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Abstract: The rapid growth of sustainability has created a plethora of options for expanding zero-
energy buildings (ZEBs) and energy efficiency in all aspects of life. In recent years, there has been a
rise in interest in ZEBs, and many countries have adopted ZEBs as future energy targets to promote
the sustainable development paradigm. The primary goal of this paper was to conduct a bibliometric
review of current research on ZEBs and energy efficiency. The first part of this paper identifies new
knowledge gaps as well as practical demands in the field of sustainable development. Furthermore,
bibliometric analysis was performed using the Scopus database (i.e., 2592 articles) and a screening
process was undertaken, with the result being 252 papers. This study draws attention to a body
of knowledge by reviewing trends and patterns, major research topics, journals, countries, new
approaches, emerging trends, and future directions for sustainable development. This study is
unique in that it provides a comprehensive, updated review of ZEBs and energy efficiency trends.
Moreover, this study could help identify limitations for future policymakers, practitioners, and
academics. The empirical section of this paper, through a case study, presents an example of a
low-energy single-family building located in Poland.

Keywords: zero-energy buildings; bibliometric analysis; sustainable development; single family
house; energy efficiency

1. Introduction

Zero energy buildings (ZEBs) are buildings that produce and use an amount of energy
that is exactly equal to their annual needs [1]. It has been noticed that some related concepts,
such as autonomous houses (self-sufficient buildings) and green buildings (buildings that
minimize the negative environmental impacts caused by a construction and use), are
frequently associated with ZEBs [2,3]. Buildings account for about 40% of overall energy
consumption and 36% of CO, emissions in the European Union [4]. Reducing energy
demand and extracting a greater proportion of it from renewable sources are crucial steps
in assisting the EU in coping with energy imports, lowering greenhouse gas emissions and
encouraging the use of green energy [5]. Some reports argue that energy saving programs
have led to greater energy efficiency in Member States, while others highlight the fact that
they have caused greater inequalities in energy standards [6].

Among these, a study investigated the different circumstances in each European
country regarding the implementation and applicability of energy certification in buildings,
and an overview of challenges and instruments for improving energy efficiency in European
buildings showed significant differences in terms of commitments, financial capability, and
market conditions [7,8]. It also confirmed that each Member State must fully utilize its
energy-saving opportunities, such as new design and refurbishment of buildings, to be able
to significantly increase the share of savings in current energy consumption [9]. Especially
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European countries should promote the modernization of existing buildings, the use of
renewable energy in the construction sector, and the transition to ZEBs [10].

It is also important to implement the Smart Readiness Indicator (SRI) concept, resulting
from the recast of the directive on the energy efficiency of buildings, adopted in 2018 [11].
The set of SRIs is a measure of the intelligence of buildings systems, and its promotion is
expected to contribute to the energy savings of the building sector. The first attempt to
present and evaluate SRIs was made by Fokaides et al. [12]. They have identified gaps and
perspectives for improvement of this system and developed specific numerical scenarios
for the evolution of its implementation in the coming years. They emphasized that a major
transition in the way we evaluate the energy behavior of buildings is needed, which should
allow for the technological readiness evaluation of a building’s ability to adapt to the needs
of its users as well as to the energy environment.

In general, our climate is thought to be shifting, and people are becoming increas-
ingly worried about the environmental consequences of current energy usage [13]. It
is noteworthy that a building’s emissions are significant over its life cycle. In addition
to the total amount of energy consumed, each building incurs embodied energy from
mining, refining, manufacturing, and transportation of its building materials, as well as
energy necessary for demolition [14,15]. This embodied energy, as well as the energy used
over the life of a building is included in its life-cycle energy and emissions footprint [16].
Buildings are responsible for around one-third of global greenhouse gas emissions. The
arguments for the idea of sustainable development in terms of climate change and energy
policy are strengthened by the statement that the modernization of building stock has
the greatest potential in terms of reducing the demand [17]. Therefore, in recent years
there has been an increase in the interest in ZEBs [16-18]. The net energy theory has been
used in a number of fields since the 1970s, including fossil fuel [19] and nuclear power
generation [20,21], as well as renewable energy generation. In general, ZEBs use two design
strategies: (i) reducing the need for energy use in buildings (particularly for heating and
cooling) by more energy-efficient technologies, and (ii) using renewable energy and other
technologies to meet the minimal energy needs [22-25].

Since on-site energy generation options are often restricted, most ZEBs require energy
conservation in order to be sustainable (for example, sufficient space for solar systems in
high-rise building development) [26]. Many developed and developing countries have
specific building energy and design requirements based on their respective environments
and climates that meet, among other criteria, their respective design and construction
method requirements [27]. Since architects and engineers believe that greater energy
efficiency in buildings starts with design, the majority of them stay motivated with respect
to their building designs in advance and work to design measures to achieve sustainable
goals [28]. In terms of improved sustainability and energy efficiency, for example, research
showed that homebuyers want more energy and resource efficiency, but they lack effective
contact with builders, there is insufficient knowledge, and their choices are too small [29].
New energy-efficiency provisions have been thoroughly studied and debated, and these
issues may have an effect on local budgets. In addition to efforts toward sustainability, the
use of light-emitting diodes (LED) in indoor lighting instead of old incandescent bulbs has
significantly contributed to an increase in renewable energy and energy savings [30,31].
This area has been thoroughly researched over the last fifteen years, but other studies have
analyzed the research on other forms of energy, including new sources of energy, and
studies have been conducted to compare them to what was previously studied in structures
and buildings’ use of them [32].

Many researchers have agreed on the importance of ZEBs, for example, in gaining ac-
cess to the skills required for advanced technology design, growth, and maintenance, as well
as creative building and settlement design solutions [33]. Environmental benefits of design
solutions are thought to result in lower overall energy use and carbon emissions, the use
of community energy generation and management technologies, and so on [34]. Much re-
search on ZEB has been carried out by Italian scientists. For example, D’ Agostino et al. [35]
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assessed the possibilities of obtaining ZEBs in a Mediterranean climate by using only
on-site renewable energy. As a result of the growing demand for ZEBs, further research
in this area is needed. Previous review studies in this area [36-38] have made important
contributions but have a number of limitations. For instance, Camarasa et al., [39] per-
formed a bibliometric study but restricted it to the diffusion of energy efficient technologies
in European residential buildings. Furthermore, a recent study was conducted by Sinsel
et al. [40] but with an emphasis on renewable energy sources. In light of these findings,
further research into the role of ZEBs and energy efficiency in achieving sustainability is
needed. Therefore, bibliometeric research was carried out in order to explore ZEBs and
energy efficiency towards sustainability.

Therefore, the objectives of this study are: research question 1 (RQ1.): What is the
annual publications’ trend related to ZEBs and energy efficiency towards sustainability?
RQ2: Which journals publish studies that contribute towards ZEBs? RQ3: In which context
(country) were the studies conducted? RQ4: What are the new techniques, emerging trends
and future research needs towards sustainability? Additionally, an example of a low-energy
single-family building located in Poland is presented and its energy characteristics were
determined on the basis of energy consumption measurements.

2. Materials and Methods

To fulfill the research objectives, a bibliometric analysis comprising a quantitative
approach was introduced. The detailed picture of research methodology is shown in
Figure 1.

2.1. Bibliometric Analysis Methods

Bibliometric analysis is commonly considered as a well-established research method
in the engineering field, and it is especially effective for evaluating academics” and univer-
sities’” research performance. It employs quantitative analysis and statistical approaches
for analyzing the quantitative relationship and content information in a specific field. It
then explores the specific traits and patterns of the featured research field. The bibliometric
approach has been used in a variety of scientific disciplines, including sustainable con-
struction [41], green building [42,43] sustainable built environment [44,45] and climate
change [46].

2.2. Bibliometric Analysis Tool

There are several bibliometric analysis tools accessible, including Gephi [47], CiteS-
pace [48], Sci2 [49], HistCite [50], and VOSviewer [51], each with its own set of capabilities
and possibilities. Gephi is a bibliometric analysis tool for finding and analyzing cita-
tions [52]. CiteSpace is a Java application that discovers, visualizes, and assesses emerging
trends and important changes in scientific literature [53]. Sci2 is also used for data explo-
ration in bibliometric analysis [54]. HistCite is a bibliometric analysis and information
visualization software tool. To summarize, each bibliometric tool has its own level of
trustworthiness and functionality [55]. In this study, however, the VOSviewer software was
used, which provides the basic capabilities required for the development, visualization, and
investigation of bibliometric networks. Various previous studies have adopted VOSviewer
for their analysis. For instance, Nobanee et al. [56] carried out a bibliometric study on
sustainability and risk management in which VOSviewer was used for quantitative analy-
sis. A recent study conducted by Guo et al. [57] emphasized the usage of VOSviewer for
bibliometric analysis in smart cities research.
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Figure 1. Research methodology flowchart.

2.3. Data Collection

The Scopus database was chosen as the paper retrieval source for the analysis for the
following reasons: (a) Scopus has a greater range of scientific journal publications than
other databases [56], (b) Scopus has a much greater indexing mechanism that improves
the opportunity to access more recent publications [57], and (c) previous studies [58,59]
used Scopus rather than other databases to avoid the difficult task of searching for papers
in other databases. By searching for data in the Scopus database, users can define a topic
and the time frame during which it was published and can subsequently acquire accurate
information through the use of keywords or term co-occurrence analysis. In searching the
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topics, the searching syntax employed the Boolean operators “AND” to connect the two
fields and “OR”. The searching query was set as “zero energy buildings” OR “buildings”
OR “building” AND “energy efficiency” AND “sustainability”. The Scopus search keyword
was set to title/abstract/keywords to retrieve any publications with titles, abstracts, or
keywords in their title, abstract, or keywords section. During this search, 2592 Scopus
records were found. The screening process was carried out in order to exclude irrelevant
articles. Articles in the fields of chemistry, physics, agriculture, and biosciences were
omitted. The Scopus records were now 990. Further analysis was carried out based on the
abstract and topics. The remainder of the selection was completed by reading the abstract
and topics. The overall result was 252 articles.

3. Results and Discussion
3.1. Annual Publications Trend of ZEBs and Energy Efficiency towards Sustainability

When comparing the twentieth and twenty-first centuries, the publication trend of
ZEBs and energy efficiency toward sustainability is increasing and is still increasing in the
twenty-first century. The pursuit of sustainable construction practices is the reason for the
increasing trend of ZEBs in the twenty-first century. For example, [60] created a sustainabil-
ity framework for small and medium-sized contractors to enhance their performance across
four areas of sustainability: economic, environmental, social, and processes. A recent study
was conducted [61] for environmental assessment of sustainable construction materials.
Figure 2 depicts a more detailed image.

1985 1990 1995 2000 2005 2010 2015 2020 2025

Years

Figure 2. Annual publication trend.
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3.2. Journal Publication Contribution to ZEBs and Energy Efficiency towards Sustainability

Academic publications are immensely significant in any subject of study, as various
studies have demonstrated and made clear by their conclusions. The purpose of journal
contributions is to elaborate on which journals have paid the most attention to sustainability.
According to the findings, Energy and Buildings had the most significant impact on energy
efficiency, followed by Building Research and Information, and Building and Environment. This
will assist practitioners, researchers, and students who wish to pursue more research on
ZEBs and energy efficiency in the pursuit of sustainability, with a focus on Energy and
Buildings due to its significant contribution in that sector. Furthermore, the contribution
of Energy and Buildings reflects the energy efficiency of buildings throughout their life
cycle, energy efficiency improvement techniques, and energy demand and consumption.
However, aside from Energy and Buildings, which has the most contributions, all of the
others (Applied Energy, Energy Policy, Habitat International, Sustainability, Journal of Cleaner
Production, Sustainable Cities and Society, Renewable Energy, Journal of Green Building, Con-
struction and Building Materials, Environmental Science and Technology) may cover a wider
range of topics. Figure 3 elaborates on journal publication contributions to ZEBs and energy
efficiency in the pursuit of sustainability.
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Building and Environment U

Applied Energy Y /
Energy Policy (Y 24

Habitat International MY -
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Journal of Cleaner Production [ 13
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Figure 3. Journal publication contributions.
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Russian Federation

3.3. Geospatial Distribution of Research Publications

With the VOSviewer, a network for geospatial distribution and collaboration was
created. This form of study is referred to as “co-authorship,” and the unit of analysis is
referred to as “countries.” According to the findings, the United States has the greatest
influence on research publications in the field of ZEBs and energy efficiency. Furthermore,
Figure 4 clearly shows that Spain, Italy, Belgium, Brazil, Romania, Cyprus, Greece, and
Ireland (red color) have a significant relationship in research collaboration. This shows that
research in the field of ZEBs toward sustainability is gaining traction in these countries.
The second strong link is that which exists among the United States, China, the United
Kingdom, Canada, Hong Kong, Taiwan, Singapore, and Poland (blue color). The Figure 4
illustrates the geospatial distributions of research publications.
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Figure 4. Geospatial distribution of research publications.

3.4. Author Keywords Co-Occurrence Analysis

The network analysis, which was done using keywords, was utilized in conjunction
with the VOSviewer software to locate more than a few ranges and information on the
study of ZEBs and energy efficiency toward sustainability. It was created by performing a
co-occurrence analysis on the author’s and index’s keywords. The significance of this study
was that it aided the researcher in revealing the evolution and structure of the research
field [62]. Figure 5 illustrates the research interests on ZEBs and Energy Efficiency towards
Sustainability (keywords co-occurrence).
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Figure 5. Research interests related to ZEBs and Energy Efficiency towards Sustainability (keywords
co-occurrence).

There are six clusters on the basis of Figure 5 which are summarized as follows:
1. Energy Efficiency Integrated Cluster (blue)

Energy efficiency is integrated with energy consumption, buildings, net-zero energy,
zero carbon, housing, and the environment in this cluster. Energy efficiency is becoming
more well-known and extensively used; the key challenge is determining what will be
proven to be the most successful and trustworthy in the longer term [62]. With such a
diverse variety of proposed measures, the decision maker must balance environmental,
energy, financial, and social issues in order to arrive at the best feasible option that ensures
a building’s highest potential energy efficiency while also fulfilling future expectations [63].
It is suggested that energy efficiency can be improved with the use of new creative efficient
technology. Customers frequently face significant challenges as a result of a scarcity of
fundamental resources, which are not always pecuniary in nature. It is also possible that
the issue stems from a lack of understanding about one’s options, where to go for help
with concerns, and what to buy. Before making a purchase, the consumer must have
access to the necessary information and tools in order to make informed judgments [64].
In order to evaluate a product and determine the total cost of ownership, the customer
requires accurate and thorough information, such as energy consumption and performance.
Furthermore, the energy-efficient buildings have a proper envelope and extremely good
thermal properties, all heating and electric systems are managed efficiently, and heat
recuperation is used [65].

2. Sustainability Integrated Cluster (green)

In this cluster, sustainability is integrated with energy, simulation, photovoltaic, effi-
ciency, heat pump, solar energy, distributed generation, energy storage, renewable energy
and economic. The heat pump offers major advantages in terms of achieving sustainability
and environmental friendliness. In other words, a heat pump is a more energy-efficient
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and environmentally beneficial device for creating a comfortable interior environment.
Furthermore, an Air Source Heat Pump (ASHP) is a cutting-edge heating system with
several benefits such as low energy consumption, generally steady performance, significant
energy-saving potential, and numerous social benefits [66]. The main disadvantage of
ASHP is that its performance suffers in cold and harsh weather conditions. It is suggested
that ASHP systems using solar-assisted technology be given as one option. These systems
can provide solar energy to the ASHP system by utilizing direct solar irradiation as well as
latent heat from the sun and the air [67]. While both air and solar energy are renewable
and clean energy sources, they also align with the worldwide energy consumption trend of
encouraging the use of sustainable and renewable energy sources. To increase sustainability,
it is advised that well-established renewable energy technology such as PVs, wind turbines,
solar thermal, heat pumps, and district heating and cooling be employed [68]. Furthermore,
the issue of consistent regulation of energy efficiency standards around the world is a
source of concern. Creating rules to encourage net zero energy targets and creating public
awareness of energy issues is regarded as a vital duty for governments. In general, it was
found that the United States, Canada, Japan, and European Union Member States are likely
the most advanced countries in terms of formulating public policies relating to ZEBs and
increasing broad public awareness of ZEBs.

3. Thermal Comfort Integrated Cluster (red)

Thermal comfort consists of energy conservation, energy retrofit, energy saving, build-
ing energy simulation, cost optimal, life cycle assessment, built environment, thermal
energy, building energy and sustainable energy. Sustainable architecture and green design
have emerged as two of the most significant areas of specialization in academia, with built
environments becoming one of the most widely studied disciplines [65]. As a result, in
order to improve the environmental assessment and energy performance of buildings,
building energy simulation techniques for the design of environmentally viable green
buildings are required. Previous research has advanced the theory that the performance of
green buildings is significantly related to the level of environmental assessment performed
on them; as a result, numerous studies have highlighted the importance of identifying and
considering sustainable energy performance indicators in the environmental evaluation
process as well as in any green implementations [69-72]. When it comes to sustainability
indicators, the energy efficiency of buildings, thermal performance of buildings, and mate-
rial efficiency of buildings are all regarded as significant parameters of sustainable energy
performance indicators that must be considered in their entirety during performance evalu-
ations [73]. As a result, there is a need to expose substantial techniques for the development
of sustainability, in order to improve the built environment.

4.  Embodied Energy Integrated Cluster (purple)

In this cluster, embodied energy is integrated with residential buildings, optimization,
carbon emission, climate change, life cycle cost and energy savings. Various types of
building materials are used in the construction of buildings, and each of these materials
consumes energy during the stages of production, usage, and demolition [74]. The extrac-
tion of raw materials, transportation of those materials, manufacture of those materials,
assembly and installation of those materials, and disassembly, deconstruction, and dis-
integration of those materials are all stages. The energy used in manufacture is referred
to as the material’s “embodied energy,” and it is a source of energy consumption and
carbon emissions [75]. Carbon emissions are a major source of concern for both developed
and developing countries. The strong reliance on fossil fuels has resulted in deteriorating
air quality and ecosystems, as well as a reduction in clean water supplies and the cre-
ation of substantial health risks [76]. A favorable enabling environment, which comprises
the strengthening of legislative and regulatory frameworks, the development of human
capital, green technological investment, and financial instruments, is required for sustain-
able growth. Unfortunately, carbon emissions continue to be harmful to environmental
sustainability and a major issue of dispute in the global debate on climate change and
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global warming [77,78]. Despite the fact that many efforts have been made by researchers
to reduce carbon emissions, more work needs to be done. This is because, for decades,
carbon emissions have been ranked as the world’s most serious threat to both the natural
environment and human progress.

5. Zero Energy Building (ZEB) Integrated Cluster (yellow)

Zero Energy Building (ZEB) comprises energy performance, multi- objective optimiza-
tion, district heating, dynamic simulation, passive house, and renewable energy sources.
It is necessary to evaluate a building’s energy performance using prediction models and
local weather conditions in order to determine whether or not a building design achieves
the intended level of energy efficiency [79]. As a result, multiple models have been pre-
sented, each with its own set of restrictions. These models, on the other hand, incorporate
underlying assumptions and require the provision of large amounts of data in order to
calculate the input parameter values, which may include equipment performance criteria
under a variety of scenarios [80]. Manufacturers’ typical performance criteria are based
on established test protocols (defined temperature and load parameters) that rarely reflect
the conditions under which equipment would operate once installed. Using simulation
models, it may be difficult to represent the combination of changing weather conditions
and integrated design considerations [81,82]. Even when detailed information is provided
to the simulation modeler to specify these inputs based on post-occupancy equipment
performance and occupant activities, the modelling program may be unable to accurately
estimate energy performance. When modelling low- and net-zero energy building de-
signs, which typically mix developing technologies, novel processes and techniques, and
renewable-based energy production systems, challenges stemming from simulation model
capabilities constraints become increasingly apparent [83].

6. Sustainable Development Integrated Cluster (light blue)

In this cluster, sustainable development is integrated with green buildings. With
the boosting approach of green buildings, the sustainable development is significantly
enhanced. There are numerous benefits of green buildings that are worth highlighting,
such as improving the ecological environment, attaining sustainable land use, conserv-
ing the ecosystem, promoting material recycling and reuse, improving energy efficiency,
and lowering solid waste and carbon emissions [84-87]. It was suggested that in order
to enhance sustainable development, the market advancement of green buildings, the
economic aspect of green buildings, and the ecological aspects of green buildings should
be taken into account. In addition, integrated social equity, economic viability, environ-
mental conservation, and preservation are all components of sustainable development that
enhance human well-being [88,89]. Furthermore, the Sustainable Development Summit,
held in September 2019 at the United Nations Headquarters in New York, confirmed its
member countries’ commitment to attaining the Sustainable Development Goals (SDGs) by
2030 [90]. In compliance with the 2030 Agenda, many countries have developed responsive
sustainable development strategies that are suited to their specific circumstances. As a re-
sult, more collaborative research activities in the domain of green buildings and sustainable
construction are required to meet the sustainable development agenda.

3.5. New Techniques and Emerging Trends towards Sustainability

Growing energy consumption has raised legitimate concerns about supply constraints,
energy source depletion, and related environmental challenges such as ozone depletion,
climate change, and global warming. Although advances in environmentally friendly
building and construction are being made, they are not keeping up with the construction
sector’s expansion and the rising demand for energy-efficient products and services [91,92].
As a result, energy prediction in large-scale buildings can play a key role in this field
by completely examining each contributing component or estimating demand by taking
numerous significant factors into account, resulting in energy savings and a reduction in
environmental impact [93,94]. Furthermore, computational techniques (e.g., computer-
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based building simulation tools such as EnergyPlus, Modelica, and DOE-2, as well as
artificial intelligence techniques/machine learning algorithms such as convolutional neural
networks, logistic regression, support neural networks, multiple regression, and others)
can be used to determine the dynamics of energy consumption behaviors in buildings and
test new emerging trends [95-97].

Furthermore, with the development of building energy simulation tools and machine
learning techniques, building improvements can be transferred to the mathematical domain
and then predicted, such as the integration of artificial neural networks with EnergyPlus
using the Matlab user interface, which is becoming increasingly important [98,99]. In
addition, various emerging software packages such as EnergyPlus [100], TRYSYS [101]
and eQuest [102] can be used for building simulations and building energy calculations.
Several researchers have made substantial contributions to the introduction of new ap-
proaches [103-107]. For example, Amasyali et al. [108] examined the existing data-driven
techniques. A most recent study conducted by Ahmad et al. [109] on the data and large-
scale approaches for predicting building energy demand. These studies mostly focused
on the machine learning methods. Despite the significance of these efforts, there is still a
scarcity of research that examines existing energy prediction approaches in the context of
large-scale buildings from a more holistic perspective, including prediction techniques and
energy demand predictive characteristics. The detailed theme is shown in Table 1.

Table 1. New Techniques and Emerging Trends towards Sustainability.

New Techniques and Emerging Trends Sources
Support Vector Machine (SVM) [110-112]
Multilayer Perceptron (MLP) [113,114]
Feed-Forward Neural Network (FENN) [115-117]
Back-Propagation Neural Network (BPNN) [118-120]
Radial Basis Function Network (RBFN) [121]
Multiple Linear Regression (MLR) [122,123]

3.6. Future Research Needs

Climate change is likely to have an impact in the future on the energy demand
of buildings [124] and energy-saving technologies. Naturally ventilated structures are
more climate-change resistant than other building forms because of the risk of overheated
conditions. Previous carbon scenarios may be less effective as global warming becomes
severe, especially in cooling-dominated or moderate temperature areas. More studies
on the likely deterioration of energy-saving devices with climate change must therefore
be investigated. Furthermore, the creation of ZEBs still presents significant problems.
High initial investment [125], limited incentives and less positive social attitudes towards
ZEBs are the key challenges [126,127]. Public education seems to be a successful way to
overcome these challenges. The development of positive social attitudes to the environment
and sustainable development among the general population can be supported by public
education. A more environmentally oriented public will not tolerate less than optimized
interiors and will support investments in energy-saving technologies in green buildings. In
the international shift towards ZEBs, developed countries will certainly play an ever-larger
role. These measures must therefore be implemented to promote sustainable development
in developing countries. Examples of good practices are important in this context. The
paper therefore presents a case study of a low-energy building in Bialystok (NE, Poland),
the energy quality of which has been confirmed with real energy consumption.

4. A Case Study of a Low-Energy House in Bialystok (NE Poland)

According to the European Directive 2010/31/EU on the energy performance of build-
ings [128], a “nearly zero energy building” means a building that has a very high energy
performance. The nearly zero or very low amount of energy required should be covered to
a very significant extent by energy from renewable sources, including energy from renew-
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able sources produced on-site or nearby. Member States have developed national plans
for increasing the number of nearly zero-energy buildings. These plans include detailed
requirements reflecting their national, regional, or local conditions. In Poland, “nearly zero
energy buildings” [129] are buildings that meet the current requirements regarding energy
saving and thermal insulation (WT2021, which entered into force on 31 December 2020),
contained in the Regulation on the Technical Conditions that buildings and their location
should meet [130]. It is worth emphasizing that, according to the report Zero-Emission
Poland 2050 [131], these requirements are not sufficient to achieve the long-term energy
and climate goals as defined in the EU’s Long-Term Strategy [132]. Therefore, it is recom-
mended, among others, to increase the current standards of thermal protection of buildings
and require the installation of a photovoltaic system in new single-family buildings [131].

To present the possibility of erecting a building with low energy demand in the
conditions of temperate continental climate (according to the Koppen-Geiger climatic
classification [133]), the actual energy characteristics of a single-family house in Bialystok
were determined. The geographic coordinates of the city are longitude 23.17° and latitude
53.1°. The building in question consists of two heated floors. It is a building with a compact
shape (Figure 6a), without a basement, and with an unheated garage on the north side. The
facade with the largest glazing is oriented towards the south.

unheated
garage

(b)

Figure 6. Photographs of the analyzed building: (a) south facade of the analyzed single-family

building with an additional self-supporting light balcony system made of steel profiles; (b) layout of
the analyzed building.

The analyzed house is built on a polygonal plan, with an even number of sides, with
right convex and concave angles; the difference between the number of convex and concave
angles is 4 (see Figure 6b). The building plan view has a rectangular shape with the
dimensions of 9.70 m x 11.35/10.15 m. The building is covered with a shed roof with a
wooden structure. Other basic geometric data of the house are:

- total area: 171.89 m?,

- volume: 822.3 m3,

- usable heated area: 140.53 m?,

- clear height of rooms: 2.70 m (ground floor) and 2.50 m (first floor),
- heated volume: 702.3 m3,

- shape factor 0.70 m~1.

The building was designed in 2013, in accordance with the NF15 energy efficiency
standard. NF15 is a term for the passive house, defined by the National Fund for En-
vironmental Protection and Water Management in Poland (NFEP and WP) as part of a
program supporting the energy-efficient buildings [134]. The building in this standard is
characterized by the energy need for heating (Qp) no higher than 15 kWh/(m? year). To
achieve such a low energy demand, the building had to be:
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- properly designed (with U-values of the building envelope much lower than the
current Polish requirements),

- equipped with very efficient balanced ventilation with heat recovery (with 90% heat
recovery efficiency) and a ground heat exchanger for pre-heating the ventilation air,

- constructed very precisely.

Detailed solutions used in the building are presented in Figure 7. Windows are made
of triple glassing two coated panes+ and Gealan Synergic frames installed in a layer of
thermal insulation of walls (Figure 7c). An air source heat pump using energy stored in
ambient air is used. A split system consists of one unit inside and one outside the building.
The heat is distributed through the surface and the central water heating system (Figure 8d)
and used for the heating of DHW.

roof with a wooden structure

air layer

mineral wool 0.30m

mineral wool/wooden beams 0.30m
gypsum cardboard on the grate

PR :_//

polystyrene 0.4m
perforated brick 0.25m RN

interior plaster 0.01m

terracotta p——————— = —— {

cement screed
polyurethane foam 0.05m
polystyrene 0.35m

lean concrete 0.10m

(b) (c)

Figure 7. Construction of the building envelope: (a) roof in connection with external walls;

(b) connection of the wall with the floor slab; (c) installation the window in wall.

Sample photographs from the construction stage of the building are shown in Figure 8.

The U-value of individual elements of the analyzed building (Table 2) is approximately
40% lower than the requirements for the NF15 standard. This difference is even greater in
relation to the WT2021 standard (more than double for walls and doors, and even more
than four times for a floor on the ground).
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Figure 8. Photographs of the construction stage of the building: (a) Foundation wall insulation;
(b) wall insulation; (c) installing the window; (d) underfloor heating installation.

Table 2. Heat transfer coefficient (U-value) requirements for the WT2021 and NF15 standards
[119,123] and achieved for the analyzed building [135].

U-Value for the Maximum U-Value for the Standards
Building Elements Analyzed Building WT2021 NF15
(W/m?K)

External Walls 0.075 0.20 0.12/0.10 (before 5 December 2015)
Roof 0.077 0.15 0.12/0.10 (before 5 December 2015)

Ground floor 0.071 0.30 0.12

Windows (g = 0.50) 0.55; 0.65 0.90 0.80
Door 56 0.57 1.30 1.10/0.80 (before 5 December 2015)

Due to the requirements of the NFEP and WM, in order to evaluate detailed heat trans-
fer losses through the building envelope, steady-state heat transfer numerical simulations
were made for individual construction details in the analyzed building. The modelling was
carried out in accordance with the procedures of the standard [136], by using the THERM
6.3 software [137], developed by the Lawrence Berkeley National Laboratory (LBNL). The
simulation results are presented in Table 3.



Appl. Sci. 2022,12, 2136 15 of 23

Table 3. A list of linear heat loss coefficients (¥-value) of the thermal bridges in the building in
question [135].

Location of Thermal Bridges in the Building :{3{;:;?
Wall/Wall —0.084
Wall/Roof —0.055

Wall/Floor on the ground —0.078
lintel 0.007

Windows reveal —0.019
sill 0.007

The obtained values of the linear heat transfer coefficient of all details in the analyzed
case study met the requirements of the NF15 standard (¥ < 0.05 W/(mK)) [134]. Unfortu-
nately, the WT2021 standard does not specify such requirements [130]. Additionally, it can
be noticed that according to the criterion of the Passive House Institute [138] a “thermal
bridge free design” was achieved (¥ <0.01 W/(mK)).

Before the building was put into operation (in 2015), the computational energy demand
of heating was determined with use of Audytor OZC version 6.8 Pro software (Sankom,
Warsaw, Poland). The calculations were carried out in accordance with ISO 13,790 stan-
dards [139], which were then in force and indicated by the NFEP and WM [134] for the
assessment of energy-efficient buildings. The statistical multi-year climatic conditions
for Bialystok [140] were used in accordance with the building’s location. The number of
heating degree days for Bialystok was assumed to be 4095.4 Kd. The energy need of water
heating was calculated on the basis of Polish regulations [141]. The assumptions used for
the calculations are summarized in Table 4.

Table 4. Assumptions used for the energy need calculations [135].

Assumption Value Units
Design indoor air temperature 20 °C
Air exchange rate 0.5 1/h
Envelope alrtlgh.tness in n5q (based on the air 0.48 1/h
tightness test)
Value of internal gains 3.0 Wm?
Seasonal space heating energy efficiency 3.55 -
Seasonal average efficiency of regulation and
heat use in the heated space/heating system; 0.922 }

heat transfer of the heating system and
energy storage efficiency

Designed hot water temperature 55 °C

Designed cold water temperature 10 °C
Units of hot water consumption 6.8 W/m?
Water heating energy efficiency 3.10 -

Seasonal average efficiency of DHW

preparation system 0-51 )

Table 5 contains the designed energy performance of the building [135] and energy
indicators determined on the basis of the actual electrical energy consumption in the
building over a period of 6 years (with the use of a remote heat pump manager).
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Table 5. Designed and actual energy performance of analyzed building.
Source of Data Usable Energy Demand Final Energy Demand
Heatl‘ng 'and DHW Total Heat{ng 'and DHW Total '
Ventilation Preparation (Qu/EU) Ventilation Preparation (Qe/EF) Units
(Quu/EUn)  (Quw/EUw) v (Qen/EUn)  (Qpw/EFw) F
Designed energy performance
447 * 2142 * 2589 *
Computational 1462 3387 4848 1169 * 2150 ** 3320 ** kWh/year
3.18* 15.24 * 18.42* 5
10.4 24.1 34.5 8.3 ** 15.31 ** 23.63 ** kWh/(m*year)
Actual energy performance
Measured Heat - - - - - 3059 kWh/year
electrical pump - - - 21.77 kWh/(m?year)
energy Total - - - - - 6600 kWh/year
consumption ota - - - 46.96 kWh/ (m2year)

* Without auxiliary systems. ** Taking into account heating, ventilation, domestic hot water and auxiliary systems.

The technical solutions used in the building made it possible to meet the requirements
of the NF15 standard (which concentrates on the demand for usable energy for heating
and ventilation), namely EUy = 10.4 kWh/(m?year) < 15 kWh/(m?year). Since newly
constructed buildings in Poland must meet the requirements of the Technical Conditions
regarding the non-renewable primary energy demand indicator (EP), it was designated
for the analyzed case study at the design stage. The amount of non-renewable primary
energy depends on the amount of final energy and the coefficient of yield of non-renewable
primary energy to produce and supply the energy carrier or energy (w;). It is worth noting
that in Poland this coefficient for electricity w; = 3.0 [130] and is the highest among all
heat sources. EP = 70.88 kWh/(m?year) for the analyzed building met the requirements of
EPax = 120 kWh/ (mzyear) in force at the time of its design but does not meet the current
requirements (EPy;5y = 70 kWh/ (mzyear) according to WT2021 standard). Therefore, in
order to meet the current requirements of thermal protection of buildings in Poland, it
is necessary to use renewable energy. However, to reach ZEB or even the plus energy
standard, the amount of energy produced on-site must be equal or higher than total final
energy consumption over the course of a year [142].

Therefore, it was decided to analyze the use of photovoltaic solar panels for electrical
energy production in the analyzed case study. The surface of the roof of the house on
which the panels can be installed was adequate. Monocrystalline panels (inko-Cheetah
JKM400M 72H-V with maximum power 400 Wp, efficiency STC = 19,88% and dimensions:
2008 x 1002 x 40 mm [143]) were selected. Two variants were assumed:

- variant I: PV system for electrical energy production to power the heat pump,

- variant II: PV system for electrical energy production to meet requirements of total
final, annual energy consumption (not only for heating, ventilation, domestic hot
water, and auxiliary systems, but also for lighting and other electrical appliances).

In variant I, 10 panels with a total active area of 19.226 m? were adopted, and in variant
I, 21 panels with a total active area of 40.375 m? were adopted. The selection of PV systems
assumed that 30% would be the current consumption of produced energy, and 70% would
be transmission and off-take from the power grid, with a 20% allowance for its storage.
The estimation of the required amount of electrical energy production in analyzed variants
is presented in Table 6.
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Table 6. The required amount of electrical energy production in analyzed variants.
Transmission Required
. Current and Off-Take 9
Electrical . Amount of
Energy Consumption from the Power Electrical
PV System Consumption of Produced Grid, with a Ener
Variant p Energy 20% Allowance 2
Production
for Its Storage
kWh/year
Variant I 3059 918 2570 3488
Variant II 6600 1980 5544 7524

The amount of electrical energy production of the PV system in the two considered
variants (Epy) was calculated according to the Equation (1) and results can be seen in
Table 7.

Epy = L -n-Apy, 1)

where I, is the unit value of solar radiation energy; # is the module efficiency (in this case
equal to 20%); A is total active area of PV panels.

Table 7. Electrical energy production of the PV system.

Data/PV Month
System I 11 I v \% VI VII  VII  IX X XI XII Total Units
Variant - — Annual
Unit Value of Solar Radiation Energy I,
Meteorological
data, S, 15° 24240 31.894 64.207 97280 139.912 143.628 140486 119.367 90.563 44202 21.919 16900 934.595 kWh/m?2
(roof slope)
Electrical energy production of the PV system Epy
Variant [ 93.2 1226 2469 374.1 538.0 552.3 540.2  459.0 348.2 170.0 84.3 65.0 3594 KWh
Variant II 195.7 2575 5185 7855 1129.8 1159.8 11344 963.9 731.3 356.9 177.0 136.5 7547

Then, the comparison of the required annual final energy demand of the house (Table 6)
with the electrical energy production of PV systems (Table 7) confirmed their proper
selection. The possibility of reaching the plus energy standard by the presented case study
has also been proven. The amount of energy produced on-site is higher (in variant II) than
total final energy consumption over the course of a year.

5. Conclusions

The focus of this study is on state-of-the-art research on ZEBs and energy efficiency
towards sustainability. In order to give deeper insights into research gaps and needs, a
bibliometric review method was utilized. The ZEB and energy efficiency pattern for sustain-
ability in the twenty-first century was found to be highly comparable with the twentieth.
Furthermore, Energy and Buildings has contributed the most to ZEBs and energy efficiency
towards sustainability. Moreover, in research articles on ZEBs and energy efficiency, the
USA has the greatest influence. In terms of theory, this research is unique in the following
ways; (a) a thorough literature review on bibliometrically advanced research on ZEBs and
energy efficiency towards sustainability is presented; (b) the research focuses on ZEBs and
energy efficiency contexts, including new techniques, emerging trends, and future direc-
tions; (c) the research offers guidance as to how to address the deficiencies in additional
research definition.

This study has limits despite its contributions. Firstly, the data was extracted from a
Scopus database. Further data can gathered for quantitative and qualitative assessments by
merging data from multiple databases (e.g., Google Scholar. Web of Science, and so on).
Second, this research was confined exclusively to journal publications only. The foregoing
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restrictions present wonderful opportunities for further research, yet when evaluating the
outcomes of the research they should be taken into consideration. Nevertheless, in future
studies, data from different sources and characteristics may be employed to overcome
limits in literary impact assessments, coherence, and links.

The monitoring of energy consumption by buildings allows the verification of calcula-
tion assumptions by the actual thermal quality of buildings in specific climatic conditions.
The obtained results can be a very important source of information for the analysis of the
possibility of erecting a building with low energy demands in areas of temperate conti-
nental climate. They can be used to promote sustainable development in the construction
sector and help identify limitations for future policymakers and practitioners, as well
as academics.

Summarizing the results obtained for the analyzed case study, it is worth noting
that the use of components reducing final energy consumption in the building (without
renewable energy produced on-site) is not sufficient not only for reaching ZEB or even the
plus energy standard, but even for meeting the current requirements for thermal protection
of buildings in Poland. The use of PV panels in the building for the electrical energy
production can significantly improve the energy performance of the building, but it should
be considered that there may be problems with the possibility of its storage. This issue will
be the subject of future works planned by the authors.
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