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Abstract: Zero-emission buildings, which do not emit CO, or other greenhouse gases throughout their
entire life cycle, play a crucial role in sustainable development and the fight against climate change.
Achieving carbon neutrality in construction requires considering emissions associated with material
production, construction, operation, as well as demolition and disposal. These buildings utilize
energy-efficient technologies, renewable energy sources, and low-carbon materials, minimizing their
environmental impact. The building sector accounts for a significant percentage of global greenhouse
gas emissions, making it a key area for climate action. In Poland, where aging and energy-inefficient
buildings prevail, the need for a transition towards zero-emission buildings is particularly urgent.
This paper assesses the feasibility and hurdles of retrofitting existing buildings to achieve zero
emissions by utilizing renewable energy systems like solar photovoltaic and heat pump technologies.
The publication discusses the technical, economic, and legal aspects of this transformation, with
particular emphasis on the Polish context and available support programs. The purpose of this
publication is to disseminate practical knowledge and foster innovation among architects, investors,
and decision-makers engaged in the development of a sustainable built environment. A key example
is Net Zero Energy Buildings (NZEBs), which generate as much energy as they consume over a
year through technologies such as photovoltaic panels, solar collectors, and heat pumps. NZEBs
combine effective insulation, energy-efficient systems, and smart energy management to minimize
consumption, and may even produce excess energy that feeds back into the grid. Despite challenges
in construction and maintenance, the increasing adoption of zero-emission and NZEBs worldwide
reflects their long-term ecological, economic, and health benefits. The focus of this publication is to
analyze the potential for transforming standard buildings, as defined by current regulations, into
zero-emission buildings powered entirely by renewable energy sources. This case study analyzes the
energy potential of a residential building located in Krakow, Poland. The building’s energy efficiency
potential was assessed through computer simulations using Audytor OZC software (version 7.0 Pro,
Sankom), taking into account local climate conditions and building standards. The study analyzed the
impact of various strategies, such as upgrading thermal insulation, using energy-efficient windows,
and installing photovoltaic panels, on energy consumption and CO, emissions.

Keywords: zero-emission buildings; net-zero energy buildings; renewable energy sources; energy
efficiency; heat pump; photovoltaics

1. Introduction

The urgency of combating climate change has placed the building sector in the spot-
light. The building sector’s contribution to climate change is immense, responsible for
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around 40% of energy use and 36% of CO; emissions in Europe. Its decarbonization is
not merely preferable, but essential for mitigating the climate crisis. This is particularly
critical in Poland, where a significant portion of the building stock is outdated and energy-
inefficient. The European Union’s ambitious goal of climate neutrality by 2050 is driving
a profound transformation in the construction market. Companies and institutions are
embracing decarbonization strategies, spurring innovation in building materials, design
processes, and energy sources. This change is necessary because all stages of a building’s
life cycle, from manufacturing materials to dismantling, have environmental consequences.
Traditional construction methods, heavily reliant on fossil fuels, release harmful substances
into the air, water, and soil. Zero-emission buildings offer a powerful solution. By harness-
ing renewable energy sources like photovoltaics and heat pumps, these buildings minimize
their environmental footprint. They prioritize natural and biodegradable materials, imple-
ment water-saving systems, and employ advanced insulation and ventilation techniques.
This publication delves into the potential of zero-emission buildings to revolutionize the
Polish construction industry. We explore the technical, economic, and legal aspects of
transforming existing buildings and constructing new ones that contribute to a sustainable
future. Our aim is to provide valuable insights and inspire architects, investors, and policy-
makers to embrace this crucial step towards a greener built environment. The construction
market is undergoing a transformation process geared towards the implementation of the
European Union’s strategy of becoming climate neutral by 2050. More and more measures
are being taken with a view to developing a green and sustainable construction sector.
Various companies and institutions related to the construction industry and the real es-
tate market are adopting decarbonization strategies and implementing initiatives towards
climate neutrality. Widespread transformation-oriented actions have become necessary,
especially the modification of the approach to the manufacture of building materials, the
designing and construction processes, as well as the use of individual sources of energy.
After all, the construction of any building involves enormous interference with nature.
Every phase of construction, from the sourcing and delivery of materials to readying the
building site, contributes to the release of detrimental substances into the environment.
Hence, a great deal of importance has been attached to replacing the fossil fuel-dependent
methods used so far with environmentally friendly and zero-emission methods. Zero-
emission houses and buildings are erected using modern technologies based on natural
and biodegradable materials, systems for saving drinking water and storing rainwater, as
well as adequate heat insulation and ventilation techniques. In this context, the concept
of zero-emission buildings takes on particular importance as a key element in reducing
energy consumption and greenhouse gas emissions and becomes not only a priority but
also an integral part of the future of the construction industry.

The European Green Deal and Renovation Wave Strategy place a strong emphasis on
sustainable construction and renovation practices to address the pressing need for energy
and resource efficiency. The European Commission indicates that achieving zero-carbon
status in new buildings requires the use of renewable energy sources. This shift towards
ecological construction practices has profound implications for the economy, climate, and
public health. Constructing zero-emission buildings presents a significant challenge for EU
citizens, but the benefits of owning and inhabiting such buildings are numerous. These
benefits extend beyond individual homeowners to encompass sectoral, national, and
international advantages, as highlighted by the International Energy Agency (IEA). The
scale of these benefits is influenced by factors such as a country’s economic structure and
government policies [1,2].

This article investigates practical strategies for reducing energy consumption and
enhancing energy efficiency in buildings to mitigate climate change. We explore tangible
methods for achieving these goals through sustainable construction techniques. This study
utilizes energy calculations that comply with relevant European and Polish standards.
These standards include European directives on nearly zero-energy and zero-emission
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buildings, as well as Polish regulations concerning design heating load and various energy
performance indicators (final, useful, and non-renewable primary energy).

2. Review of Literature, State Policy and External Funds

Asa major contributor to environmental issues, the construction sector presents a vital
opportunity for implementing sustainable development strategies [3]. The construction
industry and building resources are very energy intensive and cause significant greenhouse
gas emissions. The production, installation, transportation, and disposal of building mate-
rials consume enormous amounts of energy [4,5]. This sector has a large, multidimensional
impact on the environment, both in terms of energy consumption (it is the main energy
user in the world) and greenhouse gas emissions, as well as in terms of extracted materials
and waste generation [6].

The building sector is responsible for a significant proportion of global energy con-
sumption, accounting for roughly 40%, and contributes to approximately 36% of energy-
related greenhouse gas emissions. Residential buildings, in particular, have substantial
energy demands, requiring considerable amounts of energy for both thermal comfort (such
as water heating, space heating, and cooling) and the operation of electrical appliances and
lighting [7]. According to the European Commission’s communications, with a staggering
75% of existing buildings in the EU classified as energy inefficient and renovation efforts
lagging behind at a mere 0.4% to 1.2% per year, the need for accelerated action is clear [3].
Global CO, emissions related to energy from buildings are 26% [8]. A further obstacle is
that the Polish building stock is largely outdated, resulting in high energy consumption and
continued reliance on fossil fuels. As many as 92.84% of all residential buildings come from
before 2011, which necessitates modernization [7]. Therefore, the European Commission
has recognized the construction sector and the construction industry as one of the key areas
of action in response to climate and environmental challenges [9], and the construction of
zero-energy, zero-emission buildings (where zero-emission means no local carbon dioxide
emissions resulting from the use of fossil fuels [10]) is one of the decarbonization strategy
and the major challenge for all Member States [7].

Net-zero energy buildings are becoming increasingly popular because they optimize
the energy performance of buildings, whether they are newly built, modernized, or reno-
vated [8]. New regulations from the European Commission introduce stricter standards
for newly constructed facilities. From 2028, they will have to meet emission-free criteria
and be equipped with solar panels and heat pumps. In the case of public buildings, this
requirement will apply even earlier, from 2026. However, residential buildings undergo-
ing thorough renovation should be zero-emission from 2032. Another significant change
related to EU requirements is the introduction of energy certificates for buildings which
classify facilities in the range from class A (emission-free building) to class G (low energy
efficiency) [11].

The European Green Deal (2019) and the subsequent Renovation Wave Strategy (2020)
underscore the imperative for energy- and resource-efficient construction and refurbish-
ment practices. Furthermore, these initiatives champion the integration of circular economy
principles into all new and renovated building projects [9]. Therefore, there is currently an
increased interest in buildings with net zero or almost zero energy consumption around the
world (also in non-EU countries), and the main goal of designers of residential and public
buildings is to improve their energy efficiency, as well as the use of energy from renewable
sources [7]. Zero-emission buildings are characterized by extremely high energy efficiency.
They are designed and equipped in such a way that energy consumption is minimal, and
all energy requirements are met exclusively by renewable energy sources [10] produced
on the site or nearby [11]. Net-zero energy buildings strive for energy self-sufficiency by
generating enough renewable energy to compensate for their energy consumption over
a given period, typically an annual cycle [10]. EU member states may have dissimilar
definitions and categories of zero-emission buildings due to different climatic conditions,
building types, or ways of calculating energy consumption [4,6]. However, the European



Energies 2024, 17, 5817

40f23

Commission obliges Member States to develop national plans to increase the number
of zero-energy buildings, taking into account national, regional, or local conditions and
possible measures [5].

The first stage of introducing zero-emission standards is “buildings with almost
zero energy consumption”. In practice, this means that they will have extremely low
energy consumption, which will be covered exclusively by renewable sources. This is an
important step towards zero-emission buildings that represents a shift in thinking about
the way buildings are designed, constructed, renovated, and operated. To reduce energy
consumption, thermal insulation (of walls, windows, etc.), tightness, and high-efficiency
equipment, as well as more efficient use of renewable energy should be introduced at the
design stage. Buildings with almost zero energy consumption use the following solutions
indicated by the European Commission [11]:

- roof insulation—which helps retain heat inside the building;

- air filtration and ventilation systems—which ensure a clean and healthy
indoor environment;

- effective and economical lighting and heating systems—which minimize
energy consumption;

- photovoltaic panels—which obtain solar energy and convert it for the needs of
the building;

- high-performance windows—which effectively insulate the interior against heat loss;

- energy-saving electronics and household appliances—which consume less energy;

- intelligent thermostat—which regulates the temperature in an optimized way.

Zero-emission buildings are designed to utilize energy derived from sustainable
sources, harnessed through naturally recurring processes. These sources offer a viable
substitute for conventional, finite energy resources like fossil fuels [12]. Sustainable energy
technologies are recognized for their clean energy production, efficient resource utilization,
and minimal environmental footprint, including waste generation [13]. They embody the
principles of environmental stewardship and contribute to counteracting the adverse effects
of greenhouse gas emissions, ultimately aiding in the mitigation of climate change [14].
Including renewable energy sources in energy receivers in residential buildings reduces the
consumption of non-renewable energy sources, which results in reduced CO, emissions [15].
To achieve zero-emission buildings, the following are used: solar heat and solar energy,
considered to be the most abundant renewable resource on our planet [16] (photovoltaic
panels, solar collectors, heat pumps), geothermal energy, using heat from the ground, water
energy (well water, groundwater, use of river water, etc.), heat pumps, wind energy (wind
turbines) and biomass systems [8]. Their great advantages are availability, purity, and
renewability. They are considered to be much more sustainable than many traditional
energy sources [16]. The most popular in zero-emission buildings are heat pumps, which
allow one to use free solar energy accumulated in the atmosphere, ground, or groundwater
all year round, which are most often located at the point of energy consumption.

The provision within the definition of a zero-emission building, which mandates that
renewable energy be generated in close proximity to the building, presents a constraint on
the utilization of some renewable energy sources, including biomass. Transporting them to
the place of use, especially from remote regions, causes additional, unnecessary greenhouse
gas emissions. Therefore, a strategy focusing solely on on-site energy generation would
be suitable mainly for new and relatively small installations, which is why zero-emission
buildings use the most renewable sources available in given conditions and climate. For
example, in the Mediterranean climate, solar energy and photovoltaics are used more often,
while in countries with colder climates, heat pumps (geothermal energy, earth heat) and
possibly biomass (taking into account the costs of transporting the raw material) are more
often utilized [6].

Poland faces a significant challenge in improving the energy efficiency of its building
stock. Much of the existing infrastructure is outdated and energy intensive, contributing
to high greenhouse gas emissions and energy costs. However, with growing awareness
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of climate change and the increasing availability of advanced technologies, Poland has a
significant opportunity to transition towards a more sustainable built environment.

Poland has made strides in recent years to align its building codes with European
Union directives on energy performance. Key regulations and standards include:

- EPBD (Energy Performance of Buildings Directive): This EU directive sets minimum
energy performance requirements for new and renovated buildings, promoting energy
efficiency and the use of renewable energy sources.

- WT 2021 (Technical Conditions 2021): Poland’s technical conditions for buildings,
updated in 2021, define requirements for energy efficiency, including insulation,
ventilation, and heating systems. These standards aim to reduce primary energy
consumption in buildings.

- NZEB (Nearly Zero-Energy Buildings): Poland is progressively moving towards the
NZEB standard, which requires buildings to have very high energy performance and
cover a significant portion of their energy needs with renewable sources.

Building upon the existing standards, we need to implement further strategies to
realize our ambitious energy efficiency objectives. Potential strategies include:

- Renovating existing buildings to significantly reduce their energy consumption. This
can involve upgrading insulation, replacing windows, and installing efficient heating
and cooling systems.

- Adopting the Passive House standard, which focuses on maximizing energy effi-
ciency through passive measures like airtight construction, superinsulation, and heat
recovery ventilation.

- Increasing the use of renewable energy sources in buildings, such as solar photovoltaic
panels, solar thermal collectors, and heat pumps.

- Implementing smart building technologies to optimize energy use, including building
management systems, smart meters, and automated controls.

- Raising awareness among building professionals, homeowners, and policymakers
about the benefits of energy efficiency and the available technologies and incentives.

By addressing the challenges and capitalizing on the opportunities, Poland can signifi-
cantly focus on achieving the best possible energy performance.

The Energy Performance of Buildings Directive (EPBD) is a document enacted in 2010
(2010/31/EU) [17]. It was revised in 2018 (2018/844/EU) [18] with a view to sending
a strong political signal that the EU’s goal was to modernize the building sector based
on technological progress as well as to increase the scope of building retrofitting. The
latest directive on the energy performance of buildings is Directive (EU) 2024 /1275 [19]
of the European Parliament and of the Council of 24 April 2024. It entered into force on
28 May 2024 and introduced a number of significant changes regarding the energy efficiency
of buildings. The latest EPBD directive is a significant step towards a more sustainable
and energy-efficient building sector in Europe. It sets ambitious targets and provides a
framework for action, which should contribute to achieving the EU’s climate and energy
goals. The EPBD revision was part of the Renovation Wave strategy, which itself is an
element of the European Green Deal. Presented in October 2020, the strategy aimed as
a minimum at doubling the rate of energy-efficient building retrofitting and providing
support to comprehensive retrofitting projects by the year 2030. It was noted that existing
legislative measures for buildings would not be sufficient to achieve the increased EU
climate target for 2030, with an emissions reduction target of at least 55%, the planned
ambitious energy efficiency targets, or climate neutrality by the year 2050. Until now, the
increasingly stringent energy efficiency requirements for buildings have only applied to
newly constructed buildings, but the latest EU law will also affect already existing buildings.
Thermal modernization and energy efficiency will also affect the well-being of residents
and users [20-22]. The amendment of the Energy Performance of Buildings Directive
(EPBD), known also as the “Buildings Directive”, aims to significantly reduce greenhouse
gas emissions and energy consumption of buildings in the European Union by retrofitting
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all existing buildings, both residential and public ones. Under the guidelines of the EPBD,
it will not be long before every building in Poland will be assigned its own energy class (see
Figure 1), within a framework of a system similar to that used for household appliances
and consumer electronics.

- - BEEED <157
Limits of the Primary Energy

Index for a single-family @
building in kWh/(m2*year)

D

E

<531

Figure 1. Energy classes of buildings proposed by the National Energy Conservation Agency for

A

single-family houses (according to the EP index in kWh/ m? per year). Source: the author’s own work
based on: https:/ /termomodernizacja.pl/polskie-klasy-energetyczne-jak-beda-charakteryzowane-
budynki-od-2024-roku/ (accessed on 17 November 2024) [23].

A building’s energy class determines how much energy a building uses over the
course of one year (for heating, ventilation, domestic hot water, cooling, and lighting)
and how much it costs to maintain it. The EPBD will divide residential buildings into
classes from the best (A+) to the worst (G), the latter expected to include 15% of the
buildings with the worst energy performance in the country (so-called “energy vampires”).
The Ministry of Development and Technology intends to introduce such a system for
the classification of buildings as early as 2024. The introduction of the building energy
classification system will provide a number of benefits for home and flat owners. First
and foremost, it will allow them to get to know the factual energy status of their buildings
and plan renovation projects that will translate into a better quality of life, energy savings,
and lower property maintenance costs. The cost of heating a building with energy class
A can be up to six times lower than that of a building with energy class F or G. However,
the aim of the amended Directive is not just to introduce energy classes for buildings,
but to systematically improve their condition in order to eliminate those with the worst
energy performance. Accordingly, the Directive requires non-residential buildings and
public buildings to achieve at least energy efficiency class E by 2027 and class D by 2030.
Residential buildings will have to achieve the same classes by 2030 and 2033 respectively.
In the subsequent years, individual buildings should achieve increasingly higher classes,
so that ultimately, in 2050, the entire national building stock is zero emission and climate
neutral. The proposal to amend the EPBD is highly controversial in the EU, primarily
because of the scale of the undertaking. The implementation of its provisions will require
the mobilization of huge financial resources, both private and public. The EPBD project
provides for all new buildings in the EU to achieve zero-emission status by 2028. Public
buildings, on the other hand, are to be zero emission by 2026. From 2028, where feasible and
economically justifiable, all new buildings should be equipped with solar (RES) installations,
while for buildings undergoing renovation and refurbishment, this provision will apply
from 2032. For the renovation wave to succeed, it will be crucial for the government to
efficiently implement support mechanisms, especially taking into account the capacity of
the poorest to bear such costs. EU funds will help, with a huge portion of both the National
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Recovery Plan (NRP) and regional funds earmarked for the support of energy efficiency
and green transformation.

In 2026, another source of funding will become available, namely the Social Climate
Fund. In the NRP alone, EU funds are reserved for Poland to co-finance almost 800,000 new
heat sources and 700,000 thermal upgrading projects for residential buildings by 2026.
The fund’s operational period is established as 2026-2032, with eligible expenditures
commencing on 1 January 2026. An initial allocation of 50 million allowances will be
auctioned in 2026 to ensure adequate support in the initial phase. The new ETS is designated
as the primary funding mechanism for the fund from 2027 forward [24,25].

In an effort to achieve carbon neutrality by 2050, the EU has introduced further
requirements to reduce emissions in the construction sector. To ensure that the energy
transition is fair and inclusive, the European Commission has proposed the establishment
of a Social Climate Fund. The fund will help vulnerable households, small businesses, and
transport users who are particularly affected by energy and transport poverty.

It is part of the Ready for 55 legislative package [26], which aims to achieve the
European Green Deal targets of reducing greenhouse gas emissions by 55% by 2030.

The Social Climate Fund [27] should finance specific measures to address energy and
transport poverty, in both short and long-term perspectives, including:

- reducing energy taxes and charges or providing other forms of direct income support
to counteract rising road transport and heating fuel prices;

- providing incentives to renovate buildings and switch to renewable energy sources
in buildings;

- providing incentives to switch from private to public transport, car sharing or cycling;

- supporting the development of a second-hand electric vehicle market.

The mandatory EU climate target is enshrined in the European climate law: to reduce
EU emissions by at least 55% by 2030. EU Member States are working on new legislation to
achieve this target and to make the EU climate neutral by 2050.

With the goal of a 55% reduction in greenhouse gas emissions by 2030, the Council and
the European Parliament have set ambitious climate targets. To achieve these targets, the
“Ready for 55” package introduces a collection of legislative proposals, modifying existing
EU laws and establishing new initiatives to ensure policy alignment. One of the ways
to obtain external funding that will help to reduce one’s own contribution to a thermal
upgrading project is a thermal upgrading bonus. Such a bonus constitutes a contribution
towards the costs of a thermal upgrading project. It can be spent, for example, on the
replacement of windows, doors, or heat sources.

A bonus may be used by investors regardless of their legal status, excluding budgetary
units and local government budgetary establishments, e.g., housing communities and
cooperatives, local government units, social housing associations, social housing initiatives,
commercial companies, and natural persons (including owners of single-family houses).
A thermal upgrading can be granted to a project owner who has completed a thermal
upgrading project and has obtained a credit for that purpose. It is intended for project
owners using credits (project owners using their own funds only are not eligible for a bonus).
The amount of a credit must constitute at least 50 percent of a particular thermal upgrading
project and not less than the amount of a bonus. The amount of a thermal upgrading
bonus is 26 percent of the costs of a thermal upgrading project, and 31 percent of the
total costs of a thermal upgrading project including an RES element, namely the purchase,
installation, construction, or modernization of a renewable energy source (the costs of a RES
system must constitute at least 10 percent of the total costs of a thermal upgrading project).
Additional support of 50 percent of the costs of strengthening a prefab-concrete-panel
building is available if such a procedure is combined with a thermal upgrading project
such as The Thermal Upgrading Support Act [28]. Incentives to invest in renewable energy
sources include rebates, subsidies, or preferential loans from both EU and national funds.
These are very popular, as appropriate support can significantly reduce the cost of a thermal
upgrading project and thus shorten the time it takes for the money spent to pay off. “Clean
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Air” is a nationwide subsidy program that allows for the replacement of heat sources and
the thermal upgrading of buildings.

Since April 2024, new regulations have been in effect for the “Clean Air” program.
Beneficiaries can receive funding for:

- replacing an old, inefficient solid fuel heating source with a new, efficient, and eco-
friendly boiler;

- upgrading the heating system;

- insulating the building;

- replacing windows and doors;

- purchasing a heat recovery system (mechanical ventilation with heat recovery);

- installing a photovoltaic system (solar panels).

Beneficiaries can receive up to PLN 135,000 for the highest level of funding with
comprehensive thermal modernization, up to PLN 99,000 for the increased level, and up
to PLN 66,000 for the basic level. Additionally, an energy audit, up to PLN 1200, will be
considered a qualified expense [29].

3. Methodology and Analysis of a Selected Case Study
3.1. Methodology

The growing ecological awareness and the need to counteract climate change present
new challenges and goals for the construction sector. In response to these challenges, the
European Union is introducing increasingly stringent regulations and targets related to
reducing greenhouse gas emissions and the sustainable use of natural resources. In this
context, the concept of zero-emission buildings is becoming not only a priority but also an
integral part of the future of construction.

A Nearly Zero-Energy Building (NZEB) is one that has a very high energy performance,
with nearly zero or very low energy demand largely covered by renewable energy sources,
including those generated on-site or nearby. A zero-emission building is characterized by
zero net energy consumption. This means that the total amount of energy it consumes
annually is equal to the amount of renewable energy produced on-site. According to the
European Commission [17,30], a zero-emission building is defined as a building with very
high energy performance. It is distinguished by very low energy consumption, entirely
covered by renewable energy sources. As the name suggests, the operation of such a
building occurs without local carbon dioxide emissions from fossil fuels. To achieve zero-
emission buildings, the European Commission follows the principle of “energy efficiency
first.” In addition to contributing to the reduction of fossil fuel consumption and increasing
independence and security of supply, this principle also emphasizes the importance of
reducing energy production. The concept of zero-emission buildings is therefore based on
a revolutionary approach to the design, construction, and operation of buildings, aiming to
completely eliminate greenhouse gas emissions associated with their use. This involves
not only energy efficiency but also the use of renewable energy sources, as well as the
implementation of innovative technologies and materials with low environmental impact.

Nearly Zero-Energy Buildings (NZEB) and zero-emission buildings present a combi-
nation of solutions illustrated in a diagram developed by the European Commission. These
solutions include various elements [17,30], such as:

- Air filtration and ventilation systems—ensuring a clean and healthy indoor environment.

- Efficient and energy-saving lighting and heating systems—minimizing energy
consumption.

- Installed photovoltaic panels—harnessing solar energy and converting it for build-
ing use.

- High-performance windows—effectively insulating the interior against heat loss.

- Energy-efficient electronic and household appliances—consuming less energy.

- Smart thermostat—optimizing temperature regulation.

- Electric vehicle charger—supporting sustainable transportation solutions.
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Starting in 2028, new buildings in the European Union will be required to meet
zero-emission standards. If technically and economically feasible, such properties will be
obligated to install solar panels and heat pumps. For public buildings, this requirement will
take effect even earlier, in 2026. Residential buildings undergoing major renovations will
need to be zero emission by 2032. Another significant change associated with EU require-
ments is the introduction of energy certificates for buildings, which will classify properties
on a scale from Class A (zero-emission building) to Class G (low energy efficiency) [30].

The proposed case study demonstrates how a standard single-family house with
specific energy efficiency indicators, in line with current technical requirements in Poland,
can be transformed into a zero-emission building using renewable energy sources. The
goal is to generate the greatest possible energy savings and achieve zero greenhouse gas
emissions. Energy requirements encourage users to conserve significant amounts of energy.
A viable strategy for enhancing energy efficiency in buildings involves implementing
comprehensive thermal upgrades and integrating renewable energy systems. These actions
are in accordance with the Energy Performance and Efficiency Act and the regulation
on building specifications and siting, which, since 2021, has established standards for
nearly zero-energy buildings [31]. The subject building is a detached residential dwelling
located in Krakow. Climate data for the study were sourced from the Krakow—Balice
meteorological station, the closest facility with comprehensive long-term records and a
representative typical meteorological year. The mean annual ambient temperature for the
period 1971-2000 was 7.6 °C, while the design outside temperature for this climatic region
is —20 °C [32,33].

Recent Polish legislation concerning energy audits and financial incentives for building
renovations mandates that thermal calculations for modernization projects adhere to the
PN EN 12831 standard. This standard delineates Poland into five distinct climatic zones,
each characterized by unique design outdoor temperature values for calculation purposes
(Table 1) [32].

Table 1. Design outdoor and mean annual air temperature in Poland according to PN EN 12831.

Climatic Zone Design Outdoor Temperature [°C] Mean Annual Air Temperature [°C]

I —16 7.7
1I —18 79
I -20 7.6
v —-22 6.9
A% —24 5.5

Apart from the design heat load (®y), the annual energy demand for space heating
(Qpng) is also calculated. This is also known as usable energy and represents the net
energy delivered to the building’s heating system to cover a given energy need (consumed
directly) after accounting for distribution and generation losses. This is calculated using
the quasi-steady-state monthly method of the EN ISO 13790 standard [33]. This method
simplifies the calculation by assuming steady-state conditions for each month, while still
capturing the dynamic behavior of the building and its heating system throughout the year.
The method remained almost unchanged in the newly introduced EN ISO 52016-1 standard,
ensuring continuity and facilitating the comparison of energy performance assessments
across different versions of the standard.

The calculation procedure for a heated space is as follows:

(a) determination of the design value of the external temperature and the annual average
external temperature;

(b) determination of the status of each space (whether it is heated or not) and the design
value of the internal temperature for each heated space;

(c) determination of the dimensional and thermal characteristics of all building elements
for all heated and unheated spaces;
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(d) calculation of the design heat loss coefficient by transmission and then the design heat
loss by transmission for the heated space;

(e) calculation of the design ventilation heat loss coefficient and ventilation heat loss for
the heated space;

(f)  calculation of the total design heat loss;

(g) calculation of the heat surplus for the heated space, which is the additional heating
power needed to compensate for the effects of heating interruptions;

(h) calculation of the total design heat load for the heated space.

The calculation method was developed based on the following assumptions:

- uniform distribution of air temperature and design temperature (the height of the
rooms does not exceed 5 m);

- the values of air temperature and operative temperature are the same (well-
insulated buildings);

- steady-state conditions (constant temperature values);

- constant properties of building elements as a function of temperature.

The PN-EN ISO 13790:2008 standard, in conjunction with other standards related
to the energy properties of buildings, should allow its application in various situations,
such as:

(a) verifying whether newly constructed buildings meet national requirements expressed
as energy performance indicators;

(b) comparing the energy performance of alternative design variants;

(c) determining the energy characteristics of existing buildings, based on an analytical
assessment of the building’s energy demand, calculated for standard usage conditions
and a typical meteorological year;

(d) calculating the energy effects when existing buildings undergo thermal modernization;

(e) planning future energy demand at regional, national, or international levels by apply-
ing statistical methods to the energy performance results of buildings representative
of the building stock in a given region.

Given these assumptions, the PN-EN ISO 13790:2008 standard [33] is flexible and
includes three different types of calculation methods:

- A quasi-steady-state monthly method with a special option—the seasonal method;

- Asimplified dynamic hourly method;

- Calculation procedures for detailed dynamic simulation methods with varying time
steps (e.g., hourly).

Both the monthly method and the simple hourly method have fully normative status.
The monthly method provides accurate annual energy demand results, but results for
individual months, especially near the beginning and end of the heating and cooling
seasons, may have significant relative errors [33].

The alternative simple hourly calculation method, which simplifies the process by
using linearized equations for heat transfer calculations, was introduced into the standard
to facilitate calculations that take into account hourly building usage schedules. These
schedules include factors such as:

- Presence of building occupants;

- Artificial lighting and equipment usage;

- Temperature settings and ventilation modes;

- Deployment of movable sun shades;

- Hourly control options based on external or internal climatic conditions;
- And other relevant factors.

The results obtained through this method provide hourly data for each hour of the
year. However, the results for individual hours have not been validated due to the lack of
measurement data in this area. Consequently, individual hourly values may have large
relative errors, which may affect the reliability of analyses and forecasts based on this
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data. Despite these limitations, the hourly calculation method offers a valuable tool for
detailed analysis of the variability of parameters over time, e.g. temperature, pressure,
solar radiation, energy consumption, and you can precisely track changes occurring during
the day, perform more accurate modeling and simulations along with the optimization of
these indicators.

3.2. Analysis of a Selected Case Study

Using the PN-EN 12831 climate classification system, Krakow is categorized as Zone
III. This designation, coupled with regulatory requirements, shaped the design criteria
adopted for this location (Table 2) [32-34]. The pursuit of zero energy and zero emissions
standards (NZEB) involved rigorous analysis of energy performance and environmental
impacts, with an emphasis on exploring the viability of select renewable energy sources.

Table 2. Defined Thermal Conditions for the Considered Location [27,28].

Parameter Value Unit

Design External Temperature —20.0 °C

Room Air Temperature—Living Spaces 20.0 °C
Room Air Temperature—Staircase 16.0 °C

Room Air Temperature—Basement 12.0 °C
Heating Degree Days—External Walls (20.0 °C) 4538.3 K-d
Heating Degree Days—External Walls (16.0 °C) 3078.3 K.d

The building, constructed using traditional masonry technology, features 3 stories (a
basement and 2 above-ground levels) and has a rectangular layout (see Figure 2).

B e

Figure 2. Visualization of the Building [Own Preparation].

Constructed in 1983, it has a total heated volume and heated floor area of 1100 m® and
485 m?, respectively.
Building Characteristics:

- External Wall Construction: Cellular concrete walls, plastered on both sides, 45 cm
thick, insulated with 14 cm of thermal insulation material (thermal transmittance
coefficient U = 0.139 W /(m?-K)).
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- Roof: Pitched roof with a wooden structure covered with sheet metal, insulated with
20 cm of thermal insulation material (U = 1.628 W/(m?2-K)).

- Windows: New PVC profile windows with double glazing, with a thermal transmit-
tance coefficient depending on the window size, U = 0.9 W/(m?K).

- Entrance Doors: Glazed doors made of unplasticized polyvinyl chloride (UPVC) with
a thermal transmittance coefficient U = 1.3 W/(m?-K).

- Ventilation System: Mechanical ventilation system with heat recovery.

The building is heated by a 12 kW condensing gas boiler. The central heating system
utilizes a floor heating system with fully automatic regulation and control. A high-efficiency
condensing boiler provides hot water throughout the building via a centralized system
with continuous circulation. In addition to central heating and hot water, the building has
all necessary utilities: water supply, sewage disposal, electrical wiring, and a lightning
protection system. The building is in good overall condition; however, to enhance energy
performance and meet the 2021 Technical Conditions, a complete thermal upgrade of the
exterior walls is advisable.

The initial phase of energy analysis involves evaluating the building’s current perfor-
mance. This encompasses examining on-site assessments and technical records to ascertain
the efficacy of the systems and the heating requirements during a typical heating season.
The derived parameters construct a mathematical model that necessitates comparison with
actual operational conditions. Any deviations necessitate modifications and supplemen-
tary investigations.

A crucial subsequent step in a comprehensive audit is exploring potential enhance-
ments and modernizations. Proposed interventions address not only technological facets
but also encompass organizational (e.g., personnel training) and regulatory (e.g., modifica-
tions in energy tariffs) dimensions.

Following these steps, the analysis proceeds to evaluate the return on investment. The
primary stage entails determining investment expenditures based on prevailing market
dynamics. Subsequently, the savings accrued through the proposed measures are computed.
Both these figures constitute integral components of the investment feasibility assessment.
An energy audit is fundamental for making informed decisions regarding energy cost
optimization in the building. Often, conducting an audit at the initial level allows for
implementing simple changes with minimal or no cost, leading to significant energy
savings and, in practice, lower building maintenance costs [35,36].

A comprehensive improvement plan is developed once the most cost-effective mea-
sures are identified. This plan encompasses a series of recommended investments, pri-
oritizing those with the greatest financial return. However, the selection process takes a
holistic approach, considering not only economic factors but also improvements to thermal
comfort, the elimination of thermal bridges, enhancements to heating system safety and
reliability, ease of use, and environmental impact. The plan also accounts for existing
building conditions and the need for integrated solutions to ensure effectiveness. In con-
junction with other standards related to energy performance (see Figure 3, which outlines
the computational procedure and its connections with other standards related to energy
performance), it helps ensure a comprehensive approach to evaluating and improving
building energy efficiency.

The main objective of energy analyses is to pinpoint opportunities for energy efficiency
improvements, assess costs, and guide the Investor in prioritizing and scheduling upgrades
for maximum impact. The audit’s scope is collaboratively defined with the Investor. For
insulation projects, the optimal thickness of thermal insulation is calculated based on
cost-effectiveness criteria. Once cost-effective actions are identified, the optimal scope of
work is established, which is a set of recommended investments for implementation. The
selection of the scope of work is mainly based on economic criteria, but other factors are also
considered, such as improving thermal comfort, eliminating wall cold bridging, increasing
the safety and reliability of central heating, simplifying device operation, and ecological
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benefits. Technical conditions and the necessity of integrating some improvements to
achieve the expected results are also taken into account [29,37].
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Figure 3. Block Diagram of the Computational Procedure and Its Connections with Other Stan-
dards [31,33,38].

This International Standard (EN ISO 13790) is part of a series of computational methods
for designing and assessing the thermal and energy performance of buildings. It provides
a consistent set of calculation methods with varying levels of detail, addressing energy
consumption for heating and cooling of building spaces and the impact of recoverable heat
losses from building technical systems, such as heating and cooling systems [33,35,36].

In conjunction with other standards related to energy performance (see Figure 3, which
outlines the computational procedure and its connections with other energy performance-
related standards), it ensures a comprehensive approach to evaluating and improving
building energy efficiency.

To accurately determine the building’s design thermal load and assess its energy
efficiency, a virtual 3D model was generated using Audytor OZC software (version 7.0 Pro,
Sankom). This model, shown in Figure 4, was meticulously created to reflect the design
specifications and actual site conditions. The energy performance analysis followed the
PN-EN ISO 13790 standard, employing the monthly calculation method [31,37].
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Figure 4. Building View in Audytor OZC Software [Own Preparation].

The annual design heating demand amounted to 111.95 GJ/year (31,099 kWh/year).
The largest heat losses occurred through the ventilation system, totaling 50.21 GJ/year, and

through the external walls, amounting to 24.48 GJ]/year (see Table 3).

Table 3. Summary of energy losses through partitions—heating after thermal modernization

(own elaboration).

Description [G]/Year] [kWh/Year] [%]
External doors 5.26 1460 47
Exterior window 14.34 3983 12.8
Basement floor 5.31 1474 47
Ventilated flat roof 4.83 1343 43
Ceiling Heat Loss 3.87 1074 3.5
Exterior wall at ground level 0.81 225 0.7
Interior wall 2.85 791 2.5
Exterior wall 24.48 6801 21.9
Heat for ventilation 50.21 13,948 44.9
Total 111.95 31,099 100.0

By analyzing the relationships between key indicators, we can easily gauge the ef-
fectiveness of measures such as envelope insulation, thermal bridge elimination, and
airtightness enhancement in improving a building’s overall quality. The most crucial ele-
ment in deciding on the appropriate thermal modernization solution is determining three
key indicators in the energy efficiency classification: the primary energy demand coefficient
(EP), the useful energy demand coefficient (EU), and the final energy demand coefficient

(EK) [31,39].

To calculate the final energy demand, we analyze the annual useful energy demand in
relation to the typical efficiency of the heating system throughout the year. This analysis
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allows us to determine the specific energy required for heating, which can be expressed
through the following equation:

_ QH,nd
Qku=—""—
TNH, tot

1)

kWh
year

where:

Qg ng—useful energy demand to heat a residential building (useful heat),
NH ot—average seasonal efficiency of the building’s heating system.

The next element is the energy used to prepare domestic hot water, and its demand is
determined using the following formula:

~Wnnd | 272 2
Nw,tot | year @

where:

Qwnd—demand for preparation of domestic hot water;
Nw tot—average annual efficiency of devices preparing domestic hot water.

The determination of the final energy demand coefficient (EK) is facilitated by the
preceding equations. It is essential to note that EK, EU, and EP are expressed in kilowatt-
hours per square meter of floor area annually, representing the heating energy requirement.
The calculation of the required final energy (EK) for the building is detailed in the follow-
ing equation:

EK

_ Qgu+Qxw|[ kWh

£ m? x year
where:
Ag—heated or cooled space in the building with a specific temperature, expressed in [m?].

The annual energy requirements for thermal comfort (heating and domestic hot water),
cooling, and illumination determine the calculated demand for non-renewable primary
energy sources. The EP index is calculated from the relationship:

_QP{kWh]

EP =
A¢ | m? x year

(4)
where:
Qp—annual demand for primary energy [kWh/year].

Of which the annual primary energy demand is calculated according to the formula:

kWh} 5)

Qp = Qpu +Qpw + Qpc +Qp1. [ year

where:

Qpp—annual primary energy demand through the heating and ventilation system for
heating and ventilation;

Qpw—annual primary energy demand by the domestic hot water preparation system;
Qpc—annual primary energy demand for the space ventilation and cooling system;
Qpr—annual demand for a lighting system (calculated only for public buildings).

Usable energy efficiency index is calculated from the following dependence:

e [y

EU = —
Af | m? X year

where:
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Qu—annual demand for usable energy [kWh/year].

kWh } @)

Qu = Qnnd + Qwnd + Qcnd {y oar

where:

Qg ng—annual usable energy demand for heating and ventilation;
Qw nq—annual demand for usable energy for preparation domestic hot water;
Qc ng—annual usable energy demand for cooling.

To assess the unit value of CO; emissions associated with a building or a specific area
within a building equipped with technical systems, the following calculation is used:

_ Ecoon +Ecopw + Ecoa.c + Ecoa L + Ecozp
Ag

Ecoz 8)

MgCO,
m?2 X year

where:

Ecoz i—the amount of CO, emissions from the combustion of fuels by the heating system;
Ecoz,w—the amount of CO, emissions from the fuel combustion process by the domestic
hot water preparation system;

Ecoz,c—the amount of CO, emissions from the combustion of fuels by the cooling system;
Eco2,1.—the amount of CO; emissions from the combustion of fuels by the built-in light-
ing system;

Ecoz p—the amount of CO, emissions from the combustion of fuels by auxiliary devices in
technical systems.

4. Results and Conclusions of the Conducted Analysis of the Selected Case Study

While using 100% renewable energy is a crucial step towards achieving zero-emission
buildings, it doesn’t automatically guarantee a completely zero-emission building in every
case. Even if a building operates on 100% renewable energy;, it is essential to consider
the embodied carbon emissions associated with the materials used in its construction and
the construction process itself. Manufacturing building materials like concrete, steel, and
glass requires energy and often releases greenhouse gases. Transportation of materials to
the construction site also contributes to emissions. Demolition and disposal of building
materials at the end of the building’s life cycle can also release embodied carbon. In many
cases, buildings with 100% renewable energy still rely on grid connections or backup
generators for times when renewable energy generation is low. If these backup systems
use fossil fuels, they will contribute to emissions. Occupant behavior significantly impacts
a building’s energy consumption and emissions. Even with renewable energy sources,
inefficient use of appliances, heating, and cooling can lead to higher energy demand and
potentially reliance on non-renewable backup systems. While 100% renewable energy use
is a significant step towards zero-emission buildings, it is not the only factor to consider.
Embodied carbon, operational emissions, and the definition of “zero-emission” all play a
role. By adopting a holistic approach that considers the entire life cycle of the building and
incorporates strategies to minimize emissions at every stage, we can move closer to truly
zero-emission buildings and a more sustainable built environment.

Integrating heat pumps and photovoltaic (PV) systems in buildings offers a powerful
synergy that unlocks significant energy and environmental benefits. This combination
harnesses renewable energy sources to provide efficient heating, cooling, and electricity,
reducing reliance on fossil fuels and minimizing carbon emissions. Heat pumps are highly
efficient heating and cooling systems that can deliver several units of heat for every unit of
electricity consumed. By extracting heat from the air, water, or ground, they significantly
reduce energy consumption compared to traditional fossil fuel-based systems. PV systems
generate clean electricity that can be used directly to power the heat pump. This increases
the self-consumption of solar energy, reducing reliance on the grid and maximizing the
utilization of renewable resources. Heat pumps and PV systems significantly reduce
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greenhouse gas emissions compared to conventional heating and electricity generation
technologies. This contributes to mitigating climate change and improving air quality.

The proposed system for analysis is a hybrid system consisting of an air-source heat
pump powered by a photovoltaic installation with an annual balance. This means that the
solar energy produced throughout the year is sufficient to cover the electricity demand of
the heat pump.

In the existing condition, the building exhibits the following energy efficiency indica-
tors (see Table 4):

Table 4. Summary of Energy Efficiency Indicators for the Existing Building [Own Preparation] based
on: [31,39].

Assessment of the Energy Characteristics of the Building

Requirements According to Technical

Energy Performance Index Building Being Assessed and Construction Regulations 2021
Annual useful energy demand indicator EU = 118.0 [kWh/m? year]

Annual final energy demand indicator EK = 131.3 [kWh/m? year]

Annual demand for non-renewable primary energy EP = 182.3 [kWh/m?2 year] EP = 75.0 [KWh/m? year]

Unit amount of CO, emissions Ecop =0.032 [MgCO,/ m? year]

Heat demand indicator for heating Qi ng = 111.95 [G] /year]

To achieve the nearly zero-energy building standard, an air-to-water heat pump was
installed, which operates in both the central heating and domestic hot water systems.
Additionally, a photovoltaic system was implemented to supply the building with electri-
cal energy.

The energy analysis proposes the use of a 12 kW air-source heat pump with the
following COPs:

o COP =4.14 at +7 °C (heating water temperature 35 °C)
COP = 3.44 at +2 °C (heating water temperature 35 °C)
COP =2.23 at —7 °C (heating water temperature 35 °C)

and photovoltaic panels with a total capacity of 14 kW (25 panels x 560 W) and an
installation area of approximately 66 m?.

These two measures significantly impacted the building’s energy performance. The
indicators for primary energy, final energy, and useful energy, as specified by the regula-
tions, were substantially reduced. This example clearly demonstrates how transitioning to
renewable energy sources can help reduce dependence on external energy supplies and
make a building more resilient to rising operational costs.

The use of these two renewable energy sources in the heating and electrical systems
of the building allowed for a reduction in primary energy consumption to zero, and
consequently, a reduction in greenhouse gas emissions to zero as well. The adoption of
highly efficient devices, with very high annual energy efficiency, also led to a reduction in
final energy by more than 50%. The summary of the building’s energy efficiency indicators
after implementing renewable energy sources is presented below in Table 5 [31,39]:
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Table 5. Summary of Energy Efficiency Indicators After Building Modernization [Own Preparation].

Assessment of the Energy Characteristics of the Building

Energy Performance Index

Requirements According to Technical

Building Being Assessed and Construction Regulations 2021

Annual useful energy demand indicator EU = 118.0 [kWh/m? year]
Annual final energy demand indicator EK = 63.1 [kWh/m? year]
Annual demand for non-renewable primary energy EP = 0.00 [kWh/m?2 year] EP = 75.0 [kWh/m? year]

Unit amount of CO, emissions

Ecop = 0.00 [MgCO,/m? year]

Heat demand indicator for heating QHng = 111.95 [G] /year]

The energy analysis for the aforementioned building clearly demonstrates that we
can achieve our goal of adapting the building to a zero-emission class by utilizing 100%
renewable energy sources.

In this case, this was made possible by employing a highly efficient air-source heat
pump with very strong annual performance and photovoltaic panels to supply all electrical
components of the building (see Table 6).

Table 6. Summary list of energy efficiency indicators for the state after modernization of the building
(own elaboration).

Assessment of the Energy Characteristics of the Building

E Perf Ind Differences in the Group Before and Percentage Saving of Individual
nergy rertormance dex After Thermomodernization Indicators

Annual useful energy demand indicator EU = 0.00 [kWh/m? year] 0.00 [%]

Annual final energy demand indicator EK = 68.2 [kWh/m? year] 51.94 [%]

Ar.mual demand for non-renewable EP = 182.3 [kWh/m? year] 100.00 [%]

primary energy

Unit amount of CO, emissions Ecoz =0.032 [MgCO,/ m?2 year] 100.00 [%]

Share of renewable energy sources in the B o o

annual final energy demand Ures =100.00 [%] 100.00 [%]

Heat demand indicator for heating Qping = 0.00 [G]] 0.00 [%]

Indicators of energy efficiency related to non-renewable primary energy are entirely
irrelevant in this context because the building uses 100% renewable energy sources, specifi-
cally heat pumps and photovoltaic panels. Consequently, there is also a reduction in the
unitary carbon dioxide emissions. The utilization of renewable energy in the building
amounts to 100%. By adopting such assumptions for building analysis, it is directly possible
to achieve a design-level zero-emission building using 100% renewable energy.

Table 6 and Figure 5 demonstrate that the thermal modernization of the building
envelope, particularly the exterior walls and ventilated roof, combined with the integration
of renewable energy sources (heat pumps and photovoltaic installation), resulted in a 51.94%
reduction in thermal energy consumption. This translates directly to lower operating costs.
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Figure 5. Summary list of energy efficiency indicators for the state after modernization of the building
(own elaboration).

5. Discussion & Conclusions

Despite the technological and economic challenges associated with building and
maintaining zero-emission buildings, including the availability of suitable materials and
technologies, their construction is increasing worldwide, contributing to reduced carbon
emissions, improved air quality, and increased energy independence in cities and societies.

The use of renewable energy sources contributes to reducing reliance on fossil fuels
and minimizing pollution emissions. Implementing renewable energy sources (RES) re-
quires an economic analysis to assess project costs and benefits. As the prices of renewable
energy systems continue to decline, the profitability of RES implementations increases.
However, the actual savings achieved depend on many factors and are often lower than
initially anticipated. The use of RES results in reduced operating costs and less nega-
tive environmental impact, particularly in terms of smog reduction, leading to tangible
improvements in comfort, quality of life, and increased market value of the building.

This publication analyzes the feasibility of transforming a standard building, as de-
fined by current regulations (Technical Conditions 2021), into a zero-emission building
powered entirely by renewable energy sources. In this case, the renewable sources are
air-to-water heat pumps and photovoltaic installations for electricity production.

Improving energy efficiency and promoting the rational use of energy resources
are crucial for Poland’s sustainable development, especially in the face of rising energy
demand. With growing awareness of climate change and the economic benefits of energy
conservation, businesses, government entities, and individual consumers are increasingly
seeking solutions to enhance energy efficiency.

Buildings are the primary energy consumers in modern society, making them a key
target for energy-saving initiatives. Implementing energy efficiency measures is essential
to achieve significant cost savings and reduce greenhouse gas emissions.

Conducting energy audits is a crucial first step. Audits help identify areas for improve-
ment and provide data to determine the most effective energy-saving measures.

e Upgrading building envelopes: Improving insulation, replacing windows, and ensur-
ing airtight construction to minimize energy loss.

e  Optimizing HVAC systems: Implementing efficient heating, ventilation, and air con-
ditioning systems, such as heat pumps, and ensuring regular maintenance for opti-
mal performance.

e  Utilizing energy-efficient lighting: Switching to LED lighting and incorporating day-
lighting strategies to reduce electricity consumption.
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e Implementing smart building technologies: Using building management systems and
smart grids to optimize energy use and monitor performance.

Monitoring and supervising implemented measures are vital to ensure long-term
effectiveness. Regular maintenance of equipment, for example, ensures optimal technical
conditions and maximum efficiency. Furthermore, promoting efficient use of infrastructure
elements, such as ensuring proper operation of lighting and HVAC systems, contributes to
overall energy savings.

Rational energy use and actions to reduce consumption yield numerous benefits:

e  Economic benefits: Lower energy bills for businesses and households, increased
competitiveness for industries, and reduced energy imports.

e  Environmental benefits: Reduced greenhouse gas emissions, improved air quality, and
decreased reliance on fossil fuels.

e  National security benefits: Enhanced energy independence and reduced vulnerability
to energy price fluctuations.

Many countries recognize the multifaceted benefits of energy efficiency and are im-
plementing policies and programs to encourage its adoption. Poland, with its ambitious
goals for sustainable development, should prioritize energy efficiency as a key strategy for
achieving economic growth, environmental protection, and energy security. By investing
in energy-efficient technologies, promoting responsible energy use, and continuously mon-
itoring progress, Poland can pave the way for a more sustainable and prosperous future.

Zero-emission buildings and net-zero energy buildings represent crucial steps towards
sustainable development and the mitigation of climate change. These building types,
while sharing the common goal of minimizing environmental impact, differ slightly in
their approaches.

Advanced building designs prioritize the reduction of carbon emissions during their
operational phase. This goal is achieved through the implementation of cutting-edge
energy-efficient technologies, the incorporation of renewable energy systems, and the care-
ful selection of sustainable building materials. By minimizing fossil fuel consumption and
optimizing energy performance, these buildings play a crucial role in curbing greenhouse
gas emissions and promoting cleaner air. Net-zero energy buildings, on the other hand, take
a broader approach by aiming to balance the total amount of energy consumed with the
amount of renewable energy generated on-site over a specific period, typically a year. This
approach not only eliminates carbon emissions but also promotes energy independence
and reduces operational costs.

Achieving net-zero energy status requires a comprehensive strategy that encompasses
both advanced technologies and conscious energy management.

Key components include:

e  High-performance building envelope: Minimizing energy consumption by utilizing
advanced insulation, high-performance glazing, and airtight construction techniques.

e  Energy-efficient systems: Utilizing efficient heating and cooling systems, such as heat
pumps, and minimizing energy consumption through the use of LED lighting and
Energy Star appliances.

e Renewable energy integration: Achieving energy independence through the imple-
mentation of on-site renewable energy production, such as solar photovoltaic panels
and solar thermal systems.

e  Smart building technologies: Implementing building management systems and smart
grids to optimize energy consumption and grid interaction.

While the construction of zero-emission and net-zero energy buildings may require
advanced solutions and higher initial investments, the long-term benefits are substantial.
These benefits include:

e  Reduced environmental impact: Minimized carbon emissions, reduced reliance on
fossil fuels, and improved air quality.
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e Lower operating costs: Significant savings on energy bills due to reduced energy
consumption and on-site renewable energy generation.

e Improved occupant comfort and health: Enhanced indoor environmental quality,
thermal comfort, and reduced exposure to pollutants.

e Increased property value: Energy-efficient and sustainable buildings tend to have
higher market values.

Despite the numerous advantages, the widespread adoption of zero-emission and
net-zero energy buildings faces challenges, including:

e  Higher upfront costs: The initial investment for advanced technologies and sustainable
materials can be significant.

e Technological complexity: Designing and constructing these buildings requires spe-
cialized expertise and careful integration of various systems.

e  Regulatory barriers: Building codes and regulations may need to be updated to
accommodate innovative technologies and approaches.

Overcoming these challenges requires a collaborative effort from policymakers, indus-
try professionals, and building owners. Accelerating the transition towards zero-emission
and net-zero energy buildings requires enacting supportive policies, nurturing innovation,
and expanding public awareness. This will ultimately cultivate a more sustainable and
resilient built environment. The construction industry is undergoing a transformation
towards greater sustainability, and net-zero buildings serve as a model that can and should
be emulated. With increasing environmental awareness and technological progress, striving
for net-zero emissions is becoming more feasible and economically viable. By supporting
the development of such solutions, we not only contribute to the protection of our planet
but also create healthier, more comfortable, and cost-effective living spaces.

In the face of global climate challenges, net-zero buildings offer a path to a future
where responsible energy management becomes the norm rather than the exception. It is
time to invest in innovative solutions that will benefit both us and future generations.

Author Contributions: Conceptualization, A.B.-M., M.B., T.P, R.P, K.S. and ].S.; methodology,
A.B.-M., M.B,, TP, R.P, KS. and ].S.; software, A.B.-M., M.B., T.P, R.P, K.S. and ].S.; validation,
AB.-M,MB, TP, RP,KS. and ].S.; formal analysis, A.B.-M., M.B., T.P,, R.P, K.S. and ].S.; investi-
gation, A.B.-M., M.B,, T.P, R.P, K.S. and ].S.; resources, A.B.-M., M.B.,, T.P, R.P, K.S. and ].S.; data
curation, A.B.-M., M.B., TP, RP, K.S. and J.S.; writing—original draft preparation, A.B.-M., M.B,, T.P,,
R.P,KS. and ].S.; writing—review and editing A.B.-M., M.B,, T.P, R.P, K.S. and ].S.; visualization,
A.B.-M., M.B,, TP, R.P, KS. and ].S,; supervision, A.B.-M., M.B,, TP, RP, K.S. and ].S.; project
administration, A.B.-M., M.B.,, T.P, R.P, K.S. and ].S.; funding acquisition, A.B.-M., M.B., T.P,, R.P,
K.S. and J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

OECD/IEA 2014. Capturing the Multiple Benefits of Energy Efficiency. International Energy Agency, p. 20. Available on-
line: https:/ /iea.blob.core.windows.net/assets /28{84ed8-4101-4e95-ae51-9536b6436f14 / Multiple_Benefits_of_Energy_Efficiency-
148x199.pdf (accessed on 10 September 2024).

PORT PC i Instytut Reform 2023. Rozpakowujemy RePowerEU. Kierunek na Zdrowe i Przyjazne Energetycznie Domy. Available
online: https:/ /ireform.eu/s/uploads/Rozpakowujemy_RE_Power_EU_Kierunek_na_zdrowe_i_przyjazne_energetycznie_
domy_962bf69e02.pdf (accessed on 10 September 2024).

Efektywnosé Energetyczna Budynkow—Szanse i Wyzwania dla Polskich Firm; Konferedacja Lewiatan: Warszawa, Poland, 2022; p. 11.
Lolli, N.; Gunnarshaug, L.A.; Ronneseth, O. Cost Optimalization of a Zero-Emission Office Building. Buildings 2020, 10, 222.
[CrossRef]

Andersen, I. Towards Zero Energy Emission Buildings—Definitions, Concepts, and Strategies. Curr. Sustain. Renew. Energy Rep.
2017, 4, 63-71. [CrossRef]


https://iea.blob.core.windows.net/assets/28f84ed8-4101-4e95-ae51-9536b6436f14/Multiple_Benefits_of_Energy_Efficiency-148x199.pdf
https://iea.blob.core.windows.net/assets/28f84ed8-4101-4e95-ae51-9536b6436f14/Multiple_Benefits_of_Energy_Efficiency-148x199.pdf
https://ireform.eu/s/uploads/Rozpakowujemy_RE_Power_EU_Kierunek_na_zdrowe_i_przyjazne_energetycznie_domy_962bf69e02.pdf
https://ireform.eu/s/uploads/Rozpakowujemy_RE_Power_EU_Kierunek_na_zdrowe_i_przyjazne_energetycznie_domy_962bf69e02.pdf
https://doi.org/10.3390/buildings10120222
https://doi.org/10.1007/s40518-017-0066-4

Energies 2024, 17, 5817 22 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Maduta, C.; Melica, G.; D’Agostino, D.; Bertoldi, P. Towards a decarbonised building stock by 2050: The meaning and the role of
zero emission buildings (ZEBs) in Europe. Energy Strategy Rev. 2022, 44, 101009. [CrossRef]

Szymarnska, E.J.; Kubacka, M.; Wozniak, J.; Polaszczyk, J. Analysis of Residential Buildings in Poland for Potential Energy
Renovation toward Zero-Emission Construction. Energies 2022, 15, 9327. [CrossRef]

Kuwabhara, R.; Kim, H.; Sato, H. Evaluation of Zero-Energy Building and Use of Renewable Energy in Renovated Buildings: A
case Study in Japan. Buildings 2022, 12, 561. [CrossRef]

Maduta, C.; Melica, G.; D’Agostino, D.; Bertoldi, P. Defining Zero-Emission Buildings, JRC Technical Report; European Commission:
Luxemburg, 2023; p. 3.

Vares, S.; Hakkinen, T.; Ketomalk, J.; Shemeikka, J.; Jung, N. Impact of renewable energy technologies on the embodied and
operational GH emission of a nearly zero Energy buildings. J. Build. Eng. 2019, 19, 439-450. [CrossRef]

Budynki Zeroemisyjne, Czyli Przyszios¢ Budownictwa w Kontekscie Przepiséw Unijnych. Available online: https://e-magazyny.
pl/aktualnosci/zrownowazony-rozwoj/budynki-zeroemisyjne-czyli-przyszlosc-budownictwa-w-kontekscie-przepisow-unijnych /
(accessed on 10 September 2024).

Nowodzifiski, P.; Ko$ciariska, . Bariery inwestowania w odnawialne Zrédta energii (OZE). In Wykorzystanie i Zrzqdzanie Projektami
w Sektorze Publicznym. Zeszyty Naukowe Spotecznej Akademii Nauk, “Przedsigbiorczo$¢ i Zarzqdzanie”; Trippner-Hrabi, J., Stroiniska, E.,
Eds.; SAN: Lédz-Warszawa, Poland, 2016; Volume XVII, pp. 235-245.

Wozniak, M.; Badora, A.; Kud, K.; Wozniak, L. Renewable Energy sources as the Future of the Energy Sector and Climate in
Poland—Truth or Myth in the Opinion of the Society. Energies 2022, 15, 45. [CrossRef]

Panwar, N.L.; Kaushik, S.C.; Kothari, S. Role of renevable Energy sources in environmental protection: A review. Renew. Sustain.
Energy Rev. 2011, 15, 1524-1530. [CrossRef]

Esmaeilzadeh, A.; Deal, B.; Youseti-Koma, A.; Reza Zakerzadeh, M. How combination of control methods and renewable energies
leads a large commercial buildings to a zero-emission zone—A case study in U.S. Energy 2023, 263, 125944. [CrossRef]
Mohtasham, J. Review Article—Renowable Energies. Energy Procedia 2015, 74, 1284-1297. [CrossRef]

Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the Energy Performance of Buildings
(Recast). Available online: https://eur-lex.europa.eu/legal-content/EN/TXT /?uri=CELEX:32010L0031&qid=1707469582189
(accessed on 10 September 2024).

Directive (EU) 2018/844 of the European Parliament and of the Council of 30 May 2018 Amending Directive 2010/31/EU on the
Energy Performance of Buildings and Directive 2012/27/EU on Energy Efficiency. Available online: https://eur-lex.europa.eu/
legal-content/EN/TXT /?uri=CELEX:32018L0844 (accessed on 10 September 2024).

Available online: https://eur-lex.europa.eu/legal-content/PL/TXT/?uri=CELEX:320241.1275 (accessed on 17 November 2024).
Szczotka, K.; Barwinska-Matajowicz, A.; Szymiczek, J.; Pyrek, R. Thermomodernization as a Mechanism for Improving Energy
Efficiency and Reducing Emissions of Pollutants into the Atmosphere in a Public Utility Building. Energies 2023, 16, 5026.
[CrossRef]

Barwiniska-Malajowicz, A.; Pyrek, R.; Szczotka, K.; Szymiczek, J.; Piecuch, T. Improving the Energy Efficiency of Public Utility
Buildings in Poland through Thermomodernization and Renewable Energy Sources—A Case Study. Energies 2023, 16, 4021.
[CrossRef]

Barwirniska Matajowicz, A.; Knapkovd, M.; Szczotka, K.; Martinkovi¢ova, M.; Pyrek, R. Energy Efficiency Policies in Poland and
Slovakia in the Context of Individual Well-Being. Energies 2023, 16, 116. [CrossRef]

Energy Classes of Buildings Proposed by the National Energy Conservation Agency. Available online: https://termomodernizacja.
pl/polskie-klasy-energetyczne-jak-beda-charakteryzowane-budynki-od-2024-roku/ (accessed on 17 November 2024).

Gotowi Na 55: Wstepne Porozumienie Rady i Parlamentu dotyczace EU ETS i Spotecznego Funduszu Klimatycznego. Avail-
able online: https:/ /www.consilium.europa.eu/pl/press/press-releases /2022 /12 /18 /fit-for-55-council-and-parliament-reach-
provisional-deal-on-eu-emissions-trading-system-and-the-social-climate-fund/ (accessed on 10 September 2024).

“Gotowi Na 55”: Fundusz dla Najbardziej Dotknietych Obywateli i Firm. Available online: https://www.consilium.europa.eu/
pl/infographics/fit-for-55-social-climate-fund/ (accessed on 10 September 2024).

Rozporzadzenie Parlamentu Europejskiego i Rady (UE) 2021/1119 z Dnia 30 Czerwca 2021 r. w Sprawie Ustanowienia Ram na
Potrzeby Osiagniecia Neutralnoéci Klimatycznej i Zmiany Rozporzadzeri (WE) nr 401/2009 i (UE) 2018/1999 (Europejskie Prawo
o Klimacie). Available online: https:/ /eur-lex.europa.eu/legal-content/PL/TXT/PDF/?uri=CELEX:32021R1119 (accessed on 10
September 2024).

Rozporzadzenie Parlamentu Europejskiego i Rady (UE) 2023/955 z Dnia 10 Maja 2023 r. w Sprawie Ustanowienia Spotecznego
Funduszu Klimatycznego i Zmieniajace Rozporzadzenie (UE) 2021/1060. Available online: https://eur-lex.europa.eu/legal-
content/PL/TXT/PDEF /?uri=CELEX:32023R0955 (accessed on 10 September 2024).

Ustawa o Wsparciu Termomodernizacji, Dz. U. 2008 Nr 223 poz. 1459 U S T AWA z dnia 21 Listopada 2008 r. o Wspieraniu
Termomodernizacji i Remontéw oraz o Centralnej Ewidencji Emisyjnosci Budynkéw. Available online: https:/ /isap.sejm.gov.pl/
isap.nsf/DocDetails.xsp?id=wdu20082231459 (accessed on 17 November 2024).

Program “Czyste powietrze”. Available online: https:/ /czystepowietrze.gov.pl/czyste-powietrze/ (accessed on 10 September
2024).


https://doi.org/10.1016/j.esr.2022.101009
https://doi.org/10.3390/en15249327
https://doi.org/10.3390/buildings12050561
https://doi.org/10.1016/j.jobe.2018.12.017
https://e-magazyny.pl/aktualnosci/zrownowazony-rozwoj/budynki-zeroemisyjne-czyli-przyszlosc-budownictwa-w-kontekscie-przepisow-unijnych/
https://e-magazyny.pl/aktualnosci/zrownowazony-rozwoj/budynki-zeroemisyjne-czyli-przyszlosc-budownictwa-w-kontekscie-przepisow-unijnych/
https://doi.org/10.3390/en15010045
https://doi.org/10.1016/j.rser.2010.11.037
https://doi.org/10.1016/j.energy.2022.125944
https://doi.org/10.1016/j.egypro.2015.07.774
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32010L0031&qid=1707469582189
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32018L0844
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32018L0844
https://eur-lex.europa.eu/legal-content/PL/TXT/?uri=CELEX:32024L1275
https://doi.org/10.3390/en16135026
https://doi.org/10.3390/en16104021
https://doi.org/10.3390/en16010116
https://termomodernizacja.pl/polskie-klasy-energetyczne-jak-beda-charakteryzowane-budynki-od-2024-roku/
https://termomodernizacja.pl/polskie-klasy-energetyczne-jak-beda-charakteryzowane-budynki-od-2024-roku/
https://www.consilium.europa.eu/pl/press/press-releases/2022/12/18/fit-for-55-council-and-parliament-reach-provisional-deal-on-eu-emissions-trading-system-and-the-social-climate-fund/
https://www.consilium.europa.eu/pl/press/press-releases/2022/12/18/fit-for-55-council-and-parliament-reach-provisional-deal-on-eu-emissions-trading-system-and-the-social-climate-fund/
https://www.consilium.europa.eu/pl/infographics/fit-for-55-social-climate-fund/
https://www.consilium.europa.eu/pl/infographics/fit-for-55-social-climate-fund/
https://eur-lex.europa.eu/legal-content/PL/TXT/PDF/?uri=CELEX:32021R1119
https://eur-lex.europa.eu/legal-content/PL/TXT/PDF/?uri=CELEX:32023R0955
https://eur-lex.europa.eu/legal-content/PL/TXT/PDF/?uri=CELEX:32023R0955
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20082231459
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20082231459
https://czystepowietrze.gov.pl/czyste-powietrze/

Energies 2024, 17, 5817 23 of 23

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

Directive (EU) 2023/1791 of the European Parliament and of the Council of 13 September 2023 on Energy Efficiency and
Amending Regulation (EU) 2023 /955 (Recast). Available online: https:/ /eur-lex.europa.eu/legal-content/EN/TXT /?uri=CELEX:
32023L.1791&qid=1707469582189 (accessed on 10 September 2024).

Regulation of the Minister of Infrastructure and Development of February 27, 2015 on the Methodology for Determining the Energy
Performance of a Building or Part of a Building and Certificates of their Energy Performance. Available online: https://sip.lex.pl/
akty-prawne/dzu-dziennik-ustaw /metodologia-wyznaczania-charakterystyki-energetycznej-budynku-lub-18176491 (accessed
on 10 September 2024).

PN-EN ISO 12831:2006; Heating Installations in Buildings. Calculation Method of Design Heat Load. PN-EN ISO: Warsaw,
Poland, 2006.

PN-EN ISO 13790:2008; Energy Performance of Buildings—Calculation of Energy Consumption for Heating and Cooling. PN-EN
ISO: Warsaw, Poland, 2008.

Regulation of the Minister of Development of April 29, 2020 Amending the Regulation on the Detailed Scope and Forms of the
Energy Audit and Part of the Renovation Audit, Templates of Audit Cards, as Well as the Algorithm for Assessing the Profitability
of a Thermomodernization Project. Available online: https:/ /isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200000879
(accessed on 10 September 2024).

Act of 21 November 2008 on Support for Thermomodernisation and Renovation and on the Central Register of Building Emissions,
Journal of Laws 2022.438. Available online: https://www.iea.org/policies/12242-act-of-21-november-2008-on-support-for-
thermomodernisation-and-renovation (accessed on 17 November 2024).

Act of 23 January 2020 Amending the Act on Support for Thermomodernisation and Renovation, Dz. U. 2020 Item 412. Available
online: https:/ /isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200000412 (accessed on 17 November 2024).

Michalak, P.; Szczotka, K.; Szymiczek, J. Energy Effectiveness or Economic Profitability? A Case Study of Thermal Modernization
of a School Building. Energies 2021, 14, 1973. [CrossRef]

The New Edition of Clean Air 3.0. Available online: https://czystepowietrze.gov.pl/ (accessed on 17 November 2024).

CO, Emission Factors for Electricity at End Users. National Centre for Emissions Management (KOBiZE), Warsaw. 2024. Available
online: https://www.kobize.pl (accessed on 10 September 2024). (In Polish).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32023L1791&qid=1707469582189
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32023L1791&qid=1707469582189
https://sip.lex.pl/akty-prawne/dzu-dziennik-ustaw/metodologia-wyznaczania-charakterystyki-energetycznej-budynku-lub-18176491
https://sip.lex.pl/akty-prawne/dzu-dziennik-ustaw/metodologia-wyznaczania-charakterystyki-energetycznej-budynku-lub-18176491
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200000879
https://www.iea.org/policies/12242-act-of-21-november-2008-on-support-for-thermomodernisation-and-renovation
https://www.iea.org/policies/12242-act-of-21-november-2008-on-support-for-thermomodernisation-and-renovation
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200000412
https://doi.org/10.3390/en14071973
https://czystepowietrze.gov.pl/
https://www.kobize.pl

	Introduction 
	Review of Literature, State Policy and External Funds 
	Methodology and Analysis of a Selected Case Study 
	Methodology 
	Analysis of a Selected Case Study 

	Results and Conclusions of the Conducted Analysis of the Selected Case Study 
	Discussion & Conclusions 
	References

