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Abstract: The aim of this work is to develop a model of heat supply to buildings with almost
zero energy consumption, indicating the significant importance of heat losses and gains in heating
installations. The prepared model is to indicate the need for changes in the structure and topology
of heating installations, resulting from the changing heat demand of buildings. The need to create
a new model is heightened by changes that relate to tightening legal regulations related to energy
consumption and demand, which must meet the standards of buildings in Poland from 2021. The
article presents the assumptions and results of analyses of the use of energy installations in residential
buildings that use renewable energy sources to balance energy consumption in various areas of
its use. To achieve this goal, calculations were made using simulations of the impact of the use of
installations using renewable energy sources on the energy performance of a building with different
quality of partitions and improvement of energy efficiency in accordance with the Polish standard
PN-EN 12831. The test results allow to choose the most advantageous, from the point of view of
economic profitability, option of replacing installations in residential buildings, and they also allow
to determine the possibilities of meeting national obligations in the field of final energy reduction
and increasing the share of renewable energy sources in meeting its demand in accordance with the
EU obligations imposed on Poland. Thermomodernization of buildings in the temperate climate
zone allows for a reduction of 38% of energy demand over the entire life cycle of a building and a
reduction of CO2 emissions by 99%.

Keywords: energy-efficient construction; renewable energy; thermal modernization; external
partitions

1. Introduction

The electrification of heating systems in construction is becoming a necessity and an
obligation under Polish law. This is the best way to reduce greenhouse gas emissions. One
of the basic challenges of the modern world is to reduce energy consumption in residential
construction. This is due to economic and ecological reasons. The higher the consumption,
the higher the emission of pollutants into the atmosphere. Reducing consumption also
contributes to increasing the world’s energy security. In countries with cool and temperate
climates, construction is one of the largest energy consumers. A certain amount of energy
is used to produce materials and build buildings, but much more energy is used to heat
them. The value of the energy used for heating over the life of an average building is
about twice the cost of constructing it. Building warm buildings is in the interest of all
countries, as experience so far has shown that reducing energy consumption to space
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heating is one of the cheapest ways to reduce its deficit. Therefore, innovative design and
construction solutions are constantly being developed to increase the thermal insulation
requirements of buildings, which will contribute to reducing energy consumption for their
heating. In recent years, the concept of energy-saving and passive construction has gained
in popularity. One of the goals of building a building is to reduce the operating costs
of a building, which can be achieved thanks to the proper design of the building. The
development of the construction sector requires the introduction of low-energy solutions
to the market. Currently, buildings erected in traditional technology consume about 40%
of the total energy consumption. The trend of low-energy construction in the European
Union, regarding the energy performance of buildings, assumes that buildings should be
nearly zero-energy buildings [1]. The prerequisite for the creation of the above-mentioned
directive was the need for actions aimed at a significant reduction in energy consumption,
reducing the Union’s energy dependence and the need to reduce energy consumption from
non-renewable sources aimed at reducing greenhouse gas emissions by at least 20%. The
current construction law in Poland regulates the energy requirements for newly constructed
buildings through the selection of appropriate building materials and compliance with
construction requirements. Thanks to these regulations, the construction industry meets
both legal, energy, and environmental requirements. While research on the reduction of
CO2 emissions in transport has been widely conducted, and researchers propose a number
of remedial solutions [2–8], buildings built before 2010 that do not meet energy efficiency
requirements and that must undergo transformation remain a problem.

With this in mind, the article presents various variants of thermal modernization of
these buildings, including research on the quality parameters of external partitions and the
selection of an appropriate source of renewable energy heating installations. The results
presented in the paper will allow future investors to make an informed decision in selecting
the appropriate thermomodernization variant to meet the legal requirements for their
building. The presented variants take into account various degrees of the achieved energy
efficiency and aspects of the economic assessment of the incurred expenditure.

2. Review of the Literature

The building’s energy needs depend on the scope of its equipment with heating,
ventilation and air-conditioning systems, hot water, and internal lighting. The preparation
of the energy balance for the steady states allows to present the dependencies of the flow
of individual energy levels in all separate aspects of its consumption in the building. The
annual unit demand for non-renewable primary energy determines the total efficiency
of the building and includes, apart from the final energy demand, additional inputs of
non-renewable primary energy for supplying each used energy carrier to the building
boundary [9]. The demand for utility energy contains important information about the
energy quality of the building. It gives an image of the state of thermal insulation of external
partitions, the degree of elimination of thermal bridges and their impact on heat losses and
determines the type of ventilation used. From the amount of usable energy demand, it
can additionally be deduced how the body of the building was designed and the benefits
from solar radiation through transparent partitions that were used. The most important
parameter for the user of the building is the final energy demand [10,11]. Activities
rationalizing the demand for final energy in a building result from the optimization of the
utility energy demand in a given field and the structure of its coverage by the installed
energy systems. The annual amount of saved energy resources from non-renewable primary
sources in a given area of its demand in a building is proportional to the amount of final
energy used from renewable energy sources and supplied through an installation based on
these resources, and to the difference in inputs of non-renewable primary energy resources
for producing and providing a given type of carrier for that equivalent final energy that
is consumed in a conventional or alternative installation [12,13]. Building energy quality,
determined by the parameters thermal insulation of building partitions and the quality of
energy systems, determined by the partial efficiency of carrier production, accumulation,
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transport, and regulation, has a significant impact on the size of devices and installations
using renewable energy sources. The analysis of the profitability of using various renewable
energy installations in single-family housing is presented in the works [14,15].

Greenhouse gas emissions in the construction sector are mainly related to the produc-
tion of heat for heating and domestic hot water preparation based on fossil fuels, mainly
hard coal. This applies to both system heat sources (boiler rooms, combined heat, and
power plants) and local building heat sources. The key challenge in the process of achieving
climate neutrality of the construction industry in Poland is so there is a shift away from
coal in local heat sources in the first place. This process should be carried out by the end of
2030 at the latest. At the same time, the process of decarbonizing the heating sector and the
electric power sector should be carried out, as electrification of heating will play a key role
in the process of achieving climate neutrality. Therefore, the key challenge is to conduct
an economically effective thermal modernization of the existing resources and to meet
the energy needs of modernized renewable energy sources buildings. Achieving climate
neutrality in Polish construction requires the government to link in practice the country’s
energy policy with the policy of increasing energy efficiency and the use of renewable
energy sources in construction, including ambitious goals for improving energy efficiency
in documents such as the National Energy and Climate Plan and Poland’s Energy Policy
until 2040. Therefore, both NECP, PEP2040, and similar documents require modification
by the government so that they take into account the goals for zero-emission construction.
Adopting a policy of maximum use of the renewable energy potential in construction,
e.g., by the obligation to install a PV or solar heating installation in each building using
an individual heat source, will also strengthen the achievement of the climate neutrality
goal in 2050. It is necessary to combine the strategy of the “Clean Air” program with the
energy efficiency policy and other related initiatives (including, in particular, those related
to the support of renewable energy sources). It requires coordination of various support
programs (renewable energy, thermal modernization, smog elimination, etc.) in order to
effectively use funds for zero-emission construction. First of all, innovative technologies
and solutions as well as additional activities, unprofitable from the investor’s point of view,
but leading to the creation of low-emission buildings, should be subsidized.

In an energy-efficient building, the proper design and construction of all external parti-
tions has a fundamental influence on obtaining the proper thermal comfort of rooms [16,17].
The energy efficiency of a house is determined, among other things, by the heat transfer
coefficient of each of its elements, such as the floor on the ground, walls, roof, windows,
and doors. The lower the value of the heat transfer coefficient, the better the insulation
properties the partition exhibits. According to the currently binding construction law, the
heat transfer coefficient (U) cannot exceed 0.3 W/(m2·K) in the case of floors on the ground
and ceilings above unheated cellars; 0.2 W/(m2·K) for external walls; 0.15 W/(m2·K) for
roofs, flat roofs, and ceilings under unheated attics. The U value of the entire partition
depends on the lambda thermal conductivity coefficient (λ) and the thickness of all its
layers. The lower the value of this coefficient, the better the thermal insulation of the
external partition by specific thickness. In construction, thermal insulation materials should
be used that have λ within 0.03–0.05 W/(m·K) [18–20]. Walls are one of the most important
elements of a home. They are exposed to unfavorable weather conditions such as rain,
snow, wind, frost, and UV rays [21]. Therefore, they must be durable and, at the same time,
provide good thermal insulation, tightness and soundproofing, be non-absorbent, and
resistant to frost and color fading caused by the action of the sun [22–25]. Single-layer walls
in an energy-saving house are rarely planned, although there are technologies that allow
them to achieve the required thermal parameters, there are often construction problems
that result in the lack of proper airtightness of partitions and the formation of thermal
bridges. Three-layer walls (Figure 1) are the best type of partitions that ensure durability,
tightness, thermal accumulation, and very good acoustic insulation of the house [26,27].
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Figure 1. Construction of a three-layer wall. Source: own study.

The calculation of the energy performance of a building is only accurate if the
tightness of the building is measured [28,29]. It can be measured by various methods:
theoretically [30,31], empirically [32–36], or by single-component models [37]. Relander
et al. tested the tightness of connections between the basement wall and the wall with a
wooden structure. They presented the results of their work in [38]. Hallik et al. conducted
research on air leaks through various wooden joints filled with three different polyurethane
foams [39]. Kalamees et al. measured air leakage levels for eight joints that were used
for various sealing solutions in a prefabricated timber envelope structure [40]. Pinto et al.
measured the air permeability through a set of window frames [41]. Langmans et al. inves-
tigated the influence of climatic conditions on the tightness of typical tape connections [42].
Research on air permeability in various types of structures carried out by the authors [43–45]
allows to obtain information on how air passes through the various parts of the envelope.
Usually 20–25% of the heat supplied to the building is lost through windows and external
doors. In order to maintain an appropriate level of annual energy consumption in build-
ings and to enable the economically viable use of renewable energy sources, the building,
depending on the construction technology, must meet the criteria presented in Table 1.

Table 1. Criteria and standards for residential buildings—a list of parameters.

Requirements Standard
Building

Low-Energy
Building

Building
Passive

The maximum heat transfer
coefficient of the building

partition, W/m2·K:
- external wall 0.30 0.18 0.15

- roof / flat roof 0.25 0.20 0.10
- windows 1.80/1.70 1.70 0.80

Energy demand for heating
purposes, W/m2 ≤100 25–35 ≤10

Annual energy demand for
heating purposes, kWh/(m2·a) ≤100 30–40 ≤15

Building tightness n50 (h−1) ≤3.0 0.2–0.6
Source: own study.

The energy balance is an important element in the design of low-energy and passive
buildings. The purpose of this construction industry is to reduce the demand for heat
from the central heating system or to eliminate it completely. The energy balance shows
that losses in a traditional house are very large. In Polish climatic conditions, the largest
component of the total energy consumption is the heating demand of buildings, therefore
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an energy-saving object is a building with low energy demand for heating purposes [46].
Table 2 presents the energy classification of buildings. In order to make a preliminary
profitability analysis of the choice of renewable energy sources technology, it is therefore
necessary to estimate the amount of energy necessary for a given facility to cover, among
others, heat losses generated by external walls, roof, ceiling, floors on the ground or ceiling
above an unheated basement, windows, and external doors. However, it is also necessary
to take into account such systems as: lighting, hot water preparation utility, ventilation, air
conditioning, etc.

Table 2. Energy classification of buildings according to Association for Sustainable Development.

Energy Class Energy Rating Indicator EA,
[kWh/m2/Year]

A+ Passive ≥20
A Low energy 20–45
B Energy saving 45–80
C Moderately energy efficient 80–100
D Moderately energy-consuming 100–150
E Energy-consuming 150–250
F Highly energy-consuming ≤250

Source: own study.

Thanks to the use of renewable energy sources, including solar panels, solar collectors,
heat pumps, or the use of three-layer glazing in windows with a low heat transfer coefficient
caused the intense development of construction with zero energy consumption in the
world [47]. Research on low-energy buildings due to the ongoing climate change in the
world and the desire to reduce the sources of emissions are still of interest to many scientists.
Not only the tropical and hot climate is conducive to the development of low-emission
and zero-emission construction technologies, but also more and more research works
are taking up the topic of using this technology also in moderate climates. For example,
Szejnwald et al. [48] stated during their research that thermal modernization of buildings
is one of the best available techniques in economic terms, enabling the reduction of a
significant amount of energy demand for the examined buildings. Researchers Yi et al. [49]
in their research found that the impact of climate and the change of seasons has a significant
impact on the energy demand of buildings. In turn, the results of the research carried out by
Szalay and Zold [50] prove that the appropriate location of buildings in the area in terms of
the shape of the structure has a significant impact on obtaining low heat transfer coefficients
through the walls of buildings. Srinivasan et al. [51] presented the results on how energy
produced from renewable sources in hot climates reduces the energy demand in buildings
throughout their lifetime. Research by Robert and Kummert [52] using the “Morphing”
method has shown how global warming has a significant impact on zero-energy buildings.
Many researchers, including Zhou et al. [53], in their works indicate the advantages related
to the selection of appropriate HVAC systems and related technologies for energy buildings.
In turn, Pikas et al. [54] studied the energy costs of buildings energetic.

Despite these earlier works, while the issues related to new low-energy construction
have been legally regulated and widely described in scientific studies, buildings built before
2010 remain a problem, which should be thermomodernized, preferably in such a way that
they can use renewable energy sources to the maximum. Problems with the selection of an
appropriate renewable heat source in Poland, its profitability and technical conditions of
the building are still the subject of research and analysis. There is no work on the principles
of selecting the appropriate renewable energy sources technology as part of the thermal
modernization of buildings located in the temperate climate zone. In Poland, there is
a small number of buildings that meet the concepts of low- and zero-energy buildings
and zero-emission buildings. In a building where the energy demand for domestic hot
water preparation constitutes 60% of the energy balance, it becomes necessary to look for
solutions in innovative heat sources, taking into account renewable energy technologies.
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Therefore, the aim of this study is to evaluate and analyze the costs and energy consumption
of thermomodernization of zero-energy, low-carbon residential buildings in temperate
zones. This work, through the analyses and results obtained, allows investors to choose
the most advantageous option in terms of economic profitability of the solution for the
replacement of installations for residential buildings located in the temperate climate zone.
The results showed that the thermal modernization of the building requires additional
expenses estimated at 38% of the initial cost of the building. This will result in annual
savings of €550 and an approximately 99% reduction in carbon dioxide emissions.

3. Materials and Methods

The article aims to show the methodology of selecting heat supplies to residential
buildings located in the temperate climate zone, taking into account the economic appli-
cation of various renewable energy technologies. The prepared model is to indicate a
different alternative to the choice of renewable energy related to the mandatory thermal
modernization of buildings, taking into account the construction parameters of buildings
and their topology. The need to create a new model is intensified by changes that relate
to tightening legal regulations related to energy consumption and demand, which must
meet the standards of buildings in Poland from 2021. In order to achieve the goal, the
article presents the assumptions and results of analyses of the use of energy installations in
residential buildings that use renewable energy sources to balance energy consumption in
various areas of its use, taking into account the location of the construction industry in mod-
erate climate conditions. The impact of the use of the installation has been calculated using
renewable energy sources for the energy performance of a building with different quality
of partitions and improving energy efficiency. The research used weather data, simulations
to determine energy consumption, and economic profitability of the investment.

3.1. Location and Climatic Data

This study was carried out in the south of Poland in Kraków, located in the temperate
climate zone. The city has a very high social potential, which favors the development
of renewable energy technologies. However, due to climatic conditions and low winter
sun content, the country has less favorable conditions for the development of zero-energy
targets in low-energy construction. However, Poland is undergoing important reforms to
achieve zero energy and low carbon emissions by 2050. This study is intended to support
this approach. According to the Köppen classification, Kraków is located in the oceanic
climate zone (Cfb) with some features of a humid subtropical climate (Cfa). According to
Wincenty Okołowicz’s classification, the city lies in the warm temperate climate zone. In
the reference period 1991–2019, the annual mean temperature was 9.9 ◦C, the annual mean
maximum temperature was 14.4 ◦C and the yearly mean minimum temperature was 5.4 ◦C.
The highest recorded temperature is 38.8 ◦C and the lowest −26.8 ◦C. The hottest month
is July with Wed. tmax 26 ◦C, avg. tavg 20.4 ◦C, and avg. tmin 14.9 ◦C, and the coldest
January with an Wed. tmax 2.2 ◦C, avg. tavg −0.7 ◦C, and avg. tmin −3.6 ◦C. Wed tavg is
above 10 ◦C for 7 months from April to October and above 0 ◦C for 11 months (only January
has a slightly negative tavg). Maximum temperatures exceeding 20 ◦C may occur from
mid-February to mid-December (the earliest was recorded on 23 February, at the latest on
December 5), and temperatures exceeding 10 ◦C are common throughout year. A 24-h frost
may occur from December to February (sporadically in November and March), but usually
it occurs only a dozen or so days a year and is within the limits of moderate frost (e.g., in
2019 the lowest tmax was −5 ◦C). The meridional circulation, intensified by the fen effect
(mountain wind), plays an important role, raising the temperature in winter to a dozen
or so degrees above zero. The annual rainfall is 670 mm. The highest amounts of rainfall
occur in June and May, and the lowest in December. The amount of rainfall in summer
decreases with the change of climate, and it increases in spring and autumn. Snowfall is
less and less frequent. Usually there are 30–40 days with snowfall, but only a dozen or
so days with accumulation above 1 cm. Due to the small number of days with 24-h frost,
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snow usually falls at a mild plus temperature (0–2 ◦C) and melts quickly. The insolation in
the latest available data ranged from 203 h in July to 32 h in December (ref. 1961–1990), but
it has increased significantly recently. It is related to the approaching border of a humid
subtropical climate and more and more often reaching the city’s regions of sunny southern
European highlands. Krakow’s climate is one of the warmest in Poland, especially when it
comes to maximum temperatures. In terms of average monthly temperatures, however, it
loses in the winter to western Poland, which results from lower minimum temperatures
than in western Poland (western Poland, closer to the ocean, has more clouds, so at night
the temperature does not drop so much).

3.2. Case Study: Building Energy Parameters
Building characteristics:

Type and purpose Residential building, single-family house
Standard According to the regulations of 2002–2009
Number of stories 1
The height of the story, m 2.7
Heated area, m2 120
Roof gable
Total area of the facade, m2 104
Insulated facade surface, m2 104
Total area of windows, m2 34
Cubature, m3 247.07
Location Kraków, Poland
Insolation, kWh/m2 1080
Airing, m/s 17
Climate zone, ◦C I–7.7

Heating system:
Building heating system Solid fuel boiler
Type Old type (soot)
Heat distributor Heater
Efficiency of the device, % 60
Efficiency of distribution and regulation, % 62
The temperature in the house, ◦C 20
Fuel Coal
Calorific value, MJ/kg 26
Price 1 t, EUR 197.8
Cost 1 kWh, EUR 0.12
Max. power of the heating device, kW 13.2
Efficiency, % 60
Annual energy demand, kWh 2900

Building insulation parameters-roof:
Material, λ = 0.042 Mineral wool
Thickness, cm 30
U-factor, W/m2·K 0.13

Insulating parameters of the building–walls:
U-factor of a wall without additional

insulation
1.25

Material, λ = 0.045 standard Styrofoam
Thickness, cm 15
U-factor, W/m2·K 0.24
Exterior doors, U 1.3

Insulating parameters of the building–floors:
Material, λ = 0.045 Styrofoam XPS
Thickness, cm 10
U-factor, W/m2·K 0.19
Foundations Traditional insulated
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Insulating parameters of the
building–ventilation:

Tightness Airtight without recuperation
Trial n50 3
Ventilation Gravitational
Patency, % 100

3.3. Simulation Tools

The single-family house used for the research was designed for the needs of the Engi-
neering Project based on the study concerning the energy house (Figure 2). The object was
spatially modeled in the Termocadia program by Intersoft, and then thermal calculations
were carried out in the compatible ArCADia TERMOCAD 7.1 program in accordance with
the PN-EN 12831 standard. This software is commonly used in simulation, optimization,
and modeling and served as the basis for thousands of research works. For calculation
purposes, in accordance with the requirements of energy construction, the building’s par-
titions were selected: windows, doors, flat roof, internal partitions, floor on the ground,
and three variants of external walls were analyzed in detail. Subsequently, the renewable
energy source devices necessary to determine the primary and final energy demand of the
facility were selected, and the energy characteristics of the building were made.
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3.4. Requirements for the Heat Transfer Coefficient Uc

The method of calculating the Uc heat transfer coefficient for external partitions in the
tested facility was made in accordance with the standard PN-EN 12831-1:2017 [54]:

• Heat transfer coefficient Uc:

Uc =
1

RT
,
[

W
m2·K

]
(1)

where:

RT—resistance to heat transfer of the partition,
[

m2·K
W

]
.

• Heat transfer coefficient resistance (thermal insulation) RT:

RT = Rsi + ∑ Ri + Rse,
[

m2·K
W

]
(2)

where:

Rsi—resistance to heat transfer on the inner surface of the partition,
[

m2·K
W

]
;

Ri—design thermal resistance for the i-th layer of the partition,
[

m2·K
W

]
;

Rse—resistance to heat transfer on the outer surface of the partition,
[

m2·K
W

]
.

For internal partitions, the resistance Rse assumes the values Rsi. Computational
thermal resistance for i-th layer of the partition Ri:

Ri =
di
λi

,
[

m2·K
W

]
(3)

where:

di—thickness of the i-th layer of the partition, [m];

λi—heat conduction coefficient,
[

W
m·K

]
.

3.5. The Use of Renewable Energy Sources in Buildings and Their Impact on Energy and Ecological Efficiency
In this part of the research, the impact of the use of selected renewable energy sources

(i.e., heat pump, photovoltaic installation, induction boiler, mini wind farm) on the energy
performance of the building was analyzed by making variant calculations of the demand
for non-renewable primary energy for various options of equipping the building with
heating installations using resources. In this part of the research, the impact of the use of
selected renewable energy sources. The value of the EP index of the annual demand for
non-renewable primary energy for a building is influenced by [55]:

• The amount of energy demand in individual areas of use;
• The amount of auxiliary energy demand;
• Efficiency of systems in individual areas of use;
• Values of the coefficients of input of non-renewable primary energy in and for the

delivery of an energy carrier or a given type of energy to the building.

The use of renewable energy sources to supply buildings with heat allows, in most
cases, to significantly reduce their EP indicators of the demand for non-renewable primary
energy. For the analyzed building, the following variants of the application of renewable
energy sources for energy supply for central heating were analyzed, and domestic hot water
preparation was analyzed as well. In the calculations of energy characteristics, the values of
heat transfer coefficients for external partitions and separating heated and unheated spaces
were assumed, equal to the maximum values in force in the standards. The calculations
were carried out for various values of heat transfer coefficients for external partitions,
applicable in a given period of their construction.
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4. Results and Discussion

Currently, dynamic simulation methods are gaining more and more popularity, sup-
plementing or replacing the static calculations used so far. This paper presents the results of
dynamic simulations adapted to typical single-family houses. The data analysis technique
was based on the simulation methods of an example residential building located in a
temperate climate zone. The analyses were based on simulation studies in which actual
data and parameters of buildings built in Poland in the years 1950–2021 were applied.
Information has been collected on the basis of data contained in the provisions of the
construction law, technical standards, and energy certificates of buildings. Due to the
changing climatic conditions, energy requirements, and EU regulations, buildings built in
Poland in 1950–2021 are responsible for 38% of greenhouse gas emissions. Therefore, they
should be thoroughly modernized to meet the applicable EU regulations and directives.

Simulation studies on the basis of an example building with a standard usable area
became the authors’ motivation to analyze the technologies used in construction, taking
into account building partition coefficients since 1950, in terms of the possibility of using
renewable energy sources in them. The simulation tests were supported by a computational
methodology with the use of simulations of the impact of the use of installations using
renewable energy sources on the energy performance of a building with different quality
of partitions and the improvement of energy efficiency in accordance with the PN-EN
12831 standard. Correct planning and design of installations based on the use of renewable
sources is of key importance to ensure their correct and effective operation [56]. The
calculations of various variants of the thermomodernization project in the field of building
partitions consisted of introducing an additional layer of external insulation of the building
walls, additional insulation of the roof, and replacement of window and door joinery
in accordance with the requirements of the standards. During the simulation tests, all
possible cases were given, taking into account real data, the parameters of which were used
for the final thermal calculations. For each of them, appropriate materials were selected,
which enabled the calculation and achievement of the correct value of the heat transfer
coefficient Uc for all three variants of possible partitions used in single-family housing
in the years 1950–2021. In the research, due to the location of Poland in the zone of the
temperate climate, the most common sources of renewable energy technologies to be used
for this climate zone, which will make it possible to achieve the required final energy
demand, were analyzed. These studies give a picture of the state of thermal insulation
of external partitions, the degree of elimination of thermal bridges and their impact on
heat losses, and the use of the best renewable energy source for the analyzed building in
technical and economic terms. The analysis of the obtained results allows to conclude that
the use of dynamic simulations at the design stage of renewable energy installations can
significantly help in the selection of the appropriate technology for residential buildings
and the elimination of many potential operational problems.

4.1. Building Energy Parameters–Calculations

The aim of this part of the work was to analyze and compare the installation costs
of individual solutions using renewable energy sources along with their impact on the
environment. Then, those that were both cheap and relatively easily available were selected.

• Usable energy demand during the year [56]:

EU = QP,H + QP,W,

[
kWh
year

]
(4)

where:

QP,H—annual demand for primary energy by the heating and ventilation system;
QP,W—the annual primary energy requirement of the hot water system.

Four people live in the building, and if each of them consumes 35 dm3 of water at a
temperature of 45 ◦C per day = 140 dm3 per day for four people. We assume that there are
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no residents at home for 14 days during the year (trips, holidays). So, they use hot water
351 days a year.

4× 35 dm3 = 140

[
dm3

days

]
(5)

Heat the water to 45 ◦C. The water delivered to the house is at a temperature of 10 ◦C.
Thus, the difference is 35 ◦C.

45 °C− 10 °C = 35 °C (6)

• Energy necessary to heat 1 dm3 of water by 1 ◦C = 4.2
[

kJ
kg·K

]
:

140
[

kg
days

]
× 35 K× 4.2

[
kJ

kg·K

]
= 20, 580

[
kJ

days

]
20, 580

[
kJ

days

]
÷ 3600 = 5.72

[
kWh
days

]
5.72

[
kWh
day

]
× 351 days = 2007.72

[
kWh
year

] (7)

Annual primary energy demand for the heating and ventilation system QP,H. The

house has an area of 120 m2. Its heat energy requirement is 150
[

kWh
m2·year

]
(an older, insu-

lated house).

120 m2 × 150
[

kWh
m2·year

]
= 18, 000

[
kWh
year

]
(8)

Thus, the demand for primary energy during the year is:

EU = 18, 000
[

kWh
year

]
+ 2007.72

[
kWh
year

]
= 20, 007.72

[
kWh
year

]
(9)

EK =
EU
η

,
[

kWh
year

]
(10)

where:

EU—usable energy;
η—efficiency of the heating system.

Thus, the final energy demand is:

EK =
20, 007.72

60%

[
kWh
year

]
= 33, 346.20

[
kWh
year

]
(11)

In order to determine the value of the primary energy, the amount of final energy
should be multiplied by a factor appropriate for the given energy carrier. For hard coal, the
coefficient is 1.1.

EP = 1.1× 33, 346.20
[

kWh
year

]
= 36, 680.82

[
kWh
year

]
(12)

A coal-fired boiler with a capacity of B = 13.2 kW and a calorific value Qi = 26 MJ/kg
has the following chemical composition: C = 65%; H = 4%; S = 1%; O = 1%; ash = 12%; total
humidity = 8%.

ECO2 = VCO2 ×Gpal × ρCO2[
kg·CO2

h

]
=
[

m3·CO2
kg

]
×
[

kg fuel
m3·CO2

]
×
[

m3·CO2
kg

]
65% C

100% w·k = 0.65
[

kg C
kg fuel

]
C + O2 → CO2 1 kmol C + 1 kmol O2 → 1 kmol CO2

12 kg C + 22.4m3O2 → 22.4m3CO2

(13)
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0.65
[

kgC
kg fuel

]
VCO2 = 0.65×22.4

12 = 1.21·
kgC

kg fuel ·m
3CO2

kgC =
[

m3·CO2
kg

]
Fuel stream : Gpal =

B
Qi = 13.2

26,000 ·
kgJ

s
kgJ

kg fuel

=
kg fuel

s =
[ 3600s

h

]
Gfuel =

13.2
26,000 × 3600 = 1.83

[
kg
h

]
ρCO2

=
[

m·CO2
V

]
= 12+2×16

22.4 = 44
22.4 = 1.96

[
kgCO2
m3·CO2

]
ECO2 = 1.21 × 1.83 × 1.96 = 4.34

[
kgCO2

h

]
4.34

[
kg·CO2

h

]
× 24 h × 270 days heating period = 28, 123.20

[
kg·CO2

year

]

(14)

During the 270-day heating period (1 September–31 May), the boiler will release to
the atmosphere 28,123.20 kg CO2.

Ek = 33, 346.20
[

kWh
year

]
=

33, 346.20
120 m2

[
kWh

m2·year

]
= 277.89

[
kWh

m2·year

]
(15)

The final energy of Ek is 277.89 kWh/m2 per year. This value exceeds the maximum
EA index given in the reference range (Table 2). Therefore, the analyzed building is highly
energy-consuming and has an F energy class of over 250 kWh/m2. The planned energy pur-
chase is: 33,346.20 [kWh/year], while the cost of energy purchase is 33,346.20 [kWh/year]
0.12 [EUR/ kWh] = 4001.55 [EUR/year].

4.2. Requirements for the Heat Transfer Coefficient Uc

The coefficients Rse, Rsi, and Uc,max were calculated based on the standard PN-EN
12831-1:2017 and presented in the Tables 3 and 4.

Table 3. Values of the coefficients Rse and Rsi.

Heat Flux Direction Resistance to Heat Transfer
on the Outer Surface Rse,

[
m2·K

W

] Resistance to Heat Transfer
on the Inner Surface Rsi,

[
m2·K

W

]
Up 0.04 0.10

Down 0.04 0.17
Horizontal 0.04 0.13

Source: own study.

Table 4. Maximum values of the permeation coefficient warm Uc,max.

Partition from 1 January 2017 r. from 1 January 2021 r.

Exterior walls 0.23 0.20
Interior walls 1.00 1.00

Roofs, flat roofs, and ceilings under unheated
attics or over crossings 0.18 0.15

Floors on the ground 0.30 0.30
Ceilings over heated underground spaces

and inter-story ceilings 1.00 1.00

Windows (except roof windows), balcony
doors, and unopened transparent surfaces 1.1 0.9

Doors in external partitions or partitions
between heated and unheated rooms 1.5 1.3

Source: own study.

Figure 3 shows the measured dependencies of air permeability on the pressure differ-
ence with the use of different variants of insulation used in construction.
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Figure 3. The dependence of air permeability on the pressure difference when using different variants
of insulation used in construction. Source: own study based on [28].

As can be seen from Figure 3, the thicker rock wool thermal insulation layer used
without wind protection boards had a greater impact on the reduction of air permeability. A
thicker rock wool thermal insulation layer and a lower air permeability of wind protection
layer shows the lowest air permeability results for the whole structure. For the analyzed
building, the values of thermomodernization parameters and material characteristics of all
partitions were calculated, which will be used in the further part of the research to select
the appropriate renewable energy source technology.

Ceiling: the design uses a flat roof, i.e., the ceiling above the last floor of the building,
which also fulfills the role of a roof with the material characteristics presented in Table 5.

Table 5. Characteristics of the partition-flat roof.

Material
The Thickness of the

Partition Layer d,
[m]

Thermal Conductivity λ,
[W/m·K]

Layer Resistance R,[
m2·K

W

]
Corrugated sheet 0.024 58.000 0.000

Plates URSA XPS-DRAIN 140 mm 0.280 0.040 7.000
Reinforced concrete with 1% steel 0.150 2.300 0.065

Plaster or cement-lime finish 0.000 0.820 0.000

Source: own study.

Calculation results of the coefficient values:
Insulation thickness d, m 0.45
Total resistance RT, m2·K

W 7.21
Total permeation coefficient Uc, m2·K

W 0.14
Ground on the ground: the design uses a multi-layer ground floor with the material

characteristics presented in Table 6.
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Table 6. Characteristics of the partition-floor on the ground.

Material
The Thickness of the

Partition Layer d,
[m]

Thermal Conductivity λ,
[W/m·K]

Layer Resistance R,[
m2·K

W

]
Sand 0.400 2.000 0.200

Concrete of medium density 1800 0.200 1.150 0.174
Styrofoam 40 0.160 0.040 4.000

Steel reinforced concrete 1% 0.200 2.300 0.087
Styrofoam 40 0.070 0.040 1.750

Concrete of medium density 2000 0.050 1.350 0.037

Source: own study.

On the ground floor:
Insulation thickness d, m 1.08
Total resistance RT,

m2·K
W 6.42

Total permeation coefficient Uc, m2·K
W 0.16

Exterior doors:
Total resistance RT, m2·K

W 6.42
Total permeation coefficient Uc, m2·K

W 0.16
Interior doors:

Total resistance RT, m2·K
W 0.83

Total permeation coefficient Uc, m2·K
W 1.20

Windows:
Permeability coefficient b, % 0.14
Total resistance RT, m2·K

W 0.83
Total permeation coefficient Uc, m2·K

W 1.20
External walls: the material characteristics of the walls are shown in Table 7.

Table 7. Characteristics of the partition-external walls.

Material
The Thickness of the

Partition layer d,
[m]

Thermal
Conductivity λ,

[W/m·K]

Layer Resistance R,[
m2·K

W

]
POROTHERM 25P +

ordinary mortar 0.250 0.300 0.833

Source: own study.

Calculation results of the coefficient values:
Insulation thickness d, m 1.08
Total resistance RT, m2·K

W 1.09
Total permeation coefficient Uc, m2·K

W 0.91

4.3. The Use of Renewable Energy Sources in Buildings and Their Impact on Energy and
Ecological Efficiency

Reducing energy consumption and the use of renewable energy in the residential
building sector is a priority action in the Member States of the European Union. These
activities allow for the effective and sustainable use of the potential of fossil fuels and for the
reduction of gaseous and dust emissions resulting from the process of energy combustion
of fuel. The constantly growing prices of energy carriers also force the necessity to improve
the energy performance of a given building, in particular a newly erected building. The
aim of this part of the research is to compare the energy needs of a single-family residential
building with a specific cubature and heating area. The building’s energy consumption
depends not only on the thermal insulation of building partitions, but also on the efficiency
of the building’s technical systems. Therefore, in the calculations, several variants of heating
systems were introduced, including those supported by energy from renewable sources.
For those under consideration in cases, the total costs of energy supplied to the building
were estimated, that is, the cost of heating, domestic hot water, and electricity.
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(a) Air Source Heat Pump

One of the solutions adopted for the research analysis is the use of the HEWALEX
PCCO MONO 11 kW heat pump with a 3-kW heater with the technical parameters shown
in Table 8. The data applies to the A7/W35 heating mode (temperature of the lower source
7 ◦C; temperature of the upper source 35 ◦C).

Table 8. Heating system air-to-water heat pump.

Heating System

Source of heat Heat pump
Type Air-water

The efficiency of the device, % 490
Efficiency of distribution and regulation, % 98

The temperature in the house, ◦C 20
Fuel Electricity

Cost 1 kWh, EUR 0.14
Maximum power of the heating device, kW 11.6

Water heating Heat pump to CWU
Heating mode A7/W35

Tray Modern tray
Source: own study.

EK = EU
η = 20,007.72

490%

[
kWh
year

]
= 4083.21

[
kWh
year

]
EP = 3× 4083.21

[
kWh
year

]
= 12, 249.62

[
kWh
year

]
The calculated rates of CO2 emissions in [kg/MWh] for end consumers of electricity

are presented in Table 9.

Table 9. Heating system air-to-water heat pump.

Indicators Measuring Unit, [kg/MWh]

Carbon dioxide (CO2) 719
Sulfur oxide (SOx/SO2) 0.511
Nitric oxide (NOx/NO2) 0.576
Carbon monoxide (CO) 0.233

Total dust 0.029
Source: own study.

The CO2 emission is 0.719 kg CO2 /kWh

Emission CO2 = 0.719
[

kg CO2
kWh

]
× 4083.21

[
kWh
year

]
= 2935.83

[
kg CO2

year

]
Ek = 4083.21

[
kWh
year

]
= 4083.21

120 m2

[
kWh

m2 year

]
= 34.02

[
kWh

m2 year

]
The energy parameters of the building after the application of the air-to-water heat

pump are presented in Table 10.
Purchase of energy to central heating and domestic hot water are: 4083.21 [kWh/year]. Energy

purchase cost up to central heating and domestic hot water: 4083.21 [kWh/year]·0.14 [EUR/kWh]
= 571.65 [EUR/year]. Purchase of energy to power household appliances and lighting
the building: 2900 [kWh/year]. The cost of purchasing energy to power household ap-
pliances and lighting the building: 2900 [kWh/year] 0.14 [EUR/kWh] = 406 [EUR/year].
It is necessary to purchase energy for central heating, domestic hot water, and to power
household appliances and building lighting: 4083.21 [kWh/year] +2900 [kWh/year] =
6983.21 [kWh/year]. Energy purchase cost up to central heating, domestic hot water, and to
power household appliances and building lighting: 571.65 [EUR/year] + 406 [EUR/year] =
977.65 [EUR/year].
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Table 10. Energy parameters of the building after using the air-to-water heat pump.

Building Type Single-Family House

Heated area, m2 120
Energy performance index Low energy A

The amount of the annual demand for
usable energy, kWh/year 20,007.72

The volume of the annual demand for
final energy, kWh/year 4083.21

Annual primary energy demand, kWh/year 12,249.62
Value of the issue CO2, kg CO2/year 2935.83

Power, kW 11.6
Source: own study.

(b) Ground Source Heat Pump

Similar calculations were made for the applicability of the ground heat pump for the
analyzed building. The results are presented in Table 11.

Table 11. Energy parameters of the building after using the brine-water heat pump.

Building Type Single-Family House

Heated area, m2 120
Energy performance index Low energy A

The amount of the annual demand for
usable energy, kWh/year 20,007.72

The volume of the annual demand for
final energy, kWh/year 4446.16

Annual primary energy demand, kWh/year 13,338.48
Value of the issue CO2, kg CO2/year 3196.79

Power, kW 12.5
Source: own study.

Purchase of energy to central heating, domestic hot water: 4446.16 [kWh/year]. Energy
purchase cost up to central heating: 4446.16 [kWh/year]·0.14 [EUR/kWh] = 622.47 [EUR/year].
Purchase of energy to power household appliances and lighting the building: 2900 [kWh/year].
The cost of purchasing energy to power household appliances and lighting the building:
2900 [kWh/year]·0.14 [EUR/kWh] = 406 [EUR/year]. Purchase of energy to central heating, do-
mestic hot water, and to power household appliances and building lighting: 4446.16 [kWh/year]
+ 2900 [kWh/year] = 7346.16 [kWh/year]. Energy purchase cost up to central heating, domes-
tic hot water, and to power household appliances and building lighting: 622.47 [EUR/year] +
406 [EUR/year] = 1028.47 [EUR/year].

(c) Air Source Heat Pump and Solar Panels

A HEWALEX PCCO MONO 11kW heat pump with a 3-kW heater was used. Data
refer to A7/W35 heating mode (heat source temperature 7 ◦C, heat source temperature
35 ◦C).

The annual electricity consumption of the heat pump is Ek = 4083.21
[

kWh
year

]
. It is

assumed that by consuming 1000 kWh annually, a photovoltaic installation with a total
capacity is needed 1 kWp.

Power o f the photovoltaic installation =
Ek

[
kWh
year

]
× 1.2 kWp

1000 kW
[kWp] (16)
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In addition, devices that use electricity in the house (washing machine, dishwasher, etc.)
and lighting should be supplied with electricity obtained from the photovoltaic installation.
During the year, electricity consumption for these purposes is 2900 kWh/year.

Power o f the photovoltaic installation=

(
4083.21

[
kWh
year

]
+ 2900

[
kWh
year

])
× 1.2 kWp

1000 kW
= 8.4[kWp]

Additionally, we install monocrystalline photovoltaic panels on the roof (SUNTECH
STP370S-B60/WNH-370 Wp). The power of one module is 0.33 kWp. How many panels
need to be installed to be produced is calculated below 5 kWp.

8.4 [kWp]
0.33 [kWp]

= 25.5 pieces ≈ 26 pieces

The efficiency of the photovoltaic installation is 20.3%. Dimensions of one module are
175 × 1039 × 35 mm3. The area required for the installation is 47.3 m2. The CO2 emission
of the photovoltaic installation is 0.

Ek =

(
4083.21

[
kWh
year

]
+ 2900

[
kWh
year

])
= 6983.21

[
kWh
year

]
=

6983.21
120 m2

[
kWh

m2year

]
= 58.2

[
kWh

m2year

]

The energy parameters of the building after the use of an air source heat pump an
photovoltaic panels are shown in Table 12.

Table 12. Building energy parameters after using an air heat pump and photovoltaic panels.

Building Type Single-Family House

Heated area, m2 120
Energy performance index Energy-saving B

The amount of the annual demand for
usable energy, kWh/year 20,007.72

The volume of the annual demand for
final energy, kWh/year 0

Annual primary energy demand, kWh/year 0
Value of the issue CO2, kg CO2/year 2935.83

Power, kW 8.4
Source: own study.

(d) Induction Boiler and Solar Panels

Boiler power = Surface
[
m2]·The height of the rooms [m]·60 W

Boiler power = 120
[
m2]× 2.7 [m]·60 [W] = 19, 400 [W] = 19.44 [kW]

(17)

The technical parameters of the heating boiler are presented in Table 13.

Table 13. Heating system: induction boiler.

Heating System

Source of heat Induction boiler
The efficiency of the device 0.986

Temperature in the house, ◦C 20
Fuel Electricity

Cost 1 kWh, EUR 0.14
Heating device power, kW 21

Water heating Electricity
Adjustable outlet temperature, ◦C >80
Permissible outlet temperature, ◦C 90

Source: own study.
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Power o f the photovoltaic installation =
E
[

kWh
year

]
× 1.2 kWp

1000 kW
[kWp] (18)

We supply electricity obtained from the photovoltaic installation to devices that use
electricity at home (washing machine, dishwasher, etc.) and lighting. During the year,
electricity consumption for these purposes is 2900 kWh/year. Electricity consumption is
20,007 kWh/year.

Power o f the photovoltaic installation =

(
21, 000

[
kWh
year

]
+ 2900

[
kWh
year

])
× 1.2 kWp

1000 kW
= 28.7 [kWp]

The power of one module is 0.33 kWp. How many panels need to be installed to be
produced is calculated below 5 kWp.

28.7 [kWp]
0.33 [kWp]

= 87 pieces

To supply household appliances, lighting, and the energy demand of an induction
boiler with electricity, you need a photovoltaic installation with a capacity of 28.7 kWp.

The efficiency of the photovoltaic installation is 20.3%. Dimensions of one module are
1756 × 1039 × 35 mm. The area required for the installation is 158.7 m2. The roof area of
the building is 172 m2, and there are no roof windows, so the solar panels will fit on the
roof. CO2 emission = 0. The energy parameters of the building with the use of an induction
boiler are shown in Table 14.

Purchase of energy: 0 [kWh/year]

Energy purchase cost: 0 [kWh/year] × 0.14 [EUR/kWh] = 0 [EUR/year]

Table 14. Building energy parameters after using an induction boiler.

Building Type Single-Family House

Heated area, m2 120
Energy performance index Passive A+

The amount of the annual demand for
usable energy, kWh/rok 20,007.72

The volume of the annual demand for
final energy, kWh/rok 0

Annual primary energy demand, kWh/rok 0
Value of the issue CO2, kg CO2/year 0
Computational power demand, kW 21,000

Source: own study.

(e) Use of an Air Source Heat Pump and a Vertical swing wind turbine

Due to the location of the analyzed building in an area with good ventilation, the use
of an air heat pump and a vertical line wind turbine were further analyzed. The technical
parameters of the turbine are presented in Table 15. In order to supply the building with
electricity needed for central heating and domestic hot water, the heat pump requires
4083.21 kWh.

Pel—rated power of the wind farm: 2 kW,
hn—height of the turbine mast: 9 m,
V0—wind speed at height h0 = 30 m: 7 m/s.
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Table 15. Technical parameters of the turbine FLTXNY FH-2000.

Technical Parameters of the Wind Turbine

Rated power, kW 2
Rated voltage, V 24/48

Take-off wind speed, m/s 2.5
Rated wind speed, m/s 12

Maximum wind speed, m/s 40
Rotor diameter, m 2

Number of rotor blades, pcs. 3
Propeller material Aluminum

Source: own study.

If the turbine is to be installed at a height other than that at which the wind speed is
known, the wind speed should be determined for the installation height of the turbine.

Vn = V0

(
hn

h0

)α

= 7
m
s

(
9 m
30 m

)0.165
= 5.7

[m
s

]
(19)

Reading from the standards, the power plant utilization factor for the rated wind
speed adopted for the determination of the turbine power is equal to 7 m/s, and the wind
speed at the height of 9 m is equal to 5.7 m/s; the factor amounts to 36%.

Eel = 36%× Pel × t = 36%× 2 kW× 8760 h = 6307.20
[

kWh
year

]
(20)

To supply the building with the electricity needed for central heating and domestic
hot water, the heat pump requires 4083.21 kWh. The wind farm will produce 6307.20 kWh
per year.

6307.20
[

kWh
year

]
− 4083.21

[
kWh
year

]
= 2224

[
kWh
year

]
There is an overproduction of 2224 kWh/year. It can be used to supply electricity to

domestic appliances and building lighting 2900 kWh/year.

2224
[

kWh
year

]
− 2900

[
kWh
year

]
= −676

[
kWh
year

]
After the building is supplied with electricity for purposes, central heating, domestic

hot water, lighting, and electrical demand are lacking 676 kWh annually. The cost of
purchasing the missing electricity is EUR 94.75 per year.

676
[

kWh
year

]
× 0.14 EUR = 94.75

[
EUR
year

]
(f) The use of an Induction Boiler and a Wind Turbine with a Vertical Rotation Line

In order to supply the building with electricity needed for central heating and domestic
hot water, the induction boiler requires 21,000 kWh. The technical parameters of the turbine
are shown in Table 16.

Pel—rated power of the wind farm: 6 kW,
hn—turbine rotor height: 12 m,
V0—wind speed at height h0 = 30 m: 7 m/s.

The technical parameters of the Spine + ARC 1500 turbine are shown in Table 16.
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Table 16. Technical parameters of the Spine + ARC 1500 turbine.

Technical Parameters of the Wind Turbine

Rated power, kW 6
Rated voltage, V 48

Take-off wind speed, m/s 2
Rated wind speed, m/s 11

Maximum wind speed, m/s 40
Rotor diameter, m 3

Number of rotor blades, pcs 3
Propeller material Fiberglass reinforced with polyester resin

Weight, kg 156
Source: own study.

If the turbine is to be installed at a height other than that at which the wind speed is
known, the wind speed should be determined for the installation height of the turbine.

Vn = V0

(
hn

h0

)α

= 7
m
s

(
12 m
30 m

)0.165
= 6

[m
s

]
Reading from the standards, the power plant utilization factor for the rated wind

speed adopted for the determination of the turbine power is equal to 7 m/s, and the wind
speed at the height of 12 m is equal to 6 m/s; the factor amounts to 39%.

Eel = 39%× Pel × t = 39%× 6 kW× 8760 h = 20, 498.40
[

kWh
year

]
To supply the building with electricity needed for central heating and domestic hot water,

the heat pump needs 20,007.72 kWh. The wind farm will produce 20,498.40 kWh annually.

20, 498.40
[

kWh
year

]
× 20, 007.72

[
kWh
year

]
= 490.70

[
kWh
year

]
There is an overproduction of 490.70 kWh/year. We can use it to supply electricity to

domestic appliances and building lighting 2900 kWh/year.

490.70
[

kWh
year

]
− 2900

[
kWh
year

]
= −2409.32

[
kWh
year

]
After supplying the building with electricity for central heating, domestic hot water,

lighting, and electrical appliances, it is necessary to buy an additional 2409.32 kWh per
year. The purchase cost is:

2409.32
[

kWh
year

]
× 0.14 EUR = 337.31 EUR

Table 17 shows the total purchase costs of the analyzed solutions. On the other hand,
Figure 3 presents a summary of the quantity and costs of purchasing the missing electricity
during the year.
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Table 17. Purchase costs of the applied solutions.

No. Device
Name

The Cost of Purchasing
the Device and
Assembly, EUR

The Cost of
Purchasing Additional

Elements, EUR

Total Cost of Purchase
and Assembly, EUR

Amount of Missing
Electricity to Meet the
Demand, [kWh/Year]

The Cost of
Purchasing the

Missing Energy, EUR

Sum of Costs in the
First year, EUR/Year

1. Air-to-water heat pump 6477.77 323.89 6801.65 1508.02 980.30 7781.96

2. Ground source heat pump 6261.84 1079.63 7341.47 1586.40 1031.04 8372.51

3.
Air-to-water heat pump

+
Solar panels

11,517.47 1943.33 13,385.22 - - 13,385.22

4.

Induction boiler
+

Monocrystal line
photovoltaic panels

18,209.00 2159.26 20,368.25 - - 20,368.25

5.

Air-to-water heat pump
+

A wind turbine Ista
Breeze i-2000

8097.21 388.67 8485.87 373.12 242.48 8728.36

6.

Air-to-water heat pump
+

FLTX FH-2000 wind
turbine

10,364.43 388.67 10,753.09 145.97 95.01 10,848.10

7.

Induction boiler
+

A wind turbine Windspot
7.5 kW

11,767.94 453.44 12,221.38 Overproduction 870.18 - 12,221.38

8.

Induction boiler
+

A wind turbine Spine
+

ARC 1500 6 kW

14,251.08 431.85 14,682.94 520.38 338.14 15,021.07

Source: own study.
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Figure 4 shows the amount of electricity that was insufficient to meet the needs of
the analyzed building and the costs that must be incurred for this purpose. Ensuring
the independence of the house from the power grid means that the selected solution will
cover the household’s demand for electricity necessary to power household appliances,
lighting rooms, central heating, and hot water. The largest amount of electricity must
be additionally purchased in the case of using a ground heat pump (7346.16 kWh/year;
1028.47 EUR/year). Similar values were observed for the installation of the air heat pump
(6983.21 kWh/year; 977.65 EUR/year). The use of an air heat pump in the building
in conjunction with a photovoltaic installation and an induction boiler in conjunction
with a photovoltaic installation ensured that the total electricity demand was met and
there was no need to purchase additional energy. There was also no overproduction
of energy. Using a heat pump air-water in combination with a wind turbine with a
vertical or horizontal axis of rotation, one should take into account the necessity to pay
EUR 87–260 per year for the missing amount of electricity. A 2.2-kW horizontal swing
turbine generates 20% less energy compared to a 2-kW vertical rotation turbine. This
translates into almost EUR 152 higher costs of purchasing the missing energy. However,
when using an induction boiler in combination with a wind turbine with a horizontal axis
of rotation, after ensuring the self-sufficiency of the building from electricity, there was
an overproduction of 4023.30 kWh/year. Additional energy can be used to power other
devices that, for example, will appear on the farm after some time and have not been
included in the demand. Then, you can save EUR 565.72 per year at the electricity price of
EUR 0.14/kWh. Then, the research compared the total expenses that must be incurred in
the first 12 months from the installation and purchase of a new one energy sources. These
costs are shown in Figure 5.
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Figure 4. Summary of the quantity and costs of purchasing the missing electricity during the year:
(1) 11.6 kW air-to-water heat pump; (2) ground source heat pump 12.5 kW; (3) 11.6 kW air-to-water
heat pump + 8.4 kWp monocrystalline photovoltaic panels; (4) induction boiler 21 kW + 28.7 kWp
monocrystalline photovoltaic panels; (5) 11.6 kW air-to-water heat pump + 2.2 kW wind turbine with
a horizontal axis of rotation; (6) 11.6 kW air-to-water heat pump + 2 kW wind turbine with a vertical
axis of rotation; (7) induction boiler 21 kW + wind turbine with a horizontal axis of rotation of 7.5 kW;
(8) induction boiler 21 kW + wind turbine with a vertical axis of rotation 6 kW. Source: own study.
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Figure 5. The sum of the costs of applying individual solutions in the first year of installation:
(1) 11.6 kW air-to-water heat pump; (2) ground source heat pump 12.5 kW; (3) 11.6 kW air-to-water
heat pump + 8.4 kWp monocrystalline photovoltaic panels; (4) induction boiler 21 kW + 28.7 kWp
monocrystalline photovoltaic panels; (5) 11.6 kW air-to-water heat pump + 2.2 kW wind turbine with
a horizontal axis of rotation; (6) 11.6 kW air-to-water heat pump + 2 kW wind turbine with a vertical
axis of rotation; (7) induction boiler 21 kW + wind turbine with a horizontal axis of rotation of 7.5 kW;
(8) induction boiler 21 kW + wind turbine with a vertical axis of rotation 6 kW. Source: own study.

Figure 3 shows the total installation costs of a given device in the building (the cost
of purchasing the device, the cost of assembly, the cost of purchasing additional elements
necessary for the installation, and the cost of purchasing energy, which may have been
insufficient to cover the household’s electricity demand). The highest costs (EUR 20,368.25)
occurred with the use of a 21 kW induction boiler and 28.7 kWp monocrystalline pho-
tovoltaic panels. Such a high price is mainly due to the high power of the photovoltaic
installation, and thus the need for more individual modules. In addition, the purchase of
an induction boiler, which is not currently a popular solution, also involves a high cost.
All three options with the use of an induction boiler are at the forefront of the presented
options in terms of costs. The cheapest option is to choose one heat source: a heat pump.
The costs for an air source heat pump or a ground source heat pump are similar level and
amount to 7774–8206 EUR within the first year of installation. The solutions where only the
purchase cost of the device itself and additional elements should be covered are:

- 11.6 kW air source heat pump + 8.4 kWp monocrystalline photovoltaic panels;
- 21 kW induction boiler + 28.7 kWp monocrystalline photovoltaic panels;
- 21 kW induction boiler + 7.5 kW wind turbine with a horizontal axis of rotation.

The power of these devices has been selected so that there is no need to buy the
missing energy and thus expose the consumer to additional costs.
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Lowering the energy needs of a building by increasing the requirements for thermal
insulation of its housing and introducing high-performance modern heating devices and
energy-saving electrical devices translates into measurable ecological and economic ben-
efits. Characteristics of energy demand in the analyzed residential building, in which
the domestic hot water demand plays a dominant role, amounting to almost 60% of the
energy balance, makes it practically impossible to achieve the required EP level without
modifying the heat source. As can be seen on the basis of the analysis, the use of alternative
energy sources may be more advantageous than conventional solutions, both in terms of
the amount of investment outlays and costs in the life cycle. It therefore confirms that the
level of requirements specified in the technical requirements for buildings can promote the
widespread use of alternative energy sources.

5. Conclusions

Promoting and recommending the use of installations based on renewable energy
resources in construction, in addition to improving the thermal insulation of building
partitions, has a significant impact on increasing energy security and achieving the required
standards inside buildings at a lower operating cost. Such a procedure gives optimal
and economically profitable effects in the long-term effects of respecting the resources of
non-renewable primary energy. Targeted and well-thought-out measures to rationalize the
use of final energy for the needs of buildings should no longer pose a challenge but should
be a necessary task in a sustainable low-carbon economy.

At the initial heat source (old-type solid fuel boiler), CO2 emissions to the atmosphere
amounted to 28,123.2 kg during the 270-day heating period from 1 September to 31 May.
This is a significant amount, considering that only one household releases so many harmful
substances per year. It is also worth noting that the solid fuel boiler heated the rooms and
hot water. Powering household appliances such as a washing machine or refrigerator as
well as room lighting was associated with additional costs of about 410 EUR/year. The
household’s demand for electricity necessary to power household appliances, lighting
rooms, central heating, and hot water is 22,907.72 kWh/year. The presented solutions have
been adjusted so as to fully or partially cover the building’s electricity needs. On the basis
of the performed tests, the following conclusions were drawn:

1. Even using traditional technologies, that is, two-layer walls of constructing external
partitions, it is possible to obtain a heat transfer coefficient U through the partition,
appropriate for an energy-saving building. The availability of materials on the market
is not a problem.

2. A three-layer wall is the most optimal solution for a single-family house built in
energy-saving technology. Despite the higher investment costs, with such a solution
the coefficient of demand for primary energy for heating is the lowest. Due to the
cover layer, this solution is also the most durable and easy to maintain.

3. When using a heat pump instead of a solid fuel boiler, the amount of CO2 re-
leased into the atmosphere is reduced by almost 90% per year and amounts to
2935.83 kg CO2/year with an air source heat pump and 3196.79 kg CO2/year with a
ground source heat pump.

4. “Zero emission” occurs in solutions where the consumer himself produces the electric-
ity needed to power the heat pump or induction boiler. Variants with the generation
of electricity by means of a turbine with a vertical and a horizontal axis of rotation, as
well as with the use of a photovoltaic installation, were presented.

5. The combination of two solutions using renewable energy sources is characterized by
higher costs than that with one source of energy, but then the household becomes en-
ergy self-sufficient and is not affected by increases in electricity prices and power cuts.

6. Taking into account the co-financing programs, the most cost-effective solution for
the analyzed single-family building is to install a heat pump in combination with
photovoltaic panels. Then, it is possible to obtain funding of up to EUR 6480 under
a government program called the “Clean Air Program” [57] for the replacement of
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the current high-emission furnace with an environmentally friendly device and for
the installation of photovoltaic panels. In the event that the consumer decides not
to introduce photovoltaics, the surcharge may amount to a maximum of EUR 5400.
Currently, there is a huge selection of photovoltaic panels on the market. The pop-
ularity of this solution is constantly growing, and the programs of subsidies or tax
deductions for purchase costs encourage more people to install photovoltaics in their
home. The aforementioned heat pump is also relatively popular.

7. By using two solutions using renewable energy sources from a highly energy-consuming
building with energy class F, a house has become passive with energy class A+. The
household is then energy self-sufficient and is not affected by possible increases in
energy prices or power outages.

In order to encourage building owners to use renewable energy sources, it is necessary
for the state to create a broader support system and to modify the existing regulations
enabling them to conduct prosumer activity on the electricity and heat market. Renewable
energy installations, as an alternative to conventional systems, should become a standard
in the design of nearly zero-energy buildings.

This type of research is necessary to generate more detailed scientific information
that architectural engineers can use to design these types of buildings. Additional studies
should be carried out to develop more complex models with external weather data as
input data and to explore the benefits of passive technologies in different climatic regions.
In addition, the algorithms for assessing the impact of thermomodernization of heating
installations with the use of systems based on RES resources on the energy performance of
the building and its certificate should be examined.
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19. Kochanek, E. Wielowymiarowość Interesów Energetycznych w Dobie Transformacji Systemowej; WAT: Warsaw, Poland, 2021.
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