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Abstract: This paper presents possible applications of heat pumps in buildings during the energy
transformation and decarbonization of a country whose energy sector is highly centralized and based
on coal. Contemporary cities are spreading beyond the existing borders and new areas cannot be
supplied by the existing centralized district heating system. The only form of energy that is available
on the outskirts of cities is electricity, which means that it must be used for all energy needs, including
heating. In such a case, the use of heat pumps is perfectly justified in terms of energy, economy
and environment, especially when they are coupled with photovoltaic systems. Hypothetical micro
housing estate energy systems based on photovoltaics and heat pumps are analyzed in the paper. New
options for configuration and operation of the energy systems are considered. Results of a simulation
study show that by creating a common local electricity network and a local heating network powered
by a central heat pump, the direct use of electricity generated in the local photovoltaic systems
increases from 25% to at least 35%, thanks to enabling more even storing and consuming of solar
energy during a day, compared to the independent operation of energy systems at individual houses.

Keywords: energy efficiency in buildings; new micro districts in city suburbs; heat pumps; distributed
energy systems; heat pumps coupled with photovoltaics

1. Introduction

Currently, there is a need to take extensive and rapid actions to protect the climate. This
means the transformation of the economies of most countries, including the energy sector, in
order to move from an energy-intensive economy with a high consumption of conventional
fuels, and consequently high environmental pollution, to an economy that guarantees
sustainable consumption of raw materials and protection of the environment. Every
country should decide how to change its own energy sector and make domestic economy
less energy intensive. In the European Union such strategic directions are determined
by the relevant EU directives, which primarily include: the Directive of the European
Parliament and of the Council on the energy performance of buildings [1], the Directive of
the European Parliament and of the Council on the Energy Efficiency [2] and the Directive
of the European Parliament and of the Council on the promotion of renewable energies [3].
EU Member States are obliged to develop their energy and environmental policies in
accordance with the EU’s strategic objectives and shape their legislation accordingly so that
it corresponds to the objectives and scope of actions set out in the directives.

A sustainable resource-saving economy means using energy resources available on
site, i.e., renewable sources and waste sources. However, energy and resource-saving
policy can mean something different in different countries, even in the same geographical
location. Pro-environmental and energy savings behaviors differ even if there is common
energy and climate policy, as in the EU countries [4]. Life Cycle Assessment (LCA) analysis
is an analytical technique which aims to analyze the sustainability benefits of complex
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systems, such as buildings and their energy systems [5]. However, the results of the analysis
can differ a lot between countries if they differ in their energy mix. In the LCA method
particular emphasis is put on embodied energy. Embodied energy is the energy required to
extract and transport resources used for production processes of different products, and
then the energy necessary to produce those final products, which may be, for example,
final construction materials, devices, or systems. This problem is especially important
for buildings, including the residential sector, if we are going to build fully low-energy
houses [6]. The LCA method is usually used to demonstrate sustainability of building
materials, and it includes not only embodied energy, but also embodied carbon as well [7].

The energy and environmental costs of extracting natural resources and their transport
and distribution, in particular fossil fuels, are usually very high and in most cases discredit
their use in favor of renewable energy or waste energy sources available on site. Further-
more, there are devices which can operate very effectively using renewable heat sources or
waste heat sources depending on the situation, i.e., on availability of a heat source and its
operational parameters (temperature, thermal capacity, energy performance, etc.). The heat
pump is such a device, and it is becoming more and more popular nowadays in modern
low-energy buildings. The heat pump is the only device that can significantly reduce the
consumption of final energy in relation to the heating demand, and if it is properly selected
and dimensioned for the given conditions of operation (conditions of heat extraction from
a lower heat source and heat use by the end-user at an upper heat source, i.e., a heat
sink) [8,9], it can also greatly reduce primary energy consumption. We can talk about the
high energy performance of a heat pump, when the required heating demand is supplied
to the end-user using a small amount of (electrical) energy needed to power the heat pump.
According to the heat pump’s energy balance, the more energy is taken from the heat source,
the less driving energy the heat pump needs to provide a required heating load. This is
expressed by a higher value of the coefficient of performance (COP) of a heat pump in
standard operation conditions and by its seasonal coefficient of performance (SCOP) in the
actual conditions and running time of the heat pump system [10,11]. Furthermore, thanks
to the use of heat pumps, it is possible to achieve net-zero energy buildings, especially if
we use the ground as the heat source of the heat pump [12], and not only for heating but
also for space cooling [13].

Rational use of final energy necessitates first reducing the demand for energy, and then
ensuring high effectiveness of its use through properly operating energy generation and
distribution systems, as well as all components of energy systems located with end-users.
Therefore, it is important to convert primary energy into final energy with high efficiency
first, and then to properly manage distribution and use of the final energy by end-users [14].
It is necessary to underline that it is especially important for the end-user to control energy
consumption on his/her own, including efficient operation of his/her installations and
devices. The behavior of end-users plays an important role in the actual reduction of energy
consumption, and therefore it is necessary to develop mechanisms motivating end-users to
take direct actions to save energy and the environment [15]. Thus, a global extended view
of energy extraction, conversion, transmission and use, starting from the energy producer,
through its distributor and ending with the user, is necessary to reduce energy consumption
significantly and conserve the environment.

Currently, changes in energy consumption are not possible without the active role
of society and its support for climate protection. An important element is the role of
energy consumers in developing conscious energy-saving and pro-environmental actions.
Such actions must include different categories of energy producers and consumers, both
people managing industry, transport and buildings, as well as residents of cities and
villages. It can be done through encouragement of residents, the final energy consumers, to
engage in energy conservation and environmental protection measures that will enable the
implementation of the low-emission goals of the economy. Society should be enabled to
play the role of an active energy prosumer; the easiest way to achieve this is to use its own
renewable energy sources in a building sector.
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In Poland as in other former socialist countries of Europe, the final consumers had no
influence on the energy economy. Everything was centrally organized and managed, and
the concept of energy saving and environmental protection was non-existent. Therefore,
countries like Poland are currently facing a huge economic, organizational and ideological
challenge to transform the economy of these countries and ensure energy security and
decarbonization of the economy by 2050.

The paper presents possible application of heat pumps in buildings in Poland as
devices which can help to reduce final energy consumption, and thanks to coupling their
operation with photovoltaic systems, they can also significantly reduce the consumption of
primary energy contained in fossil fuels. However, the application of heat pumps is not
so easy to realize, especially in large cities where heat is supplied to nearly all buildings
by centralized district heating systems based on coal fired plants. This problem is also
considered in the paper, as it has a strong impact regarding the possible applications of
heat pumps in large cities.

In Section 2 the present state of the Polish energy sector is presented to show how huge
a challenge it is to move from a centrally managed economy based on coal to distributed
energy systems based on renewable energies and heat pumps.

Section 3 describes the present state of application of heat pumps in Poland. In
particular, the description concerns the possible applications of heat pumps coupled with
photovoltaic systems in new distributed energy systems.

Section 4 presents the new trend of spreading cities beyond the existing borders, which
means not only crossing the administrative borders of cities, but also the borders of access
to centrally managed energy systems, especially to central district heating networks.

Section 5 analyzes the operation of a hypothetical example of heat pumps and pho-
tovoltaic PV systems applied in a new small residential area of Warsaw’s suburbs and
analyzes the operation of such energy systems in given conditions.

Finally, Section 6 presents conclusions emphasizing the purposefulness of the ap-
plication of modern low-temperature heating networks using renewable energies, i.e.,
photovoltaic systems, and heat pumps at micro scale in the outskirts of cities. As de-
termined by the results of simulation studies of the operation of micro energy systems
consisting of a photovoltaic installation and a heat pump, their combination significantly
reduces the consumption of final and primary energy. Electricity generated by PV systems
can supply annually at least about 25 or 35% demand directly on site depending on the
configuration and modes of operation of the local energy system in Polish climatic con-
ditions. Results of the study show that by creating a common local electricity network
and a local heating network powered by a central heat pump, the direct use of electricity
generated in the local photovoltaic systems corresponds to at least 35%. Such a large share
of solar energy results from the relatively even use of the solar energy gained during a day,
because different energy consumption profiles by different consumers achieve a more even
averaged course. The presented idea of a photovoltaic system combined with a heat pump,
which acts as the only heating device that supplies heat to end users through a central
micro heating network, seems to be an energy-efficient solution for new areas emerging on
the outskirts of cities.

2. Present State of the Polish Energy Sector

Poland, like many former socialist countries, has a well-developed centralized energy
system. Such a system is based on the central national electricity grid and the central
district heating systems that generate and deliver heat to end users mainly in large cities.
In small towns and villages, local heating plants and individual heat sources are used,
the latter being typical for non-urban areas. Although overall the energy situation looks
good, in practice there are a number of problems related to the efficiency of the energy
conversion in power and heating plants, quality and effectiveness of electricity grid and
thermal heating networks, the security of supplying energy and rational use of the final
energy. In addition, the Polish energy system is based mostly on old, inefficient energy
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conversion technologies using coal (hard and brown) as the primary fuel, which means that
the energy sector is highly energy-intensive and results in serious environmental problems.
The use of energy from renewable sources has noticeably increased in the last decade.
However, their future role in the national energy policy is still underestimated and mostly
concerns small distributed energy systems and micro individual energy consumers, only.

Figure 1 presents the structure of final energy consumption by carrier in the year 2010
and 2020 in Poland. The structure is taken from Polish official statistics [16]. It should be
mentioned that in such a structure of domestic final energy consumption, coal is not only
an independent energy carrier, but it also dominates in the generation of electricity and
heat. It can be seen that over the last ten years the share of heat has decreased, while the
share of electricity has increased, and the share of so-called “others”, which are mainly
renewable energies, also increased.
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Figure 1. Structure of final energy consumption by carrier in 2010 and 2020 in Poland.

Over 2010–2020, the share of transport and industry in final energy consumption
increased, while the share of households, services and agriculture decreased. The share
of transport increased from 25.7% to 30.4%, which was the largest change in the period in
question, and the share of industry from 21.8% to 24.2%. The share of households decreased
from 33.3% to 29.6%, agriculture from 5.8% to 5.5% and services from 13.5% to 10.3% [16].
The structure of energy consumption in households is still dominated by the demand
for heat for space heating; however, its share is gradually decreasing (from 71% in 2010
to 66% in 2020) thanks to the refurbishment of buildings. On the other hand, electricity
consumption (for lighting and household appliances) is on the rise and currently accounts
for around 10% of final energy. The Table 1 shows changes (percentages) in the structure of
energy consumption in households.

In 2021, 173.6 TWh of electricity was produced in Poland and 174.4 TWh was con-
sumed. The structure of electricity production is dominated by hard coal and lignite as
fuel, and in September 2022 their shares were 51.3% and 28.7%, respectively [17]. Gas-fired
power plants provided only 3.68% of electricity, and renewable energy plants almost 15%,
of which the share of wind farms was 8.08%. Recently, energy production by coal fired
plants has been decreasing by an average of 5–8% annually, while domestic consumption is
increasing accordingly (the difference is not large, but energy export is slowly increasing).
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Table 1. Structure of energy consumption in households by end use (%).

Specification 2002 2009 2012 2015 2016 2017 2018 2019 2020

Space heating 71.3 70.2 68.8 65.5 66.2 65.8 65.1 66.4 66.0

Water heating 15.0 14.4 14.8 16.2 16.0 16.3 16.6 16.1 16.1

Cooking 7.1 8.2 8.3 8.5 8.3 8.3 8.5 8.0 8.2

Lightning 2.3 1.8 1.5
9.8 9.6 9.6 9.8 9.4 9.6

Electrical appliances 4.3 5.4 6.6

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

At the beginning of 2023, the share of hard coal in electricity production fell below
50%, as shown in Figure 2. This figure shows structure of the electricity generation in the
country in relation to licensed large power plants, at the beginning of the current year
(January–February 2023; data for Figure 2 are taken from [17]). However, it should be noted
that this structure does not take into account micro-installations (mainly photovoltaic)
generating electricity for the producers’ own needs. If all systems and installations (not
only licensed ones) are taken into account, then the share of renewable energy in electricity
production in the country is higher. In 2022, it amounted to 21%, of which wind energy
accounted for 10.8%, photovoltaics 4.5%, bioenergy (biomass and biogas) 4.2% [18]. With
regard to the installed capacity, the share of systems using renewable energy sources was
37.6%. The structure of electricity production in relation to all energy generation systems in
the country is presented in Figure 3. Comparing Figures 2 and 3, we can see differences
in the structure of electricity generation. This is mainly due to the fact that in the case of
the entire national power system, which includes small distributed energy systems, the
operation of which does not require a concession for energy production, the use of own
local RES resources is increasing.
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As can be seen, the power sector is based mainly on fuels that are inefficient and harm-
ful to the environment, being the main source of greenhouse gas emissions. Transmission
grids are already outdated and require relatively quick modernization and upgrading,
especially since more and more new systems based on renewable energy (which is stochas-
tic in nature), are being connected to those grids. In addition, the new renewable energy
systems are of both low capacity of a few kilowatts—coming from micro-installations
installed directly in the end users’ houses, the so-called prosumers—and of large capacity
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power systems of hundreds and even thousands of megawatts, as wind and photovoltaic
energy farms.
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The situation is similar in the heating sector, where the use of coal as a fuel for heat
generation also dominates and its share is usually at around 70%. It is true that in the case
of local heating plants, and especially individual heat sources, gas is increasingly used.
Unfortunately, coal is still a dominant fuel in individual households, and unfortunately
its role will probably continue as a result of the growing energy crisis in the country and
the government’s support mechanisms for this fuel for individual consumers, which have
recently been put into force (in connection with the decision not to import fuels from
Russia). In 2020, small and large heating companies held a concession to generate heat,
producing 393,800 TJ of heat in the country (including heat recovered in technological
processes) [19]. Unfortunately, customers connected to the network received only 57% of
the heat generated, because the rest was used to meet the companies’ own heating needs,
and moreover, the remaining part was lost during heat transmission. This shows how
inefficient district heating networks are nowadays. However, it can be mentioned that
energy efficiency of operation of the heating plants can be improved by using co-generation;
on average, over 65% of heat is produced in co-generation. However, only 30% of the total
number of co-generation power plants (and energy generated by these plants) meet the
requirements of the EU Directive on energy efficiency [3,20], allowing these power plants to
be considered energy efficient. This means that these power plants will have to be quickly
modernized or gradually taken out of operation.

The total length of heating networks in the country is over 22,100 km, with the longest
heating network located in Warsaw. It is 1860 km long and supplies heat to 19,000 buildings
in Warsaw, covering 80% of the total heating needs. It is the largest district heating system
in the European Union. Unfortunately, this is an old generation thermal energy system that
supplies high-temperature heat to consumers, partly in the form of steam generated in two
main co-generation power plants (located in the city at the left bank of Wistula river). The
problem of how to modernize such an outdated system into a modern low-temperature
system, both in terms of heat generation and its transmission, becomes obvious [21,22].

The Polish Energy Policy until 2040 [23] indicates the necessity of transformation of
energy sector. According to that document, the share of hard and brown coal in electricity
generation will be reduced from 80% to 60% by 2030. The role of using renewable energy
sources will grow to reach the level of 23% of final gross energy consumption by the year
2030 and at least 28.5% by the year 2040. However, the provisions introduced into the
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official document of the strategic development of the energy sector in the country are
criticized and raise a number of doubts. This applies, among others, to the development of
renewable energy in the country, which has been poorly estimated. The document entered
into force in April 2021. In 2022, the share of electricity generation from renewable sources
reached 21% (Figure 2 according to [17]), while in the official government strategy in 2030
it is to be only 23% [23], which proves a clear underestimation of this energy sector. In
fact, as already mentioned, the whole process may be slowed down significantly because
of the present energy crisis in the country and newly introduced regulations supporting
using coal to overcome the fuel shortage problems. Therefore, implementation of the long-
term energy policy focused on reduction of greenhouse gas emissions and air pollution
seems questionable.

According to The Polish Energy Policy until 2040 [23], application of heat pumps
will be supported, but it is considered only in micro scale for individual users, as single-
family houses. The possibility of using large-scale heat pumps and medium scale ones,
including their integration into central district heating and cooling systems, is not en-
visaged at all. This, of course, results from the lack of practical technical possibilities to
integrate low-temperature heat pumps based on renewable energy sources in the existing
high-temperature district heating networks. On the other hand, there are no specific mecha-
nisms and regulations enabling the gradual integration of centralized energy systems with
distributed energy systems, including low-temperature heating systems.

The national energy sector faces a huge challenge of how to change an inefficient
energy colossus into a modern, highly effective and safe heat and electricity supply system,
where heat pumps could play an important role.

3. Application of Heat Pumps in Poland—Development of a Heat Pump Market

The heat pump market has been developing very dynamically recently in Poland,
especially in the last 3 years. Such development is supported by the introduced support
mechanisms (currently primarily the “Clean Air” program and the “My current” program,
4th edition) subsidizing investments in ecological heat sources, including heat pumps [24].
As a result of changes in the structure of energy prices, as well as due to the increase in the
ecological awareness of the society and the implementation of support mechanisms, the
sale of heat pumps dominates the Polish energy market, giving the primacy to photovoltaic
systems. According to PORT PC [25] in 2021, almost 93,000 heat pumps were sold in the
country. These were mainly air-to-water heat pumps for space heating and domestic hot
water heating, and then ground (brine-to-water) heat pumps. In 2022 the sales of heat
pumps has been estimated to be around 203,300 units, including 188,200 air–water heat
pumps for space heating. In recent years, it has been difficult to find in official statistics how
many heat pumps have been installed annually in the country. Only information obtained
from companies selling heat pumps can be used. Based on the collected information, PORT
PC Society compiles statistics on the development of the heat pump market in the country.
The data collected by PORT PC have been presented recently [26] and are shown in the
Figure 4. It is evident that there has been a very dynamic increase in sales of heat pumps in
the last few years, especially air-to-water heat pumps for space heating.

In 2022 a new regulation was put into force [27] and all energy users are now obliged
to submit a declaration to the Central Building Emissions Register (CEEB) regarding the
heating source used. According to CEEB data, by the end of July 2022, the use of 233,500
heat pumps was reported in Poland (this value is slightly different from the value reported
by PORT), but these are not final data because 30% of heat sources have not yet been
registered in the records [28]. Currently, 218,000 are heat pumps installed in residential
buildings, and approximately 15,500 are heat pumps in non-residential buildings [28].
Most of the heat pumps have a capacity from five to a dozen or sometimes several dozen
kilowatts. They are micro-scale devices working for the particular needs of individual
households. Of course, heat pumps with higher capacity can be also found. However, there
are not many of them and they work mainly in geothermal plants [29], using low-enthalpy
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geothermal waters as a lower heat source, and in municipal wastewater treatment plants,
using the heat contained in wastewater [30].
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Therefore, the present use of heat pumps concerns mainly micro-scale systems installed
in residential buildings on the outskirts of cities and in the countryside, where there is
no central heating network and no access to gas. Until recently, in non-urban areas with
access to gas pipelines, individual consumers invested primarily in gas boilers, but recently,
due to the drop in heat pump prices and rising gas prices, heat pumps have increasingly
successfully competed with gas boilers. The attractiveness of the use of heat pumps
has increased with the use of support mechanisms that promote the simultaneous use
of heat pumps and photovoltaic installations. An example just mentioned supporting
such investments is the “Clean Air” [24] program, which is aimed at owners and co-
owners of single-family residential buildings (with a specified limit of annual financial
income) who decide to exchange a heat source device (e.g., coal boiler) as part of thermo-
modernization measures.

The existing supporting programs are part of the implementation of the provisions
stated in the PEP document [23] indicating the need to cover the heating needs of all
households by 2040 by district heating systems and by zero- or low-emission individual
sources, which include heat pumps. Thus, in accordance with the state energy policy,
the use of heat pumps is recommended as the use of individual heat sources for the low-
emission transformation of the economy. However, the question arises whether support
only through the use of individual low-emission heat sources of small power, such as
heat pumps used in single-family buildings, will allow implementation of the long-term
strategic goal of a zero-emission energy system by 2050. It seems that certain systemic
procedures and measures, and a comprehensive approach to energy management should
be introduced with regard to generation and consumption of heat, cold and electricity. This
will enable the creation of modern low-energy smart housing estates in cities and on their
outskirts, which will implement their own local energy management based on the idea
of sharing the obtained energy and creating energy-positive districts in which the use of
renewable energy sources and heat pumps of various capacity will become the basic rule.
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4. Current Trend of Spreading Cities beyond the Traditional Borders

Contemporary cities are spreading beyond the existing borders. People are increas-
ingly moving out of cities to their outskirts. Cities are becoming too burdensome to live in
due to the hustle and noise, both due to the crowds of moving people, as well as the increas-
ing car traffic, the prevailing rush and the deteriorating psychological comfort of people.
People are becoming more and more anonymous and invisible, forming the background
of the city, no longer the fundamental unit for which cities were created. Living on the
outskirts of cities usually provides a calm atmosphere without stress, a clean environment, a
sense of harmony with the surrounding nature and belonging to a local community that can
be influenced and in which residents can actively participate if they feel the need. Such new
housing estates are something new in the Polish residential building stock and they need a
new approach when modeling dynamics of buildings and energy system operation [31].

The basic problem of new housing estates on the borders of cities is the lack of access
to energy media and networks. First of all, there is no access to the central district heating
systems and gas networks. The possibility of extending central heating networks to new
customers is practically impossible, both for technical and economic reasons. The technical
conditions of the old central district networks are bad; they are corroded, poorly thermally
insulated, their failure rate is high and the capacity of the transferred heat is limited. As the
length of the network increases, thermal losses increase and the temperature of the heat
drops, which makes the transmission of heat very ineffective. The cost of construction of
new networks distant from city centers and CHP locations is very high. It is much cheaper
to invest in local heat sources and a network of small distributed systems, which gives
priority to the construction of local energy systems using locally available energy sources,
and thus primarily energy from renewable and waste sources.

The power grid (low voltage) is usually available on the outskirts of cities, and access
to electricity is the basic criterion for choosing a place for the location of new suburban
housing estates. These estates are therefore based on electricity as the only available form
of energy, which affects the choice of appropriate energy installations in buildings and
gives an undeniable priority to the use of heat pumps and the use of renewable energy
available locally. In this way, distributed energy systems are developing on the borders of
cities, using modern energy-saving and environmentally friendly technologies, where the
heat pump can play an important and even fundamental role. An example of a typical new
housing estate in the suburbs of Warsaw is shown in Figure 5.
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Figure 5 shows an example of a micro estate of semi-detached houses near Warsaw,
where each user (a family) has their own independent heating system and is connected to
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the power grid. On the roofs of some of the buildings the photovoltaic modules can be seen
(unfortunately covered with snow).

As mentioned in the previous section, in new residential areas in the suburbs of cities,
due to the widespread availability of the electricity grid, the use of heat pumps to meet
heating needs can be considered relatively simple and economically effective. Due to the
need to meet the demand for energy by local distributed energy systems based on local,
mainly renewable energy sources, it is advisable that electricity comes from local resources
as much as possible and is generated on site.

Currently, the most common and economically justified is the use of photovoltaic
installations, in which the generated electricity can be used directly to drive heat pumps
and to power domestic appliances and lighting, and any surplus electricity (if it exists)
can be transferred to the grid. This situation results from the current electricity billing
mechanism between the prosumer generating energy in his own photovoltaic installation
and the energy distribution company. This mechanism is called net-billing and consists in
valuable, not quantitative, settlement of energy production. The prosumer sells surpluses
at a specific average monthly price (lower than the purchase price of energy), and pays for
energy like other consumers, including distribution fees. This mechanism was introduced
in connection with the update of the Renewable Energy Act [32] and is valid from April
2022. Of course, when the photovoltaic system is not operating then electricity is taken
from the grid. In Poland the peak of energy demand is during the heating season in winter,
when the availability of solar radiation is the lowest, which makes energy needs and solar
energy gained to be opposed in both time and quantity.

Photovoltaic technologies in Poland have become the main modern, most accessible
and relatively cheap renewable energy technology. The dominance of photovoltaics on the
renewable energy market was indisputably supported by the national support mechanisms
for the use of micro-installations in buildings [32]. Over the last few years, Poland has
become the fastest growing photovoltaic market in Europe, as seen in Figure 6 (data are
found in [33]). It should be noted that the graph in Figure 6 has been drawn on a logarithmic
scale. Without such a scale, it would be difficult (or rather not possible) to show the increase
in installed power in photovoltaic systems in the country in the last two decades.
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5. Analysis of Application of Heat Pumps and Photovoltaic PV Systems in a New
Small Residential Area of Warsaw’s Suburbs

Previous research for a single-family house in Polish climatic conditions [34] has
proved that the distribution of electrical energy needs of the heat pump throughout the
heating season and the distribution of electrical energy generated by the PV system are
characterized by a rather poor match between the space heating demand and energy
supplied by the PV system on the winter time. Even if the building is really a low-energy
house (in the performed research the final seasonal energy consumption index of the house
was at a level of 22 kWh/m2 and the driving power of the heat pump was only 2 kW), the
share of energy gained by the PV system to meet the needs of the heat pump during the
heating season was 25%. It can be mentioned that in that study the total annual electrical
energy gained by the selected PV system (capacity of 2.7 kW) was equal to 2859 kWh.
The study also showed that the use of batteries to store excess energy obtained during
winter days increases the share of solar energy use by only a few percent. Moreover, this
slightly increased share of solar energy is practically negligible if the storage efficiency of
the batteries is taken into account. Therefore, in the current climatic conditions of Poland,
with available technical solutions and mainly due to the costs of batteries, the use of solar
energy storage in installations with peak energy loads in winter is not recommended.

In the case of new housing estates built on the outskirts of cities, it is possible to use
heating systems with heat pumps and photovoltaic systems installed individually for each
end user (resident). In this way generation and consumption of energy for each end user
is accomplished independently. This case has been described above briefly and analyzed
in details in the paper [34]. It is a standard way of using PV systems and heat pumps by
individual end-users in single-family houses. Such single-family houses constitute the new
housing estates on the outskirts of cities and they are springing up like mushrooms after
rain. As mentioned, they are built in areas where there are no traditional energy media,
apart from access to the low-voltage power grid.

An example of a typical micro housing estate energy system is presented in Figure 7.
The micro energy systems are equipped with individual energy systems and devices:
photovoltaic systems and heat pumps, which are located at every house of the housing
estate. Every house is also equipped with individual inverter and a heat storage tank (it
is usually assumed that 150 or 200 L of storage volume are used for a family depending
on their life style). Photovoltaic systems and electrical internal systems of every house are
connected with the central low-voltage grid through two-way energy meters.
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Figure 7. Schematic diagram of an example of a typical micro housing estate with individual energy
system for every building of the estate.

Currently it is also possible to jointly use photovoltaic systems by all residents of the
housing estate. In such a case, photovoltaic systems are usually installed on the roofs of all
buildings and they supply energy to the local grid, from which electricity can be sent to the
central low-voltage grid or to individual users to power individual electrical appliances
and heat pumps.

However, one more option is also possible when all photovoltaic systems can supply
electricity to their own internal grids in houses and/or to the local low voltage power
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grid in the housing estate and then if necessary to the central grid. An example of such a
system is presented in Figure 8. In this case, electricity from the local grid can power one
or more heat pumps, which are located centrally in a heat pump house. The number of
heat pumps in operation depends on the energy demand of the end users. In case of a very
small energy demand, only one heat pump can be used. Heating needs of end-users are
met through the local micro district heating network. The heat pump house is similar to
a traditional boiler house, but there is no boiler and the central hot water storage tank or
tanks are located there.
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based on a central heat pump (or heat pumps) powered by electricity generated by local photovoltaic
systems in micro housing estate.

The energy system presented in Figure 7 presents a possible configuration of an energy
system that enables sharing of individually generated electrical energy and heat gained
from one common central heat pump. This option presents the innovative idea of the mini-
housing estate focused on utilization own renewable energy systems, i.e., photovoltaic
systems and a heat pump (based on ground or ambient air—the low temperature heat
source) operating in a micro district heating system.

To analyze the two options (presented in Figures 6 and 7) of possible configuration and
operation of heat pumps powered by the PV systems in a micro housing estate located in
the suburbs of the city of Warsaw, the same methodology of consideration and simulation
the operation of energy systems as described in the paper [34] was applied.

In this study, the application of heat pumps and PV systems in the new micro resi-
dential area was considered for the climatic conditions of Warsaw [35]. It was assumed
that the micro residential area consists of six blocks of semi-detached houses, similar to
those shown in Figure 5. Each of the 12 houses has a floor area of 120 m2 (of heating space)
and two floors. The houses are on an east–west axis. South facades and roofs are well
exposed to solar radiation and there are no shading obstacles in the vicinity. PV modules
are located on those south facing roofs of 30◦ inclinations. The electricity generated by the
PV systems can be used directly on site at home or transferred to the grid. Priority is given
for consumption on site and therefore it is assumed that the working time of the devices is
adjusted to the time of electricity generation by the photovoltaic systems. The electricity
can be used for lighting and electrical appliances, and to drive heat pumps. Heat pumps
can supply heating energy for space heating and domestic hot water individually (option
1, presented in Figure 7, a heat pump in every building) or through local micro heating
network (option 2, presented in Figure 8, a central heat pump in a heat pump house with a
storage tank of 1800 L volume; due to the large size of the tank, the use of two tanks, each
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with a volume of 900 L, was assumed). In order to present the connections of the electrical
system in the considered housing estate in more detail, Figure 9 has been included. This
figure shows a block diagram of the electrical installation (the symbols marked in the figure
are described below it). The numbers refer to numbers of photovoltaic modules.
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Figure 9. A block diagram of the electrical system in the considered housing estate. PV—disconnector
DC, inverter, energy produced meter. HP—heat pump. SB—main switchboard (400/230 V). HSB—
house switchboard. EM—energy meter. TEM—two-way energy meter. LVG—low voltage grid. 1,
2, . . . 20—PV modules in a string.

To determine the electricity needed for household appliances and lighting, two dif-
ferent electricity consumption profiles were assumed, depending on the lifestyle of the
household members. One profile (profile A) assumes practically constant presence of
residents (or most of them) at home during the day, while the other one (profile B) assumes
discontinuous occupancy, when there are no household members at home during working
hours. The first profile (A) is responsible for energy consumption in 25% of households,
the second (B) for 75%. They are presented in Figure 10 in a case of spring/autumn season.
In those seasons the electricity consumption profiles represent the average daily electricity
consumption for summer and winter and they account approximately for 12 kWh per day.
For simulation studies, two profiles of electricity consumption for using regular domestic
electrical appliances were taken into account (profile A and B), as well as four seasons of
a year with some differences in energy consumption during the days of the seasons. In
summer the electricity consumption is the lowest (the day time is the longest and there is
no need for space cooling) and in winter the electricity consumption is the highest (the day
time is the shortest).

To determine the electricity needed to drive the heat pump, two components of heating
demand were considered, one for domestic hot water and another one for space heating. In
the case of heating demand for domestic hot water, the similar two distribution profiles of
electricity consumption for powering household receivers and lighting were assumed. The
demand for domestic hot water assumes that every member of the family consumes 40 L
of domestic hot water daily. Daily averaged demand for heating the water for one family
of four people corresponds to about 9.3 kWh. Figure 11 presents the hourly distribution
of DHW consumption for two different daily profiles of the water use (dark color is for
continuous occupancy, bright color is the profile when residents are not at home during
working hours). These daily profiles are based on considerations reviewing different
domestic hot water consumption profiles applied in buildings in the residential sector [36].
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Calculations of the space heating demand for the houses under consideration were con-
ducted using official meteorological data. These meteorological data, i.e., hourly ambient
air temperatures and hourly solar irradiations (diffuse and direct irradiations) averaged for
every month of an averaged year were taken from official data base for Warsaw [35]. Using
these data, the solar radiation gains for buildings were calculated using the anisotropic
HDKR diffuse solar radiation model [37]. Different orientations (there are south and north
windows only) and inclinations (all windows are vertical) together with the surface area of
windows and their solar transmissivity were taken into account. Solar gains were calculated
with a time step equal to one hour. Internal heat gains were assumed to be constant in time.

Taking into account the dimensions of partitions of the houses (walls, floor on the
ground, windows, roof) and their structure, and the hourly ambient air temperature
distribution and the constant indoor air temperature, the heat transfer coefficients and
the heat losses through all considered partitions were calculated. The calculated values
of heat transfer coefficients for all partitions were compared with the limiting values of
these coefficients specified in the regulation on the Technical Conditions for buildings
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and their surrounding [26], if they are not greater than the limit values set in 2021. Next,
knowing the cubic capacity of the houses and required hourly air exchange rate on the
base of average hourly ambient air temperature, the hourly value of the heat loss through
ventilation was determined.

Finally, the energy balance for every building and for the entire housing estate was
formulated and solved with an hour time step. The window area for one entire row of
six houses is 144 m2. The surface of the walls is 408 m2 and the floor on the ground is
360 m2. The heat loss coefficient for all partitions was equal to 733 W/K and for ventilation
to 660 W/K. Figure 12 shows the results of the calculations and presents the distribution of
the daily space heating demand (for the clarity of the drawing the hourly values of space
heating demand were summed up for each day). The negative values indicate cooling
energy demand, but cooling has not been considered, as the use of external shading devices
has been assumed.
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As calculated, the total heat demand for space heating during the heating season is
nearly 125 MWh. It has been assumed that the heating needs are provided by the low
temperature underfloor water heating system. The annual heat demand for domestic hot
water is approximately 41 MWh (the total number of all residents of the housing estate
is 48). All heating needs can be accomplished by a heat pump, which uses 37.2 MWh
electricity annually to drive a heat pump compressor. It turns out that annual consumption
of electricity to power household appliances and lighting is higher than space heating
demand and accounts for 52.8 MWh. In total, around 90 MWh of electricity can be used
annually by the considered housing estate.

To determine the heating power of the heat pump, the winter conditions must be
taken into account, when the space heating demand is the highest and the heat pump
is working to cover the high space heating demand and the demand for domestic hot
water. The calculated value of the total heating power of a heat pump appropriate for
the considered housing estate should be about 28–30 kW. However, taking into account
the large differences in the demand for heating energy in summer and winter, it has been
assumed that two heat pumps with a total power of 28–30 kW should be used. Both heat
pumps should operate during the heating season, and only one in the summer season for
heating domestic water.
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It has been assumed that the entire surface of the roofs on the south side (of all houses)
can be used to install photovoltaic modules. Currently, the most common photovoltaic
modules (dimension of a module is 1 × 1.64 m2) can have a peak power of about 350 Wp.
On the southern roofs of two rows of houses, 240 modules with a power of 84 kWp can be
installed. Having the hourly data of solar radiation on a horizontal surface in Warsaw (the
same data as for calculations of solar gains for windows [35]) and using the anisotropic
HDKR diffuse solar radiation model [37], the solar irradiation on surfaces of the PV modules
tilted at angle of 30◦ was calculated with a time step equal to one hour. The calculations
show that the considered modules can generate 84 to 96 MWh energy annually (from
1 to 1.15 MWh of energy per year can be obtained from 1 kWp of the installed power),
depending on solar irradiation conditions. Figure 13 presents the daily distribution of
electricity generated by the considered PV system with modules installed on the south
roofs of all 12 houses. Figure 13 presents the distribution of energy produced by the PV
system for every day of the whole year. These energy values were obtained after summing
up the hourly values of generated energy for a given day.
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As mentioned above, the PV modules can generate 84 to 96 MWh energy annually.
This means that theoretically the electricity generated by the PV system can provide all
energy needs of the households. Of course, the annual data do not show the real situation in
the real operating time of the PV systems. Results of the calculations performed have shown
that, in a case of the first option of configuration and operation of the heat pump powered
by the PV system installed individually at every single-family house presented in Figure 7,
energy generated by the PV system can directly cover about 25% of electrical energy
demand (electrical energy is consumed at the same time as it is generated). In the case of
the second option of the energy system configuration and operation presented in Figure 8,
the energy generated by the PV systems can cover directly about 35% of electrical energy
demand. The second option results in a more even consumption of electricity throughout
the day. The share of the lack of energy needs during the day (during working hours)
of a certain group of energy consumers decreases due to the use of available electricity
(generated by the photovoltaic system) by consumers staying at home all the time. It can
be noted that in the two options considered, it was assumed that if solar energy is available
during the day, the heat pump operates at the same time. The obtained heat is directly
transferred to the recipients through the local heating network or stored in a central local
heat accumulator. When the PV systems and heat pumps operate in an integrated way
such that they can be treated as integrated energy systems which provides energy needs
through common households’ power grid and local district heating system, then the share
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of direct use of electricity generated by the photovoltaic may increase to around 35%, what
is a very good result in Polish climatic conditions.

6. Conclusions

The necessity of development of energy-efficient buildings and energy supply systems
is obvious nowadays if we are going to conserve environment and implement the principles
of sustainable development [38–41]. To protect the natural environment, it is necessary to
transform the energy system based on fossil fuels into a low-emission or even zero-emission
energy system, modernize the urban infrastructure to ensure buildings are low-emission
and finally fully decarbonized buildings (e.g., as an energy efficient Building Energy Cluster
(BEC) [31]). The most convenient situation for creating such an energy efficient Building
Energy Cluster is when a new housing estate is built on the outskirts of the city and only
has access to electrical energy from the grid. This provides the basis for the use of modern
systems based on renewable energies, using a heat pump as the main heating device.

The analysis performed for the study showed that in the case of new housing estates
on the outskirts of the city, the appropriate solution is to use the photovoltaic systems
to generate electricity for lighting and electrical appliances and to drive the heat pumps.
Until the end of April this year, a mechanism supporting prosumers of micro photovoltaic
installations with an installed capacity of up to 50 kW was in force in the country. It enabled
the use of the national power grid as a virtual energy storage with an efficiency of 70% (at
power above 10 kW and 80% at power below 10 kW) [32]. Currently, this mechanism (so
called net-metering) no longer applies to new installations. The investor must negotiate and
then set the terms and price of the energy fed into the grid with the electricity distributor,
and a so-called net-billing mechanism is used (described briefly at the end of Section 4).

Until recently, thanks to official regulation allowing the grid to be used as a virtual
storage, the photovoltaic systems coupled with heat pumps could have been regarded as
completely energy self-sufficient systems. Unfortunately, changes in the national energy
regulation system have reduced the attractiveness of using photovoltaic systems. However,
this does not mean that application of PV systems is not the right option for newly built
housing estates on the outskirts of cities. The use of a combination of photovoltaics and
heat pumps remains a very good energy-saving and environmentally friendly solution,
and at the same time it is the only solution that ensures a large reduction in final energy
consumption compared to the heating energy needs. The electricity required to drive the
heat pump is smaller than the heating energy needs. In addition, the share of electricity
used by the heat pump in the annual energy balance of a building or housing estate is lower
than the annual demand for electricity to power lighting and household electricity receivers.
Of course, it is true that a demand for space heating is highest in winter, and during the
heating season both electrical energy needs and heating needs could be at the same level.
Furthermore, in severe winters the space heating demand may even be seasonally larger.

As a result of the recent change to the Act on Renewable Energy [32], the power grid
can no longer be used as a virtual energy storage and new energy storage solutions are
being sought more and more intensively. The electricity gained thanks to the operation of
photovoltaic systems can be stored in a form of heat. This can be done directly through
conversion of electricity into heat, thanks to the use of an electric heater inserted into a
water storage tank, or indirectly through the use of a heat pump and then storing the
heat gained in a storage tank. As research has shown, the use of a heat pump as the main
element of the heating system in centralized micro heating systems can give very good
results, among others, thanks to the use of a central storage tank. The volume of storage
significantly affects the temperature of the heat obtained and the efficiency of the entire
heating system, including the share of solar energy to cover the heating demand. Therefore,
it is necessary to carry out further research, which will focus on determining the optimal
volume of storage tanks for given operating conditions using micro-centralized energy
systems based on the cooperation of photovoltaic systems with heat pumps.
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It is to be expected that with the growing number of local energy networks on the
outskirts of cities, it will be possible to gradually interconnect them from central large
energy systems, giving the base for development of new energy efficient building districts
which shortly become fully decarbonized housing areas. The next step should be the
gradual replacement of traditional central district heating networks with such integrated
new networks based on RES in the cities, particularly since the existing energy systems are
very outdated and inefficient. The modernization of such systems will become unprofitable
compared to the costs of a modern low-temperature heating system with heat pumps.
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