the conditions
prevailing in the countries of the EU, through the deployment
of a special inverter and a household electric water heating sys-
tem of a relatively large capacity. The seasonal energy-saving
potentials of a water-based sensible heat storage method, which
represents an up-to-date practical possibility of connecting
TES and PV systems, were determined for each capital city in
the EU. The objectives of related future research include more
complex analyses of other ways of linking TES and PV systems,
e.g. also considering the domestic hot water usage patterns of

households, or in relation to assisting space heating in homes,
combined with heat pumps.
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