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Abstract

This study offers a detailed environmental, energy, and economic evaluation of thermal
modernisation options for an existing single-family home in southern Poland. A total of
24 variants, combining different heat sources (solid fuel, biomass, natural gas, and heat
pumps) with various levels of building insulation, were analysed using energy performance
certification methods. Results show that, from an energy perspective, the most advanta-
geous scenarios are those utilising brine-to-water or air-to-water heat pumps supported
by photovoltaic systems, reaching final energy demands as low as 43.5 kWh/m2year and
primary energy demands of 41.1 kWh/m2year. Biomass boilers coupled with solar collec-
tors delivered the highest renewable energy share (up to 99.2%); however, they resulted
in less notable reductions in primary energy. Environmentally, all heat pump options
removed local particulate emissions, with CO2 reductions of up to 87.5% compared to the
baseline; biomass systems attained 100% CO2 reduction owing to renewable fuels. Eco-
nomically, biomass boilers had the lowest unit energy production costs, while PV-assisted
heat pumps faced the highest overall costs despite their superior environmental benefits.
The findings highlight the trade-offs between ecological advantages, energy efficiency,
and investment costs, offering a decision-making framework for the modernisation of
sustainable residential heating systems.

Keywords: energy auditing; energy efficiency; renewable energy sources; environmental
protection

1. Introduction
To achieve climate neutrality, the need to transform our entire economy to reduce

greenhouse gas emissions, in particular in the heat and power generation sector, has been
raised [1] This requires the development of integrated energy, water, and environmen-
tal systems towards climate neutrality for sustainable development [2], especially in the
context of climate mitigation ambitions, which should lead to carbon neutrality [3]. Devel-
oping energy generation based on renewable energy sources (RES) is also indispensable.
Moreover, apart from increasing the share of renewable energy in electricity and heat
production, another important task is to develop regulations favouring the development of
local, sustainable energy areas within energy clusters or cooperatives [4]. Broader energy
efficiency initiatives remain essential, including promoting the development of energy-
efficient buildings and enhancing energy efficiency, with a primary focus on reducing
energy consumption through energy renovation.
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An energy assessment of buildings makes it possible to determine their energy inten-
sity, which is the starting point for planning an energy transition. Forecasting future energy
demand in the context of heating buildings is therefore important. In the broader context,
the analysis of energy consumption in buildings provides valuable information on potential
economic shocks and environmental impacts [5,6]. From a technological point of view,
research in this area has been conducted by, among others, Tettey et al. (2016) [7], Guarino
et al. (2016) [8], Jiang et al. (2021) [9], Gibbons and Javed (2022) [10]. The development of
technologies for building energy management is a critical aspect in this context, especially
for HVAC systems [11–13], and future optimisation will be related to the application of
artificial intelligence algorithms [14,15] and building energy management [16].

Replacing heat sources in buildings in areas that take measures to improve energy
efficiency is often a fundamental step towards success. However, these investments become
much more effective if accompanied by measures to ensure appropriate building thermal
insulation standards [17]. To operate efficiently (from both environmental and economic
points of view), the heating systems must be installed in buildings with a favourable bal-
ance of heat losses and gains. Ensuring adequate thermal insulation of buildings reduces
the energy demand for heating or cooling them to the minimum possible values [18]. De-
pending on the needs, ceilings and walls should be insulated and windows replaced. Many
buildings constructed in the 1980s, 1990s, or earlier pose considerable energy renovation
problems. Many buildings constructed according to the so-called old standards and techni-
cal requirements require significant financial outlays to improve their thermal insulation.
It is, therefore, necessary to support energy renovation measures in private buildings to
enable heating systems to work efficiently. Initiatives taken by local authorities and the
refurbishment of public buildings used by all residents help raise the general public’s
environmental awareness. Authorities play an important role in disseminating information
about energy renovation measures and, above all, in actively and effectively raising funds
to subsidise such measures [19]. In addition to active solutions such as efficient heating
systems and renewable energy technologies, passive design strategies play a crucial role in
reducing building energy demand. Measures including optimised orientation, appropriate
glazing, improved airtightness, thermal mass utilisation, and effective natural ventilation
can significantly lower the heating and cooling loads. When integrated with active sys-
tems, these approaches contribute to achieving low-or nearly zero-energy standards while
improving indoor comfort and reducing operational costs [20].

As indicated by Błazy et al. (2021) [21], the demand for primary energy in a building
is influenced by its proper thermal modernisation, especially the thermal insulation of
external partitions. Similar conclusions were drawn by Lis and Ujma (2016) [22]. In the
case of the research by Błazy et al. (2021) [21], the authors focused on the environmental
assessment of the effects of thermal modernisation, specifically air quality. The research
was carried out for two voivodships, Śląskie and Małopolskie. The authors proposed
four scenarios to show the relationship between the emission reduction value and the
level of co-financing for thermomodernisation. Finally, they concluded that the higher
the level of co-financing, the greater the willingness of stakeholders to undertake thermal
modernisation measures; thus, the more significant the effects of improving air quality.
This is an obvious conclusion, and it should be considered universal. This article does not
consider any level of co-financing resulting from the desire to show actual investment costs.
It should be stated directly that in the case of the analysed facility, similar to other facilities
of this type that are not insulated, the costs of thermal modernisation are very high, and
only a small part of society can afford such an expense.

It is worthwhile to refer to the Energy Performance Certificate (EPC) determination
methodology used in this article to calculate a building’s useful energy requirements.
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Indeed, it is a method that also allows the setting of energy efficiency targets for build-
ings [23–25] and certainly provides valuable information on energy efficiency and building
performance. This is all the more reason to strive to make the results presented in energy
performance certificates as accurate as possible and reflect the real impact of the building
on the energy system, the environment, and the economic sector, as Kaczmarczyk [6,16]
called for in his articles. Conticelli et al. (2024) [26] and Manso-Burgos et al. (2023) [27]
presented a method using EPCs to support urban planning. In both cases, the importance
of EPCs as analytical tools for diagnosing energy efficiency problems at the city level was
highlighted. Also, from the point of view of environmental quality, this is crucial [28].

Dzikuć (2017) [29] conducted research in Zielona-Góra (Lubuskie Voivodeship) to
determine what primarily affects air quality. The author emphasises that even though
Zielona Góra is located in an area with few industrial plants, the air quality is unsatisfactory.
He sees the reasons primarily in local pollutant emissions coming mainly from households
heated with solid fuels, followed by transport. Similar studies were then conducted for
the entire Lubuskie Voivodeship, drawing similar conclusions (Dzikuć et al., 2021) [30].
This is confirmed by the fact that the processes of energy combustion of fuels, especially
coal, are the primary source of anthropogenic emissions of pollutants. Over 75% of NOx
and SO2 emissions, approximately 70% of CO emissions, over 75% of dust emissions, and
over 90% of CO2 emissions originate from the combustion of conventional fuels [31]. The
situation in which solid fuels are still the dominant fuel is mainly explained by the lack
of an appropriate number of financial instruments aimed at households that would allow
for investments in the thermal modernisation of buildings, including the use of renewable
energy sources. It is important to note that assessing the environmental impact of buildings
throughout their life cycle is crucial in the context of sustainability. This was pointed out
by Piccardo and Gustavsson (2021) [32], Alvarez Florez et al. (2023) [33], and Ramon et al.
(2023) [34]. The latter highlights the importance of climate change in long-term energy
consumption analyses. Their study showed, among other things, that the demand for
cooling buildings will increase in the future, which will affect the energy balance and the
need to modify energy-management strategies. These conclusions are somewhat identical
to those obtained in this article, regarding building heating.

It is natural that not only single-family buildings should be an area of interest in
thermal modernisation. For example, research on thermal modernisation of multi-family
buildings was conducted in Lithuania by Staniunas et al. (2013) [35], and in Poland, e.g., by
Basińska et al. (2015) [36]. The authors presented a comparative analysis of the profitability
ratios of investments in thermomodernisation to meet WT2021, i.e., one of the variants also
analysed in this article. The authors compared the cost method with the most commonly
used economic assessment tools, i.e., SPBT and NPV. They indicated that the method
of global costs for the assessment of thermal modernisation is better than SPBT or NPV
because, in their opinion, it allows the building assessment process to be carried out from
the future assumed time perspective. Considering economic factors, the authors concluded
that there is a cost-effectiveness limit, indicating the optimal variant despite the possibility
of using greater insulation thickness or better quality materials [36]. Szulgowska-Zgrzywa
et al. (2022) [37] drew attention to thermal modernisation in multi-family buildings erected
before World War II. The authors considered the effects of thermal modernisation to be
energy consumption, pollutant emissions, energy costs, and comfort of use. At the same
time, they drew attention to a significant issue, which is the wealth of society. Their
conclusions show that the impact of human factors on the energy intensity of buildings is
greater than that estimated based on theoretical assumptions at the building design stage.
The modernisation activities analysed by the authors indicated that the average reduction
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in energy costs after modernisation in the original state was 41%, and the decrease in
operating expenses was only 2%.

Solutions to improve air quality are sought not only in the context of replacing heat
sources. Many studies have been conducted on the implementation of district heating
solutions based on renewable energy sources. Such examples include research by Hajto
and Kaczmarczyk (2022) [38], who analysed the possibility of improving air quality using
geothermal heating systems. Thermal modernisation measures alone are not sufficient to
achieve climate neutrality. An interesting proposal that goes beyond the scope of thermal
modernisation and falls within the scope of energy management was proposed by Liu et al.
(2021) [39]. They developed a short-term model for forecasting building energy consump-
tion 24 h in advance using a neural network and a Multi-Input Multi-Output strategy. First,
it is desirable to increase the energy autonomy of the building based on the use of renewable
energy sources (e.g., increasing self-consumption from PV installations). Andrews and
Jain (2022) [40] also draw attention to the problem of discontinuity of energy generation
in zero-emission sources, pointing out that the flexibility of energy demand is necessary
to achieve success in a sustainable and reliable energy transformation. The authors claim
that the current comparative methods focusing on annual energy consumption fail. They
considered the impact of energy consumption time on emissions under rapidly changing
power grid operating conditions. The authors based their conclusions on an analysis of
the energy consumption of 306 primary and secondary schools in Southern California,
USA. From the point of view of the progressive electrification of our lives, including the
electrification of heating, it is difficult to disagree with such a statement. Shimoda et al.
(2020) [41] argue that to develop a decarbonised society, two opposing requirements must
be met: reducing the demand for energy and creating flexibility in the demand for it. This
responds to fluctuations in electricity production from renewable sources. Renewable
energy sources are significant factors [5].

Climate neutrality is tantamount to phasing out emissions of all greenhouse gases [1].
In the fuel and energy sectors, climate neutrality means zero life cycle greenhouse gas
emissions (net life cycle assessment). One of the most important issues in this context is
low stack emissions. It is defined as a phenomenon involving the emission of combustion
products of solid, liquid, and gaseous fuels into the atmosphere from emission sources
located at 40 m or less. These encompass different types of emissions, including traffic
emissions, emissions resulting from heat production for central and water heating pur-
poses, and industrial emissions [42]. The combustion products most frequently taken into
account in quantitative assessments are carbon dioxide, carbon monoxide, sulphur dioxide,
nitrogen oxides, polycyclic aromatic hydrocarbons, e.g., benzo(a)pyrene, and dioxins, as
well as heavy metals, PM10, PM2.5, and frequently unidentified pathogens floating on dust
particles. Pollution is further aggravated by the still unresolved problem of burning waste
in domestic stoves. In Poland, the main sources of low-stack emissions are heat production
and water heating (82.3%), 9.6% of the pollution originates from transport, 5.4% from
industrial emissions, and other sources of low-stack emissions account for 2.7% [42,43]. In
particular, the southern part of Poland is considered one of the most polluted areas in the
European Union. This is due to climate conditions, as the heating season in Poland lasts
from September to the end of April [44]. Addressing this problem requires various mea-
sures, such as replacing non-ecological boilers in homes, improving insulation, enhancing
public transport, and limiting older vehicles. Some answers to this issue were a case of air
pollution in Kraków and changes observed according to the implementation of a solid fuel
ban. Kaczmarczyk and Sowiżdżał (2024) [28] analysed the data, which showed impressive
effects on air quality improvements and potential in thermo-modernisation and ecological
energy source utilisation in urban areas.
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Local initiatives aimed at building energy renovations and installing renewable energy
sources are becoming increasingly popular. However, these measures are perceived as
capital-intensive. As a result, their implementation requires a thorough assessment of the
energy demand of the building and specific individual targets, which can be achieved
through energy audits. In this context, interesting research has been presented by Kacz-
marczyk (2024) [6]. In assessing building energy performance, both the efficiency of its
operation and its environmental impact play a decisive role in determining the overall
energy intensity of the residential sector and shaping strategies for energy transition. Reli-
able planning of such measures requires an accurate determination of a building’s energy
demand. In this study, a static calculation model was applied to conduct a multi-scenario
evaluation of the analysed single-family building, considering various heating system con-
figurations. This approach, based on the methodology for preparing energy performance
certificates, was extended to include an assessment of the efficiency of individual energy
systems and their associated pollutant emissions. For each of the twenty-four examined
scenarios, values of final and primary energy demand, fuel consumption, and emissions
were calculated. The findings revealed a lack of direct correlation between the primary
energy indicator commonly used in building energy assessments and both the actual en-
ergy intensity and environmental burden of the building. Regarding the model building,
which represents an individual customer, the issue of “efficient individual heating and
cooling” has been considered. According to European Union regulations, this term refers
to a separate heating and cooling supply option that, compared to efficient district heating
and cooling, measurably reduces the input of non-renewable primary energy required to
supply one unit of delivered useful energy within a relevant system boundary or requires
the same input of non-renewable primary energy but at a lower environmental cost, taking
into account the energy required for extraction, conversion, transport, and distribution.
In many cases, the achievement of this goal must be preceded by a so-called “substantial
refurbishment”, which means a refurbishment whose cost exceeds 50% of the capital cost
for a new comparable unit.

Solid fuels, especially coal, are commonly used as energy carriers in Poland, account-
ing for most of the national energy mix. According to data from the Central Statistical
Office [45], in 2021, 42.5% of all households were heated by solid fuel boilers. Burning
solid fuels results in the emission of harmful substances into the atmosphere. The amount
of these emissions depends primarily on the fuel combustion technology and quality.
The increasingly noticeable effects of low-stack emissions, especially in the municipal
and household sectors, make replacing outdated conventional stoves a crucial factor in
improving the quality of life of residents of Polish municipalities.

Additionally, the thermal energy required for heating buildings accounts for as much
as 65.1% of the total energy consumption by households in Poland, broken down by energy
carriers and their types of use. This figure highlights the significant share of heating in
household energy consumption [45]. Therefore, in newly constructed houses, consider-
able emphasis is placed on limiting heat loss through penetration and ventilation, which
translates into lower heating costs. In buildings that do not meet high energy standards,
it is necessary to carry out energy renovations, including external wall, ceiling, and roof
insulation, replacing old windows, and upgrading the heating installation. This may in-
volve replacing elements that distribute heat throughout the building (pipes, radiators) and
replacing the existing heating source with a new, higher-efficiency, or more environmentally
friendly system.

The purpose of this paper is to indicate environmentally friendly and energy-efficient
alternatives for heating and hot water preparation in a model single-family building. The
proposed methodology can be implemented in other buildings and locations, which adds
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value to this article. The added value of this article lies in its multivariate analysis of the use
of different green energy sources, which contributes to the understanding of the effects of
modernisation work. This is particularly important from the point of view of the investor
and those responsible for energy planning in the municipality. The presented modernisation
variants, the analysis of their ecological impact, and the economic effects possible from
an investment point of view provide an auxiliary tool in the decision-making process of
reducing the energy demand of buildings, justifying the investment decisions made.

2. Research Methodology
To this end, the thermal performance of the building was determined using an energy

audit and thermal imaging. The feasibility of implementing solutions to reduce energy con-
sumption, such as installing thermal insulation, mechanical ventilation with heat recovery,
or heating system refurbishment, was analysed, as well as the feasibility of replacing a heat
source with an environmentally friendly solution. Environmentally friendly solutions for
electricity generation were selected, including the equipment and components required for
refurbishment, and an economic analysis of the installation was conducted.

The study was carried out using Audytor OZC 7.0 Pro software developed by
SANKOM. It is a tool that enables the generation of building energy performance cer-
tificates following the standards and regulations in force in Poland. The guidelines and
calculation methodology implemented are based on the following documents:

• ISO 6946 “Building components and building elements–Thermal resistance and ther-
mal transmittance–Calculation methods”–the standard for calculating thermal trans-
mittance coefficients of multilayer walls [46].

• ISO 13370 “Thermal performance of buildings–Heat transfer via the ground–Calculation
methods”–the standard for calculating thermal transmittance of building elements in
contact with the ground [47].

• ISO 10077-1 “Thermal performance of windows, doors and shutters–Calculation of
thermal transmittance” [48].

• ISO 12831 “Heating systems in buildings. Method for calculation of the design heat
load”–the standard for calculating the heat load of a building [49].

• ISO 13788 “Hygrothermal performance of building components and building elements.
Internal surface temperature to avoid critical surface humidity and interstitial conden-
sation. Calculation methods”–the standard for analysing the humidity of building
elements [50].

• Journal of Laws [Dz. U.] of 2015 item 376: Regulation of the Minister of Infrastructure
and Development of 27 February 2015 on the methodology for determining the energy
performance of a building or part of a building and certificates [51].

• Journal of Laws [Dz. U.] of 2023 item 697: Regulation of the Minister of Development
and Technology of 13 April 2023 changing Regulation of the Minister of Infrastruc-
ture and Development of 27 February 2015 on the methodology for determining
the energy performance of a building or part of a building and energy performance
certificates [52].

The methodology used to calculate primary energy in this study involved assessing the
annual demand for non-renewable primary energy for the technical systems of the building
and dividing it by the area of the heated or cooled space. The yearly energy demand was
divided into specific components, including the demand for heating, domestic hot water,
cooling, and built-in lighting. Each element was calculated based on the annual demand for
final energy for the respective systems, which was then adjusted using specific coefficients
to account for the non-renewable energy input required for energy production and delivery.
The auxiliary energy required to operate the technical systems was also considered.
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Final energy was determined by calculating the total annual final energy demand
for the systems and dividing it by the heated or cooled area. The total energy demand
for buildings with simple technical systems included all technical systems, and the final
energy was adjusted accordingly. Lastly, usable energy was calculated by assessing the
actual energy required to maintain the desired indoor conditions and normalised by the
building’s heated or cooled area. This step-by-step approach allowed for a comprehensive
assessment of the energy performance of the building, accounting for both the energy used
and the efficiency of energy conversion processes. The methodology used is utilitarian
and generally available in the aforementioned standards and regulations; therefore, it is
replicable in other cases.

The analysed building is located in southern Poland in climate zone 3 (according to
ISO 12831 [49]). The design external temperature during the heating season is −20 ◦C, and
the average annual external temperature is 7.6 ◦C. The meteorological station closest to the
building analysed is located in Nowy Sącz. The model is a four-story single-family house
(Figure 1). The total area is 265.4 m2, the area of rooms with controlled air temperature is
191.98 m2, and the usable area is 188.26 m2. The total volume of the building is 529.8 m3,

and the volume of rooms with controlled air temperature is 453.3 m3. The building has a
south-facing gabled roof with a pitch of approximately 30◦. The internal temperatures in
the building were determined based on the guidelines contained in the Journal of Laws
[Journal of Laws U.] of 2015 item 376 [51], which determines the heat demand of rooms
depending on their function and purpose, and ultimately determines the heat demand of
the entire building, concerning the design outside temperature. Based on these guidelines,
the amount of energy required to heat domestic water was calculated. These issues are
independent of the individual preferences of building users, which is consistent with the
regulations and calculation methods used in this article.

 

Figure 1. 3D view of the model building analysed and plan of one of the floors.

The building was constructed in the 1970s, and as it stands, it is under-insulated, with
a useful energy demand of 207.7 kWh/m2year. The design heat loss by penetration is
15,245.6 W, the design heat loss by ventilation is 2619.8 W, and the design heat load of the
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building is 17,865.4 W. Thermal needs, both concerning central heating and domestic hot
water preparation, are met using a solid-fuel boiler, with the fuel consisting of 50% biomass
and 50% of hard coal. However, these percentages are related to central heating. In the
case of domestic hot water preparation, the needs of building users are met using biomass.
With the energy needs met in this manner, the final energy demand for this building is
389.3 kWh/m2year, and the primary energy demand is 214 kWh/m2year. It should be
emphasised that final energy takes into account the demand for useful energy and the
efficiency of the building’s energy systems. At the same time, primary energy also takes
into account the so-called non-renewable primary energy input factor. In the analysed
case, this is partially biomass, for which the input factor is 0.2; hence, the value of primary
energy is lower than the final energy. The share of renewable energy sources is 62.8% due
to the use of biomass. The exact methodology for calculating the data presented above is
described in Section 2.2. An extract from the energy performance certificate relating to the
useful, final, and primary energy values is shown in Table 1.

Table 1. Extract from the energy performance certificate.

Energy Performance Indicator Rated Building
Requirements for a New Building

Pursuant to Technical and
Construction Regulations

Annual useful energy demand EU = 207.7 kWh/m2year
Annual final energy demand EK = 389.3 kWh/m2year
Annual primary energy demand EP = 214.8 kWh/m2year EP = 70.0 kWh/m2year
Unit CO2 emissions ECO2 = 0.051 t CO2/m2year
Share of renewable energy sources in
annual final energy demand URES = 62.8%

2.1. Energy Analysis

For the model building analysis, 24 options for energy source switching and energy
renovation works were assessed, and energy performance certificates were generated for
each option. The basis for determining the number of variants was the desire to compare
all available ecological forms of heat production for central heating and hot water needs.
To enable the performance of these works, an on-site inspection was carried out before
their commencement, which consisted of reading design documentation, verifying whether
the building permit design corresponds to the actual state of affairs, and discussing with
building owners to obtain any missing information. Options P0–P7 relate to the current state
of affairs regarding the building’s useful energy demand, with P0 being the baseline option.
P1–P7 are options in which the building structure is not altered, but the heat source is
replaced to analyse how such a measure would change the final and primary energy values.
Analogously, analysis was conducted concerning options T0–T7 and M0–M7, but for the
options marked with the “T” symbol, energy renovation of the building was carried out to
meet the technical conditions in force at the time of the study, i.e., WT2017 (Journal of Laws
[Dz. U.] of 2017 item 2285) [53]. In the case of the options marked with the “M” symbol, the
building was optimised to meet the technical conditions that will apply from 2021 onwards
(WT2021) (Journal of Laws [Dz. U.] of 2017 item 2285) [53]. It is essential to understand
the differences between the technical conditions mentioned. They set requirements for
newly constructed buildings and buildings undergoing thermal modernisation using public
financial resources (subsidies) regarding the maximum value of primary energy. For single-
family buildings, this value, according to WT2017, was 95 kWh/m2 year, and according
to WT2021, it is 70 kWh/m2year. Additionally, the maximum allowable heat-transfer
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coefficients for building partitions have changed. A summary of all options is presented in
Table 2.

Table 2. Summary of energy source switching and energy renovation options analysed.

Variants Type of Installation

P0 T0 M0 Solid fuel boiler (50% coal, 50% biomass)
P1 T1 M1 Biomass boiler
P2 T2 M2 Biomass boiler + solar collectors
P3 T3 M3 Gas boiler
P4 T4 M4 Gas boiler + solar collectors
P5 T5 M5 Heat pump brine/water (COP = 3.3)
P6 T6 M6 Heat pump brine/water (COP = 3.3) + PV
P7 T7 M7 Heat pump air/water (COP 2.6) + PV

Option designations are as follows: P0—baseline option. P1–P7—options in which the building structure is
not altered in any way, but the heat source is replaced to analyse how such a measure would change the final
and primary energy values. T0–T7—heat sources as for the “P” options, but the building is subject to energy
renovation to meet the technical conditions in force at the time of the study, i.e., WT2017. M0–M7—optimisation
to meet the technical conditions that will apply from 2021 onwards (WT2021).

It should be noted that for options involving a 50% biomass and 50% hard coal mix,
it is assumed that 100% of domestic hot water is generated using biomass. These values
were adopted based on discussions with the facility owners during the site inspection.
Additionally, it has been assumed that solar collector installations accounted for 40% of
domestic hot water preparation, which is a typical value for Polish weather conditions. Of
note is also the fact that the building is equipped with high-temperature radiator heating
(80/60 ◦C); therefore, in the energy renovation options adopted, it was assumed that the
operating parameters of heat pump-based systems would be as follows: a flow temperature
of 55 ◦C and a return temperature of 45 ◦C. This is because no conversion of the central
heating system from radiator to underfloor heating is assumed, and, of course, also because
the heat demand of the building and its rooms will be reduced, allowing the existing system
to be used with a lower flow temperature.

In the simulations, the coefficient of performance (COP) of the heat pumps was as-
sumed to be a constant value based on typical operating conditions. Specifically, a COP of
3.3 was used for brine-to-water heat pumps, and 2.6 for air-to-water heat pumps. These
values correspond to the operational characteristics of the heat pumps under the conditions
described in this study. The fixed COP assumption reflects standard operation with flow
temperatures suitable for high-temperature radiators (80/60 ◦C reduced to 55/45 ◦C after
renovation). Although COP typically varies seasonally with outdoor temperatures, this
study uses static values to maintain consistency and allow comparison across all scenar-
ios. These values ensure compatibility with the building’s heating system and facilitate
direct comparisons between variants, simplifying modelling and aligning with expected
performance for the specific climate zone and building features. Future research could
include dynamic COP variations affected by seasonal temperature changes to provide more
detailed and accurate insights.

In all cases, the share of RES should be understood as the percentage of RES in the total
energy utilisation of the building for heating purposes. To meet the technical conditions
stipulated in WT2017, it was necessary to carry out an energy renovation of walls and floors
that did not meet the required Umax thermal transmittance coefficient value. To this end,
the ground floor was insulated with 10 cm-thick expanded polystyrene foam, the external
walls were insulated with 15 cm-thick expanded polystyrene foam, the ceiling under the
unheated attic was insulated with 22 cm-thick mineral wool, the roof was insulated with
30 cm-thick mineral wool, and the external doors and windows were replaced. A summary
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of energy renovation works, including thermal transmittance coefficients before and after
energy renovation, is shown in Table 3.

Table 3. Summary of energy renovation works for options T0–T7 (WT2017).

No. Type of Thermomodernisation
Uo (Before

Thermomodernisation)
[W/(m2 K)]

Uo (After
Thermomodernisation)

[W/(m2 K)]

Umax
[W/(m2 K)]

1 Thermal insulation of the floor on the
ground with 10 cm of polystyrene 0.554 0.236 0.30

2 Thermal insulation of external walls
with 15 cm polystyrene 0.932 0.227 0.23

3
Thermal insulation of the ceiling

under the unheated attic with 22 cm
mineral wool

0.729 0.179 0.18

4 Roof thermal insulation with 30 cm
mineral wool 4.946 0.176 0.18

5 Replacement of external doors 2.500 1.500 1.50
6 Windows replacement 1.500 1.100 1.10

Similarly, to achieve the WT2021 standard, energy renovation work involving the
same measures was carried out. However, it was necessary to increase the thickness of
the thermal insulation and use windows and doors with correspondingly lower thermal
transmittance coefficients. Table 4 summarises the work carried out.

Table 4. Summary of energy renovation works for options M0–M7 (WT2021).

No. Type of Thermomodernisation
Uo (Before

Thermomodernisation)
[W/(m2 K)]

Uo (After
Thermomodernisation)

[W/(m2 K)]

Umax
[W/(m2 K)]

1 Thermal insulation of the floor on the
ground with 10 cm polystyrene 0.554 0.236 0.30

2 Thermal insulation of external walls
with 18 cm polystyrene 0.932 0.197 0.20

3
Thermal insulation of the ceiling
under the unheated attic with 30 cm
mineral wool

0.729 0.140 0.15

4 Roof thermal insulation with 35 cm
mineral wool 4.946 0.150 0.15

5 Replacement of external doors 2.500 1.100 1.10
6 Windows replacement 1.500 0.900 0.90

2.2. Economic Analysis

Several factors were taken into account to determine the economic effects. Reference
was made to the costs of thermomodernisation works (investment costs) and operating
costs. In the case of expenses incurred for the thermal modernisation of the building, the
costs based on the average values of materials and work are listed in Tables 5 and 6. As can
be seen, the difference in the costs of modernisation work between the technical conditions
of 2017 and 2021 is 7405.13 Euro. This results from using different insulating materials to
meet the required heat transfer coefficients for individual partitions.
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Table 5. Costs of energy renovation works for options T0–T7 (WT2017).

No. Type of Thermomodernisation Single Action Area [m2] Cost
[EUR/m2]

Total Costs
[EUR]

1 Thermal insulation of the floor on the ground with 10 cm
of polystyrene 67.93 43.00 2920.99

2 Thermal insulation of external walls with 15 cm polystyrene 96.85 57.00 5520.45

3 Thermal insulation of the ceiling under the unheated attic
with 22 cm mineral wool 77.95 57.00 4443.15

4 Roof thermal insulation with 30 cm mineral wool 278.12 47.50 13,210.70
5 Replacement of external doors 1.90 276.00 524.40
6 Windows replacement 34.95 193.50 6762.83
7 TOTAL – – 33,382.85

Table 6. Costs of energy renovation works for options M0–M7 (WT2021).

No. Type of Thermomodernisation Single Action Area [m2] Cost
[EUR/m2]

Total Costs
[EUR]

1 Thermal insulation of the floor on the ground with 10 cm
of polystyrene 67.93 43.00 9290.99

2 Thermal insulation of external walls with 18 cm polystyrene 96.85 58.50 5665.73

3 Thermal insulation of the ceiling under the unheated attic
with 30 cm mineral wool 77.95 59.50 4638.03

4 Roof thermal insulation with 35 cm mineral wool 278.12 50.00 13,906.00
5 Replacement of external doors 1.90 276.00 524.40
6 Windows replacement 34.95 193.50 6762.83
7 TOTAL – 40,787.98

An economic analysis was carried out based on the energy demand determined for
some of the options. In defining the fuels analysed, the following assumptions were made
(concerning their Qw calorific values and net purchase prices of energy carriers), and on
this basis, the consumption of the energy carrier in question was subsequently determined
in measurement units given below in Table 7.

Table 7. Assumptions of selected fuel parameters taken into account in the economic analysis.

No. Type of Fuel Calorific Value Qw Net Price [EUR]

1 firewood, birch, moisture content 0% 15.6 MJ/kg [m3/(m2year)] 96.67 per m3

2 hard coal 26 MJ/kg [Mg/(m2year)] 333.33 per Mg

3
wood chips with moisture content
20–60%, density 150–400 kg/m3

(275 kg/m3 assumed) [kg/(m2year)]
6–16 MJ/kg (11 MJ/kg assumed) 48.33 per Mg

4 electricity [kWh/(m2year)] 0.23 per kWh
5 solar energy [kWh/(m2year)] –
6 natural gas 48 TJ/Gg (~34.23 MJ/m3) [m3/(m2year)] 0.86 per m3

To determine the fixed costs of using the energy source, an estimate of the required
capital expenditure is necessary. Based on experience and market research, the net capital
expenditure rates for the technologies analysed were adopted as follows: biomass-fired
boilers–EUR 217.39 per kW, solid-fuel boilers–EUR 173.91 per kW, solar collectors–EUR
1021.74 per kW, natural gas-fired boilers–EUR 147.83 per kW, brine-to-water heat pumps
(including the installation of the lower heat source)–EUR 1086.96 per kW, photovoltaic
cells–EUR 1086.96 per kW, and air-source heat pumps (including the installation of the
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lower heat source)–EUR 804.35 per kW. The depreciation period for the above installations,
which is necessary to estimate fixed costs, was assumed to be 15 years. The capital expen-
diture figures stated here do not consider the costs associated with upgrading the boiler
room, but only represent the cost of the heating source. It was assumed that the costs of
upgrading the boiler room would be similar for all types of heating sources. It should be
noted that the present cost analysis does not account for differences in the service life of
individual components. This discrepancy can have a significant impact on the results of a
life cycle cost assessment, particularly when comparing investment options with markedly
different replacement intervals. Since the scope of this study did not include a payback
period analysis or complete life cycle economic modelling, the calculations presented are
based solely on uniform depreciation periods for all technologies. Future research should
incorporate technology-specific lifespans to provide a more precise economic comparison
over the entire operational horizon of the analysed systems.

2.3. Environmental Analysis

The environmental analysis aimed to determine the pollutant emissions of the model
building from the combustion of solid fuels in the baseline option and to compare these
emissions with those of the other energy renovation options. The analysis and calcula-
tions were carried out using data from the building’s energy audit, annual useful energy
demand, and emission factors for fuels calculated by the National Centre for Emissions
Management–KOBiZE [54]. The indicators were based on values applicable during the
project’s implementation period. Although it is recognised that the carbon intensity of
Poland’s electricity mix has decreased in recent years due to the rising share of renewable
energy sources, dynamic modelling of this trend was beyond the scope of the current
analysis. Future research could include time-dependent emission factors to account for the
expected decarbonisation pathways of the national grid. The reduction in the emissions
of individual substances compared to the baseline was also determined. The following
pollutants were taken into account: total particulate matter (also broken down into PM10
and PM2.5), carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx), sulphur
dioxide (SO2), and benzo(a)pyrene (BaP).

The amount of existing emissions and the degree of the expected environmental effect
depend on several factors. The most important factors among these are the types of energy
carriers used for central heating and hot water preparation, the amount of fuel consumed,
and its physical and chemical parameters.

To calculate the pollutant emissions for heat production from fuel combustion, pollu-
tant emission factors from fuel combustion for sources with a nominal heat capacity of up
to 5 MW [54] were applied. For pollutant emissions from electricity generation, factors for
electricity [55] were applied, as shown in Table 8. The emission factor value depends on the
fuel type and technological solutions used in the heating source. For the P0 baseline option,
emission factors for traditional coal-fired and wood-fired boilers were used. For options P1,
P2, M1, M2, T1, and T2, emission factors for a manually loaded wood-fired boiler that met
the Ecodesign Framework Directive 2009/125/EC requirements were used. For options
P3, P4, M3, M4, T3, and T4, emission factors for natural gas were used, and for options
involving heat pumps (P5–P7, M5–M7, and T5–T7), emission factors for electricity for the
end customer (mixed electricity production) were used according to KOBiZE (2020) [55].
The energy provided by solar thermal and photovoltaic installations has emission factors
of zero for all pollutants analysed. For energy renovation options involving a photovoltaic
(PV)-powered heat pump, it was assumed that 70% of the annual electricity is supplied by
the PV installation and 30% comes from the electricity grid. This is due to the limitations
in the possibility of installing PV systems on roofs with greater electrical power. Before
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performing the calculations, the authors conducted a site visit and audit. Based on this, the
technical condition of the building, including the roof, its orientation, pitch, and shading,
was assessed. Therefore, a value of 70% was adopted. No local low-stack emissions are
present for energy renovation options involving heat pumps (P5–P7, T5–T7, and M5–M7).
Therefore, when these options are selected, the problem of low-stack emissions at the site is
completely eliminated.

Table 8. Emission factors W for the energy carriers and combustion technologies used in the baseline
and energy renovation options [54,55].

No. Pollutant Emission Factor W
Coal–Traditional

Boiler with
Manual Loading

(g/GJ)

Wood–Traditional
Boiler with

Manual Loading
(g/GJ)

Wood–Boiler
with Manual
Loading–Eco-
Design (g/GJ)

Fuel Gas
(g/GJ)

Electricity
(kg/MWh)

1 TSP 350 350 40 0.5 0.029
2 PM10 312 333 38 0.5 No data
3 PM2,5 242 315 36 0.5 No data
4 CO2 96,370 0 0 57650 719
5 CO 2500 3000 440 30 0.233
6 NOx 160 80 120 50 0.576
7 SO2 410 15 11 0.4 0.511
8 BaP 0.35 0.13 0.015 0.0000008 No data

To calculate individual emissions based on the emission factors per unit of fuel con-
sumed, the following formula was used:

E =
Q × W

1000
[g/GJ; Kg/MWh]

where:
Q—seasonal energy consumption [GJ/year, MWh/year]
E—seasonal substance emissions [kg/year]
W—emission factor [g/GJ, kg/MWh]

3. Results
Calculation results for the different options are presented in Tables 9–11 and

Figures 2–4. The analysis of final energy consumption, which is the most important figure
from the building owner’s point of view, indicates that the most efficient solutions are those
based on the use of heat pumps. This applies to all three cases (P5–P7), for which the final
energy value ranges from 92.1 to 114.1 kWh/m2year. The difference in the final energy
value between the P5 variant and the P6 and P7 variants results from the change in the
lower source for the heat pump from ground exchangers to air. Consequently, this causes
a decrease in efficiency and an increase in the final energy value for the variant with an
air/water heat pump. In the case of primary energy, the options involving heat pumps
combined with photovoltaic installations (P6 and P7) exhibit the most favourable values,
ranging from 61 to 75 kWh/m2year. The difference in these values is a derivative of the ef-
ficiencies of the brine/water and air/water heat pumps and the electricity consumption by
the heat pump compressor. However, it should be noted that these are not the options with
the highest share of renewables. The highest share of renewables is achieved for the options
based on a biomass-fired boiler plus solar collectors, with RES shares of 99–99.2%. For
hybrid systems with heat pumps and PV, this value is 94.9–95.5%, which is slightly lower.
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For options T0–T7, useful energy demand was 93.9 kWh/m2year, with heating and
ventilation accounting for 69.8 kWh/m2year and hot water preparation accounting for
24.1 kWh/m2year. Therefore, both the final and primary energy demands have been more
than halved. There is also a slight decrease in the total share of RES, which is 98.1–98.5%
for the most favourable options (T1 and T2). The slight reduction in the share of renewable
energy sources between the P and T variants is because the demand for heat is reduced.
At the same time, there is no change in the electrical energy necessary for the operation of
auxiliary devices, such as central heating circulation pumps, and the domestic hot water
circulation pump.

Table 9. Analysis results for heat source switching (building left as is) (options P0–P7).

Variant Final Energy [kWh/m2year] Primary Energy [kWh/m2year] RES Share [%]

Total Heating and
Ventilation

Domestic
Hot Water Total Heating and

Ventilation
Domestic
Hot Water

P0 389.3 321.8 67.6 214.8 197.4 17.4 62.8
P1 422.3 354.7 67.6 94.1 76.8 17.4 99.2
P2 403.8 354.7 49.1 90.7 76.8 13.9 99.0
P3 298.6 249.6 49.0 341.6 285.0 56.5 0.0
P4 286.5 249.6 36.9 320.6 285.0 35.6 2.4
P5 92.1 77.0 15.1 276.3 231.1 45.2 65.7
P6 92.1 77.0 15.1 75.2 61.0 14.1 94.9
P7 114.1 97.0 17.1 90.6 75.0 15.6 95.9

Table 10. Analysis results for heat source switching (options T0–T7).

Variant Final Energy [kWh/m2year] Primary Energy [kWh/m2year] RES Share [%]

Total Heating and
Ventilation

Domestic
Hot Water Total Heating and

Ventilation
Domestic
Hot Water

T0 181.9 114.3 67.6 93.1 75.7 17.4 68.8
T1 203.2 135.6 67.6 49.0 31.6 17.4 98.5
T2 184.7 135.6 49.1 45.5 31.6 13.9 98.1
T3 138.5 89.5 49.0 158.0 101.5 56.5 0.0
T4 127.4 89.5 38.0 138.9 101.5 37.4 5.8
T5 44.0 28.9 15.2 132.0 86.6 45.5 62.2
T6 44.0 28.9 15.2 40.4 26.0 14.4 90.5
T7 53.2 36.0 17.2 46.8 30.9 15.9 92.2

Table 11. Analysis results for heat source switching (options M0–M7).

Variant Final Energy [kWh/m2 year] Primary Energy [kWh/m2 year] RES Share [%]

Total Heating and
Ventilation

Domestic
Hot Water Total Heating and

Ventilation
Domestic
Hot Water

M0 179.0 111.4 67.6 87.7 70.4 17.4 71.2
M1 190.3 122.8 67.6 46.3 28.9 17.4 98.5
M2 171.8 122.8 49.1 42.8 28.9 13.9 97.9
M3 135.3 86.3 49.0 154.4 97.9 56.5 0.0
M4 124.3 86.3 38.0 135.3 97.9 37.4 5.9
M5 43.5 28.4 15.2 130.6 85.2 45.5 61.3
M6 43.5 28.4 15.2 41.1 26.7 14.4 89.4
M7 52.5 35.2 17.2 47.4 31.5 15.9 91.2
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Figure 2. Analysis results for heat source switching (building left as is) (options P0–P7).
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Figure 3. Analysis results for heat source switching (options T0–T7).

0

50

100

150

200

250

300

350

400

450

0

50

100

150

200

250

300

350

400

450

M0 M1 M2 M3 M4 M5 M6 M7

P
ri
m
ar
y 
en

er
gy
 [
kW

h
/m

2
ye
ar
]

Fi
n
al
 e
n
er
gy
 [
kW

h
/m

2
ye
ar
]

EP Total EP Heating and cooling EP Hot tap water EK Total EK Heating and cooling EK Hot tap water

Figure 4. Analysis results for heat source switching (options M0–M7).

For options M0–M7, useful energy demand was 87.2 kWh/m2year, with heating and
ventilation accounting for 63.1 kWh/m2year and hot water preparation accounting for
24.1 kWh/m2year, similar to the “P” and “T” options. It should, of course, be noted that
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these are the most favourable results obtained where, e.g., options P1, T1, and M1 are
compared, i.e., those using the same heat production technology for central heating and
domestic hot water preparation.

From a technological standpoint, the building materials used for insulation influenced
the utility energy results obtained for the individual variants. The thickness of the thermal
insulation and heat transfer coefficient directly affect the thermal resistance of the building
envelope, and consequently reduce the demand for usable energy. Adapting the building to
the technical conditions of WT2021 requires the use of higher-quality materials than those
used in the case of WT2017. However, in this case, the energy effects do not show a linear
relationship, e.g., with the insulation thickness. Consequently, the obtained energy effects
are not necessarily commensurate with the financial outlays incurred for better-quality
insulating materials. From the point of view of final energy, the analysis is much simpler,
as the difference in the obtained values results directly from the efficiency of the heating
devices used.

By analysing all variants in terms of energy, the one characterised by the lowest values
of demand for useful energy, final energy, and, consequently, primary energy should be
considered sought or desirable. The analysis may differ if economic or ecological factors
are taken into account. In the case of the building analysed, it should be stated that, from
the energy point of view, the optimal options result in the building meeting the WT2021
technical conditions in conjunction with the use of heat pumps assisted by a photovoltaic
installation. The M6 option with the brine-to-water heat pump and the M7 option with
the air-to-water heat pump exhibited the lowest final and primary energy values. This
results directly from the production of electricity for heat pump operation. The heat
pumps themselves, owing to the high COP coefficient, allow for achieving low final energy
values. In contrast, the PV installation with a primary energy input index of 0, assuming
that it would provide 80% of the electricity required by the heat pump, allowed for a
significant reduction in the primary energy value in the variants where it was applied. This
assumption was made based on the balance of energy produced and drawn from the grid
on an annual basis.

However, it should be noted that regarding the capital expenditure associated with
the energy renovation work required, options T6 and T7, which meet the WT2017 technical
conditions, may be more viable. They are also based on renewable energy sources, i.e., heat
pumps and a photovoltaic installation, and the difference in final and primary energy
values compared to options M6 and M7 is small.

3.1. Economic Analysis Results

Figure 5 presents the total net unit energy production costs for the individual options
analysed. These costs do not account for any subsidies for purchasing heat sources and
energy carriers. From the comparison of results, it can be concluded that the lowest energy
production costs are achieved for options M1, M2, P1, P2, T1, and T2. The options involve
biomass-fired boilers (M1, P1, and T1) and biomass-fired boilers combined with solar panels
(M2, P2, and T2). Using heat pumps fed by grid electricity (options M5 and P3) resulted in
somewhat higher or similar (T5) energy production costs to the cost of generating energy
from natural gas. Supplementing a heat pump with a photovoltaic installation increases
the total cost of energy production. The highest costs are associated with installations
involving heat pumps and PV cells (options M6, M7, P6, P7, T6, and T7). It is worth noting
that this is one of Poland’s most common energy source configurations, especially for new
buildings or those undergoing thermal retrofitting.
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      M0   M1   M2   M3  M4  M5   M6  M7   P0    P1   P2   P3   P4    P5   P6   P7   T0   T1    T2   T3   T4    T5   T6    T7 

Figure 5. Comparison of total net unit costs of energy generation for individual options [EUR/GJ].

Figure 6 present a summary of these costs. The charts have been prepared assuming
an exchange rate of 1 EUR = 4.2 PLN (03.2025). Operating (variable) costs in the options
involving the use of PV cells assisting a heat pump and grid-powered heat pumps are
lower than variable costs in the options involving the use of natural gas.

      M0   M1   M2   M3  M4  M5   M6  M7   P0    P1   P2   P3   P4    P5   P6   P7   T0   T1    T2   T3   T4    T5   T6    T7 

Figure 6. Comparison of net unit fixed and variable costs of energy generation for individual options
[EUR/GJ] (values stated do not include subsidies).
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Regarding the total unit cost of energy production, biomass- and coal-fired boilers
remain the cheapest energy sources (Figure 5). Unfortunately, the assumptions made
regarding the purchase costs of primary energy carriers are correct. Heat pumps can-
not compete with solid fuel boilers, even when exclusively considering operating costs
(Figure 6). The situation looks even worse after fixed costs, which are affected by capital
expenditures, are considered.

An economic analysis was presented concerning the unit of energy produced and
investment costs per unit of power (kW). In this context, two fundamental differences in
investment costs should be indicated when comparing the T6–T7 and M6–M7 variants. The
first is the difference in the costs of modernising the building, amounting to approximately
EUR 2347.83. The second is the cost of energy installation. In the case of a heat pump, there
is a difference of EUR 282.60 per kW between a brine/water heat pump and an air/water
heat pump. This is mainly due to the cost of the lower heat source. The heat load of the
building after modernisation is approximately 8 kW, which results in a difference of EUR
2260.87. A separate issue is the selection of the power of the PV installation concerning the
heat pump energy demand to drive the compressor, which is directly related to the COP
coefficient. However, this issue has not been analysed.

3.2. Environmental Analysis Results

Emission volumes for all energy renovation options considered are presented in
Table 12, while percentage reductions in emissions for individual energy renovation options
compared to the baseline option are presented in Table 13. The analysis has made it possible
to draw the following conclusions:

Table 12. Pollutant emissions for individual energy renovation options.

Variant Type of Installation Emission (kg/year)
TSP PM 10 PM 2.5 CO2 CO NOx SO2 B(a)P

P0 Solid fuel boiler
(50% coal, 50% biomass) 83.64 77.62 68.46 8992.48 670.24 26.58 40.44 0.0516

P1 Biomass boiler 7.76 7.37 6.98 0.00 85.36 23.28 2.13 0.0029

P2 Biomass boiler
+ solar collectors 7.40 7.03 6.66 0.00 81.40 22.20 2.03 0.0028

P3 Gas boiler 0.08 0.08 0.08 8804.64 4.58 7.64 0.06 0.0000

P4 Gas boiler
+ solar collectors 0.07 0.07 0.07 8395.99 4.37 7.28 0.06 0.0000

P5 Heat pump brine/water 0.35 0.00 0.00 8789.47 2.85 7.04 6.25 0.0000

P6 Heat pump brine/water
+ PV 0.11 0.00 0.00 2636.84 0.85 2.11 1.87 0.0000

P7 Heat pump air/water
+ PV 0.13 0.00 0.00 3308.37 1.07 2.65 2.35 0.0000

T0 Solid fuel boiler
(50% coal, 50% biomass) 38.37 35.76 31.94 3418.71 311.13 11.61 15.66 0.0221

T1 Biomass boiler 3.51 3.33 3.16 0.00 38.59 10.52 0.96 0.0013

T2 Biomass boiler
+ solar collectors 3.15 2.99 2.83 0.00 34.63 9.44 0.87 0.0012

T3 Gas boiler 0.03 0.03 0.03 3980.53 2.07 3.45 0.03 0.0000

T4 Gas boiler
+ solar collectors 0.03 0.03 0.03 3571.88 1.86 3.10 0.02 0.0000

T5 Heat pump brine/water 0.16 0.00 0.00 4028.91 1.31 3.23 2.86 0.0000

T6 Heat pump brine/water
+ PV 0.05 0.00 0.00 1208.67 0.39 0.97 0.86 0.0000

T7 Heat pump air/water
+ PV 0.06 0.00 0.00 1495.70 0.48 1.20 1.06 0.0000
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Table 12. Cont.

Variant Type of Installation Emission (kg/year)
TSP PM 10 PM 2.5 CO2 CO NOx SO2 B(a)P

M0 Solid fuel boiler
(50% coal, 50% biomass) 35.70 33.29 29.79 3090.55 289.98 10.73 14.20 0.0203

M1 Biomass boiler 3.26 3.10 2.93 0.00 35.84 9.77 0.90 0.0012

M2 Biomass boiler
+ solar collectors 2.90 2.75 2.61 0.00 31.88 8.69 0.80 0.0011

M3 Gas boiler 0.03 0.03 0.03 3696.51 1.92 3.21 0.03 0.0000

M4 Gas boiler
+ solar collectors 0.03 0.03 0.03 3287.86 1.71 2.85 0.02 0.0000

M5 Heat pump brine/water 0.15 0.00 0.00 3748.63 1.21 3.00 2.66 0.0000

M6 Heat pump brine/water
+ PV 0.05 0.00 0.00 1124.59 0.36 0.90 0.80 0.0000

M7 Heat pump air/water
+ PV 0.06 0.00 0.00 1388.98 0.45 1.11 0.99 0.0000

Table 13. Pollutant emissions for individual energy renovation options.

Variant Type of Installation Emission Reduction in Relation to the Variant P0 (%)
TSP PM 10 PM 2.5 CO2 CO NOx SO2 B(a)P

P1 Biomass boiler 90.7 90.5 89.8 100.0 87.3 12.4 94.7 94.4

P2 Biomass boiler
+ solar collectors 91.2 90.9 90.3 100.0 87.9 16.5 95.0 94.6

P3 Gas boiler 99.9 99.9 99.9 2.1 99.3 71.3 99.8 100.0

P4 Gas boiler
+ solar collectors 99.9 99.9 99.9 6.6 99.3 72.6 99.9 100.0

P5 Heat pump brine/water 99.6 100.0 100.0 2.3 99.6 73.5 84.6 100.0

P6 Heat pump brine/water
+ PV 99.9 100.0 100.0 70.7 99.9 92.1 95.4 100.0

P7 Heat pump air/water
+ PV 99.8 100.0 100.0 63.2 99.8 90.0 94.2 100.0

T0 Solid fuel boiler
(50% coal, 50% biomass) 54.1 53.9 53.3 62.0 53.6 56.3 61.3 57.3

T1 Biomass boiler 95.8 95.7 95.4 100.0 94.2 60.4 97.6 97.5

T2 Biomass boiler
+ solar collectors 96.2 96.1 95.9 100.0 94.8 64.5 97.9 97.7

T3 Gas boiler 100.0 100.0 99.9 55.7 99.7 87.0 99.9 100.0

T4 Gas boiler
+ solar collectors 100.0 100.0 100.0 60.3 99.7 88.3 99.9 100.0

T5 Heat pump brine/water 99.8 100.0 100.0 55.2 99.8 87.9 92.9 100.0

T6 Heat pump brine/water
+ PV 99.9 100.0 100.0 86.6 99.9 96.4 97.9 100.0

T7 Heat pump air/water
+ P 99.9 100.0 100.0 83.4 99.9 95.5 97.4 100.0

M0 Solid fuel boiler
(50% coal, 50% biomass) 57.3 57.1 56.5 65.6 56.7 59.6 64.9 60.6

M1 Biomass boiler 96.1 96.0 95.7 100.0 94.7 63.2 97.8 97.6

M2 Biomass boiler
+ solar collectors 96.5 96.5 96.2 100.0 95.2 67.3 98.0 97.9

M3 Gas boiler 100.0 100.0 100.0 58.9 99.7 87.9 99.9 100.0

M4 Gas boiler
+ solar collectors 100.0 100.0 100.0 63.4 99.7 89.3 99.9 100.0

M5 Heat pump brine/water 99.8 100.0 100.0 58.3 99.8 88.7 93.4 100.0

M6 Heat pump brine/water
+ PV 99.9 100.0 100.0 87.5 99.9 96.6 98.0 100.0

M7 Heat pump air/water
+ PV 99.9 100.0 100.0 84.6 99.9 95.8 97.6 100.0
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• Total Suspended Particles (TSP): The energy renovation options utilising gas-fired
boilers and heat pumps demonstrate the most significant reductions in TSP emissions.
Options P3 and P4 achieve a remarkable 99.9% reduction, while options T3, T4, M3,
and M4 approach near-total reductions of nearly 100%, as illustrated in Figure 7.

• Carbon Dioxide (CO2): The highest reduction of 100% in CO2 emissions is linked to
biomass-fired boiler options (P1–P2, T1–T2, M1–M2). Furthermore, energy renovation
options employing heat pumps powered by photovoltaic (PV) installations (P6–P7,
T6–T7, M6–M7) result in substantial CO2 reductions, ranging from 63.2% to 87.5%
compared to the P0 baseline option. This analysis assumes a 70% contribution of PV
electricity to the heat pump operation.

• Carbon Monoxide (CO): All options involving a switch in heat sources exhibit sig-
nificant reductions in CO emissions, ranging from 87.3% for biomass-fired boilers to
99.9% for heat pumps powered by photovoltaics.

• Nitrogen Oxides (NOx): The most effective options for reducing nitrogen oxide emis-
sions are those that employ heat pumps in conjunction with photovoltaics, achieving
reductions between 90% and 96.6%. Options utilising gas-fired boilers (P3, P4, T3, T4,
M3, and M4) also yield notable reductions, varying from 71.3% to 87.9%.

• Benzo(a)pyrene (BaP): The analysis indicates that all energy renovation options that in-
volve switching heat sources result in a minimum reduction of 94.4% in BaP emissions
for biomass-fired boilers, with reductions reaching up to 100% for gas-fired boilers
and heat pumps.

Figures 7–11 provide a graphical presentation of emissions of individual pollutants
for energy renovation options, with the P0 baseline option highlighted in red.

In conclusion, the analysis of the emission evaluation results for various energy
renovation options shows that modern technologies, such as heat pumps and gas boilers,
significantly reduce air pollutant emissions, including particulate matter, carbon dioxide,
and nitrogen oxides. The most significant emission reductions, approaching nearly 100%,
were observed for options utilising heat pumps powered by solar energy and biomass
boilers. These results highlight the substantial ecological benefits of implementing efficient
heating technologies, which can significantly improve air quality and reduce negative
impacts on the natural environment. This is crucial for combating climate change and
striving for sustainable development.
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Figure 7. Total particulate matter emissions from individual energy renovation options.
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Figure 8. Carbon dioxide emissions from individual energy renovation options.
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Figure 9. Carbon monoxide emissions from individual energy renovation options.
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Figure 10. Nitrogen oxide emissions for individual energy renovation options.
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Figure 11. Sulphur dioxide emissions for individual energy renovation options.

4. Conclusions
The most efficient solutions from the analysis involve the use of heat pumps. This

applies to all three cases (P5–P7), for which the final energy value ranges from 92.1 to
114.1 kWh/m2year. In the case of primary energy, the options involving heat pumps
combined with photovoltaic installations exhibit the most favourable values, ranging from
61 to 75 kWh/m2year.

The options with the highest share of renewables are those based on a biomass-fired
boiler plus a solar collector system, with RES shares of 99–99.2%. In the case of options in-
volving energy renovation (T0–T7), both final and primary energy demand have been more
than halved. Useful energy demand was 93.9 kWh/m2year, with heating and ventilation ac-
counting for 69.8 kWh/m2year and hot water preparation accounting for 24.1 kWh/m2year.
There was also a slight decrease in the total share of RES, which amounted to 98.1–98.5%
for the most favourable options. This is due to the percentage change in the proportion of
thermal energy to the electrical energy required to drive auxiliary equipment, such as circu-
lation pumps. Options M0–M7 exhibit the most favourable results compared to options P1,
T1, and M1, i.e., those using the same heat production technology for central heating and
domestic hot water preparation. For options M0–M7, the calculated useful energy demand
was 87.2 kWh/m2year, with heating and ventilation accounting for 63.1 kWh/m2year and
hot water preparation accounting for 24.1 kWh/m2year, similar to the “P” and “T” options.

From an energy perspective, the optimal options result in the building meeting the
WT2021 technical conditions. Options M1, M2, P1, P2, and T1, T2 exhibit the lowest energy
generation costs. The options involve biomass-fired boilers (M1, P1, and T1) and biomass-
fired boilers combined with solar panels (M2, P2, and T2). All options using heat pumps
fed by grid electricity (options M5, P5, and T5) resulted in energy production costs that are
slightly higher or similar to the cost of generating energy from natural gas. Supplementing
a heat pump with a photovoltaic installation increases the total cost of energy production.
Despite the lower capital expenditure associated with using air-source heat pumps, the total
unit cost of energy generation for these sources was higher than that of brine-to-water heat
pumps. The highest costs are associated with installations involving heat pumps driven by
energy from PV cells (options M6, M7, P6, P7, T6, and T7). Based on the assumptions made
regarding the purchase costs of primary energy carriers, heat pumps cannot compete with
solid fuel boilers, even when exclusively variable costs are considered. Only in the case of
natural gas are operating costs similar to those of heat pumps.
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The model building selected for analysis currently exhibits a high demand for useful
energy (for central heating purposes). The solid fuel boiler currently in use, which serves
central heating and hot water preparation purposes, has low energy efficiency (68% when
burning coal and 55% when burning wood), which also results in high fuel consumption
(almost 3.6 tonnes of coal per year and 8.8 tonnes of wood per year, which gives about
19 spatial meters of wood).

The fuel burnt in the boiler currently results in annual pollutant emissions of around
9 tonnes of CO2, 670 kg of CO, 40 kg of SO2, 84 kg of particulate matter, and 52 g of
benzo(a)pyrene. Comprehensive energy renovation measures involving heat source switch-
ing can significantly reduce both fuel consumption and pollutant emissions. All energy
renovation options involving heat pumps (P5–P7, T5–T7, and M5–M7) eliminate pollutant
emissions into the atmosphere at the installation site, contributing to the elimination of
the low-stack emission problem in the municipality. In the case of the building considered,
any energy renovation measure will result in at least a 50% reduction in particulate matter
emissions and a 50% reduction in carbon monoxide and benzo(a)pyrene emissions. For
most energy renovation options, the reduction in nitrogen oxide emissions is also higher
than 50% (only for options P1 and P2, their emissions into the atmosphere are reduced just
slightly). Carbon dioxide emissions comparable to the current state will only be present
for energy renovation options P3 and P4 (replacing the heat source with a gas-fired boiler
without insulating the building) and P5 (using a heat pump supplied with electricity from
the power grid without insulating the building). There is at least a 50% reduction in CO2

emissions for the remaining energy renovation options, and for options with biomass-fired
boilers (options P1, P2, T1, T2, M1, and M2), the reduction in CO2 emissions will be 100%.

Regarding this article, further research should be directed toward a broader spec-
trum of modelling. An interesting direction in this regard was indicated by Rashad et al.
(2022) [56], who presented a similar position as Andrews and Jain (2022) [40], claiming
that the static calculations used so far do not provide a detailed answer to questions such
as: what is the energy demand for individual purposes in a building, and how does it
change during the day, month, and year. The same conclusions, but concerning domestic
hot water only, were formulated by Bergel et al. (2016) [57], who claimed that real water
consumption is inadequate to that calculated based on applicable guidelines. Andrews and
Jain (2022) [40] based their research on the use of TRNSYS software for year-round building
energy analysis. A dynamic energy chewing analysis of an academic building in Pisawas
was conducted by Franco et al. (2021) [58]. By analysing an HVAC system based on a heat
pump, chiller, and mechanical ventilation with heat recovery, they concluded that such a
system should be dynamically controlled in response to the presence of building occupants
and their needs. At the same time, they pointed to the value of 44% energy savings with
this energy management method in the building, of which 33% will be for the ventilation
system. Heracleous et al. (2022) [59] analysed educational buildings in Cyprus using
dynamic modelling, but in the Integrated Environmental Software Virtual Environment
software. The optimal variants of thermal modernisation were identified using the life
cycle cost analysis (LCCA) method, confirming that this direction for further research is
appropriate. Leiria et al. (2023) [60] and Kaczmarczyk et al. (2025) [61] conduct research
based on the readings of smart heat meters for the assessment of forecasted and actual
energy consumption values in buildings. Martinez-de-Alegria et al. (2021) [62] searched
for ways to optimise energy consumption in existing facilities in Spain. Perhaps, in the
context of this article, it is not directly related, but it shows that limiting oneself to thermal
modernisation alone is currently insufficient. Dynamic analyses of energy demand and
the search for new solutions that increase energy efficiency should be the focus of future
research. This requires a lot of interdisciplinarity; however, as indicated by the analyses of
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Li et al. (2021) [63], interdisciplinary, interactive research that combines the natural and
social environment will attract new research ideas in the context of the energy intensity
of buildings.

An important aspect of assessing heating technologies is their compliance with
current and upcoming regulatory frameworks, especially the EU Ecodesign Directive
(2009/125/EC) and its delegated regulations for space and water heaters (EU) No. 813/2013
and No. 814/2013. The directive establishes minimum seasonal space heating efficiency
and maximum allowable pollutant emission levels for boilers and heat pumps sold in the
EU. From 2027, more rigorous eco-design standards will come into effect, including higher
minimum seasonal efficiency thresholds (SCOP for heat pumps and seasonal efficiency ηs
for boilers) and stricter limits on NOx, particulate matter, and organic gaseous compounds.
In this study, the analysed heat pumps, brine-to-water and air-to-water, are technologies
that, in their current market configurations, already meet or surpass the anticipated 2027 re-
quirements for seasonal efficiency and local emissions. Likewise, the biomass boilers
examined are compliant Eco-design units equipped with high-efficiency combustion and
flue gas cleaning systems. However, actual compliance relies on the specific model chosen
for installation, and any investment decision should verify conformity with the updated
EU product database (EPREL) to ensure compatibility with post-2027 regulatory standards.

Apart from energy issues, aspects that may influence the decision regarding the
modernisation of the building are worth mentioning. It is essential that the building
provides comfortable conditions for its residents or users. This may include ensuring
adequate ventilation, lighting, acoustics, and temperature regulation. Sometimes, the
choice may be dictated by aesthetic or architectural considerations. Some solutions may
be more visually appealing or better fit into existing infrastructure. While investing in
more advanced technologies may be more expensive upfront, they can provide long-term
savings or benefits. Analysing investment costs and return on investment can be significant
in making decisions. Some solutions may be more durable and require less maintenance
over the long term, thereby saving money or reducing the risk of failure. In addition to
energy efficiency, other environmental aspects, such as water consumption and impact on
local wildlife, can influence the selection of optimal options. Sometimes, your choice may
be limited by building regulations, energy standards, or other legal regulations. Not all
advanced technologies are always available or profitable in a given region. The availability
of building materials and technology may influence this choice. In practice, decisions
regarding the construction or renovation of a building often require consideration of many
of these factors simultaneously to find the optimal solution that meets various needs
and constraints.

Author Contributions: A.S. and M.K.—Conceptualisation, A.S., M.K., L.P. and B.T.—methodology,
L.P. and M.K.—software, M.K.—validation, B.T.—formal analysis, M.K., W.L. and G.P.—resources,
W.L., G.P. and M.K.—data curation, A.S. and M.K.—writing—original draft preparation, M.K., L.P.,
B.T., W.L. and G.P.—writing—review and editing, M.K. and L.P.—visualisation, A.S.—supervision,
A.S.—project administration, A.S.—funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: The project was co-financed by the funds of the National Centre for Research and Devel-
opment within the framework of the research and development programme Social and economic
development of Poland in the conditions of globalising markets GOSPOSTRATEG/contract No
Gospostrateg1/385085/21/NCBR/19. This research project was supported by the program “Excel-
lence initiative–research university” for the AGH University of Krakow. This research was funded by
a statutory research program at the Faculty of Geology, Geophysics, and Environmental Protection
AGH University of Krakow, Poland, statutory work No. 16.16.140.315.



Energies 2025, 18, 4372 25 of 28

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, [M.K.], upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Nomenclature

B(a)P benzo(a)pyrene
CO carbon monoxide
NOx nitrogen oxides
CO2 carbon dioxide
COP heat pump coefficient of performance
ECO2 carbon dioxide emission
EK final energy
EP primary energy
EU useful energy
EPC Energy Performance Certificate
GHG greenhouse gases
LCCA life cycle cost analysis
NPV net present value
PM10 particulate matter ≤ 10 µg
PM2.5 particulate matter ≤ 2.5 µg
PV photovoltaic
RES renewable energy source
SO2 sulphur dioxide
SPBT simple payback time
URES share of renewable energy sources in annual final energy demand
Q seasonal energy consumption [GJ/year, MWh/year]
Qw calorific value
W emission factor [g/GJ, kg/MWh]
WT2021 technical conditions for new buildings created from 2021
WT2017 technical conditions for buildings that have been created in 2017–2020
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36. Basińska, M.; Koczyk, H.; Kosmowski, A. Assessment of thermo modernization using the global cost method. Energy Procedia
2015, 78, 2040–2045. [CrossRef]

37. Szulgowska-Zgrzywa, M.; Piechurski, K.; Stefanowicz, E. Multi-criteria assessment of the scenarios of changing the heating
system in apartments in historical buildings in Wroclaw (Poland)—Case study. Energy Build. 2022, 254, 111611. [CrossRef]

38. Hajto, M.; Kaczmarczyk, M. The potential to improve air quality by increasing the use of deep geothermal energy. Geol. Geophys.
Environ. 2022, 48, 147–175. [CrossRef]

39. Liu, J.; Zhang, Q.; Dong, Z.; Li, X.; Li, G.; Li, K. Quantitative evaluation of the building energy performance based on short-term
energy predictions. Energy 2021, 223, 120065. [CrossRef]

40. Andrews, A.; Jain, R.K. Beyond Energy Efficiency: A clustering approach to embed demand flexibility into building energy
benchmarking. Appl. Energy 2022, 327, 119989. [CrossRef]

41. Shimoda, Y.; Yamaguchi, Y.; Iwafune, Y.; Hidaka, K.; Meier, K.; Yagita, Y.; Kawamoto, H.; Nishikiori, S. Energy demand science
for a decarbonized society in the context of the residential sector. Renew. Sustain. Energy Rev. 2020, 132, 110051. [CrossRef]
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43. Kaczmarczyk, M.; Kaczmarczyk, M.A.; Pełka, G.; Luboń, W.; Będkowska, A.; Ciapała, B.; Malik, D.; Podlewska, E.; Zboina, M.
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