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EDITORIAL INTRODUCTION

In recent years, sustainability has become one of the most frequently used words in public dis-
course. While its importance is undeniable, its meaning is often stretched or oversimplified. True
sustainability is neither a slogan nor a trend; it is a profound personal, scientific, social, and ethical
commitment, a commitment to honour the visible and invisible world beyond ourselves. It requires
us to look critically at our actions, to rethink established systems, and to respect the delicate balance
that allows life to thrive.

As a researcher who has spent many years studying microorganisms and the invisible ecosystems
that sustain both human and planetary life. To this day, | remain deeply in awe of their complexi-
ty. The deeper | explore the microscopic world, the more | am reminded of how extraordinary our
own cells and bodies are and how closely their intricate balance mirrors the complexity of our plan-
et. Both are remarkable, resilient systems, yet also fragile. Microorganisms teach us that even the
smallest actors can shape entire environments. In a similar manner, research and scientific work,
even when modest in scale, can contribute to meaningful transformations toward sustainability.

This volume brings together contributions from researchers who seek to understand how our so-
cieties, economies, and technologies can evolve in harmony with the natural world. The topics
explored here are diverse and interconnected, ranging from mobility and novel waste-manage-
ment technologies to food systems, the impacts of tourism and the construction industry, emerging
extreme weather patterns, and sustainability reporting. This diversity demonstrates clearly how
interdisciplinary collaboration can illuminate new pathways forward, offering innovative entre-
preneurial models, framewaorks for sustainable construction, and insights that advance our shared
pursuit of a more resilient and responsible future. | am grateful to all the authors, reviewers, and
colleagues who invested their expertise, time and care in this publication. Their work demonstrates
that sustainability is not justa word or a trend, but a shared responsibility—one that calls for a deeply
humbling understanding of the complexity of life's visible and invisible networks, an understanding
thatyields not only respect but awe.

I hope that the content of these proceedings strengthens our collective commitment to a future in
which human progress and ecological integrity not only coexist, but grow together.

Assist. Prof. Tanja Bagar, PhD
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STARTUPS AS AN INNOVATIVE CONCEPT
OF SUSTAINABLE ENTREPRENEURSHIP

Veronika Tothova, Lecturer, PhD
Newton University, Slovakia

Milan Fila, Assoc. Professor, PhD
Vlysoka skola aplikované psychologie, Czech Republic

ABSTRACT

Abigtopicresonatinginsocietyinrecentyearsissustainability, which covers all areas of society's
life, such as social, political, ecological, and entrepreneurial areas. But to make sustainability an
essential part of our lives, it is necessary to abandon the usual concepts and focus on a different
view of things and innovations that precede any change. Based on the knowledge about start-
ups, which defines them as disruptors of old concepts, we can assume that startups, with their
innovative approaches to solving issues, will play a crucial role in the sustainability of society.
When we analyze the startup ecosystems, we can see that there are many leading startupsin the
eco scene, which are often at the forefront of innovation, so they can use their unique approach
to making a positive impact on the environment and thus attract more people interested in the
topic of sustainability. We used mixed methods in creating this paper. To define the concept of
startups, sustainability, and sustainable innovation we analyzed various literature and research
papers and to present the best overview of the studied issue we used descriptive methods to
present the relevant information. The statistical issues were based on KMPG International and
UtilityBidder Methodology, which we used for the presentation of the results of their research on
sustainability by enterprises (KMPG International) and countries (UtilityBidder).

Keywords: Startup, Sustainability, Entrepreneurship, Innovation, Environment



1 INTRODUCTION

In recent years, we have seen the efforts of mankind for the sustainability of its activities with the
aim of using renewable resources to an ever greater extent and gradually replacing non-renew-
able resources with them. This effort leads to the continuous development and improvement of
innovative ideas to ensure the mitigation of humanity's impact on our planet. To make this possi-
ble, it is necessary to support research and development activities aimed in this direction and at
the same time to support individuals who come up with such innovative ideas. At the moment,
the biggest innovators are considered to be startups that deny established concepts and at the
same time are considered "destroyers of old concepts”. From a closer perspective, we can apply
to startups the theory of creative destruction formulated by Joseph Schumpeter, which he came
up with in 1942. Based on this theory is creative destruction characterized as innovations in the
manufacturing process that increase productivity, describing it as the “process of industrial mu-
tation that incessantly revolutionizes the economic structure from within, incessantly destroying
the old one, incessantly creating a new one." Basically, the theory of creative destruction assumes
that long-standing arrangements and assumptions must be destroyed to free up resources and
energy to be deployed for innovation. To Schumpeter, economic development is the natural re-
sult of forces internal to the market and is created by the opportunity to seek profit (Kopp 2023).
Creative destruction theory treats economics as an organic and dynamic process and is based on
4 principles: innovation, competition, entrepreneurship, and capital. As Kopp (2023) mentions,
creative destruction can be seen across many different industries (for example: Technology, Media
and Entertainment, Retail, Finance, and Energy). As all companies often strive to be better, many
businesses seek new ways to disrupt the status quo and seek new paths to better business oppor-
tunities. Companies don't technically need to embark on creative destruction; however, by not
doing so, they risk the occurrence of falling behind their competition.

This paper brings a look at startups and their role in sustainability. Our analysis of the examined
issue is based on the opinions and research of several experts, both from the field of research and
directly from practice, who deal with the given issue.

2 MATERIALS AND METHODS

The main goal of the article is to evaluate startups as an innovative concept of sustainable entre-
preneurship. To reach the paper's objective and obtain an answer to this question, as Kondrla et al.
(2023) say, it is crucial to identify what is significant to us and distinguish what is significant from
irrelevant. Based on this opinion we used in this paper mixed methods. To define the concept of
startups, sustainability, and sustainable innovation, we analyzed various literature and research pa-
pers. Descriptive methods were used to present the relevantinformation and provide the best over-
view of the studied issue. The statistical issues were based on KMPG International and UtilityBidder
Methodology, which we used for the presentation of the results of their research on sustainability by
enterprises (KMPG International) and countries (UtilityBidder).

3 RESULTS

Olteanu & Fichter (2022), referring to several authors, stated that One key element in the facilitation
of the multilevel challenge of sustainability transitions is the development, implementation, and
diffusion of radically new or significantly improved goods/services, processes, or practices which,
forexample, reduce the use of natural resources or increase societal inclusion. Thus, environmental
and social innovation is considered key for transformation processes toward sustainable develop-
ment. As Gadany et al. (2021) say the socio-economic importance of entrepreneurship in the 21st
century in relation to economic growth has become undisputable on local and global level both in
terms of macroeconomic indicators, as well as the micro environment.

To better understand the whole concept of sustainability and its impact on entrepreneurship, we
need to first understand the individual concepts so that we can later see the whole context of sus-
tainable entrepreneurship and also startups and their role in the sustainability.



3.1 Sustainability and sustainable entrepreneurship

Sustainable practices support ecological, human, and economic health and vitality. Sustainability
presumes that resources are finite, and should be used conservatively and wisely with a view to
long-term priorities and consequences of the ways in which resources are used. In simplest terms,
sustainability is about our children and our grandchildren, and the world we will leave them (UCLA
2023).

Sustainability requires an integrated approach that takes into consideration environmental con-
cerns along with economic development. In 1987, the United Nations Brundtland Commission de-
fined sustainability as “meeting the needs of the present without compromising the ability of fu-
ture generations to meet their own needs." Today, there are almost 140 developing countries in the
world seeking ways of meeting their development needs, but with the increasing threat of climate
change, concrete efforts must be made to ensure development today does not negatively affect
future generations (United Nations 2023).

Based on Mollenkamp (2023) sustainability, in the broadest sense, refers to the ability to maintain
or support a process continuously over time. In business and policy contexts, sustainability seeks
to prevent the depletion of natural or physical resources, so that they will remain available for the
long term. The idea of sustainability is often broken down into three pillars: economic, environ-
mental, and social—also known informally as profits, planet, and people. The concept of “economic
sustainability” focuses on conserving the natural resources that provide physical inputs foreconomic
production, including both renewable and exhaustible inputs. Ku¢era and Nemec (2022) stated that
it is necessary to use efficiency approach, when limited input sources are being used. The concept
of “environmental sustainability” adds greater emphasis on the life support systems, such as the at-
mosphere orsoil, that must be maintained for economic production or human life to even occurand
social sustainability focuses on the human effects of economic systems, and the category includes
attempts to eradicate poverty and hunger, as well as to combat inequality.

Entrepreneurs have a responsibility to consider the future ramifications of social innovation and
business strategy, and to practice business ethics that prioritize the long-term health of society at
large. Nielsen predicted that by 2021 sustainable products will take up a quarter of retail shelf space
and capture $150 billion in consumer spending. But some experts are saying that green capitalism
isn't enough (Mulqueen 2022).

The terms sustainable entrepreneurship, social entrepreneurship and ecological entrepreneurship
have become an international trend in recent years, all names are entrepreneurial approaches with
which - depending on the focus - social or ecological problems are intended to be solved. With their
entrepreneurship, the founders of the companies want to create social added value with their em-
ployees. Sustainable entrepreneurship has set itself the goal of the so-called green economy. The
entrepreneurs want to operate their business in a sustainable, resource-saving and environmen-
tally conscious manner - in such a way that their own actions have a positive impact on social and
community coexistence. In sustainable entrepreneurship, the focus is not on maximizing profits, but
rather on entrepreneurial activity for the benefit of society. Sustainable entrepreneurs also have to
generate income in order to assert themselves in the market - but this is not the focus of their work.
Rather, they want to develop new markets and sources of income with innovative business models
- without harming people and the environment (BusinessPilot 2023).

Table 1: Checklist of points for setting goals and missions of sustainable entrepreneurship

Fair business practices Work-Life - Balance

Fair remuneration Sustainable corporate culture
Sustainable manufacturing processes Commitment to the environment
Energy-efficient production Further training offers

Social justice in the company Corporate healthcare
Appreciative treatment of employees

(Source: BusinessPilot 2023)



Companies designated as social businesses want to solve social or ecological problems and chal-
lenges through entrepreneurial activity. Conventional sustainability management serves existing
companies for ecological and social optimization within market conditions. Non-profit projects, in
turn, tend to subsequently correct sustainability problems that arise from state and market failures.
However, sustainable entrepreneurship has a change in the market and society (Schaltegger 2017).

Figure 1: The influence of individual types of businesses on the market

Non Profit Sustainable Entrepreneurship (incl. Profit-oriented Business
Dependent on donations Social Business) Profit maximization & cost coverage
Effect: rather retroactively correcting Cost coverage: reinvestment of profits Effect: Sustainability optimization
market results, but not changing the in line with the founding goal within the given market conditions
market Effect: changing the market

(Source: Schaltegger 2017)

Sustainable entrepreneurs are sustainably responsible companies and public institutions such as
cities and municipalities that actively and effectively contribute to greater climate and environmen-
tal protection with their successful organizations, pay attention to fair business practices, and are
committed to society. They are successful organizations that create and secure numerous jobs and
ensure the highest quality of their products and services, follow fair business practices and support
theiremployees, for example by offering training and further education and fair remuneration. Sus-
tainable entrepreneurs are tax-honest and pay their taxes and duties on time. They also give part
of their success back to the community by supporting sustainable and social projects (Sustainable
Entrepreneur 2023).

So when we talk about sustainability, we first of all mean the preservation of natural resources and the
planet for future generations, while taking into account both economic, ecological, and social aspects. At
the same time, we have to adapt our goals to these areas, both as a company and as individuals in our daily
lives, and in recent years these goals have also come to the fore in the business environment, where we
increasingly encounterthe term sustainable entrepreneurship, social entrepreneurship, and ecological en-
trepreneurship. Whose goal is to create such conditions within the framework of business that will help not
only the creation of sustainable jobs, or conditions for further education and remuneration, but at the same
time, with part of their profits, they help the development of the community by supporting sustainable and
social projects aimed at improving its social environment.

3.2 Startups and sustainability

Startups are companies or ventures that are focused on a single product or service that the founders
want to bring to market (Grant 2022). Based on Griinder Platform (2023) a startup is when a compa-
ny is founded with a novel business idea and high growth potential. Beyond this definition, startups
also represent a certain, "disruptive” self-image: They question familiar processes and try out new
things. In doing so, they demonstrate a keen nose for trends and what people want and need. "Just
do it and learn from mistakes" - that is the motto that allows startups to pick up new developments
faster than the competition and turn them into innovative products. The startup culture is therefore
characterized by openness, a willingness to learn, and the willingness to question every belief. A
foosball table in the hallway doesn't make a startup. However, flat hierarchies, short decision-mak-
ing processes, trust in the abilities of each individual team member and a relaxed atmosphere do.
Perhaps the most popular definition of a startup meaning is from Eric Ries, the creator of the Lean
Startup methodology who defines a startup as a human institution designed to create a new prod-
uct or service under conditions of extreme uncertainty (McGowann 2022). We can say that startups
are companies that think big and who are not worried about making mistakes, because they are a
basic prerequisite for their further development.

Impact startups are innovative new ventures that diffuse solutions at scale that have a sustainability
net benefit. They play an important role in the sustainability transition as actors in the introduction
and diffusion of sustainability innovation (Horne-Fichter 2022).

Kwon (2020) in his study states that the recent sustainability trend in terms of startups involves con-
sumer-focused technologies, whereas basic and traditional technologies have diminished in focus.



As Buchholz (2023) mentions the path to sustainable operations is a tricky one, laden with unex-
pected pitfalls, significant sacrifices, and lacking a unifying expectation of what 'sustainable’ actu-
ally looks like in practice. Yet, getting a grip on emissions, waste, and renewable resources among
other elements - not to mention all the associated policy and process changes - is of vital impor-
tance in the coming years. Startups often renowned for their ingenuity, scalability, and passionate
problem-solving, are perfectly poised to take on the mantle of sustainable practice and generate
innovative solutions. Uninhibited by legacy tech and embedded processes, startups are free to as-
sess sustainability in more efficient, effective ways.

TRUIC Team (2023) points out, that green startups are on the cutting edge of new technology while
also helping the world at large recover from years of overuse. While sustainability can help every
human hope for a better future, these companies are taking action on green practices that will help
everyone in the years to come.

Based on Kuckertz at all's (2019) findings, the types of value creation in ecological startups, de-
pending on the design of sustainable value creation, are shaped by and may result in a technologi-
cally-oriented, socially-oriented, or organizationally-oriented value creation type.

As FasterCapital (2023) indicates many startups are leading the way when it comes to sustainable
business practices. There are also many benefits to being a sustainable startup. For one, it can help
you attract and retain customers who are interested in supporting businesses that are doing their
part to protect the environment. What>s more, sustainable business practices can help you save
money by reducing your energy and waste costs. And, if yousre able to successfully implement
sustainable practices into your business, youwsll be setting a good example for other businesses to
follow. In the next picture we can see the most popular popular types of sustainable startups.

Figure 2: The types of sustainable startups

Green Technology Startups

01
Sustainable Agriculture 02 05 Sustainable Travel Startups
Startups
Clean Energy Startups 03 04 Sustainable Fashion Startups

(Source: FasterCapital 2023)

3.3 Startups/sustainability and sustainable innovation

From business sustainable statistics (TravelPerk 2022) we can see, that although 90% of business
leaders think sustainability is important, only 60% of companies have a sustainability strategy.
67% of companies have started using more sustainable materials, such as recycled materials and
lower-emitting products. 66% are working to increase their energy efficiency. 57% of companies
have started using energy-efficient or climate-friendly machinery, technologies, and equipment.
57% are also providing employee training on climate change/climate action. 49% are developing
new climate-friendly products or services. 46% have begun requiring business partners across their
supply chain/value chain to meet specific sustainability criteria. 44% are updating/relocating fa-
cilities to make them more resistant to climate impacts. 22.8% of Fortune 500 corporations have
engaged with the UN's SDG (Sustainable Development Goals) framework. However, only 0.2% of
these corporations have developed methods and tools to assess and evaluate the progress of their
actions toward relevant SDGs. And more than 90% of CEOs state that sustainability is important to
their company's success. When we go further and look at KPMG International (2022) statistics on
sustainability, we can see that 96% of G250 companies (the World's 250 largest companies by rev-
enue based on the 2021 Fortune 500 ranking) report on sustainability or ESG matters, and 64% of



the G250 acknowledge climate change as a risk to their business. 49% of the G250 acknowledge
social elements as a risk to their business, with Western Europe as the leading region. 71% of N100
(Worldwide sample of the top 100 companies by revenue in 58 countries, territories, and jurisdic-
tions) companies identify material ESG topics and fewer than half of G250 companies have leader-
ship-level representation for sustainability.

To better understand these statistics we need first to understand the definition of sustainability,
which is the base for these reactions of enterprises. Sustainability is the capacity to endure in a rel-
atively ongoing way. Sustainable innovation means that companies seek out ways in which to sus-
tain continuous innovation/improvement for company growth, competitive advantage, increased
market share, etc. The right company structure can help make innovation a sustainable practice
(Shields 2022).

“Innovations have become a driving force for the future opportunities of the companies.” (Urbanik-
ova et al. 2020). Simelyté et al., (2021) state, that it involves developing and applying new tech-
nologies, processes, and systems enabling the efficient use of resources, waste reduction, and the
creation of sustainable products and services.

By building sustainability into innovation, companies can create products, services, and processes
that are good for both society and the organization. Innovation is vital for a company's survival and
growth. Firms that don't innovate fall behind their competitors and ultimately go out of business.
However, traditional forms of innovation may result in profitable products, services, and process-
es - but also harm employees or over-exploit natural resources. “Sustainable innovation” seeks to
address those unintended social and environmental impacts. It implies that companies can provide
products and services that are good for themselves and society in the long term. Sustainable inno-
vation can be putinto three broad categories: operational optimization, organizational transforma-
tion, and systems building (Lee 2021).

Figure 3: Categories of sustainable innovation
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(Source: Lee 2021)

Based on PTC (2023) sustainable innovation is the act of continuously improving your products,
processes, and workforce to create a brighter, more sustainable future—for your customers, your



employees, and the environment. Sustainable innovation also supports growth and profitability by
facilitating product reuse and circularity and making business operations more efficient and safe.

Sustainable innovation integrates environmental protection with the ability to create new products
that satisfy our needs in the long term. Designing better and more sustainable technologies can
bring many uncertainties in terms of usability, application, or costs. However, in the last decade, it is
been clearer that we can only achieve economic development by focusing on the creation of tech-
nologies that do not harm natural ecosystems (Garcia 2022).

Table 2: Benefits of sustainability for companies

- Lowering costs by reducing the used inputs
- Building credibility and trust
- Improvement of the relationship among investors, customers, researchers and stakeholders
- Efficiency improvement
- Opensthe way forinnovation
- Customer needs are better understood
(Source: Garcia 2022)

The goal of sustainable innovation is to meet the needs of the present generation without compro-
mising the ability of future generations to meet their own needs (Jain, 2022). We can see some key
characteristics of sustainable innovation also in the next picture. As we can see sustainable innova-
tion can be aimed at various fields of everyday life where every man can find scope for herself with
the aim to help conserve existing resources for the next generations or to find creative and efficient
solutions to address pressing challenges, such as climate change, resource depletion, pollution, in-
equality, and poverty.

Figure 4: Key characteristics of sustainable innovation
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(Source: Jain 2022)

If we look more closely at the examples of sustainable innovations, we can see that they include
Renewable Energy Technologies, Circular Economy Practices, Sustainable Agriculture, Sustainable
Transportation and Social Enterprises (Jain 2022).

As we know from definitions, startups are innovative businesses and innovation is the core of their
idea or solution. But on the other hand, there is the question “Why should be startups also sustain-
able?" The answer to this question was found by Trusca (2023), who mentions, that for startups car-
ing about sustainability should be a priority for several reasons. Firstly, a sustainable product can
differentiate the business from competitors and attract environmentally conscious customers and
investors. These startups, are usually referred to as “green startups” and have a unique focus on sus-
tainability while also having unique business models, incorporating a triple-bottom-line approach
to decision-making. They aim to promote social good by utilizing technology to develop eco-friend-



ly products and services and have involved established sustainability standards, such as the Global
Reporting Initiative (GRI) or the Sustainability Accounting Standards Board (SASB) in their internal
practices and policies.

By the top sustainable startups of 2023, presented by Chomsky (2023), we can see that they brought
to the market not just a positive impact on making a positive impact on the environment through
their work, but also cutting-edge technology and innovative approaches. For example, Amp Robot-
ics uses Al and robotics in waste management and recycling, Coral Vita has developed a ground-
breaking method of growing corals in a controlled environment using microorganisms. REEF Tech-
nology is revolutionizing parking and mobility by integrating renewable energy sources, like solar
panels and green hydrogen production facilities, to power its operations and reduce carbon emis-
sions and Windscape Al uses smart technology to predict the wind's speed, which can help to figure
out how fast the wind will blow, what helps make clean energy from the wind more affordable and
efficient for the wind farms. By these examples of sustainable startups better known as “green start-
ups”, we can see, that these enterprises bring together modern technologies with the traditional
fields of green ecology and they also help effectively use conventional sources.

As the findings of Bregnballe-Karppinen's (2020) research indicate, startups have created solutions
the literature defines as impossible to develop. Hence, it may be concluded that they are urgently
needed to drive the change as they can do what is otherwise perceived as impossible. They also
mention that the disruptive solutions startups bring to the field of their activity are essential for a
better future and these novel inventions startups bring are vitalin order to address the exponential-
ly increasing environmental challenges.

When we go further and will see which destinations between the OECD countries are the best for
sustainable startups, based on the Methodology of UtilityBidder (they analyzed each OECD country
across six separate factors, compiling the data into a single “Sustainable Startup Score”, which they
used to create the ranking), we can see that the top country is Switzerland with its 7,81 Sustainable
startup score. In second place is the United Kingdom and the third place belongs to Sweden (6,75
score). With a closer look we can also see, that among the top 10 destinations, there are all Europe-
an countries ranging from 7,81 to 6,00 sustainable startup scores.

Table 3: Top 10 countries for sustainable startups

Startups Eco National Rail Transport  Proportion  Sustainable
per commuting recycling passenger CO; of energy startup

100.000 provision rate kilometres emissions from score [ 10
people score / 10 per capita per capita renewables
(tonnes)

1 Switzerland 9,4 30,07%  1670,8 33,08%
10,1 532 2597% 355 1,41 19,34% 7,08
Kingdom

6,9 135  19,91% 760 1,46 53,31% 6,75

.7 938  29,98% 460 7,41 10,85% 6,33
5 2,09  3403% 1981 1,6 26,91% 6,21
234 1,33  27,36% 2411 1,69 15,27% 6,18
6,2 1,84  27,88%  624,1 1,48 14,38% 6,16
8,8 319  2992% 1634 1,99 20,13% 6.1
3,5 1,7 40,60% 9432 2,44 36,61 6,03

10 Denmark 7.3 1,36  11,31%  1103,1 1,89 43,04% 6

(Source: UtilityBidder 2024)

On the other side are the worst OECD countries for sustainable startups where first place belongs to
Mexico with just 2 sustainable startup score, in second place we can find Turkey (2,87), and in third
placeis Poland with a 3,21 sustainable startup score, further followed by Chile (3,23), Greece (3,28),
Japan (3,37), South Korea (3,38), Czech Republic (3,93), Israel (4,01) and United States (4,36).

To improve their position in the framework of sustainability, as Kucera et al. (2023) mention, the



countries should learn from examples of best practices, identify successful strategies that can be
adapted or replicated in their own conditions, and which could possibly improve the ratio between
the inputs and outputs, based on benchmarking and learning from leaders.

4 CONCLUSIONS

AsYigit (2021) mentions innovation has the mission of serving sustainable development as well as
increasing national income. As it is already known from the definitions of startups, they are busi-
nesses that are based on an innovative approach and thinking and they often act as disruptors of
conventional concepts, which helps them discover innovative approaches and bring new and rev-
olutionary concepts to markets. So based on these opinions, we can say, that startups are sustaina-
ble innovators who bring the innovative concept of sustainable entrepreneurship to life. As we can
further see the enterprises are aware of the need for sustainability in their production, but not all
of them integrate this concept into their processes. Based on statistical data we can see that there
exists some percentage of enterprises, who are aware of the need for sustainability in their produc-
tion, but not all of them integrate this conceptinto their processes. They associate sustainability with
increased costs and are unwilling to risk changes to established practices, fearing that this could
put them at a disadvantage in the market. Howeuver, this attitude is short-sighted, because as we
have the opportunity to constantly observe, not only the thinking of entrepreneurs and businesses
is changing, but also the thinking of end customers, who are beginning to notice the so-called "eco-
logical footprint” of the products they buy and are beginning to place more and more emphasis on
this fact, which causes a change in the purchasing behavior of consumers. This is precisely why we
can see that sustainability-oriented startups, i.e. so-called “green startups” have great opportuni-
ties for application on the market and at the same time bring an innovative perspective to solving
the sustainability problem and show other businesses the possible direction and method of apply-
ing the concept of sustainability for them as well. And that is also the reason why we can observe a
constant increase in sustainable-green startups.
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ABSTRACT

Prioritizing sustainability in construction has become a common goal among governments, in-
dustry professionals, and academics. The main objective of sustainable construction is to min-
imize the negative impact of construction on the environment and promote a better quality of
life while paying attention to economic issues. This research aims to present a sustainable mod-
el for construction projects, considering the economic, social, and environmental dimensions.
To achieve this goal, the study has conducted a qualitative analysis of the research results in this
field. By applying the meta-synthesis method, we analyzed 45 out of 257 identified articles for
this purpose. Our study identified 139 indicators to assess the sustainability of construction pro-
jects. Ofthese, 36 indicators pertain to the environment, 44 to the economy, and 59 to social fac-
tors. Among the identified indicators, safety on the site was the most frequently mentioned (22
repetitions), followed by hygiene (16 repetitions), energy efficiency (16 repetitions), employee
training and development (16 repetitions), and water consumption and conservation (15 repe-
titions). Among the current research, innovations are identifying indicators and dimensions of
sustainable construction using the meta-synthesis qualitative research method.

Keywords: Sustainability, Sustainable Development, Sustainable Construction, Meta- Synthesis



1 INTRODUCTION

Among all industries, the construction industry has the greatest impact on its environment. Con-
struction projects allocate huge resources of capital; therefore, they play a key role in achieving
sustainable development. It is estimated that the construction industry ecosystem contributes 13%
to the world's gross domestic product (GDP). Meanwhile, building and construction account for
36% of global energy consumption and 39% of energy-related carbon dioxide (C02) emissions (Ki-
ani Maviet al. 2021). Traditional construction methods are no longer able to cope with increasing
pressure to comply with environmental standards and commit to social responsibility (Fatourehchi
and Zarghami 2020). Construction organizations are looking for approaches to transition from tra-
ditional to sustainable construction methods that help them achieve their business goals without
distorting the environment (Ershadi and Goodarzi 2021). Over the past decades, the construction
sector has been heavily criticized for its poor sustainability performance. This gives the construction
industry a unique opportunity to contribute to improving global sustainability capability (Stanitsas
2021). For this reason, this paper has considered a leap in research conducted in this field in the
last few years (Kiani Mavi et al. 2021). This issue shows the necessity of discussing sustainability in
construction projects. The existing research literature shows different approaches in this field that
tend to help in this direction. Researchers have recognized the importance of developing effective
strategies to improve the sustainability of a construction project (Stanitsas et al. 2021). In order to
address sustainability issues in construction projects, an understanding of the relevant indicators is
required, however, the existence of a comprehensive approach as well as the classification of indi-
cators that will help sustainable project managementin construction projectsaccording to the Triple
Bottom Line (TBL)scenario, asagap intheliteraturestill exists (Stanitsas et al. 2021). Obviously, iden-
tifying the mentioned indicators and assessing sustainability is only half of the equation, the other
halfis how to modify the project, which is not required according to the sustainability standard. This
is the area of tactics and solutions to improve sustainability in construction projects (Kiani Mavi et
al. 2021). According to the stated contents, sustainable construction should increase the quality of
social, economic and environmental functions by determining the current level of sustainability and
identifying weak points and as a result improving them (Hendiani and Bagherpour 2019).

2 PURPOSE AND GOALS

The purpose of this article is to present a model for sustainability for construction projects to deal with
environmental, economic, and social challenges related to the construction industry. The global con-
struction sector plays an essential role in economic development, but at the same time, it is one of the
main factors of environmental destruction and resource consumption (Fathalizadeh et al. 2021). Con-
sidering these concerns, the main goal of our proposed model is to provide a systematic framework
that can be used to consider sustainability throughout the life cycle of construction projects.

3 METHODS

There are various methods for reviewing qualitative findings. Meta-synthesis is one of the methods
used in this field (Noblit and Hare 1988). Meta-synthesis is research that evaluates another conduct-
ed research. For this reason, metacomposition is called evaluation of evaluations. Meta-synthesis is
a type of research about another research. Meta-synthesis can be considered the systematic study
and review of past research (Sandelowvski et al. 2007). The main purpose of this method is to create
reliability of the output of findings and theorizing. This method deals with the systematic study of
findings (Walsh and Downe 2005). Various models have been proposed for performing Meta-syn-
thesis,among these models, the following can be mentioned:

1. The three-stage model of Noblit and Heyer is the oldest Meta-synthesis model;

2. Walsh and Dunn'’s six-stage model;

3. The seven-stage model of Sandelowski and Barroso is the most comprehensive Meta- synthesis model.
In this research, due to the comprehensiveness of the Sandelowski and Barroso model, this model

is considered. Sandelowski and Barroso presented their seven-step model for Meta- synthesis re-
search as follows (Figure 1):



Figure 1: Steps of meta-synthesis method
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3 RESULTS

In this part, the analysis of the investigated method and the implementation of the relevant steps
have been discussed.

Step One: Expressing the research question

According to the main purpose of this research, what is the answer to the question? The research-
er seeks to identify the main indicators and categories affecting the sustainability of construction
projects. Also, in response to the question when, considering the novelty of the research problem
and the increasing attention of other researchers in the last five years, the collection of articles from
the last five years has been considered as the source for identifying the mentioned indicators. In
addition, due to the validity of articles published in international journals, in this research, the col-
lection of articles from WoS and Scopus databases has been considered by the researcher for content
analysis. Finally, considering the comprehensiveness of Sandelowski and Barroso's model and the
acceptability of this model, the researcher will advance his meta-combination work according to
the stages of this framework.

Step Two: Systematic texts searching

Inthis step, the researcher conducts a systematicsearch of published articles to determine valid, reli-
able, and relevant documents in the appropriate time frame. First, relevant keywords are selected.
These words are listed in the table (Table 1) below.

Table 1: Keywords used in searches

Database | Title

Environmental sustainability
Social sustainability
Economic sustainability
Sustainability indicators

Construction
construction industry
construction project

WoS And Scopus

Project management

The purpose of this step is to determine valid, reliable, and relevant documents in a suitable period.

Step Three: Reviewing and selecting the appropriate texts

Afteridentifying the research keywords, a collection of articles containing them is assembled. These
articles are screened based on things such as title, abstract, content, and research method, and the
final articles are identified and selected.



Table 2: Literature Screening and Inclusion Criteria

Non-acceptance criteria

Acceptance criteria

Criteria

Irrelevance

Related

Inaccessibility

Availability

Accessibility

No specific framework

With a clear framework

Non-English English Language
Articles before 2018 Articles from 2019 onwards Time
Other Articles published in Scopus, WoS Database

Figure 2: Research t

rend chart

Searched database(Scopus [ WOS)

Keyword search in ifles
abstract key-words of search
engines

Results==327

Screening of fifles/abstract
full text= 107

Selection of relevant papers

Final output= 43

l

Analvysis and Findings

Step Four: Extracting the required data from texts

After choosing the appropriate articles, now we have to identify the relevant indicators based on
the questions considered. Research questions:

Content analysis

1. What are the main sustainability indicators of construction projects?

2. What are the main indicators of the social dimension of the sustainability of construction projects?
3. Whatare the mainindicators of the economic dimension of the sustainability of construction projects?
4. What are the main indicators of the environmental dimension of the sustainability of construc-

tion projects?

In the current research, a total of 139 codes were identified from the selected articles based on
the meta-composite approach, whose frequency is based on sustainability dimensions: 36 codes for
the environmental dimension, 44 codes for the economic dimension, and 59 codes for the social
dimension. Itis noteworthy that the frequency of identified codes regardless of their repetition was

573 codes.

Research objectives

Clear expression




Table 3: Examples of identified codes

freq codes

16 Energy efficiency

11 Using environmentally friendly primary energy sources and renewable energy

4 Eco-efficiency Resource managgmentand
energy consumption

4 Sustainable maintenance

3 Consistent and predictable load

6 Construction water quality impact

15 Water use and conservation Management (.’f water resources
and consumption

7 Recycling water & Water saving

Step Five: Analyzing and combining the results

The fifth step in Meta-synthesis is analysis and composites. For this purpose, the researcher has cat-
egorized the identified codes and themes based on modeling from the relevant research back-
ground. In the meta-combination approach, the codes and themes collected from the articles are
categorized based on the researcher’'s understanding and intuition of the subject under investiga-
tion. This process continued until there were no more codes without related themes and categories.

Step Six: Quality control of the results

According to the Kappa coefficient value for codes identified after direction, this index is accepted,
and the result is considered significant. Kappa coefficient is referred to as internal reliability evalua-
tion criterion. Researchers believe that if the value of the coefficient is greater than 0.6, this coeffi-
cient has a relatively good value (Landis and Koch 1977).

Table 4: Kappa coefficient

Symmetric Measures

Asymptatic Appraxirmate
Standard " Approximate
a
Waluea Errar Significance
Measure of Agreement Kappa 890 1086 3.804 =001

M of Valid Casas 18
a. Mot assuming the null hypothesis.

b. Using the asymptolic standard arror assuming the null hypothesis.

(Source: Authors' own work)

Step Seven: Presenting the results

At the end, the results of Meta-synthesis are presented in Table 5. In the Meta-synthesis stage of
three main areas, 10 general indicators, 33 sub-indices and 139 guidelines were extracted. It should
be noted that the guidelines are the identified codes.



Table 5: Results of Meta-synthesis
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Accordingtothe provided image, the meta-synthesis processin this research has led to the extraction
of a comprehensive framework comprising three main areas, 10 general indicators, 33 sub-indices,
and 139 gquidelines. This hierarchical structure demonstrates a systematic approach to integrating
and organizing sustainability criteria in project management. As Goel et al. (2019) note, the effec-
tive integration of sustainability into construction project management requires the identification
and structuring of key dimensions and indicators. This finding also aligns with the research of Hate-
fi and Tamosaitiené (2018), who emphasize the importance of developing sustainable criteria for
construction project assessment. The approach employed in this analysis, where the guidelines are
directly derived from the identified codes, ensures the precision and transparency of the extraction
process. According to Hashemi et al. (2021), the proper selection of sustainability indicators is the
foundation for informed decision-making at various stages of the project lifecycle. Ultimately, this
comprehensive framework not only provides an assessment tool but also represents a step towards
achieving “project management for positive social impact,” as promoted by Goel et al. (2020).

4 DISCUSSION

Integrating sustainability in project and project management is an approach that has received in-
creasing attention from academic researchers in recent years. To implement the principles of sus-
tainability at the project level, researchers have identified key success indicators and factors; How-
ever, the identification of the aforementioned indicators only leads to the identification of factors
affecting the sustainability of projects, while the main goal of integrating sustainability in projects
is to improve their performance level from the perspective of compliance with the principles of
sustainability. According to what has been said, the need for a model that can be used to measure
the sustainability of the project and determine their level of sustainability, to identify the improve-
ment leaders and use the contract is felt. The current research has presented a model to fill the gap,
thismodelintroducesthe dynamicapproachtoimprove the sustainability of construction projects by
considering the three main dimensions of orientation, implementation, and results.

5 CONCLUSION

The model presented in the results dimension by expressing the economic, environmental, and so-
cial results expected from the projects that are concerned with the integration of sustainability, as
well as the expected results from the product of these projects, provides a view of what should be
realized in the end. But this is not the end of the work, this model in two dimensions of orientation
and implementation at two strategic and operational levels has expressed how to implement pro-
jects to comply with the principles of sustainability and obtain sustainable results.
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ABSTRACT

The tourism industry faces a critical challenge: balancing economic growth with environmental
protection andsocial well-being. Sustainable tourism planning, which prioritizes local residents’
quality of life, offers a promising path forward. This article explores the integral role of innova-
tive tools, new technologies and data analytics in this process.

Innovative technologies can effectively monitor tourism's impacts, ensuring informed deci-
sion-making that minimizes negative environmental and social consequences. They enable the
development of smart tourism systems that optimize resource use, reduce negative impacts and
enhance visitor experiences. Furthermore, they empower collaboration among different stake-
holders, including local communities, businesses, and government administration, fostering in-
clusive and sustainable tourism development.

This article explains how innovative tools and multiple data sources can be leveraged to gather
real-time and other (e.g. historic, statistical etc.) data on tourist flows, in order to plan efficiently
and make informed decisions. Moreover, it shares experiences of digital innovation of cultural
heritage (CH) and Tourism 4.0's achievements. By integrating technologies and data analytics
into sustainable tourism planning frameworks, destinations can create a future where tourism
not only thrives economically but also protects the environment, enriches local communities,
and fosters a high quality of life for residents.

Keywords: Sustainable tourism planning, Quality of life of local residents, Innovative technolo-
gies, Data analytics, Informed decision making, Digitalisation, Cultural heritage



1 INTRODUCTION

The advent of new technologies and tools has ushered in an era where real data can be harnessed
effectively. Furthermore, these advancements empower us to construct a digital replica of tourist
destinations, enabling data-driven strategic planning that has the potential to reshape tourism into
a force for sustainability.

On one side tourism holds a prominent position as one of the most significant economic activities
globally. Prior to the pandemic, Travel & Tourism (including its direct, indirect, and induced impacts)
accounted for 10.4 % of global GDP (USS$ 10 trillion) in 2019. The World Travel and Tourism Coun-
cil's (WTTC) latest annual research shows that in 2022, the Travel & Tourism sector contributed 7.6
% to global GDP; an increase of 22 % from 2021 and only 23 % below 2019 levels (World Travel and
Tourism Council 2024). Simultaneously, tourism serves as a horizontal layer intertwined with nearly
every facet of society. When managed judiciously, it possesses the potential to drive positive soci-
etal changes, economic prosperity, and sustainable development, a realization underscored by the
United Nations through the pursuit of the 17 Sustainable Development Goals (SDGs) (World Tourism
Organization and United Nations Development Programme, 2018). The Tourism 4.0 initiative is at
the forefront of this transformation, harnessing technologies from Industry 4.0, including the Inter-
net of Things, Big Data, Artificial Intelligence, Blockchain, Virtual Reality, and more.

In 2018, led by Arctur, a Slovene high-tech company, this initiative evolved into the Tourism 4.0
Partnership, uniting today a consortium of over 230 industrial organizations, universities, leading
research institutions in tourism, computer, and information technology, as well as governmental
bodies, associations of municipalities, and small-scale tourism service providers. The initial step in
this journey involved a fundamental rethinking of tourism, a process that has proven resilient even
in the face of challenges posed by the COVID-19 pandemic.

Within the Tourism 4.0 ecosystem, the focus revolves around local inhabitants and their quality of
life, with all other stakeholders orbiting around them. Within this framework, a system has been
devised, incorporating innovative solutions to measure the impact of tourism, tourist flows, and
other disruptive tools aimed at promoting sustainable planning and development. Importantly, this
system entails the sharing of at least a portion of the data and profits with the local community.

Figure 1: Tourism 4.0 Ecosystem
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2 THE QUEST FOR LOCAL DATA

At first Tourism Impact Model (TIM) was developed, an award-winning tool using real data to create
an objective picture of the impact of tourismin a certain micro-location. It analyses different societal
aspects: from environment, economy and culture to collaboration and produces an automatically
generated report based on more than 300 indicators. By modelling the impact using different sce-
narios, italso acts as a digital twin of a tourist destination and allows data-driven strategic planning
aligned with the UN Sustainable Development Goals.

TIM has already been validated in 27 destinations in Danube area (Austria, Slovenia...) and 6 desti-
nations in Black Sea Area. The biggest challenge of TIM is to collect the data from various data sourc-
es, which takes a lot of human effort. Beyond this issue, very often there are also issues with data
availability and data reliability. And in working with destinations, it became clear that the current
situation is rather a wild west. We are just at the very beginning of the development of own lo-
cal data gardens where high quality ingredients for data analytics could grow. This article presents
some projects within the framework of Tourism 4.0 fostering this development by the creation of
innovative good practices (“Tourism 4.0", 2024).

3 MOUNTAINEERING 4.0

Mountaineering 4.0 brings innovative technologies to the Alpine environment. It is based on FLOWS
platform, a solution that supports understanding and forecasting visitor patterns at any location
(Planinska Zveza Slovenije 2023).

It provides data integration from multiple sources (smart counters, mobile data, points of interest,
tourist tax collection, municipal infrastructure such as waste, water and electricity consumption,
public WiFi networks), analysis of data in various formats, real-time and historical data, a compre-
hensive online dashboard with charts and maps of KPIs, in a user-friendly interface. FLOWS also
provides advanced forecasting capabilities. It employs advanced data analysis to help professionals
prepare for periods of increased visits by adjusting marketing activities, service offerings or resource
allocation to meet changesin consumer demand. FLOWS answers key questions such as when peaks
occur, the impact of seasonality, the areas of congestion, the influence of traffic flows and how
weather, holidays and other events affect visitor patterns.

Inthe mentioned project, the Slovenian Alpine Association, CIPRA Slovenia and the Trzi¢ Alpine Club,
partners of the project have installed a system of smart pedestrian sensors at five of Slovenia's pop-
ular hiking destinations - Vrsi¢, Lovrenska jezera, Storzi¢, Osp and Kum. The sensors collect data in
real time on visits and display it on the user-friendly FLOWS dashboard. This supports better under-
standing of visitor patterns in the Alpine area and the sustainable rerouting of Alpine flows.

Multitude of data sources data (number of trail visitors, traffic to the area, weather, mountain acci-
dents), when analysed and interpreted, can provide valuable insights for managing and improving
the mountain region, enhancing visitor experience, and promoting sustainable tourism practices.

Other data sources that could be used in the project have also been identified however they were
not available because of various reasons, legal or technical. For example, number of overnight stays
in the mountain huts, occupancy of parking spots etc.

Collecting visitors' data in natural/mountain regions may present challenges such as extreme
weather conditions, remote access, lack of infrastructure, and the risk of natural disasters. This
project represents a major step forward in the sustainable and data-driven management of
mountain tourism.

1 Project reference: Planinstvo 4.0, Planinska zveza Slovenije (leading partner), Cipra Slovenija, drustvo za
varstvo Alp, Planinsko drustvo Trzi¢, 2022-2023, funding Ministry for public administration of Republic of
Slovenia.



Figure 2: Flows Dashboard representing summary of trail visits in real time at five locations in
Slovenia.
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Figure 3: Flows dashboard representing data from two different data sources: footfall counters vs
traffic counters showing correlation.
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4 SD4TIM

Space data for TIM (ESA Contract No. 4000138244/22) is the second project from the mentioned
framework, funded by European Space Agency, aiming to simplify the TIM user's experience by au-
tomatizing the data collecting process, quantifying changes in air pollution - Air Quality Indices, to
provide aggregate estimates in Europe using Satellite Earth Observation (EO) data and integrating
itinto TIM as well as the Land Surface Temperature (LST) data. As a result, TIM assessments can be fin-



ished faster and with higher accuracy. The project started in the middle of TRL2 and finished at TRL3
with the developed Elementary Prototype of the integrated Satellite EO data in TIM.

The first topic researched was air quality which can be measured using local means: stations with
various in situ ground sensors, many of which are found in large cities in developed countries and
much less frequently elsewhere.

The approach taken in the SD4TIM project makes use of satellite data, which brings many benefits:
objective and comparable measurement, replicable anywhere in the world, providing a larger scale
view complementary to in-situ data and well adapted to analyse trends at a city, region, or country
level. The raw data source integrated used is the CAMS service, offering information based on obser-
vation satellite data (Sentinel-5p), in-situ data and scientific modelling.

4.1 Air quality

Air quality indicators have great significance for the local strategists and decision makers. In the project
it was concluded that satellite data is extremely important since it is generally available and can be of
great use to local decision makers. The biggest challenge is to make it easily understandable to them
which can be tackled from two directions: (1.) making analysis and interpretation of the data as instinc-
tive as possible and (2.) increasing the knowledge of decision makers on how to use this information.

4.2 Land Surface Temperature (LST)

The second topic researched was Land Surface Temperature (LST), a measure of the temperature of
the Earth's surface as perceived by satellite or ground sensors. There are several methods for meas-
uring LST, including thermal satellite sensors, ground-based weather stations, and ground-based
sensors. Thermal satellite sensors are most used to measure LST on a large scale, as they allow large
geographic areas to be covered and temperature changes to be monitored on a regular basis. LST
is influenced by several factors, such as vegetation cover, topography, soil moisture, presence of
water and urban density. Data from LST can be used for a variety of applications, including mapping
urban areas, monitoring droughts and floods, predicting forest fires, monitoring climate change,
assessing air quality, the detection of urban heat islands or even the detection of urban heat loss
linked to poorly insulated buildings. However, LST data can be affected by errors and uncertainties,
especially in areas with heavy cloud cover and snow coverage. Additionally, LST measurements are
not always available at high spatial and temporal resolution, which may limit their usefulness for
some applications.

Figure 4: LST data and points of interest for City centre of Ljubljana (summer 2023).
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Figure 5: Coverage of water features in Ljubljana (Summer 2023).
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In the project LST was connected with points of interest provided by the municipalities. Their goal
was to understand how they can use the LST data to better design urban planning and check the
effectiveness of plans already produced.

Over the years, advanced methods have been developed to improve the measurement and analysis
of LST. For example, remote sensing techniques based on high-resolution satellite images have im-
proved the spatial resolution of LST data and tracked temperature changes at the local scale. Surface
temperature simulation models have also been developed to improve the accuracy of LST data.

The use of LST data seems to be effective in detecting both the urban heat island effect during sum-
mer and the heat loss of buildings during winter. Using the satellite data includes the ability to ob-
tain objective and comparable measurements, the potential for replication across global settings,
and the capacity to offer a panoramic perspective that complements localised in-situ data.

5 BEYONDSNOW

Many small medium-altitude snow tourism destinations and communities across the Alpine Space
area are facing climate change issues, especially regarding the diminishment of snow coverage.
Climatic data indicate that this effect will considerably worsen in the future. The third presented
here, BeyondSnow project is led by 13 partners and aims at increasing the socio-ecologic climate
resilience of snow tourism destinations and communities and enable them to retain their attractive-
ness for residents and tourists, by specifically considering eco-system-based approaches. The project
isfunded by the European territorial cooperation programme “Interreg Alpine Space” (BeyondSnow
2023). New sustainable development paths, transition processes, and implementable solutions will
be conjointly devised within specific pilot working areas, which are spatially distributed across six
Alpine countries, differing in size, development level and criticalities.

Since the beginning of the project the project partners have been identifying future climate scenar-
ios, vulnerability indicators, and main transition models for snow tourism destinations, developing
a theoretical and methodological design of the Resilience Adaptation Model (RAM) that will repre-
sent a theoretical model for the innovative and easy to use Resilience Decision-Making Digital Tool
(RDMDT). The RDMDT will be made freely available and publicly accessible throughout the Alpine
community. The RDMDT will be an automated assessment tool designed to collect quantitative and
qualitative data, transforming it into enriched information, allowing local and regional authorities,
development agencies and stakeholders to pursue eco-system-based data-driven strategic plan-
ning. ("Beyond Snow Project Developments” 2023).



Additionally, pilot actions for RDMDT implementation and resilience enhancement of the pilot
working areas are planned. By involving local communities and stakeholders, the project partners
aim at field-testing and fine-tuning the RDMDT, as well as co-designing alternative development
scenarios, sustainable transition paths and strategies for each pilot working area. Finally, policy rec-
ommendations for Alpine Convention, EUSALP & EU are foreseen. The policy recommendations are
going to meet the Alpine Convention working group results on climate change strategies, including
the Alpine Convention Alpine Climate Board and the Climate Action Plan 2.0. On the EU-level, policy
recommendations will be developed in the light of the EU strategy for Sustainable Tourism.

6 DIGITALINNOVATION OF CULTURAL HERITAGE: WIN, WIN, WIN

Gathering local data makes us understand how drastically change is happening at home and not
somewhere else. Faced with over-tourism or climate change, destinations have a chance to rethink
tourist flows, creating both challenges and exciting possibilities for new experiences. This article
wants to showcase an example where this was taken as an opportunity to create a story of success
- at the crossroads of digital technologies, tourism and cultural heritage.

The Register of Slovene Cultural Heritage, specifically the Registry of Immovable Cultural Heritage,
has more than 30,000 entries and the register systematically identifies the protected and most im-
portant immovable cultural heritage in Slovenia. From a tourism development point of view, each
of the entries presents an opportunity and a potential source of new digitally enriched interpreta-
tion and (tourism) experiences. Cultural heritage as a starting point of sustainable tourism devel-
opment is characterized with deep roots in local culture and the life of local communities, is a re-
flection of local, regional, national and cross-border identity and symbolic DNA, as well as relatively
evenly dispersed across the country, thus “resisting” the agglomeration effects in tourism (leading
to over-tourism, iconisation and over-commercialization/Disneyfication). Each registered object of
immovable cultural heritage conveys a value and learning that could be interpreted digitally - and
thus presented to new audiences in new engaging ways.

It is in this context that local culture and cultural heritage are often seen as ‘unpolished diamonds'
that can be transformed into assets. This can be done by ‘polishing the diamonds’, that is, “turn-
ing underused or unused resources, situations, facilities or features into socioeconomic assets”
(Schwendler 2012) (as the URBACT OP-ACT Thematic Network suggests (Schlappa 2013). Cultural
heritage is widely understood as a powerful economic, educational and social resource (Council of
Europe 2017), a "development asset” (Loulanski 2006), a "value-adding industry” (Cernea 2001),
and "the most significant product of the 21st century” (Ogino 2002). It is clear that heritage and
culture in general are especially valued for their contributions to social innovation as well as for
their creative and innovative capacity to attract development and act as catalysts for urban transfor-
mation - as discussed in several UNESCO publications (UNESCO 2018; UNESCO 2013; UNESCO 2016).

Investments in cultural heritage have already shown both direct and indirect positive impacts. In
2003, Nypan (2006) identified a ratio of 1:27 between direct job creation by heritage institutions
and indirect job creation (creative and cultural industries, tourism, etc). For comparison the same
ratio of direct to indirect job creation for the automotive industry is 1:6.3. Moreover, a 1998 study
found that USS1 million invested in rehabilitation of cultural heritage generates 31.3 jobs, making
the impact larger than that for manufacturing (21.3) (Rypkema 1998).

In addition, only 16 % of the jobs that are created from investing in cultural heritage are located at
the heritage sites (Greffe 2002), meaning that the positive impacts are largely felt in the vicinity and
in neighbouring communities. For example, Nypan attributes only 6-10 % of all heritage tourism
spending to the actual objects of cultural heritage, while the largest share of spending happensin
the broader community (accommodation, food, related cultural supply, other local businesses, etc.).
Although the impact of culture is being increasingly analysed and characterized by (cultural) econ-
omists (Doyle 2010; Navrud et al. 2002; Srakar 2010; Seaman 2003), as a part of macroeconomics
(UNESCO 2015), cultural heritage within development “lacks a real working formula” (Napolitano
2018) that can be used in the practice of ‘polishing diamonds'. Consequently, despite the broad
agreement on the need to (socially) innovate at the intersection of heritage and the economy, cul-
tural-heritage actors still struggle.



Despite that the upcoming trends of the virtual experience economy have an immense potential for
on-demand enriched experiences in tourism, most notably in the heritage and cultural tourism sec-
tor, tourism management organizations are typically not engaged in the creation of new complex
tourism products on cultural heritage and are even less incorporating new digital interpretation
technologies. The sectors of tourism (tourism providers, tourism destination management organi-
zations) and cultural heritage (GLAM and regional offices of institute for heritage protection) have
- despite having many touchpoints and common aims - very seldom cooperated in co-creative pro-
cesses. Moreover, digital interpretation technologies - such as Virtual Reality, Augmented Reality,
holographic projections, video mapping, mobile and web apps - have not been common at leading
tourist destinations, especially due to a lack of knowledge, skills and dedicated funding.

Based on the research findings within the largest R&D project focused on tourism in the history of
Slovenia Tourism 4.0 TRL 3-6, involving all major universities in the country and Arctur, a hi-tech
company which initiated Tourism 4.0 partnership (Tourism 4.0), the Slovene Ministry for Economic
Development and Technology took the lead to pave the way and become one of the leading coun-
tries in digitally enriched tourist experiences of cultural heritage. The goal of the Ministry was to
develop new tourism products that take inspiration in cultural heritage, engage new audiences
and stakeholders through digital and hybrid interpretation and thusly contribute to interpretation,
awareness-raising, and documentation of (immovable) cultural heritage. Such projects were envi-
sioned to have direct results in tourism development, as well as indirect results in supporting crea-
tive and cultural industries, advancing the use of technology in cultural tourism and cultural herit-
age, contributing to 3D digitization goals and cross-sectorial cooperation at local levels.

Using digital tools and technologies, new tourist products stressed the engagement in Sloveni-
an cultural heritage and conveyed the message and values of protected CH to visitors, craving for
unique and local experiences. Cultural heritage and heritage tourism present a unique opportunity
for digitising and digitalising cultural heritage for new co-creative and participative processes. The
project was based on understanding the needs and co-creation of added value by fostering new
local CH tourism experiences with advanced technology. Technology solutions do not only uniquely
represent the local identity but also allow for enriched interpretations and timeless preservation.

Projects of digital innovation of CH are thusly intrinsically a combination of product development,
storytelling, digital interpretation of CH, advanced technologies (3D digitisation, AR/VR, holograph-
ic projections, touchscreens, mobile and web apps, video mapping), user experience design and
collaborative co-creative processes.

This project equipped individuals and organizations with the skills and knowledge to digitally trans-
form cultural heritage through a comprehensive approach. It provided workshops, trainings, and
a toolkit on cultural hreitage digital innovation, empowering participants before and after appli-
cation submission. Sharing new approaches, technical guidelines, and standards aimed to inspire
applicants, raise expectations, and ensure high-quality, accurate 3D digitization of CH units through
established guidelines. The project fostered collaboration between local, regional, national, and EU
stakeholders, gathering and disseminating results nationwide to amplify local and regionalimpact.
Active participation in over 50 EU conferences, symposiums, and workshops (2020-2021) served to
further disseminate findings on an EU level, while the project's presence at Expo 2020 Dubai lever-
aged cutting-edge technologies like VR glasses, AR tables, and holograms for impactful presenta-
tion. Looking towards sustainability, the project secured participation in new EU projects focused
on digitization, immersive tourism products, and education (CINEA, Erasmus+, Horizon Europe), and
even established new CH groups, like the national section for underground heritage, dedicated to
driving further digital innovation and creating unique tourism experiences. This project empow-
ered individuals, fostered collaboration, and established sustainable practices for CH digital innova-
tion, not only within the project but across Europe.

The project involved 35 tourist destinations in Slovenia and together over 1000 heritage and tour-
ism experts, digitalisation experts and technical staff, local NGOs, companies - tourist and other
providers, local residents (storytellers) that were included in the digitalisation process and in the
creation of the 5-star tourist experiences. It was well recognised on a national and international lev-
el. Moreover, the project was awarded the ECTN award in 2021 - the category Cultural and Creative
Industries, 2nd place. Several tourist destinations have also received international awards for their



projects (Top 100 Destination Sustainability Story, BIG SEE Tourism Award...). Moreover, the project
has been presented at Expo 2020 in Dubai.

The project was completed in December 2021, with 114 units of digitized cultural heritage and de-
veloped 31 5-star (unique, local) tourist experiences. With it, Slovenia has become the pioneer and
one of European's leading countries in the digital innovation of CH.

7 HARNESSING DATA FOR TOURISM: UNVEILING A EUROPEAN STRATEGY

As we've seen, data - both numerical and 3D - is revolutionizing tourist experiences and manage-
ment. The European Commission (2024) recognizes data as "a key ingredient for innovative prod-
ucts and services,” and aims to unlock its value for Europe.

In February 2020, the European strategy for data outlined a plan to create “common European data
spaces” in strategic fields like tourism, cultural heritage, and media. These spaces will gradually
form a single European data market that upholds EU requlations and values, particularly regarding
personal data, consumer protection, and competition. Open to participation, they will offer secure,
privacy-preserving infrastructure and fair, transparent, and non-discriminatory access rules.

The vision is to unleash the potential of data-driven innovation, especially by empowering data
holders to share their data for free or for compensation. In this way, data spaces share many goals
with the Tourism 4.0 initiative. Data from related projects, initiatives, and pilots will be, or will soon
be, included in these common data spaces for tourism, heritage, and media.

As a Tourism 4.0 initiator, Arctur plays a crucial role in establishing and implementing data spaces
and related activities. Arctur thus bridges the gap between local, bottom-up projects and broader
strategicinitiatives and trends and present a unique partnerin digitalisation pathway for many pub-
licand private players.
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TORRENTIAL FLOODS AND LANDSLIDES -
SUSTAINABLE RECOVERY

Franc Vidic, Lecturer, PhD
Alma Mater Europaea University, Slovenia

ABSTRACT

Storms, floods, and landslides are risks we face. This paper describes torrential floods and land-
slides and theirrecovery. The recovery strategy must help people return from disaster to normal
life, but the next step must also be sustainable. It involves environmental, social, and economic
aspects that can only be achieved by striking an effective balance between the natural environ-
ment, human response, and technology.

Due to abundant rainfall and rapid rainwater runoff, torrential and flat waters rise and overflow
riverbeds. Floodwaters are associated with erosion, landslides, the carrying away of soil on riv-
erbanks, as well as deposits of materials carried by swollen rivers. Raging waters cause signif-
icant damage to rural agriculture. Rapid response and remediation of the damage help reduce
the consequences and allow for the continuation of activities. The main goal of sustainable re-
covery is to develop long-term solutions for natural and human stakeholders.

During heavy rainfall, torrents grow, and landslides are triggered. In such cases, it is important
to act quickly and efficiently. The first step is to address activities connected with public safety,
health, welfare, security, and the minimization of environmental impact. Torrents and torrential
areas must be managed in a natural manner, using a sustainable and interdisciplinary approach
to recover from downpours, floods, and landslides.

This paperis prepared by conducting a series of relevant literature reviews in the field of land sub-
sidenceandflooding oftorrents and by analysing several damage cases in the municipality of Skofja
Loka during the heavy rainfall in August 2023. Based on the relevant research, we have found out
that there are many possibilities forimproving current practices of torrents reconstruction.

Keywords: Sustainability, Flood, Landslides, Torrents



1 INTRODUCTION

Torrential floods and landslides are indeed complex natural phenomena that can be caused by both
local conditions and human activities. Factors such as unfavourable geological conditions, diverse
morphology, and heavy precipitation during rainfall contribute to the occurrence of these disasters.
Additionally, climate change and its impact on the hydrologic system can further exacerbate the
frequency and intensity of such events (Haasnoot et al. 2009).

The warming caused by climate change has significant implications for the environment. It can lead
to increased temperatures, changes in precipitation patterns, and alterations in the frequency and
intensity of natural events. These changes, including heavy rainfall, can trigger torrents and land-
slides, contributing to the occurrence of flood and landslide disasters.

Heavy rain is generally classified as falling at a rate of greater than or equal to 7.6 mm of water per
hour (Coen and Shah 2023). Floods in Slovenia can occur at any time of the year, but most of them, and
the heaviest ones occur in spring and autumn (Mikus et al. 2004). In August 2023, Slovenia was hit by
severe weather: downpours (heavy rain), torrential floods and landslides caused destruction. The RS
Environment Agency ARSO (2023) issued a red warning for north-eastern, north-western and central
Slovenia. This year was the first time that the summer warmth was above average and wet on record.
High temperatures, evaporation, accelerated formation of weather fronts, intense precipitation.

In Slovenia, rock falls, landslides, torrential erosion in headwaters, and riverbank erosion are the
most hazardous phenomena. These natural hazards pose a risk to the country's infrastructure, set-
tlements, and natural environment. Land sliding and erosion occur in approximately 43 % of the ter-
ritory (some 8,800 km? of labile or potentially unstable slopes), where some 8,000 km of torrential
streams drain water from nearly 400 torrential watersheds (Mikus et al. 2004).

1.1 Torrents

Torrent floods are inevitable; rivers burst their banks and flood, and a series of related chain reac-
tions ensue. Torrents are mountain streams that rise quickly and strongly in case of heavy rainfall, of-
ten only for a short time. The danger of torrents lies in the large amounts of torrential debris (rang-
ing from sand and unrounded gravel to larger erosion debris and larger rock blocks) that is eroded
and washed away by torrential waters, as well as by debris (wood, trunks, branches, roots) that the
torrent uprootsinits catchment area or from its bed. Torrents with great erosive power erode banks,
shift riverbeds, and carry away dams and bridges.

Landslides and sediments occur, groundwater and water sources are polluted, spills of inadequately
protected hazardous substances occur. As a result of polluted silt and other material deposited on
the plains, the fertility of cultivated land is decreasing. Sometimes, due to pollution, the land is even
unusable without thorough rehabilitation. Sensitive ecosystems are destroyed. Infrastructural and
industrial facilities are flooded and damaged (roads, electricity, and water networks). Due to rising
waters and sediments, human lives are also threatened (Vidic 2023).

Areas where there is erosion and creeping of soils and landslides pose a specific problem.

1.2 Landslides

Landslides resulting from failures of natural balance in Slovenia have been mostly associated with
geological and morphological conditions (Mikus et al. 2004). Aside from heavy rain, the triggering
factors for landslides include the geological structure, terrain's ruggedness, the weather's thickness,
vegetation, various interventions (excavations, roads), and additional loads. Rock weathering is a
natural process that gradually weakens the soil. Due to weathering, the strength of the rock gradu-
ally decreases, and at some point, gravity exceeds the shear strengths at the weakest face within the
earth mass. Additional factors, such as a greater amount of water during heavy rains, further weak-
en the unstable rock. The water-soaked ground mass becomes destabilized and begins to move
when it is undermined when the slope is overburdened when watercourses erode when there is
an earthquake, or due to other external natural or human unfavourable factors. Stable slopes can
transition from apparent stability to untamed dynamics, threatening life and property. Landslides
annually inflict damage and disrupt the functionality and structure of various elements, including



terrain degradation, residential buildings, road networks, sewage systems, telecommunications
lines, electricity grids, agricultural crops, and forests.

Slopes where movements are already taking place and may indicate a future landslide can be rec-
ognized by the wavy shape of the terrain, the sabre-like curvature of trees, inclined poles, cracks in
the ground, etc. If there are several landslides, thisis a clear sign that the terrain is prone to creeping.
Experts can predict potentially dangerous areas based on the type of bedrock, the thickness of the
weather cover, the shape of the terrain, the slope of the slope, and the occurrence of surface and
underground water (Ribici¢ 2014).

Landslides may be triggered by human activities, such as adding excessive weight above the slope, or
digging at mid-slope or at the foot of the slope. Often, individual phenomena join to generate insta-
bility over time, which often does not allow a reconstruction of the evolution of a particular landslide.

1.3 Restoration process

Reducing the damage is basic. Regulating natural watercourses requires a broader knowledge of
natural laws because each watercourse in nature is a world unto itself, and the animals, plants and
other organisms that live in it form a complete ecosystem. According to the Water Act (PIS 2023):"In-
terventions for water regulation must be planned and implemented in such a way that they do
not significantly deteriorate the properties of the water regime and do not significantly disrupt the
natural balance of water and riparian ecosystems” and "Water management must follow the prin-
ciple of integrity, which takes into account the natural processes and dynamics of water, as well as
the interconnection and interdependence of water and riparian ecosystems in the catchment area”.

Hydronomic works and river restoration techniques refer to a large variety of ecological, physical,
spatial, and management measures and practices. These are aimed at restoring the natural state
and functioning of a natural system in support of biodiversity, recreation, flood safety, and land-
scape development. Plant communities (biodiversity) change spatially and temporally in response
to the input of water and sediment supplied by the stream system. Interventions in the water area
should be reduced to the least possible measure by returning at least part of their space to the wa-
ters. Many species will be able to survive in such an area, and the water quality will increase with
the help of greater biodiversity (Globevnik et al. 2010). Hydronomic works, by nature, constitute
significant protection-environmental works.

In recent years, extreme floods, the need for ecological reconstruction of rivers, and the prospect of
future global change has raised the awareness that new water management strategies might be
needed over the forthcoming years to ensure sustainable water system use. Two systems interact
(Haasnoot et al. 2009): society responds to events, and the state of the water system changes in
response to management. Planning and managing water resources, sustainable development, and
strategies on ariver basin level (Bandaragoda and Babel 2010) must integrate the collective efforts
of many groups to ensure river basins remain environmentally and economically sustainable over
the long term. The appropriate arrangement brings socio-economic benefits (beneficial impact on
the quality of the living environment, price acceptability of the arrangement, etc.).

2 PURPOSE AND GOALS

The purpose of this paper is to contribute to the awareness of the complexity and dynamics of the
living environment, which is full of uncertainty. Environment is not intended only for humans.
After a disaster, the initial activities are oriented towards protecting people's lives and property,
economic infrastructure, and return to normal life. On recovery, it is important to set up a strategy
to find sustainable solutions, an interdisciplinary approach that takes into account ecosystems,
ecosystem services, and human presence. We cannot predict everything. The national strategic
goal is as follows: »There will be no torrents and torrential areas in Slovenia that are not managed
sustainably, and new damage potential shall not be created in areas of danger and hazard.«

Ourresearch took place from Augustto December 2023 during intervention activities after a disaster
in the municipality of Skofja Loka. The goals of the research were these:
1. field mapping of floods, torrents, and landslides,



2. detecting causes of the torrential and landscape damage,
3. first problem-solving activities.
As the final goal, we discussed a long-term sustainable restoration strategy.

3 METHODS

After studying the relevant professional and scientific articles on heavy rain, torrents, and land-
slides, we prepared summaries. We were part of the restoration team and went to the field on the
first day.

The basisisinventorying and field mapping of torrents and landslides. All data from field work were
part of an interventional restoration project. All data were collected, analysed, and interpreted.

The field work took place from August to December 2023 and consisted of inventorying the damage
and preparing intervention measures. We used topographical and geological maps, and LIDAR Slo-
venia online. In the field, we used geological tools.

4 RESULTS

Due to the heavyrain on 4 August, the streams in Idrija, Cerkno, and Skofja Loka hills overflowed.
The floods began on 3 August at around 8 p.m. According to ARSO (2023), the worst flooding was
in the foothills of the Julian Alps, from Idrija through the Ljubljana basin to Slovenian Carinthia,
where 150-200 mm fell; on Loibl, 275 mm fell in 48 hours. A red hydrological warning was also
issued for rivers. Due to heavy rain, the National Flood Protection and Rescue Plan was activated.
Since the very beginning, the main priority was to help the affected people. In the first weeks after
the disaster, we primarily helped by providing temporary accommodation and funds for the basic
necessities of life, but going forward, assistance will mainly come in the form of funds to rebuild
damaged and replace destroyed homes (Government of the Republic of Slovenia 2023).

Floods and landslides affected 183 of Slovenia's 212 municipalities, with 104 municipalities severe-
ly impacted. The total area affected is estimated at 17,203 square kilometres. To date, the Slovenian
Government has provided EUR 515.9 million to help people, municipalities and the economy (Gov-
ernment of the Republic of Slovenia 2023).

Goal 1: Field mapping of floods, torrents and landslides

Floods, torrents and landslides mainly occur in lower hilly areas that are typical of the preAlpine regions.

Figure 1: This area has very torrential geomorphological characteristics. Downpours, torrential
floods and landslides cause destruction.

(Photo: M. Frlan and F. Vidic, 2023).



Our fieldwork was to inventory: damage caused by rivers and torrents, landslides, roads, and geo-
technicalinfrastructures that were damaged and may be damaged even more severely by torrential
rainfall in the future (Figure 2).

Figure 2: Graphical representation of damaged river and torrents; course landslides; roads and ge-
otechnical infrastructures that were damaged and may be even more severely damaged by future
torrential rainfall in the municipality of Skofja Loka. Along the Poljanska and the Sel3ka Sora, how-
ever, the rivers eroded their banks, overflowed them and deposited large amounts of material.
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Depending on the geology and morphology, torrential waters forcefully undermine large amounts of
solid material (erosion), transport the washed-out sediments, and deposit them (the Poljanska Sora,
the SelSka Sora, the Sora). In steep torrents, the transport of washed-out sediments causes the for-
mation of mudflows. The following streams flow into the SelSka Sora: Prifarski and Vincarski potok,
Srednjiska grapa, Bukovitica, and Lu3a. Into the Poljanska Sora there flow: Brezniska, Baja Zenkova,
Gabrska, Petruzova and Kumrova grapa, and on the other bank: Krniska grapa, Hriboska, Mocilska and
Bodolska grapa, Sovpat, and Hrastnica. Headwaters in river basins greatly influence the ecological
state of the water, the water balance, and the sedimentary regime of the river system.

Goal 2: Detecting causes of the torrential and landscape damage

Damage caused by torrents and triggered landslides depends on the geological structure, terrain's
ruggedness, the weather's thickness, vegetation, various interventions (excavations, roads), and
additional loads.

The hills in the Skofja Loka municipality are typical of the pre-alpine world; they are built of car-
bonate and clastic rocks. The damage mostly belongs to the unstable area of younger Paleozoic
clastite formation (Carboniferous, Lower and Middle Permian). The dominating rocks are red, green
and grey slates, siltstones and sandstones; in some places quartz conglomerates can be found. The
rocks are tectonically damaged due to thrusts and faults, and weathered at the surface. Only a small
number of landslides belong to weathered soil on Triassic rocks.



Figure 3: Landslides may be triggered by anthropic activities.

(Photo: F.Vidic, 2023)

We registered more than 50 landslides of various sizes and triggers, including geological, morpho-
logical, physical, and human. Heavy rain was an external but the basic trigger in this case.

Landslides were the result of natural and anthropogenic factors:

- construction works: excavation for road cuts, backfilling of storage plateaus, construction pits, and
similar. Excavations and embankments cause excessive loading of unstable slopes, resulting in land-
slides of destabilized soil, which are triggered above and below an area in the natural environment;

- landslides on meadows that were the result of soil accumulation in the lower part of former
arable land;

- the rising waters of the torrents undermined the banks and consequently caused the triggering
of landslides;

- insome places, the torrential rains clogged culverts with their sediment; the water then flowed
down the carriageway, eroding and undermining unprotected shoulders;

- inappropriate construction methods and locations of buildings;

- failure to comply with the instructions of experts and their project solutions when remedying
past mistakes;

- numerous poorly maintained forest trails vulnerable to torrential activities.

Goal 3: Initial problem-solving activities.

The Government is working intensively on a reconstruction and development act, the main purpose
of which is to ensure effective reconstruction, and is also intensifying its work on the financial archi-
tecture of the reconstruction (Government of the Republic of Slovenia 2023). One of the first activi-
ties after catastrophic torrential floods and landslides is the reconstruction of infrastructure (roads,
energy and water supply, telecommunications).

The torrential restoration structures are projects for the protection and stabilization of rivers and

riverbeds against any kind of erosion, slides, and general causes that can upset the stability of land,

but not only agricultural. Also, they have a strong natural environmental character due to the pro-

tection of flora and fauna in torrent areas. The protective principle involves approaches for broader

protection. In order to protect the main watercourses (the Poljanska and the SelSka Sora, the Sora)

from flood and erosion phenomena, torrent restoration works include the following:

- returning rivers to their watercourses,

- cleaning debris from sand, pebbles, rocks, and wood,

- restoration of eroded banks with dry composition (big rocks) or rock and concrete structures, and
backfill in the background,

- repairand replacement of bridges.



The following torrent stream facilities prevent the deepening of the riverbed and retain, filter, and

interrupt the deposition of ordinary alluvium and alluvium during storms. In addition, transverse

structures on torrents stabilize the bottom and prevent deep erosion, and the barriers represent an

additional stable heel of the creeping slope. At the first restoration steps, restoration teams employ:

- water course reconstruction,

- restoration of eroded banks with dry composition (big rocks) or rock and concrete structures, and
backfillin the background,

- if necessary, use of transverse structures on torrents (on hilly watercourses) to rehabilitate ero-
sion hotspots, protect conditionally stable slopes, etc. (Figure 4),

- restoration of damaged infrastructure.

Figure 4: Different barriers serve to mitigate torrential erosion. “Kasta", a barrier made from wood
and rocks, ,kasta", a barrier made from concrete lamellae and rocks, a ramp built with stones, and

(Photo: F. Vidic, 2023)
Landslides. Common occurrence of mass landslides in the mountains leads to serious impacts on the
environment, infrastructure and economic activity of man; it is therefore important to reduce their
consequences with the following activities:

- protection of the landslide area,

- treeremoval,

- removal of low-quality material from the landslide area,

- heelstabilization and foundation preparation,

- stone-concrete layer, if necessary,

- backfilling with water-permeable material,

- grassing the surface.

5 DISCUSSION

This paper shows the first urgent actions that are important to return life after a disaster back to nor-
mal. But we must think forward to the next step, of long-term planning to improve protection from
torrent floods and landslides and integrate different knowledge into a sustainable strategy. PreAl-
pine areas are predominantly mountainous, and a large number of torrential phenomena cause
serious damage to the mountainous and lowland areas, i.e., they affect people, animals, vegeta-
tion, etc. The restoration must improve torrential conditions from the technical, environmental, and
socio-economic points of view.



Riverine wetlands in a natural setting are part of a dynamic self-sustaining stream corridor. Resto-
ration works and river restoration techniques refer to a large variety of ecological, physical, spatial,
and management practices. Restoring the sustainable, multifunctional use of torrents, rivers, and
streams aims to restore the natural state and functioning of a natural condition. Itimproves the resil-
ience of the river systems and provides the framework system in support of biodiversity, recreation,
flood safety, and landscape development (Varras et al. 2015).

Therefore, understanding and addressing the complex interactions between natural factors, human
activities, and climate change is crucial for effective mitigation and adaptation measures. By con-
sidering these aspects, it is possible to develop strategies and policies that aim to reduce the risks
associated with torrential floods and landslides and promote sustainable development in vulnera-
ble areas. Torrents and torrential areas are an important part of the natural environment. By natu-
rally managing these areas, we can help to protect them from damage and ensure their long-term
health. We should also avoid placing new developments in areas of danger. This will help to reduce
the risk of landslides and other natural disasters.

The sustainable restoration system improves of the torrential conditions and adjusts torrential ben-

efits (environmental, socio-economic, etc.) in a continuously improved torrential environment. In

this system, depending on the local conditions of the study area, restoration projects are dominated

by horticultural, agrotechnical works or technical concrete structures (Pavlidis 2006).

For sustainable restoration, itis important to have a big picture and act as follows:

- Avoid unnecessary interventions in nature.

- Ifitisimpossible to avoid the exploitation of space, we should understand how nature breathes
and consider natural laws. Large and heavy machinery does not mean a long-term victory.

- For major interventions, take into account the opinion of geomechanics, and for smaller ones,
experience and, of course, common sense.

- After carrying out construction works, the land should be adequately rehabilitated, grassed, and
reforested, watercourses and drainage of water should be provided.

- Each intervention should also be monitored and, if necessary, maintained. This applies both to
forest trails intended for harvesting wood as well as to other interventions.

6 CONCLUSION

Damage resulting from natural disasters is increasing. Restoration works, flood control structures,
stabilization of the riverbed, retention of moving sediment, and protection are important actions
for protecting the human and natural environment (Varras et al. 2015).

The future will be complex. In the context of torrents and landslides, it is important to develop ro-
bust, flexible, adaptable, and integrated concepts for mitigation and restoration. These concepts
should consider the complex and dynamic nature of these phenomena and should be able to adapt
to a wide range of potential future scenarios. Every intervention must be carefully considered and
implemented promptly and professionally.

Sustainable management strategies must be holistic and comprehensive, considering current and
future challenges. This includes identifying existing vulnerabilities and developing adaptation
strategies for various possible futures. By taking a proactive approach, we can reduce the risk of
water-related disasters and build a more resilient future for our communities.

We must see the big picture, have a vision of how to deal in different situations with torrent floods
and landslide restoration, and improve the conditions of the human and natural environment. Tak-
ing a proactive and integrated approach to torrent flood and landslide management, we can build a
more resilient future for the economy and community. We can also protect the natural environment
and ensure that it will be healthy and productive for future generations.
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POVZETEK

Sodobno opazovanje narave odpadkov razkriva kompleksen in neizogiben proces preobliko-
vanja predmetov iz uporabnih stvari v odpadne materiale. Ta naravna dinamika vkljucuje faze
obrabe, razpada in kon¢nega zavrzka, kar oznacuje njihov prehod v nepotrebnost. V kontekstu
pospeSenega razvoja tehnologije in industrije je prisotna ekspanzija proizvodnje razli¢nih vrst
odpadkov, pri Cemer se posebej izpostavlja problematika mnoZi¢ne proizvodnje nevarnih od-
padkov. Ta pojavje neposredno povezan s povecanjem Stevila potrosnikov, kar dodatno obreme-
njuje sisteme ravnanja z odpadki. Nevarni odpadki predstavljajo posebno kategorijo odpadkov,
ki se najpogosteje generirajo v industrijskih obratih kot stranski produkt razlicnih proizvodnih
procesov. Ta vrsta odpadkov prihaja iz razli¢nih sektorjev, vklju¢no s kemijsko, elektroenerget-
sko in metalursko industrijo, in je oznacena z lastnostmi, ki jih naredijo nevarne za zdravje lju-
di in okolje. Kljucni cilj tega dela je proucevanje in upravljanje nevarnih odpadkov, s posebnim
poudarkom na materialih, ki vsebujejo razlicne vrste in koncentracije teZkih kovin. TeZke kovi-
ne, kot so svinec, Zivo srebro, kadmij in baker, so prisotne v mnogih industrijskih procesih in se
lahko kopicijo v okolju, povzrocajo resne ekoloske in zdravstvene teZave. V delu se podrobno
analizira vsako od tezkih kovin, vkljucno z njihovimi viri, kemijskimi lastnostmi ter potencialnimi
ucinki na zdravje ljudi in ekosisteme. Prav tako se raziskuje koncentracija tezkih kovin v razlic-
nih vrstah odpadkov, da bi bolje razumeli povezavo med industrijskimi praksamiin nastajanjem
nevarnih odpadkov. Na koncu, v zakljucku dela, je analizirana zastopanost teZkih kovin glede na
vrsto odpadkov v letu 2018, kar poudarja potrebo po razvoju ucinkovitih sistemov za ravnanje
in upravljanje nevarnih odpadkov. To delo poudarja pomembnost integracije trajnostnih praks
vindustrijske procese, da bi zmanjsali proizvodnjo nevarnih odpadkov in minimizirali negativne
vplive na okolje in zdravje ljudi.

Kljucne besede: analiza, odpadki, odlagalisce, teZke kovine, toksicnost



ABSTRACT

Modern observation of the nature of waste reveals a complex and inevitable process of trans-
forming objects from useful items into waste materials. This natural dynamic includes phases
of wear, decay, and final disposal, marking their transition into obsolescence. In the context of
accelerated technological and industrial development, there is an expansion in the production
of various types of waste, particularly highlighting the issue of mass production of hazardous
waste. This phenomenon is directly linked to the increase in the number of consumers, further
burdening waste management systems. Hazardous waste represents a specific category of
waste that is most commonly generated in industrial facilities as a byproduct of various produc-
tion processes. This type of waste originates from different sectors, including chemical, energy,
and metallurgy industries, and is characterized by properties that make it dangerous to human
health and the environment. The key objective of this paper is the study and management of
hazardous waste, with a particular focus on materials containing various types and concentra-
tions of heavy metals. Heavy metals, such as lead, mercury, cadmium, and copper, are present
in many industrial processes and can accumulate in the environment, causing serious ecological
and health problems. The paperthoroughly analyzes each of these heavy metals, including their
sources, chemical properties, and potential effects on human health and ecosystems. It also in-
vestigates the concentration of heavy metals in different types of waste to better understand
the connection between industrial practices and the generation of hazardous waste. Finally, the
conclusion of the paper analyzes the representation of heavy metals according to waste type in
2018, highlighting the need for the development of effective systems for the disposal and man-
agement of hazardous waste. This work emphasizes the importance of integrating sustainable
practices into industrial processes to reduce the production of hazardous waste and minimize
negative impacts on the environment and human health.

Keywords: Analysis, Waste, Landfill, Heavy metals, Toxicity



1uvoD

Proucevanje okolja razkriva, da vse snovi, prej ali slej, postanejo odpadki. Zaradi pospesenega ra-
zvoja tehnologije in industrije prihaja do mnoZicne proizvodnje odpadkov, kar predstavlja resen
globalni problem. Ta pojav povzrocaizzive, povezanes hitrostjo predelave, recikliranja in odstranje-
vanja, ter se Steje za enega kljucnih izzivov sodobne civilizacije. Razvoj hitrih in ucinkovitih metod
recikliranja postaja nujen, da zmanjSamo obremenitev odlagalis¢ odpadkov in ponovno uporabimo
materiale (BriSki 2016; Harada 1995). Ravnanje z odpadki vkljucuje zbiranje, skladis¢enje, obdelavo,
odlaganje, uvoz, izvoz in prevoz odpadkov, zapiranje in saniranje objektov, namenjenih odlaganju
odpadkov, ter povrsin, onesnazenih z odpadki (Srpak 2017; Oladimeji et al. 2024). Namen tega dela
je raziskati trajnostne resitve za zmanjSanje negativnih vplivov na okolje, ohranitev naravnih virov
in zagotavljanje trajnostne prihodnosti. Obnovitev virov postaja klju¢na za podaljSanje Zivljenjske
dobe izdelkov in zmanjsanje koli¢ine odpadkov. Razvoj u¢inkovitih metod recikliranja ter izobra-
Zevanje javnosti 0 pomenu zmanjsanja porabe in pravilnega odlaganja odpadkov sta bistvena za
resevanje tega problema. Neustrezno odlaganje velikih koli¢in odpadkov na divjih odlagaliscih Se
vedno predstavlja resen izziv (Jungi¢in Cori¢ 2013).Vtem delu bomo analizirali koncentracije tezkih
kovin v razli¢nih vrstah odpadkov, vkljucno s tistimi iz prehrambene, lesne, storitvene, gradbene in
kovinske industrije. Globalno povecanje proizvodnje in predelave kovin vodi do njihove koncen-
tracije v okolju, kar predstavlja tveganje za zdravje ljudi. 0dpadki pogosto onesnaZijo podzemno
vodo, kar vpliva na kakovost vode, zraka in tal ter vodi do potencialnih zdravstvenih teZav. Zato ljud-
je, nevedni svoje vloge v tem zacaranem krogu, s svojimi dejanji neposredno vplivajo na kakovost
vode, zraka in tal, ki jih uporabljajo za svoje potrebe, pogosto nevedni posledic, ki lahko privedejo
do razli¢nih bolezni (Sofili¢ 2015; Oladimeji et al. 2024).

2 NEVARNI ODPADKI IN NJIHOVO GOSPODARIENIJE

Nevarni odpadki, ki se ve¢inoma generirajo vindustrijskih procesih, so prisotni tudi v gospodinjstvih,
kjer se uporabljajo vsakodnevno. Problem nevarnih odpadkov je tesno povezan s stopnjo ozavesce-
nosti in informiranosti o njihovih tveganjih. Ti odpadki vkljucujejo snovi z nevarnimi lastnostmi, kot
so toksi¢nost, kancerogenost in vnetljivost, ter so klasificirani v skladu s Katalogom odpadkov (KiS in
Kalambura 2018). Glavni proizvajalci nevarnih odpadkov so industrije, kot sta kovinska proizvodnja
in kemic¢na industrija, zlasti v proizvodnji gumijastih in plasti¢nih materialov. Ta sistem vkljucuje
uporabo metod varnega odlaganja, vklju¢no z reciklaznimi dvorisci, ki so opremljena za pravilno
odlaganje nevarnih odpadkov, kot so baterije. Ceprav se nevarni odpadki pogosto $tejejo za indu-
strijske, pomemben deleZ prihaja iz gospodinjstev, kar se oznacuje kot ,problemati¢ni odpadki”
(Stanci¢ et al. 2015; Vréek 2011). Pri upravljanju teh odpadkov se poudarek daje nacelom ponovne
uporabe, zmanjSevanja in recikliranja (3R), medtem ko odpadki, ki jih ni mogoce reciklirati, podle-
gajo seziganju ali odlaganju. Priblizno 75% nevarnih odpadkov so barve, laki in premazi, starejsi iz-
delki pa pogosto vsebujejo visoke koncentracije skodljivih snovi. Odstranjevanje takSnih premazov
lahko povzroci znatne koli¢ine nevarnih odpadkov (Vicente in Reis 2008; Kalambura et al. 2018).
Ce nevarni odpadki kontajo v kompostniku, lahko onesnaZijo proces kompostiranja. Biolo3ke, ke-
micne in fizikalne metode obdelave nevarnih odpadkov, vklju¢no z nevtralizacijo in dezinfekcijo, se
uporabljajo za spreminjanje njihovih lastnosti. Termicne metode, kot je seZiganje, zahtevajo visoke
temperature in zagotavljajo sterilizacijo odpadkov, vendar se tezke kovine, kot sta svinec in kadmij,
koncentrirajo v pepelu in zahtevajo nadaljnjo obdelavo (Zsdka et al. 2013). Strupi iz nevarnih od-
padkov se lahko kopicijo v organizmu in predstavljajo resno tveganje za zdravje (Srpak et al. 2024).
Zato je nujno izvajati ustrezne ukrepe za ravnanje z nevarnimi odpadki, s posebnim poudarkom na
prisotnosti tezkih kovin, ki lahko povzrodijo izrazito toksicnost, ¢e se ne obdelajo ustrezno.

3 METODE V ANALIZI TEZKIH KOVIN PRI RAVNANJU Z ODPADKI

Tezke kovine so skupina kovin, ki vklju€uje elemente, kot so svinec (Pb), kadmij (Cd), Zivo srebro (Hg),
baker (Cu), cink (Zn), nikelj (Ni), krom (Cr) in druge. Te kovine so znane po visoki gostoti in teZi terima-
jo v dolocenih koncentracijah pogosto strupene lastnosti. Elektronski odpadki (e-odpadki) vsebujejo
teZke kovine, kot so svinec, Zivo srebro, kadmij in druge. Te kovine lahko najdemo v baterijah, kablih,



tiskanih vezjih in drugih elektronskih delih. Baterije, zlasti tiste, ki vsebujejo svinec, nikelj, kadmij in
litij, so vir tezkih kovin v odpadkih. Industrijski odpadki pogosto vsebujejo tezke kovine, ker se upo-
rabljajo v razli¢nih proizvodnih procesih (odpadne vode, dimni plini in drugi industrijski stranski proi-
zvodi) (Srpakin Zeman 2017). 0dpadki, ki nastanejo pri rudarskih dejavnostih, lahko vsebujejo tezke
kovine, ki so naravno prisotne v kamninah (med izkoris¢anjem rudnin lahko te kovine pridejo v oko-
lie). Tezke kovine imajo lahko resne negativne ucinke na okolje in zdravje ljudi. Zato je pomembno
ustrezno ravnanje z odpadki in ukrepi za zmanjSevanje izpustov teZkih kovin v okolje, recikliranje
materialov, ki jih vsebujejo ter izvajanje ustreznih postopkov odstranjevanja in ¢iS¢enja. Nacionalni
in mednarodni predpisi pogosto predpisujejo standarde in smernice za ravnanje s tezkimi kovinami
v odpadkih, da se zmanja njihov vpliv na okolje (Zsdka et al. 2013; Vuk3i¢ in Speranda 2016). Tezke
kovine, kot so baker, cink, Zelezo in mangan, so nujne za pravilno delovanje ¢loveskega telesa, druge,
kot so svinec, kadmij, Zivo srebro, arzen, kositer, paladij, platina in kobalt, pa so za telo strupene. Vnos
teZkih kovin v telo ima lahko dvojni znacaj, saj lahko delujejo kot strup in zdravilo hkrati. Glede na
nenehno rast proizvodnje in uporabe kovin se povecuje tudi koncentracija tezkih kovin v tleh, vodi in
zraku, ki vplivajo na rastline, Zivali in ¢lovesko telo. Pomanjkanje esencialnih tezkih kovin (zZn, Cu, Mn,
Fe, Se) lahko povzrodi resne motnje v telesu, medtem ko so neesencialne tezke kovine (Pb, Cd, As, Hg)
prisotne v zemeljski biosferi in kroZijo v naravi. razli¢ne oblike (Tabela 1).

Tabela 1: Koncentracije tezkih kovin v razlicnih vrstah odpadkov iz leta 2018

ZNAK Pb cd Ni Cr Vv Hg
1ZVOR OTPADKOV

VZORCA (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Prehranska 0/3/18 4.67 0 3.62 0.21 1.3 0.005
tehnologija
Lesna industrija 0/4/18 3.77 0 3.66 14.76 2.67 0.017
Storitvena 0/6/18 28.8 0 2.94 0.91 0 0.006
dejavnost (avto 0/29/18 20.22 0 6.14 4.46 0 0.009
salon, servis)

0/7/18 117,755.69 | 16.53 95.75 290.76 170.18 0.037
Gradbenaind. 0/8/18 94,435.91 1.04 79.15 586.87 154.97 0.022

0/9/18 648.38 0 391.87 237.31 645.63 0.107

0/19/18 28.24 13.14 8.48 7.45 1.21 0.047
Kovinska ind. 0/20/18 24.27 0 2.53 0.56 0 0.004

0/72/18 72.13 0 77.73 205.27 0 0,013
Odlagalisée 0/70/18 28.78 1.8 6.79 18.64 3.39 0.02

(vir: Analiza koncentracije teZkih kovin v razli¢nih vrstah odpadkov za leto 2018, 2018.)

Nenehna rast proizvodnje kovin vodi do povecanja njihovih koncentracij v tleh, vodiin zraku, kar lahko
negativno vpliva na rastline, Zivali in ljudi. Pomembno je razumeti razliko med esencialnimi in nees-
encialnimi teZkimi kovinami, saj lahko pomanjkanje esencialnih kovin povzrodi resne zdravstvene
teZave, medtem ko neesencialne kovine predstavljajo tveganje za zdravje in okolje (Tabela 2).

Tabela 2: TeZke kovine in njihov vpliv na zdravje

Tezka kovina EU-mg/l | SZO mg/l :1595:)‘\ Kronicni in akutni u€inki na zdravje

Bakar (Cu) 0,3-3 2 1 Drazenje grla, ust, nosu in o(i; glavobol, poskodbe ledvic, smrt

Cink (Zn) 0,1-5 1 5 Poskodbe imunskega sistema, bolecine v trebuhu

Kadmij (Cd) 0,005 0,003 0,005 Driska, bruhanje, izguba teZe, smrt

olovo (Pb) 0,05 0,01 0,015 Iv\_ngmua, n_eplodnost, izguba apetita, poskodbe ledvicin
Ziv¢nega sistema

Ziva (Hg) 0,001 0,001 0,002 Poskodbe plju¢, ledvic, draZenje nosu in oci, vpliv na razvoj ploda

Nikal (Ni) 0,2 1 0,07 Vpliv na jetra, imunski in Ziv¢ni sistem

Arsen (As) 0,01 0,01 0,05 Vpliv na prebavni in Ziv¢ni sistem, spremembe na koZi in nohtih

(vir: Analiza koncentracije teZkih kovin v razli¢nih vrstah odpadkov za leto 2018, 2018.)



4 REZULTATI IN RAZPRAVA

Analiza koncentracij teZkih kovin v odpadkih iz razli¢nih industrij razkriva pomembne razlike, ki so re-
zultat specifi¢nih proizvodnih procesov in materialov, uporabljenih v teh sektorjih (Briffa et al. 2020).
V prehrambeni tehnologiji je bilo zaznanih 4,67 mg/kg svinca in 3,62 mg/kg niklja. Povecana koncen-
tracija svinca v prehrambenih odpadkih je lahko povezana z uporabo svincenih goriv, ki prispevajo k
Sirjenju svinca v okolju. Svinac je znan kot eden najbolj razsirjenih teZkih kovin, njegova prisotnost v
odpadkih pa predstavlja tveganje za zdravje ljudi, saj se lahko akumulira v biokemijskih procesih. v
lesni industriji koncentracija kroma znasa 14,76 ma/kg, kar kaZe na uporabo kromiranih materialov v
proizvodnji lesenihizdelkov. Vstoritvenih dejavnostih, zlasti v avtoservisih, je bila odkrita najvisja kon-
centracija svinca 28,8 mg/kg.To je lahko posledica uporabe svincenih materialov v akumulatorjih terv
razlicnih orodjih in opremi. Nikelj, ki se uporablja zaradi svojih polirnih lastnosti, je prav tako prisoten
v teh sektorjih, njegova koncentracija pa lahko nakazuje na vse vedjo uporabo v industriji. V gradbeni
industriji je pricakovana prisotnost svinca rezultat zgodovinske uporabe svincenih cevi in svin¢enih
spojin v barvah in glazurah. Ceprav se svintene cevi danes redko uporabljajo, se svinec e vedno lahko
nahaja v starejSih gradbenih materialih, kar predstavlja potencialni vir kontaminacije med obnovami
ali demontaZami. V kovinski industriji obdelava kovin povzrodi sprosc¢anje delcev tezkih kovin, vkljuc-
no z nikljem, kromom in svincem. PoviSane koncentracije teh kovin v odpadkih so lahko povezane s
postopki rezanja, brusenja in drobljenja, ki sproscajo toksi¢ne delce v okolje. To poudarja potrebo po
strogih regulacijah in nadzoru odpadkov iz teh industrij, da bi zmanjsali tveganje kontaminacije tal in
podzemnih voda (Olaniran 2023). Poleg prisotnosti svinca, niklja in kadmija je pomembno omeniti
tudi pojav vanadija v koncentraciji 3,39 mg/kg v vzorcih z odlagalis¢. Vanadij se pogosto nahaja v nara-
vi v bliZini drugih kovin, kot sta svinecin Zelezo, in lahko Skoduje zdravju ljudi. Neustrezno razvri¢anje
in odlaganje odpadkov, zlasti gradbenih in kovinskih, dodatno povecujeta tveganje prodiranja tezkih
kovin v tla, kar lahko povzro¢i kontaminacijo okolja in negativne ucinke na zdravje ljudi. Zaklju¢no,
nepravilno odlaganje in neustrezno upravljanje odpadkov, zlasti v industrijskih sektorjih, predstavlja
resen izziv za varstvo okolja. Glede na vse vedje koncentracije teZkih kovin v odpadkih je nujno razviti
strategije za zmanjsanje njihove proizvodnje in zagotoviti ucinkovit sistem ravnanja z odpadki, vkljuc-
no zrecikliranjem in predelavo materialov (Zhang et al. 2021). Prav tako je klju¢nega pomena izobra-
Zevanje javnosti o pravilnem odlaganju odpadkov in nevarnostih, povezanih s tezkimi kovinami, da bi
zmanjsali tveganja za zdravje in okolje.

5 ZAKLIUCEK

Analiza koncentracij tezkih kovin v odpadkih iz razli¢nih industrij omogoca identifikacijo virov in
distribucijo teh kovin, kar je klju¢no za ravnanje z odpadki in varstvo okolja. Glede na toksi¢nost
kovin, kot so svinec, kadmij in Zivo srebro, je nujno nenehno ozavescati delavce o tveganjih, pove-
zanih z materiali, ki jih obdelujejo. Za globinsko razumevanje obnasanja tezkih kovin v okolju je
pomembno preuciti njihove kemijske lastnosti, vklju¢no z bioakumulacijo. 0dpadki iz gradbene,
kovinske in lesne industrije vsebujejo visoke koncentracije kovin, kot so Hg, Cd, Pb, Cr, Niin V, kar
predstavlja resno groZnjo tlem, ¢e niso ustrezno zascitena. Ta situacija zahteva preventivne ukre-
peinizobrazevanje javnosti o resnosti problema. Avtorji v delu poudarjajo, da je zelo pomembno
ozavescanje o nevarnostih teZzkih kovin, pa tudi izobraZevanje o pravilnem odlaganju odpad-
kov iz industrij z visokimi koncentracijami kovin, kar je klju¢no za preprecevanje onesnazenja. V
kontekstu trajnostnega delovanja se poudarja recikliranje in ponovna uporaba virov. Integracija
ekoloskega kmetijstva, ki izkljuCuje uporabo mineralnih gnojil, herbicidov in pesticidov, dodatno
prispeva k zasciti tal, vode in hrane pred onesnazenjem s teZzkimi kovinami. Ta pristop omogoca
ohranjanje zdravja ljudi in okolja, zmanjSuje tveganje za kopicenje tezkih kovin v organizmih in
morebitne zdravstvene teZave. Poleg tega je nujno razviti celovite strategije za ravnanje z od-
padki, ki vkljuCujejo inovativne metode recikliranja, ucinkovite sisteme predelave in stroge requ-
lative za nadzor nad odlaganjem odpadkov. Javnost mora biti nenehno izobraZzevana o pomenu
zmanjsevanja odpadkov, pravilnega locevanja in potencialnih nevarnostih nepravilnega odlaga-
nja. Le s celovitim pristopom, ki zdruZuje znanstveno razumevanje, tehnoloske inovacije in izo-
brazevanje, bomo lahko udinkovito zmanjsali negativne vplive teZkih kovin na okolje in zdravje
ter zagotovili trajnostno prihodnost za naslednje generacije.
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ABSTRACT

Despite the growing global demand for sustainable practices, this research explores how mi-
cro and small enterprises (MSEs) in Croatia approach sustainability, despite the lack of manda-
tory reporting requirements. As communities face environmental and demographic challenges,
understanding how MSEs integrate sustainability practices is crucial for fostering resilience and
supporting their development. This study uses a mixed-methods approach, combining quanti-
tative surveys and qualitative interviews, to assess the barriers and opportunities MSEs face in
implementing sustainable practices. The findings provide valuable insights for policymakers and
support organizations seeking to encourage sustainability in the small and medium business
sector, illustrating how this facilitates transparency and operational resilience. Ultimately, this
research contributes to a broader understanding of sustainable development by demonstrating
how voluntary reporting can enable MSEs to play a more active role in building more resilient
communities and environmental responsibility.

Keywords: Sustainability Reporting, Micro and Small Enterprises (MSEs), Digitalization, Resil-
ience, Sustainable Development



1 INTRODUCTION

1.1 Context of the Republic of Croatia: The Importance of Including Micro and Small Enterprises in
Sustainable Practices

Micro and small enterprises are the backbone of the Croatian economy, accounting for 88.3%
(137,950) of micro and 10.1% (15,748) of small enterprises out of a total of 156,145 entrepreneurs,
according to data from 2023. Their inclusion in sustainable practices is crucial for achieving sustain-
able development goals at both the national and European levels.

Sustainable practices are based on the principles of sustainable development outlined in the
Brundtland Report (The Federal Council 1987) and involve business strategies that integrate eco-
nomic, ecological, and social aspects of business. Implementing these principles in micro and small
enterprises not only reduces their ecological footprint but also fosters innovation, enhances market
competitiveness, and facilitates access to financial resources, while also creating favourable condi-
tions for attracting investors.

The importance of adopting sustainable practices in the context of the Republic of Croatia stems
from the need to align with European standards, including the adoption of the Corporate Sustaina-
bility Reporting Directive - CSRD (Official Journal of the European Union, L 322/15, 2022) and other
EU policies that promote transparency and responsible business practices. Reports are prescribed
by the European Sustainability Reporting Standards - ESRS (European Commission 2023a), under
the leadership of the European Financial Reporting Advisory Group - EFRAG (European Financial Re-
porting Advisory Group ESRS Q&A Platform 2024) given the share of micro and small enterprises in
the economy, theirinclusion in sustainable practicesis crucial for achieving the national sustainable
development goals and economic resilience of the Republic of Croatia.

Figure 1: European Sustainability Reporting Standards (ESRS)
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EFRAG's mission is to serve the European public interest in both financial and sustainability reporting by
developing and promoting European views on corporate reporting. EFRAG provides technical advice to
the European Commission in the form of draft European Sustainability Reporting Standards (ESRS), de-
veloped in accordance with strict directives, and supports the effective implementation of ESRS.



1.2 Relevance for EU Policies and Link to the International Context

The European Union, through documents such as the European Green Deal and Digital Decade 2030
(European Commission 2024) has placed sustainability at the heart of its development policies, de-
fining sustainability as a key prerequisite for economic growth, social responsibility, and ecological
balance in the single European market.

The European Green Deal aims to achieve climate neutrality by 2050, while the Digital Decade2030
encourages digital transformation to strengthen business resilience. Croatia has fully aligned its
strategies through the Croatian Digital Strategy for the period up to 2032 (National Newspaper,
123/27,2024) and the National Development Strategy until 2030. At the global level, sustainability
is a key factor for competitiveness, as confirmed by initiatives such as the Paris Climate Agreement
and the United Nations Sustainable Development Goals (SDGs). These standards define guidelines
for ecological responsibility and reducing the negative impact of business operations on the envi-
ronment. The European Union, through the CSRD directive, the EU Taxonomy for Sustainable Activities
and the Sustainable Finance Disclosure Regulation - SFRD (European Commission, Questions and
Answers 2023b), implements these global goals at the European market level.

1.3 Challenges in Implementing Sustainable Practices (With and Without Mandatory Reporting)

Despite the benefits of sustainable business practices, micro and small enterprises in Croatia face
numerous challenges in implementing sustainable practices, including limited material and intan-
gible resources, lack of technical knowledge, and the perception of high initial costs. These chal-
lenges are categorized into three main areas. The first are financial and technical challenges. Micro
and small enterprises often have limited financial resources to invest in sustainable technologies
and are frequently lacking financial resources altogether. Additionally, the lack of technical knowl-
edge and expertise complicates the application of sustainable business models. According to re-
source dependence theory (Pfeffer & Salancik 1978a), it is stated that organizations depend on the
availability of key resources, and the lack of these resources can limit their ability to adapt to reg-
ulatory requirements. The second area involves administrative burdens and regulatory challenges.
According to the Corporate Sustainability Reporting Directive (CSRD) the reporting obligations have
been extended to medium-sized enterprises (up to 250 employees, up to 43 million euros in assets,
and up to 50 million eurosin revenue), while micro and small enterprises are currently exempt from
mandatory reporting, itis anticipated that in the future, this will apply to all actively operating legal
entities. The third area involves the lack of awareness and education, including insufficient infor-
mation available to micro and small enterprises about the long-term benefits of sustainability, such
as reducing operational costs, increasing market competitiveness, and accessing various funds. The
Diffusion of Innovations Theory specifically addresses this issue (Rogers 1962) explains how the lack
of information, including the aforementioned lack of awareness and education, can slow down the
adoption of new business practices.

1.4 Research Objectives and Main Research Questions

The aim of this research is to analyse the impact of implementing sustainable practices on the resil-
ience and competitiveness of micro and small enterprises in Croatia, with an emphasis on the role
of digitalization as a tool for promoting sustainable business.

The main research questions include:

1. How does the implementation of sustainable practices impact the resilience and competitive-
ness of micro and small enterprises?

According to the Dynamic Capabilities Theory (Teece, Pisano & Shuen 1997), enterprises that imple-
ment sustainable practices develop greater long-term resilience to market changes and regulatory
requirements, strengthening their competitiveness.

2.What are the key challenges and incentives for micro and small enterprises in adopting sustain-
able practices?

According to the Resource Dependence Theory (Pfeffer & Salancik 1978a) and the Institutional
Barriers Theory (DiMaggio & Powell 1983), certain limitations, such as a lack of financial resourc-



es, knowledge, or administrative barriers, affect the ability of micro and small enterprises to adopt
sustainable practices.

3. How can digitalization enhance the implementation of sustainable practices?

The Diffusion of Innovations Theory (Rogers 1962) emphasizes how digital tools can increase trans-
parency and simplify reporting on sustainable practices, consequently making it easier to imple-
ment sustainability in enterprises of all sizes.

The introduction of sustainable practices in micro and small enterprises in Croatia is of strategicimpor-
tance for the country's economic development and a necessary prerequisite for aligning with Europe-
an sustainability policies. Despite numerous challenges, efforts to include micro and small enterprises
in the implementation of sustainable practices are stronger than ever, driven by numerous incentives.

2 THEORETICAL FRAMEWORK AND LITERATURE REVIEW

2.1 Sustainable Business and Its Application in Micro and Small Enterprises

Sustainable business is defined as a business model that integrates economic, ecological, and so-
cial aspects of business to achieve long-term stability and resilience. This concept is based on the
Brundtland Report (The federal Council, The Brundtland Report 1987) in the context of micro and
small enterprises, it manifests through resource optimization, waste reduction, increased energy
efficiency, and the use of local suppliers and sustainable materials.

The theoretical framework of sustainable business is further developed through the Triple Bottom
Line theory (Elkington 1997), which emphasizes the importance of alignment across three dimen-
sions: economic success, social responsibility, and environmental sustainability. According to this
model, business success is not measured solely by financial results but also by its impact on the
community and the environment. Elkington's theory provides a strong foundation for the analysis
of sustainable business, particularly highlighting micro and small enterprises, which require more
flexible business models and patterns.

The application of sustainable models can help micro and small enterprises build resilience against
market changes, including numerous regulatory requirements, as confirmed by empirical research.
Specifically, according to the research by Schaltegger and Wagner, (2011) such enterprises experi-
ence increased operational efficiency, cost reduction, and an improvement in reputation and trust
among key stakeholders.

Theoretical Framework of Resource Dependence (Pfeffer & Salancik 1978b) explains how the lack
of resources (both material and intangible) can limit the ability of micro and small enterprises to
adopt sustainable business models. At the same time, the Diffusion of Innovations theory suggests
that (Rogers 1962) highlights that these enterprises adopt sustainable practices more slowly be-
cause they have limited access to information and expertise.

Despite the challenges, it is assumed that sustainable business offers significant advantages for mi-
cro and small enterprises: resource optimization and increased energy efficiency reduce operational
costs, while socially responsible business practices are perceived as a competitive advantage in the
market. This is particularly emphasized through the regulatory requirements of the European Union
and the aforementioned Corporate Sustainability Reporting Directive (CSRD). The necessity of digi-
talization as a prerequisite for the integration of sustainable practices is highlighted in the Technol-
ogy Diffusion Theory (Rogers 1962) which emphasizes how digital tools enable easier monitoring
of sustainability indicators, such as energy consumption or waste management.

2.2 The Role of Sustainability in Strengthening the Resilience and Competitiveness of Enterprises

The implementation of sustainable practices plays a key role in strengthening the resilience and
competitiveness of enterprises, allowing micro and small businesses to better manage risks, adapt
timely to changing market conditions, and achieve long-term reduction in operational costs. The
theoretical framework for this assertion is provided by the Dynamic Capabilities Theory (Teece, Pisa-
no & Shuen 1997) which highlights the importance of a company's ability to adapt to changesin the
environment through innovation, learning, and strategic adjustment.



Resilience refers to a company's ability to cope with crises and unpredictable situations, and it is
reflected inincreased financial stability, reputational advantages, and cost reduction. It also enables
competitiveness in the markets where the company operates, as highlighted in the Creating Shared
Value theory (Porter & Kramer 2011), stating that enterprises that implement sustainable practices
not only reduce negative environmental impacts but also create additional economic value through
innovation, increased productivity, and attracting ethically-oriented consumers and investors.

Strengthening resilience and competitiveness through sustainable practices for micro and small en-
terprises offers additional benefits, including access to financial resources and available EU funds:
The European Regional Development Fund (ERDF) and the Competitiveness of Enterprises and Small
and Medium-sized Enterprises Program (COSME). For enterprises oriented towards internationaliza-
tion, aligning with sustainable standards enhances access to international markets, as sustainability
has become one of the key criteria in supply chains.

2.3 Overview of Current and Future Sustainability Regulations in Croatia and the EU

Sustainability regulation in the Republic of Croatia and the European Union has undergone signifi-
cant changes in the past decade, with an emphasis on increasing transparency, accountability, and
environmental sustainability in the real sector.

Atthe national level, Croatia has adopted several key strategic documents that provide guidance for
sustainable business practices and digitalization. Notably, the National Development Strategy until
2030 (National Development Strategy of the Republic of Croatia until 2030, 2022) establishes sus-
tainable development as a fundamental priority of national policies, with a focus on environmental
responsibility, reducing greenhouse gas emissions, and the digital transformation of business. In
parallel, the Digital Croatia Strategy until 2032 (Official Journal of the European Union, L 322/15,
2022) aims to accelerate the digitalization of businesses, including micro and small enterprises,
with the goal of facilitating the implementation of sustainable practices through the use of digital
tools for monitoring and reporting sustainability. With this approach, the Republic of Croatia has
created an institutional framework for sustainable economic growth.

At the European Union level, the most important requlatory framework in the field of sustainability
is the Corporate Sustainability Reporting Directive (Corporate Sustainability Reporting Directive -
(SRD) adopted in 2021, and which came into effect in the Republic of Croatia on January 1, 2024.
The goal of this directive is to increase business transparency concerning environmental, social, and
governance (ESG) factors, which enables companies to better manage risks and adapt to environ-
mental standards. Additionally, the directive extends the obligation of non-financial reporting to all
large and medium-sized enterprises, and, as we suggest in the paper, it is expected to eventually
include micro and small enterprises.

Alongside the CSRD directive, key EU regulations include the EU Taxonomy for Sustainable Activi-
ties which is a classification system for economic activities aligned with sustainability goals, and
the Sustainable Finance Disclosure Regulation (SFRD), which defines disclosures to end investors
regarding sustainability risk, harmful impacts on sustainability, sustainable investment goals, or the
promotion of environmental, social, and governance characteristics in investment decision-making
and advisory processes. The EU Taxonomy defines which activities are considered environmentally
sustainable, helping investors and businesses make informed decisions regarding investments in
sustainable projects. This further supports the implementation of the European Green Deal, through
which the European Union has set a climate neutrality goal by 2050. This plan includes reducing
greenhouse gas emissions, transitioning to renewable energy sources, increasing energy efficiency,
preserving biodiversity, and promoting a sustainable economy and circular models of production
and consumption.

In the future, it is expected that new regulatory requirements will continue to be introduced in line
with the goals of the European Green Deal and the UN's Sustainable Development Goals (SDGs).
Stricter reporting and compliance standards are anticipated, with an emphasis on the introduction
of digital tools for automatic sustainability monitoring.



2.4 The role of digitalization in promoting sustainable practices and transparency in micro and
small enterprises

Digitalization plays a crucial role in promoting sustainable practices and increasing business transpar-
ency in micro and small enterprises, enabling more efficient resource management, reducing ecologi-
calfootprints, and ensuring compliance with regulatory requirements. According to the theory of tech-
nological diffusion (Rogers 1962) the adoption of new technologies depends on perceived benefits
and the complexity of their application, which, in the context of sustainable practices, includes access
to tools that allow monitoring ecological indicators and improving business processes.

Digital tools enable more precise tracking of sustainability indicators such as energy consumption,
greenhouse gas emissions, and waste management. This practice aligns with the Corporate Sustain-
ability Reporting Directive (CSRD) which emphasizes the need for transparent reporting on environ-
mental, social, and governance (ESG) factors in business operations.

On the other hand, digitalization enhances transparency both internally and externally with stake-
holders. By implementing digital sustainability reporting systems, businesses can document sus-
tainable practices, increasing investor and customer trust. This aspect is theoretically based on le-
gitimacy theory (Suchman 1995), which posits that organizations that transparently report their
operations are more likely to gain market and regulatory trust.

Furthermore, digitalization supports education and ensures businesses are informed about sustain-
able practices. Thus, the challenges posed by digitalization potentially become opportunities, of-
fering micro and small enterprises the possibility of acquiring the necessary knowledge to comply
with existing national and European regulatory frameworks through various online educational
platforms, digital guides, and virtual consultants.

3 RESEARCH METHODOLOGY

3.1 Objective and Research Design

The aim of the research is to analyse the attitudes and practices of micro and small enterprises in
the Republic of Croatia regarding sustainable practices, identify key challenges and obstacles in
implementing sustainable solutions, and explore the potential role of digitalization in enhancing
sustainability. The results will serve as a foundation for recommendations on the development of
policies and incentive measures to support sustainability in micro and small enterprises without a
legal obligation to report on sustainability.

The research was conducted through a survey questionnaire (Appendix 1) targeted at micro and
small enterprises. The survey included a combination of closed and open-ended questions to quan-
titatively and qualitatively analyse respondents’ attitudes toward sustainability, digitalization, and
regulatory aspects, within the time period from January 10, 2025, to January 31, 2025. The collect-
ed data were processed using descriptive statistical methods to identify key trends and patterns in
the responses. The questionnaire covered demographic data about the enterprises, their level of
awareness regarding sustainability, the implementation of sustainable practices, and their percep-
tion of the impact on business resilience. Data from 70 enterprises were analysed.

4 RESULTS

4.1 General Characteristics of the Surveyed Enterprises

The majority of the surveyed enterprises belong to the category of micro enterprises (64.3%) with
fewer than 10 employees and operate in the services sector (58.6%) and retail sector (17.1%). Most
of the enterprises have been in operation for over 10 years (37.1%), indicating business stability
despite market challenges.



Figure 2: Graphical Representation of the Structure of Enterprises by number of employees
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Of the surveyed enterprises, the majority are from the Slavonia and Baranja region (52.9%) and the
Zagreb area (25.7%). Most of the enterprises have up to 10 employees (50% have one to five em-
ployees, 25.7% have six to ten employees).

4.2 Level of Awareness about Sustainability

The results show that 74.3% of respondents are familiar with the concept of sustainability, but their
perception of the importance of sustainable practices varies. Only 45.7% of respondents believe
sustainability is very important for business operations, while 11.4% believe sustainability is not
important at all for business operations. As key aspects of business sustainability, the following are
cited: reducing business costs through energy-efficient processes (61.4%), ecological responsibility
and waste reduction (52.9%), and social responsibility (54.3%).

The research results show that 50% of the surveyed enterprises already implement certain sus-
tainable practices, while the rest do not (25.7% of enterprises do not apply sustainability in their
operations, 14.3% plan to introduce sustainable measures within one year, and 10% are considering
implementation in the next three years). These data suggest that a significant proportion of micro
and small enterprises are already engaging in sustainable activities, while the rest either plan to
make changes in the future or do not see an immediate need to do so.

Among the enterprises that confirmed they are implementing sustainable practices, the most com-
mon measures include waste recycling (60%), sourcing from local suppliers (50%), and optimizing
resource consumption (48%). The use of renewable energy sources is present in 26% of enterprises,
indicating relatively low interest in this type of investment.

Figure 3: Sustainable Practices Implemented by Enterprises
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Among the surveyed enterprises that do not implement sustainability in their operations (50%),
30% cite the main reason as a lack of information and education on sustainable practices. Scep-
ticisms towards sustainability is also prevalent - some respondents believe that sustainability in
business often boils down to “greenwashing,” a marketing strategy with no real ecological impact.
Others highlight that sustainability is an additional administrative burden that does not bring direct
business benefits.

The majority of enterprises, 68%, do not use digital tools to implement or monitor sustainable prac-
tices, while 32.9% have implemented digital tools in their businesses. Among the respondents who
implement digital tools, 75.8% do so by increasing efficiency through digital processes (e.g., elec-
tronic documents instead of paper), 36.4% by optimizing existing resources (energy or material con-
sumption), 33.3% through digital monitoring of production processes (and waste reduction), and
42.4% by improving communication with customers and partners.

Figure 4: The Contribution of Digital Technologies in the Enterprise
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Digitalization is recognized as a useful tool for sustainability, but many respondents still do not use
digital tools, with 80% citing the cost of implementation and a lack of knowledge about available
tools as the main barriers to digitalization.

4.3 Sustainability Reporting

A part of the respondents believes that mandatory sustainability reporting would help micro and
small enterprises in structuring sustainable practices - 54.3% of them, and the most useful form
of support in implementing sustainable practices includes financial support (71.4%), education on
sustainable practices (42.9%), technical support through digital tools and resources (41.4%), and
regulatory guidelines and manuals (25.7%).

Figure 5: Support in Implementing Sustainable Practices
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5 CONCLUSION

The research has shown that micro and small enterprises in the Republic of Croatia recognize the
importance of sustainability and its positive impact on competitiveness and resilience, but they face
various challenges in implementing sustainable practices.

Despite the recognized benefits, such as reducing operational costs and increasing market compet-
itiveness, there are key challenges that include financial costs, administrative burdens, and limited
access to information and tools, which slow down theirimplementation. It isimportant to highlight
that digitalization is seen as a potential solution for enhancing sustainable practices through trans-
parency, resource optimization, and monitoring environmental indicators. However, its application
is still not widespread, and enterprises have not fully utilized digital tools, primarily due to initial
costs and a lack of knowledge.

Measures that could contribute to the development of sustainable practices in micro and small en-

terprises that are not subject to reporting requirements include:

- Ensuring financial support, including easier access to sustainability funds (enabling the reduction
of initial implementation costs)

- Education and access to information on sustainable business practices and digital tools that can
be applied, implemented, and facilitate their execution,

- Simplification of administrative procedures and reduction of bureaucratic barriers to ease com-
pliance in case of requlatory requirements,

- Encouraging the development of digital solutions tailored to micro and small enterprises, ena-
bling more efficient monitoring and implementation of sustainable business models within their
operations.

The results of this research can serve as a foundation for future initiatives aimed at enhancing sus-
tainability in micro and small enterprises and for shaping policies that will support their long-term
competitiveness and sustainable practices. Additionally, the research offers guidance for policies
that will enable their long-term developmentin line with European and global sustainability goals.
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APPENDIX 1

Basic Information About the Organization
1. Size of Your Enterprise

a) Micro

b) Small

2. In which region of Croatia does your enterprise operate?

a) Central Croatia

b) Istria and Primorje

c) Slavonia

d) Dalmatia

e) Zagreb and surroundings

3. How long has your enterprise been operating?

a) Less than 5 years

b) 5-10 years

¢) 11-20 years

d) More than 20 years

4. How many employees does your enterprise currently have?

a) 1-5 employees

b) 6-10 employees

c) 11-20 employees

d) More than 20 employees

5. Main activity of your enterprise

a) Production

b) Service

c) Trade

d) Other (please specify):

Business Sustainability

6. Are you familiar with the concept of sustainable business?

a) Yes

b) No

7. Do you consider sustainability important for your enterprise’s business?

a) Notimportant

b) Somewhat important

c) Very important

8. Which aspects of sustainability do you consider most important for your enterprise? (You can
select multiple answers)

a) Reducing business costs through more energy-efficient processes

b) Environmental responsibility and waste reduction

c) Social responsibility (towards the community, employees)

d) Better company image

e) Adapting to requlatory changes

f) Other (please specify):

9. Do you currently implement any sustainable practices in your enterprise?

a)Yes

b) No

¢) Plan to implement in the next year

d) Plan to implement in the next 3 years

e) Plan to implementin the next 5 years



10. If yes, which sustainable practices do you implement? (You can select multiple answers)

a) Recycling waste

b) Optimizing resource consumption (water, energy)

c) Using renewable energy sources (e.g., solar panels)

d) Sourcing from local suppliers (supporting the community)

e) Other (please specify):

Enterprise Resilience

11. Do you believe that sustainable practices can increase your enterprise's resilience to the chal-
lenges it faces today?

a)No

b) Partially

) Yes

12. What are the biggest challenges to introducing sustainable practices in your enterprise?

a) Insufficient financial resources

b) Lack of knowledge and information

c) Unclear legal regulations

d) Lack of interest from the owners

e) Lack of employee motivation

f) Other (please specify):

13. How would you like to improve sustainability in your enterprise?

a) Education on sustainability and available tools

b) Financial support or grants

) Cooperation with other enterprises or the community

d) Other (please specify):

Digitalization and Sustainability

14. Do you use digital tools to implement or monitor sustainable practices in your enterprise?

a)Yes

b) No

c) No, but we plan to in the future

15. If the previous answer is yes, how do digital technologies contribute to sustainability in your
enterprise? (You can select multiple answers)

a) Optimizing existing resources (e.g., energy or material consumption)

b) Digital monitoring of production processes (and waste reduction)

c) Increasing efficiency through digital processes (e.g., e-documents instead of paper)

d) Improving communication with customers and partners

e) Other (please specify):

16.Do you believe that digitalization facilitates the introduction of sustainable practices in micro
and small enterprises?

a) Does not facilitate

b) Partially facilitates

) Facilitates

d) Cannot assess

17.Which digital tools do you use to promote sustainability? (Multiple answers possible)

a) Energy consumption tracking software

b) Waste management tools

c) Digital platforms for ESG reporting

d) Software for supply chain optimization

e)None

f) Other (please specify):



Closing Questions
18. Do you believe that mandatory sustainability reporting would help micro and small enterprises?

a) Yes

b) No

19. Which form of support would be most useful for your enterprise in implementing sustainable
practices? (Multiple answers possible)

a) Financial support

b) Education on sustainable practices

c) Technical support (digital tools and resources)

d) Requlatory guidelines and manuals

20. What are the three key benefits you see in adopting sustainable practices?

a) Reducing costs

b) Improving reputation

) Access to financial support

d) Increasing market competitiveness

e) Environmental preservation

21. What sources of information about sustainable practices do you most often use?

a) Professional associations

b) Online guides and webinars

¢) Consulting companies

d) EU and national institutions

22.Do you have any additional comments or suggestions about the topic of sustainable practices
in micro and small enterprises?

(Open-ended response)
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ABSTRACT

This study explores the intersection of sustainable mobility, development, and public health in
the urban environment through the implementation of low-emission zones (LEZs). Focusing on
Madrid's experience since 2018, it examines the contribution of LEZs to fostering the transition
to greener transport modes, the expansion of public transport networks and improving public
health. The research aimed to map out the steps for transferring these benefits to the city of Sofia
in order to help transform it into a more resilient and sustainable city. A case-study approach
was employed, analysing the urban, social and economic elements that influence the success of
the implementation of LEZs in Madrid. Data on urban mobility patterns, socio-economic factors,
air quality, noise pollution and land use were examined using time-series analysis, Geographic
information systems (GIS) for spatial and network analysis, alongside measurable indicators. Fi-
nally, the research adapts the findings to Sofia, considering the specific local urban, regulatory,
social and economic challenges by developing a model with guidelines forimplementation. The
introduction of LEZs in Sofia has the potential to significantly improve public health and create
more resilient urban communities by enhancing the use of cleaner transportation alternatives
and promoting sustainability and adaptability to climate change.

Keywords: Urban mobility, Sustainability, Low-emission zones, Public health, Resilience



1 INTRODUCTION

Mitigating climate change effects on the urban environment and improving public health are ur-
gent goals to achieve as part of nations and cities race to net zero. Among the first most important
adopted documents in this regard is the 2015 Paris Agreement, an international treaty on climate
change, adopted by 196 countries at the UN Conference (COP21) with the main goal of striving to
“limit the temperature increase to 1.5°C above pre-industrial levels". According to the agreement, to
limit global warming to 1.5°C, greenhouse gas (GHG) emissions must peak no later than 2025 and
decrease by 43% by 2030 (United Nations 2015).

The otherimportant binding document is the 2030 Agenda for Sustainable Development, with goal
number 13 “Climate Action” from the Sustainable Development Goals adopted initin 2015 (UN De-
partment of Economic and Social Affairs 2015) and included in the plan for the localization of meas-
ures, New Urban Agenda, Habitat Il (Habitat Il Secretariat 2017).

The GHG emissions, including from transport (11-12%), are a major contributor to the cities' air
quality and other climate issues, although overall they are already slowly but steadily decreas-
ing for both Spain and Bulgaria (H. Ritchie et al. 2020). Modes of transport in the city, that use
petrol and especially diesel fuel, have an undeniable negative impact on health and wellbeing
causing air and noise pollution (Kozina, Radica, and Nizeti¢ 2020) and in some cases severe traffic
accidents, as older cars and motorcycles do not have the modern safety systems and can often
produce dangerous malfunctions.

One of the tools and measures that emerged to tackle the mentioned urban challenges and to re-
duce dependence on the traditional fuel cars and motorcycles are the Low emission zones, which
constitute well defined zones with variety of restrictions for polluting vehicles (Institute for Trans-
portation and Development Policy 2023) from priced to not priced entrance, from severe restrictions
for all to milder ones for residents and passing through traffic. These zones differ in size and restric-
tions throughout more than 300 cites in Europe but their success in directly and immediately reduc-
ing air pollution in the form of particulate matter (PM), especially with diameter less than or equal
to2.5pm (PM, and nitrogen oxides (NO,) and in promoting and prioritizing more active and clean
modes oftransport particularly walking and cycling, isundeniable (Transport & Environment 2019).

1.1 Madrid case study

Madrid'’s first LEZ model was initially introduced as part of a systematic approach included along
with other sustainability initiatives in the "Plan A: Air Quality and Climate Change Plan" (Ayuntami-
ento de Madrid 2017), included a total of 30 measures, adopted in September 2017 by the Madrid
City Council. A large part of the measures (21 out of 30) of this plan are aimed at sustainable urban
mobility and promotion of public transport, walking and the shared bike service called BiciMAD (EMT
Madrid and Ayuntamiento de Madrid 2025), operated by the Municipal Transport Company ("Empre-
sa Municipal de Transportes”, EMT).

Inlate 2019 the LEZmodel became part of an entirely new Sustainable Development Strategy called
Madrid 360 (Ayuntamiento de Madrid 2024a), an increase from one to three (3) zones in total: two
of which are LEZ with Special Protection "Centro” (corresponding to the previous LEZ limits) and "Pla-
za Eliptica”, the third constitutes the entire city, declared as a LEZ as well. The interventions in the
urban environment part of the Madrid 360 strategy are a combination of sustainable urban mobility
measures combined with other sustainability initiatives with significant positive results in lowering
air and acoustic pollution (localized effects) and promoting alternative modes of transport to the
private car, namely walking, biking and using publictransport. The main goal of the strategy is to re-
duce emissions (compared to the levels of 1990) in the city of Madrid by 65% by 2030 and to achieve
climate neutrality by 2050 (Ayuntamiento de Madrid 2022). The strategy fully adheres to the Strate-
gic Development goals (UN Department of Economic and Social Affairs 2015).

Some of the results of the strategy's implementation are already reality with 3 consecutive years (as

of 2024) with all 24 air quality stations show the lowest NO, levels since the start of application of
the community regulations (Ayuntamiento de Madrid 2024a).



1.2 Sofia case study

Among the current environmental conditions in the Bulgarian capital are elevated air pollution in
certain locations especially during the colder months, elevated noise pollution, especially around
the main transport roads, urban transport with low frequency and with insufficient coverage and
increased urban heat islands effect. The implemented sustainability strategies (Sofia Municipality
and Infraproekt Konsult Ltd. 2019) over the last 10 years, for example the Integrated plan for Sus-
tainable Development and Regeneration (Architecture and Urban planning Department Sofia 2013)
are only semi-successful including a first attempt to partially introduce a LEZ in the city center only
for the winter months between December and February that is active since December 2022. The
insufficient results from these initiatives is mainly due to the lack of proper control (for example
the current LEZ in Sofia is not controlled by fines and the restrictions are not enforced strictly), the
unstable political situationin the country for the past 5 years and in many poor or lack thereof actual
execution of the plans, despite the detailed and comprehensive research and target projects includ-
ed in for example the Vision for Sofia 2030.

Majorly improving Sofia’' sustainability and resilience to climate changes requires stricter imple-
mentation, administration, monitoring and continuous adaptation of modern approaches that are
tailored to the specific socio-demographic, administrative and legislative conditions in the country
and in the city where around a quarter of the country's population is concentrated (I. National Sta-
tistical Institute Bulgaria 2024).

1.3 Purpose and Goals
1.3.1 Purpose

The study's purpose is to create a model encompassing a detailed phased approach with guidelines
necessary to firstly choose suitable possible locations and secondly successfully implement LEZs and
their related sustainable urban mobility interventions in Sofia city.

1.3.2 Goals

The first goal of this research is to identify the best practices established in the LEZs implementation
in combination with the rest of Madrid’ strategic interventions in the urban infrastructure, mobility
patterns, administration, and legislation, using appropriate analysis techniques, depending on of-
ficial available data.

The second goal is to properly assess the success in the application of the interventions according to
the indicators and compare these results with Sofia's current situation to find the pain points where
more strict measures are needed and where Sofia might have good practices already in place.

The third and final goal is to create a model for implementation with guidelines for LEZs.

2 METHODS

A case-study approach was employed, analysing the urban, social, and economic elements relevant
to the implementation of LEZs in Madrid. Socio-economic data, including population growth, den-
sity and distribution, were examined using time-series analysis to capture urban trends over time.
SQL-based data manipulation was applied to clean, aggregate and normalise tabular data for land
use, air and noise pollution.

Geospatial vector, raster and tabular data was processed in a GIS software (QGIS) using spatial joins,
geoenrichment with demographic information, data enrichment through overlay analyses, spatial
and network analysis (for land use, population distribution, urban mobility patterns, public trans-
port (PT), and PT accessibility), and spatial interpolation (Inverse Distance Weighting (IDW) method)
for air quality and noise pollution data. Measurable indicators were derived from the analysis to
synthesize and quantify targets.



3 RESULTS

3.1 Analysis results

The urban profiles of Madrid and Sofia were compared on key factors that influence urban devel-
opments, improvements and growth. Starting with the socio-demographic and economic ones the
year over year growth (YoY Growth) of Madrid and Sofia's populations represented in Fig.1 was cal-
culated using the below stated formula.

Population this year — Population previous year
YoYGrowth = - - X 100
Population previous year

Both cities' populations currently have a growing trend for the past 20 years from 1,11M (2002) to
1,19M (2023) for Sofia and from 3,09M (2002) to 3,46M (2023) for Madrid. There was a continuous
growth after 2010 in Sofiaand a 5 yeardecrease in the same period for Madrid and finally ashort de-
cline, coinciding with the Covid19 Pandemic years between 2020 and 2022 for both capitals (Figure
1.). The population growth is considered when comparing, calculating or normalizing other urban
metrics further in the analysis.

Figure 1: Population variation (YoY growth) from 2003 to 2023: Sofia and Madrid
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(Source: Compiled by the author based on data from official sources) (Ayuntamiento de Madrid 2024b; Instituto
Nacional de Estadistica de Espana 2024c; National Statistical Institute Bulgaria 2024)

Click or tap here to enter text.Click or tap here to enter text.Click or tap here to enter text.

The LEZs' current scopes for Madrid and Sofia are shown in Figure 2. It becomes apparent the scope
and size of the LEZ currently implementing for the winter months in Sofia is not the problematic
element of why it is until today not successful.



Figure 2: Location of LEZs in Madrid (top row, bottom left) and new LEZ in Sofia (bottom right)
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(Source: Compiled by the author based on data from official sources) (Geoportal del Ayuntamiento de Madrid
2021b) (Sofia Municipality 2024)

3.2 Indicators

Madrid's LEZ model's impact on reducing GHG emissions and Particulate matter (PM) 2.5, improving
air quality, acoustic pollution, and road safety was then assessed by focusing on key indicators from
anurban, environmental and transport planning perspective.

The indicators are represented in two separate tables, based on indicator categories. The specific
indicators are chosen with the goal of encompassing most aspects of LEZ's implementation and ef-
fects on the urban environment and public health. The tracked values are based on two main types
of data:

- readily available open access tabular data (CSV, XLSX file formats) from official sources, collected
and then further validated, cleaned and enriched, when necessary, inside Spreadsheets or using
SQL, and then taken as a measurement

- results from the analysis (using open access data) when concerning the need to use geospatial
data (Shapefiles, GeoJSON, Geopackage file formats) for spatial and network analysis inside the
free open-source GIS software QGIS.
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The values are organized in 3 groups: “Initial” with values for Madrid before the introduction of
LEZs and Sofia's latest current state values, "End”, which are the latest found or most up-to-date for
Madrid and "Target"” values for Sofia set by the author based on either the End values from Madrid or
on the analysis conducted so far.

Table 1: Indicators for measuring the impact of LEZs on the urban systems, environment, and public
health: initial, end, and target values for Urban and environment related categories: Air and Noise
Pollution, and Urban planning (values compiled by the author based on data from official sources).

Initial values End Target
. Methods for meas- | Unit of city level values | values
Cat. Indicators - -
uring the indicators | measure Madrid Sofia Madrid sofia
2018 latest latest 2025+
. 2018:
PM, ; concentration pg/m? 9.2 19.85 10 <5
Air quality meas- 2018:
PM_, concentration urement stations. pg/m?® 40 346 b 40 <15
(annual mean) ™ .
. 2022: 2020:
NO, concentration levels pg/m? 40 ) <10
Airand 2 >500 | 117
noise GHG emissions from road transport | Air quality meas- ‘y s66c | 20150 | 2022 <10
pollution | (35 part of all GHG emissions) urement stations ’ : 17.3¢ | 32.6¢
Level of acoustic pollution daily Noise measure- . 2022: 2023:
average ment stations B 62,6 64.1° 62,3 <53
All-cause premature mortality rate Hospital records, 2021:
linked to urban environmental public health % n.a. n.a. 3.4 o 0
factors like air pollution databases .
Green areas (only publicly accessible) Dpmiai, e % 6.3" 56.8° 6.7" 56.8"°
use plan
Urban_ Public spaces (including green areas) Land use pl_an, IDETE % 13.71 56.8° 13.71 56.8°
planning analysis using SQL
Publl_c spaces (including local/pe- Land use pl_an,Data % 2071 n.a 2071 56.8
destrian streets and green areas) analysis using SQL

* For target values for air quality indicators are used the annual mean recommended levels established by the
World Health Organization (World Health Organization (WHO) 2021).

**Target value for acoustic pollution is set according to the WHO Environmental noise guidelines for the Europe-
an Region for road traffic noise (World Health Organization (WHO) 2018)

d (Denkstatt 2017); i (Geoportal del Ayuntamiento de Madrid 2021a); g (lungman et al. 2021);

b (Sofiaplan 2021); f (National statistical institute 2022); k (Statista 2023); c (Directorate General for Sustainabil-
ity and Environmental Control Sub-directorate of Energy and Climate Change 2024, 5);

j (Environmental Association “Za Zemiata" 2024) ; e (Portal de datos abiertos del Ayuntamiento de Madrid
2024a); h (Portal de datos abiertos del Ayuntamiento de Madrid 2024b);



Table 2: Indicators for measuring the impact of LEZs on the urban systems, environment, and pub-
lic health: initial, end, and predicted values for Mobility related categories: Modal Split and traffic,
PT and Accessibility (values compiled by the author based on data from official sources).

Initial values city End Target
) Methods for measuring Unit of level values  values
Cat. Indicators he indi
the indicators measure Madrid Sofia Madrid 2035
2018 latest latest
Modal split: PT % 3445 20177 na >40
37b
. . Traffi itori d o 2017:
Modal split: walking raficmonitoring an % 38.2a 297b n.a. >35
counting points, GPS !
. . tracking, app-based mo- 2017:
Modal Modal split: cycling bility data, travel surveys % 0.6a 18b n.a. >5
splitand )
traffic Modal split: cars and motor- % 2413 2017: na. <20
cycles 30,4b
N Vehicle registration data- ~ Cars/ 1000 2020: 2021:
P (i bases, population census inh.* 420¢ 663 540 <500
Road accidents databases, deaths/ 1M 2023: 2023:
HERISEE Y hospital databases inh. 11.5d 35e 7.5d <3
Passengers passing . .
. . Annual 2023: 2023:
Optimal metro load capacity Lhro_ugh metro entrance trips/ inh. 201.2f 10370 191.4f >150
arriers
Optimal surface PT load ca- Transport documents Annual 2018: 2014: 2023: 250
pacity sold, video monitoring trips/inh.  128.7) 242m  131.4g
. Stations/ 2023: 2023:
Metro stations Km2 0.5K 0.231 05k 0.5
g PT databases
PTan Stops/ . 2021: 2023:
b Surface PT stops kM2 17.4j 92m 183 ] >15
bility Annual 2018 2023
. . . g u . .
Bike sharing services use Bicycles rented annually trips/inh. 110 n.a. 2.29 >1
Walking accessibility . X
(<15min metro station, Network Analysis % 85 270321' 2?9%3' 100

<5min surface PT stop)

PT stops and stations with Pliens @hies
accessibility for people with % 100e n.a. 100e 100

reduced mobility comparison analysis
*inh.=inhabitants
b (Sofia Municipality and Infraproekt Konsult Ltd. 2019); m (Sofiaplan 2021);
¢ (Area de Gobierno de Medio Ambiente 2022); i (Portal de datos abiertos del Ayuntamiento de Madrid 2022); d
(Direccion General de la Policia Municipal de Madrid 2024); j (EMT Madrid 2024a); g (EMT Madrid 2024b); f (Metro
de Madrid 2024a); k (Metro de Madrid 2024b); | (Metropolitan Sofia 2024); a (Monzdn et al. 2024); e (National
Statistical Institute and Ministry of Interior of Bulgaria 2024); h (International Association of Public Transport 2025)

3.3 Adoption model, guidelines next steps

The research results will be used in a multicriterial analysis to finally adapt the findings to Sofia, con-
sidering the specific local urban, regulatory, social and economic challenges by developing a model
with guidelines for implementation.

A multi-criteria decision analysis (MCDA) is chosen to help streamline finding the most suitable LEZ
locations based on the results of the indicators which are further evaluated and given scores. As
selection criterions in this next step will be used pollution distribution (air and noise), PT accessibil-
ity, both walking and cycling and traffic information. These criterions in the form of raster or vector
layers will be used | the MCDA model with assigned weights. Results of the MCDA will be used in the
rest of the PhD Research.



The guidelines for choosing LEZ locations, synthesized after this study are the following:

- Data first: A data-driven approach must be employed when choosing potential LEZ locations to
ensure best results in terms of environmental benefits.

- Phased implementation, with each phase ending in evaluation of the execution:

- Phase 1: Immediate measures (low-cost interventions like for example “slow zones" (with
restrictions for driving speed of 30km/h), awareness campaigns).

- Phase 2: Publictransport and cycling infrastructure improvements.

- Phase 3: Gradual enforcement through warnings and then fines.

- Phase 4: Expansion of LEZs.

- Public acceptance and stakeholder involvement: the importance of involving various stakehold-
ersinthe planning and implementation process, a clear definition of roles of citizens, businesses,
and government agencies, timeline of their involvement. Strategies for public engagement and
behavioral change.

- Financial incentives for Zero-emission alternatives: making subsidies and tax incentives part of
the process for enforcing the LEZs, especially for citizens who reside inside the limits of the zones
with restrictions. Financial support is beneficial to promoting electric mobility and non-motor-
ized transport.

- Monitoring: the control and actual enforcement of the LEZs is just as important as their overall
implementation from the rest of the guidelines.

4 DISCUSSION

The proper introduction of LEZs in Sofia has the potential to significantly improve public health and
create more resilient urban communities by enhancing the use of cleaner transportation alterna-
tives and promoting sustainability and adaptability to climate change. In its current incomplete
form, the limited to a few months in year LEZ in the Bulgarian capital, introduced after this research
started, could not possibly achieve the same results as the larger-scale LEZs as an integral part of
the comprehensive sustainable mobility approach of Madrid. Sofia is already behind with some of
the goals set in the extensive "Vision for Sofia" Strategy and the city's administration needs to take
on a firmer approach to mitigating its ongoing pollution issues, to addressing its road safety con-
cerns and accessibility challenges as well as to promote and actually support further the sustainable
modes of transport like for example bike-sharing and electric urban transport vehicles.

The current study as a part of the author’s PhD research, which has not yet concluded at the time of
writing this article, means that that the analysis of some of the data is yet to be expanded, including
a more detailed spatial analysis approach to the air and noise pollution data series. Some data was
also not readily available or found in the publicly accessible documents and official open data web-
pages related to all urban data for some time periods which means some indicator measurements
might be slightly outdated or incomplete.

Nevertheless, implementing the multiple LEZs approach in combination with all other sustainable
mobility measures simultaneously in the rest of the big Bulgarian cities, not only in the capital, could
be explored in connection to this study and to the overall net-zero goals of the country.

5 CONCLUSION

This paper presents a structured approach to implementing LEZs as a successful sustainable urban
transport measure that can significantly contribute to improving public health and citizen's quality
of life by reducing air and noise pollution through the introduction of traffic limitations, by improv-
ing traffic safety through new speed limits and larger pedestrian zones, by improving city walkabil-
ity and promoting healthier mobility alternatives to the private car.

The ongoing urgent need to mitigate climate change and improve public health could be achieved
through thoughtfully planned measures with a phased implementation, like the low and ze-
ro-emission zones, that are well-accepted by the local communities given the use of a comprehen-
sive public inclusion campaigns, forums and workshops and following of the guidelines for fund-



ing and other incentives for the citizens. Other measures that could be researched in the same way
could be the Barcelona Superblocks which have also already found an implementation in Madrid.
These measures gradually transform people's quality of life within city limits, create places out of
public spaces and promote a healthierurban living, using the planning for the people approach and
shifting away from the last century’s car-centric urban developments.
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ABSTRACT

ESG (Environmental, Social, and Governance) strategies have emerged as a cornerstone for cor-
porate sustainability, driven by the urgency of achieving carbon neutrality by 2050 in line with
European and global directives. This paper explores the multifaceted challenges organisations
face when designing and implementing ESG strategies, emphasizing their alignment with EU
regulations such as the Corporate Sustainability Reporting Directive (CSRD) and the EU taxono-
my. These frameworks aim to standardise sustainability reporting and ensure the integration of
ESGprinciplesinto core business practices. This study highlights key obstacles, including the com-
plexity of collecting, analysing, and reporting reliable environmental and social data, as well as
ensuring transparency and regulatory compliance. Additionally, it addresses the difficulties in
establishing measurable environmental indicators and integrating them into decision-making
processes. The lack of standardisation in ESG metrics across industries further complicates ef-
forts to meet stakeholders’ expectations. The article presents examples of best practices from
organisations that have successfully navigated these challenges, offering insights into strategies
forfostering collaboration among stakeholders, including management, employees, and supply
chain partners. The findings underscore the importance of a holisticapproach that balances envi-
ronmental goals with social and governance considerations, ensuring long-term business resil-
ience. This paper provides actionable recommendations and practical insights for organisations
(universities, large companies, small and medium-sized enterprises (SMEs) striving to transition
towards sustainable business models. It serves as a valuable resource for companies seeking to
not only comply with regulatory demands but also to create meaningful impact through their
ESGstrategies, contributing to global sustainability goals. The paper addresses a research gap by
transferring some of the extensive experience of large European companies that have set ambi-
tious sustainability goals to the Slovene context. Best practices to achieve carbon neutrality by
2050 within the framework of the adopted European Green Deal are presented both for large
enterprises and SMEs.

Keywords: ESG strategy, sustainability, carbon neutrality, EU directives, CSRD, transparency, tax-
onomy, best practices



1 INTRODUCTION

Environmental, Social, and Governance (ESG) strategies have become pivotal for corporate sustain-
ability in the 21* century. With the European Union (EU) aiming for carbon neutrality by 2050, ESG
frameworks have been integrated into corporate agendas to meet both regulatory requirements
and societal expectations. This paper examines the critical challenges and opportunities organisa-
tions face in developing ESG strategies, focusing on alignment with EU guidelines such as the Corpo-
rate Sustainability Reporting Directive (CSRD) (EU 2022) and the EU taxonomy (EU 2020). By analys-
ing these frameworks, the paper underscores their role in standardising sustainability practices and
driving progress toward global sustainability goals.

2 PURPOSE AND GOALS

This study aims to:

1. ldentify the key challenges organisations face in developing and implementing ESG strategies.

2. Explore opportunities forimproving ESG frameworks through alignment with EU directives.

3. Provide actionable recommendations for achieving carbon neutrality while ensuring regulatory
compliance and stakeholder engagement.

The ultimate goal is to offer a comprehensive resource for diverse organisations—universities, large
corporations, and micro, small and medium enterprises (SMEs)—to transition towards sustainable
business models effectively.

3 METHODS

The research employs a mixed-methods approach, combining qualitative and quantitative analyses:

- Literature Review: Analysis of EU regulations, including the CSRD and EU taxonomy, to under-
stand theirimpact on corporate sustainability practices.

- (ase Studies: Examination of organisations (particularly the primary aluminium production) that
have successfully implemented ESG strategies, highlighting best practices and lessons learned.
Six sustainability reports from major aluminium producers within the EFTA region (Rio Tinto, Al-
can, Hydro, Slovalco, Aluminium Dunkerque, Novelis) were reviewed, along with four sustain-
ability reports from Slovenian companies (Petrol, Acroni, Impol, Cinkarna). Based on these ex-
periences, a sustainability report, together with a taxonomy, was prepared for the aluminium
producer in Kidri¢evo for the years 2022 and 2023.

- Interviews: Insights from industry experts, policymakers, and sustainability officers to identify re-
al-world challenges and solutions. Between 2023 and 2024, several in-person interviews were
conducted at four European Aluminium meetings, an association comprising more than 600 lar-
ge companies engaged in aluminium production and processing. In addition, interviews were
carried out with the largest companies in Slovenia through the Chamber of Commerce and In-
dustry of Slovenia, covering the steel, paper, and glass industries. An interview with a represen-
tative of the Municipality of Kidricevo, where aluminium production takes place, was conducted
as part of the process of obtaining the Aluminium Stewardship Initiative (ASI) standard, focusing
on sustainability challenges in the social domain. Regarding sustainability investment, meetings
were held with representatives of banks in Slovenia.

- Data Analysis: Evaluation of sustainability reports to assess the effectiveness of current ESG met-
rics and their alignment with regulatory requirements.

4 RESULTS

4.1 Challenges in Developing ESG Strategies
4.1.1 Data Collection and Reporting

Organisations face significant obstacles in gathering reliable environmental and social data with
the goal of one-click data availability. Reporting requires information from different departments



in the company, locations or subsidiaries. The lack of standardised metrics and framewaorks exac-
erbates the complexity, leading to inconsistencies in reporting. There has been a very significant
increase in demand for corporate sustainability information in recent years, especially on the part
of the investment community. That increase in demand is driven by the changing nature of risks
to undertakings and growing investor awareness of the financial implications of those risks. That
is especially the case for climate-related financial risks. There is also a growing awareness of the
risks and opportunities for undertakings and for investments resulting from other environmental
issues, such as biodiversity loss, and from health and social issues, including child labour and forced
labour. The increase in demand for sustainability information is also driven by the growth in in-
vestment products that explicitly seek to meet certain sustainability standards or achieve certain
sustainability objectives and to ensure coherence with the ambition of the Paris Agreement under
the United Nations Framework Convention on Climate Change adopted on 12 December 2015 (the
'Paris Agreement'), the UN Convention on Biological Diversity and Union policies.

4.1.2 Regulatory Compliance

Ensuring alignment with evolving EU directives poses a challenge, particularly for SMEs with limit-
ed resources. Compliance with the CSRD requires extensive internal restructuring and investment
in new technologies. Through the CSRD reporting obligation, the growing demand for transparent
and reliable information about companies' performance in environmental, social, and governance
(ESG) areas will be addressed. It replaces the Non-Financial Reporting Directive (NFRD) (EU 2014) in
effect since 2014.

4.1.3 Stakeholder Engagement

Balancing the expectations of diverse stakeholders—including investors, employees, and supply
chain partners—remains a significant hurdle. Misalignment among stakeholders can hinder effec-
tive ESG implementation.

4.1.4 Integration into Decision-Making

Establishing measurable environmental indicators and embedding them into strategic deci-
sion-making processes is another challenge. Many organizations struggle to quantify their environ-
mental and social impacts in actionable terms. The company has to maximise the value of the data
and track the targets over the years, monitor goals, measure key performance indicators (KPIs) and
meet CSRD reporting obligations in the most optimal way. The IT departments in the companies are
very much involved in that extensive and complex process and help with competitive advantages
that increase the long-term profitability.

4.2 Reporting Obligations for Large Companies and SMEs

The companies have to evaluate financial risks and opportunities, as well as positive and negative
impacts, from an inside-out and outside-in perspective. The first necessary step to the CSRD report-
ing obligation is the so-called Double Materiality Assessment, which involves plotting a graph to
ensure that the company lays the foundation for a strategy and a report that will stand up to scru-
tiny. Currently, all large companies which have >500 employees and are publicly listed were al-
ready required to comply with NFRD. Starting inJanuary 2025, large companies that meet two of the
following three criteria will be affected: >250 employees, annual turnover of >€20 million or/and
net revenue of >€40 million. The scope of this directive will be gradually extended over the com-
ing years. Ultimately, this expansion will result in a reporting obligation for approximately 50,000
companies across the EU, including around 15,000 in Germany. Starting in January 2026, all publicly
listed SMEs will be required to report if they exceeded two of the following three criteria: more than
10 employees, balance sheet total of more than €450,000 or a turnover of more than €900,000.
Non-European companies are required to report by 2028 with the following conditions: a net turn-
over of more than €150 million € in the EU and at least one subsidiary or branch located within it.



4.2.1 EU Taxonomy and Relevant Regulations

The EU Taxonomy (Directive 2022/2464 (EU 2022), Regulation EU 2021/2178 (EC 2021), Regulation
EU 2021/2139 (EC 2021), and Regulation EU 2020/852 (EU 2020)) provides a classification system
for environmentally sustainable activities. It aims to:

- Ensure clarity and transparency in sustainability reporting.

- Establish criteria for determining whether an economic activity contributes substantially to envi-
ronmental objectives, such as climate change mitigation and adaptation.

- Promote sustainable investments by providing investors with reliable information on environ-
mentally friendly activities.

The EU Taxonomy establishes a common understanding of green economic activities that make a
substantial contribution to EU environmental goals, by providing consistent, objective criteria. To-
gether with the Corporate Sustainability Reporting Directive (CSRD) these two instruments will en-
sure that companies falling under the scope of the CSRD disclose the environmental performance
information of the company as well as information about a company’'s Taxonomy-aligned economic
activities. For financial products and financial entities, the Sustainable Finance Disclosure Regula-
tion (SFDR) has been applied from the 10 of March 2021. Compliance with sustainability-related
disclosures is expected to have considerable behavioural effects on financial firms, and indirectly
on the business models of companies that are being invested in. The green economic activities are
defined according to six EU environmental objectives: climate change mitigation, climate change
adaptation, sustainable use and protection of water and marine resources, transition to circular
economy, pollution prevention and control, and protection and restoration of biodiversity and
ecosystems. It also sets out four conditions that an economic activity has to meet to be recognised
as Taxonomy-aligned: making a substantial contribution to at least one environmental objective,
doing no significant harm to any other environmental objective, complying with minimum social
safequards and complying with the technical screening criteria. According to Delegated regulation
(EU) 2021/2178 (EC 2021), the companies should prepare the data and calculate the proportion of
turnover, capital expenditure (CapEx) and operational expenditure (OpEx) from products or services
associated with taxonomy-aligned economic activities for a certain year (templates for the KPIs of
non-financial undertakings in Annex I1).

4.2.2 Obligations for Large Companies

Large companies are required to disclose detailed information on their environmental performance
and social impact under the Corporate Sustainability Reporting Directive (CSRD). This includes:

- Adherence to the EU taxonomy's criteria for sustainable activities.

- Comprehensive reporting on environmental, social, and governance metrics using eleven (11) Eu-
ropean Sustainability Reporting Standards (ESRS) outlined in Regulation EU 2023/2772 (EC 2023).

- Alignment with global sustainability goals, including the United Nations Sustainable Development
Goals (SDGs) (UN 2015a).

- Reporting on their carbon footprint (ESRS E1), which includes measuring, managing, and reduc-
ing greenhouse gas (GHG) emissions across Scope 1, Scope 2, and Scope 3 categories.

Two ESRS standards are related to general requirements and disclosures (ESRS 1&2), five standards
(ESRS E1 to E5) to environmental issues (climate change, pollution, water & marine resources, bio-
diversity and ecosystems, and resource use and circular economy), four standards (ESRS S1 to S4) to
social demand (own workforce, workers in the value chain, affected communities, consumers and
end-users) and one standard (ESRS G1) to business conduct. EFRAG develops with industry experts
sector-specific standards (agriculture, livestock, fisheries, mining, energy and utilities, food, trans-
portation, etc.) and will be released later.

Articles 19a and 29a of Directive 2013/34/EU (EU 2013) apply to large undertakings that are pub-
lic-interest entities with an average number of employees in excess of 500, and to public-interest
entities that are parent undertakings of a large group with an average number of employees in
excess of 500 on a consolidated basis, respectively. The obligation for large companies according to
CSRD directive will start by the 30" of September 2025.



4.2.3 0Obligations for SMEs

While SMEs face less stringent requirements, they are encouraged to adopt simplified reporting
practices that align with the EU taxonomy. Key obligations include:

- Providing concise disclosures on their contributions to environmental objectives.

- Demonstrating alignment with selected ESRS standards.

- Participating in capacity-building initiatives to improve their reporting capabilities and meet
stakeholder expectations.

- Reporting on value chain emissions (upstream and downstream) to provide a complete picture
of their environmental impact.

The sustainability reporting standards for small and medium-sized undertakings will constitute a
reference for undertakings that are within the scope of the requirements introduced by the amend-
ing Directive EU 2022/2464 regarding the level of sustainability information that they could reason-
ably request from small and medium-sized undertakings that are suppliers or clients in the value
chains of such undertakings. Small and medium-sized undertakings whose securities are admitted
to trading on aregulated marketin the Union should, in addition, be given sufficient time to prepare
for the application of the provisions requiring sustainability reporting, due to their smaller size and
more limited resources, and taking account of the difficult economic circumstances created by the
Covid-19 pandemic. Therefore, the provisions on corporate sustainability reporting with regards to
small and medium-sized undertakings, except micro undertakings, whose securities are admitted
to trading on a requlated market in the Union should apply for financial years starting on or after
the 1%t of January 2026. Following that date, for a transitional period of two years, small and medi-
um-sized undertakings whose securities are admitted to trading on a requlated market in the Union
should have the possibility of opting-out from the sustainability reporting requirements laid down
in this amending Directive, provided they briefly state in their management report why the sustain-
ability information has not been provided. Member States should consider introducing measures to
support small and medium-sized undertakings in applying the sustainability reporting standards.

4.3 Reporting Requirements for Carbon Footprint (ESRS E1)

Under ESRS E1, companies have to:
- Measure and report their greenhouse gas (GHG) emissions, categorized into:
- Scope 1: Direct emissions from owned or controlled sources.
- Scope 2: Indirect emissions from the generation of purchased electricity, steam, heating, and
cooling.
- Scope 3: All other indirect emissions occurring in the value chain, including upstream and
downstream activities (logistic).

- Setscience-based targets for emissions reduction and outline the strategies for achieving these
targets.

- Provide detailed disclosures on climate-related risks and opportunities, in alignment with the
Task Force on Climate-related Financial Disclosures (TCFD).

Financial markets need clear, comprehensive, high-quality information on the impacts of climate
change. This includes the risks and opportunities presented by rising temperatures, climate-related
policy, and emerging technologies in our changing world. The Financial Stability Board (FSB) creat-
ed the Task Force on Climate-related Financial Disclosures (TCFD) in 2015 to improve and increase
reporting of climate-related financial information (Financial Stability Board 2015). TCFD are struc-
tured around four thematic pillars that represent core elements of how organizations operate: gov-
ernance, strategy, risk management, and metrics and targets.

If the company imports certain products as part of European emissions trading, they have to ful-
fil the requirements of the CO, Carbon Border Adjustment Mechanism (CBAM) as well. The EU CBAM
(EU 2023) is a carbon tariff on carbon intensive products in six sectors, such as aluminium, cement,
electricity, fertilisers, hydrogen, and iron and steel. The period from 1t October 2023 to the end of
December of 2025 will constitute a transitional phase, in which the importers of products into EU



will need to report their emissions. During that phase, the regulators will check if other products
can be added to the list - e.g. some downstream products. From the beginning of 2026, importers
of products included in these 6 sectors will begin to pay a border carbon tax for their products based
on the price of allowances in the EU Emissions Trading System (ETS) (EU 2003). By 2023 all sectors
covered by the EU ETS will be covered by CBAM. By 2034, free allowances in the relevant sectors in
the EU will be phased out as the fully implemented CBAM ensures a level playing field for European
companies in comparison to importers.

4.4 Reporting on Value Chain (Upstream and Downstream) Impacts

To ensure comprehensive sustainability reporting, organizations are required to:

- Analyse and disclose emissions and other environmental impacts across the value chain.

- Upstream Activities: Include emissions from suppliers, production, and logistics.

- Downstream Activities: Cover emissions from product use, end-of-life treatment, and distribution.

- Collaborate with stakeholders across the value chain to collect accurate data and implement
measures for reducing the overall carbon footprint.

4.5 Alignment with United Nations Goals and Principles

The integration of ESG strategies must align with the United Nations' 17 Sustainable Development
Goals (SDGs) (UN 2015b), focusing on:

- Climate Action (Goal 13)

- Responsible Consumption and Production (Goal 12)

- DecentWork and Economic Growth (Goal 8)

Additionally, organizations should adhere to the UN Global Compact’s Ten Principles (UN 2000), which
emphasize:

1. Human rights.

2. Labour standards.

3. Environmental protection.
4. Anti-corruption measures.

4.6 Opportunities in ESG Implementation

4.6.1 Technological Advancements

Innovations in data analytics, blockchain, and artificial intelligence offer opportunities to enhance
transparency and accuracy in ESG reporting.

4.6.2 Stakeholder Collaboration

Collaborative initiatives among governments, NGOs, and private sectors can facilitate knowledge
sharing and resource optimization, addressing common challenges.

4.6.3 Financial Incentives

Access to green financing and subsidies provided by EU frameworks encourages investment in sus-
tainable practices.

4.6.4 Long-Term Business Resilience

Adopting a holistic ESG approach ensures resilience against market disruptions, fostering trust
among stakeholders and enhancing corporate reputation.

5 DISCUSSION

The findings highlight the intricate interplay between regulatory compliance and organisational
capabilities. The lack of standardised metrics across industries underscores the need for harmo-



nised frameworks to ensure consistency and comparability. Furthermore, the role of leadership
in driving ESG integration emerges as a critical factor. Effective communication and collaboration
among stakeholders are essential for overcoming resistance and fostering a shared commitment to
sustainability goals. The aluminium industry in the EU and Slovenia exemplifies these challenges,
particularly in the context of the green transition. High energy consumption and reliance on non-re-
newable energy sources make decarbonisation efforts particularly challenging. Companies must
invest significantly in green technologies, including renewable energy sources and energy-efficient
production processes, to meet ESG requirements. However, these investments also present oppor-
tunities for leadership in sustainability and long-term cost savings. A noteworthy example is the
publication of sustainability reports combined with green investments presented with turnover,
CapEx and OpEx for 2023 (Talum d. d. 2024). for products and services of a primary aluminium com-
pany, showcasing transparency and commitment to sustainable practices which has already made
huge steps from primary to secondary aluminium production.

These reports highlight how targeted investments in renewable energy and circular economy prac-
tices can drive meaningful progress. The analysis also reveals that while larger corporations have
the resources to adapt to requlatory demands, SMEs require tailored support mechanisms to bridge
gaps in expertise and funding. The importance of leveraging technological tools and fostering a
culture of innovation cannot be overstated, as these elements drive efficiency and effectiveness in
ESG implementation.

6 CONCLUSION

This paper underscores the urgency of developing robust ESG strategies aligned with EU guidelines
to achieve carbon neutrality by 2050. By addressing challenges such as data collection, regulatory
compliance, and stakeholder engagement, organizations can unlock opportunities for sustainable
growth and resilience. The actionable recommendations provided serve as a roadmap for entities
across various sectors to transition toward sustainable business models, contributing to global sus-
tainability goals.

6.1 Recommendations

A) Enhance Data Standardisation: Develop industry-specific guidelines for ESG metrics to improve
reporting consistency.

B) Leverage Technology: Invest in digital tools for real-time data analysis and reporting.

() Foster Stakeholder Collaboration: Establish platforms for dialogue among stakeholders to align
goals and expectations.

D) Tailor Support for SMEs: Provide targeted funding and training programs to assist smaller organ-
izations in meeting regulatory requirements.

E) Promote Leadership Commitment: Encourage leadership to champion ESG initiatives, fostering a
culture of sustainability.
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ABSTRACT

The food systems of Estonia, Latvia, and Lithuania are increasingly influenced by European Union
(EU) regulations, which set frameworks for food safety, sustainability, and fair market practic-
es. While these regulations aim to promote uniformity and sustainability across member states,
their impact on stakeholders in the Baltic food systems remains under-explored. This study in-
vestigates the integration of stakeholders in the implementation of EU sustainability policies
within Baltic food systems, emphasising the Common Agricultural Policy (CAP) 2023-27. Through
the analysis of EU and national strategic documents and stakeholder representation data, the re-
search highlightsthe roles of diverse actors, including policymakers, farmers, organisations, and
consumers. Results reveal variations in stakeholder engagement across Lithuania, Latvia, and
Estonia, emphasising challenges and opportunities in achieving sustainability goals. By identify-
ing gaps in multi-level governance, the study offers recommendations for effective stakeholder
collaboration and outlines directions for future research.

Keywords: Balticfood systems, Common Agricultural Policy, food policy, sustainability labelling,
agricultural policies, rural development, policy implementation



1 INTRODUCTION

The Baltic region comprising Estonia, Latvia, and Lithuania presents a distinct and evolving land-
scape for food systems management. As part of the European Union, the Baltic states operate within
frameworks such as the CAP, the European Green Deal, and the Farm to Fork Strategy. Their agricul-
tural sectors, characterised by smallholder farming and regional specialisation, play a critical role in
both local economies and cross-border supply chains.

There are several approaches to understanding the implementation of European regulations in the
food systems: Stakeholder Theory, Institutional Theory, and Regulatory Compliance Frameworks
(Fernando and Lawrence 2014, 152; Prager and Freese 2009).

Stakeholder Theory emphasises the importance of involving all stakeholders in decision-making
processes to ensure inclusive and sustainable policy implementation, particularly in complex mul-
ti-level governance systems like those in the Baltic region. Institutional Theory examines the influ-
ence of formal and informal rules, norms, and practices on stakeholders' behaviour. In the context
of EU food policy, it helps to understand how local institutions in Estonia, Latvia, and Lithuania align
with or adapt to EU regulations. Regulatory Compliance Frameworks refers to the systems and pro-
cesses that organisations use to ensure they meet legal, environmental, and policy standards.

1.1 Strategic Policies

Asignificant development shaping the region's food systems is the adoption of the new CAP 2023-
27, which came into force on January 1, 2023. This framework is a cornerstone of EU agricultural re-
form, aiming to align food systems with the European Green Deal, the Farm to Fork Strategy, and the
Biodiversity Strategy. On September 6, 2022, the European Commission implemented Regulation
(EU) 2022/1475, introducing a unified system for monitoring and evaluating CAP Strategic Plans.
This regulatory effort ensures harmonised data collection across the EU.

Each Baltic state has developed a unique CAP Strategic Plan tailored to its specific agricultural and
rural development needs. Lithuania's plan emphasises the expansion of organic farming, with a
goaltoincrease organicagricultural land to 20% by 2030, while integrating renewable energy initi-
atives across the farming sector. Latvia focuses on strengthening its small and medium-sized farms
by providing targeted subsidies and fostering innovation in agricultural practices. Estonia prioritis-
es digitalisation and sustainability, leveraging advanced technologies to improve productivity and
supply chain transparency while reducing environmental impacts.

The Baltic states as a region have demonstrated collaborative governance approaches to EU food
policy implementation, especially through multi-stakeholder engagement platforms. The Bal-
tic countries are making progress in harmonising food sustainability goals with EU policies. Baltic
countries share common food system challenges such as sustainable production, food security, and
rural development and are increasingly working together to address these issues (Liva and Zvir-
bule 2024). However, the authors caution that while regional cooperation has proven effective, the
challenge remains in maintaining this cooperation long-term and ensuring the representation of all
relevant stakeholders (OECD 2003, 156).

1.2 Gaps and Limitations

The gaps in understanding the long-term impacts of these policies and the challenges of maintain-
ing multi-stakeholder collaboration include the limited exploration of the role of large agribusi-
nesses in shaping food system policies, and insufficient research on the engagement of small-scale
farmers, particularly in rural areas, in policy implementation (EL Benni et al. 2023). There is a lack of
studies examining the long-term impacts of EU food policies on stakeholder dynamics and sustaina-
bility outcomes. Cross-border cooperation between the Baltic States, while acknowledged, has not
been fully explored in terms of the barriers to effective collaboration, such as differing national pri-
orities and economic disparities.

The research focus on how these stakeholders, including farmers, local authorities, and environ-
mental groups, collaborate to meet EU sustainability objectives.



It also assess the effectiveness of multi-stakeholder governance frameworks, identify gaps in en-
gagement, and provide recommendations for improving the implementation of EU food policiesin
the region.

This study has several limitations. The reliance on secondary data limits the ability to capture re-
al-time stakeholder perspectives and on-the-ground challenges. Variations in data availability
across Estonia, Latvia, and Lithuania may have influenced the depth of analysis for certain indicators.
The study primarily focuses on established CAP strategies and may not fully account for evolving
policy dynamics or innovations introduced after 2023.

2 METHODOLOGY

This research adopts a qualitative research paradigm to explore the roles of stakeholders in the im-
plementation of EU agricultural policies, specifically the Common Agricultural Policy (CAP), within
the food systems of the Baltic States (Estonia, Latvia, and Lithuania). The study relies on secondary
data analysis of key policy documents, national strategic plans, and relevant case studies to examine
stakeholder involvement and the impact of EU requlations. Data was gathered through document
analysis. The study relies on an in-depth analysis of key policy documents, including EU regulations,
CAP Strategic Plans for each Baltic state, and national agricultural policies. The analysis focuses on
identifying the roles and responsibilities assigned to stakeholders in policy. Stakeholder Mapping
involves identifying and categorising key actors within the food systems of each Baltic state (At-
kociliniené et al. 2022). Comparative Analysis examines similarities and differences in stakeholder
engagement, financing and policy implementation across Estonia, Latvia, and Lithuania. By com-
paring these national approaches, the research aims to identify patterns of effective governance,
shared obstacles, and opportunities for cross-border collaboration. The research adheres to ethical
standards by exclusively using publicly available data and ensuring proper attribution to all sources.
No confidential or sensitive data will be used, and the analysis respects the intellectual property
rights of cited materials.

3 RESULTS

The CAP 2023-2027 has been instrumental in shaping the agricultural and sustainability efforts
within the Baltic States. Its implementation reflects both the shared goals and the unique priorities
of Estonia, Latvia, and Lithuania.

3.1 Financial Allocations Across the Baltic States

Latvia has been allocated €2.5 billion, with a significant portion directed toward direct payments
and rural development The funding distribution includes €1.7 billion for direct payments, €791 mil-
lion for rural development measures, and €10 million for market support measure (European Com-
mission 2022). Lithuania's CAP Strategic Plan has a total budget of €4.2 billion for the same period.
Approximately €3 billion is allocated for income support, with a focus on fair incomes for farmers.
Additionally, more than 4,600 young farmers will be supported to set up and receive additional
aid, Estonia’s CAP Strategic Plan has a budget of €1.6 billion for 2023-2027. Of this, €456 million
is dedicated to achieving environmental and climate goals, and €340 million is allocated for rural
development. This table provides a clear overview of each country's CAP allocation and funding dis-
tribution during the 2023-2027 period.



Table 1: Comparative Distribution of Common Agricultural Policy (CAP) 2023-2027 Funds in Esto-

nia, Latvia, and Lithuania

Category

Estonia

Latvia

Lithuania

Total CAP Budget
(2023-2027)

€1.4 billion

€2.5 billion

€3.9 billion

Direct Payments

€1 billion (71.4%)

€1.7 billion (68%)

€2.2 billion (56%)

Eco-Scheme Budget

€279.4 million (27.7% of
direct payments)

€438.1 million (25.6% of
direct payments)

€753.1 million (25% of direct
payments)

Rural Development

€0.6 billion (42.8%)

€0.8 billion (32%)

€1.7 billion (44%)

Focus on Young Farmers

€15 million for young
farmer installation and rural
business startups

€41.9 million allocated
foryoung farmer support
(5.6% of rural development
budget)

€72.8 million dedicated

to generational renewal
(7.8% of rural development
budget)

Biodiversity Commitments

23.27% of UAA under organic
farming

34.82% of UAA under
reduced pesticide use com-
mitments

12.84% of UAA under organic
farming

Climate Change Mitigation

79.2% of UAA committed to
carbon storage

38.48% of UAA committed to
carbon storage

28.21% of UAA committed to
carbon storage

Modernization and
Digitalization

6.17% of farms modernized

16.36% of farms modernized

1.27% of farms modernized

LEADER Coverage (Local
Development)

95.95% of rural population

100% of rural population

100% of rural population

RuralJob Creation

1,249 new rural jobs sup-
ported by CAP projects

1,739 new rural jobs sup-
ported

4,680 new rural jobs sup-
ported

Environmental Investment

€170.8 million for environ-
mental and climate-related
investments

€213.7 million for sustain-
able investments (33% of
rural development)

€362.5 million for environ-
mental investments (39% of
rural development)

(Source: Author's compilation based on European Commission (2023))

In recent years, a mandatory component of every strategic plan has been a strong focus on digital-
isation, aimed at simplifying and accelerating processes of change and development. Digital inno-
vations, such as precision farming tools, IoT systems, and drones, are now transforming agriculture
in the Baltic States (Critelli et al. 2023). Latvia has 16.36% of farms expected to adopt digital farming
technologies by 2025. Lithuania excels in integrating smart-village strategies into its rural devel-
opment plans, which aim to enhance connectivity, support loT-based farming solutions, and create
sustainable rural economies. Estonia leverages its robust digital infrastructure to advance precision
farming and improve supply chain transparency.

The number of organisations specialising in this field is steadily growing. A prime example of poli-
cy implementation can be seen in Estonian companies like Paul-Tech, which specialise in precision
farming technologies (Invest in Estonia 2023). While their primary focus is on soil monitoring, the
integration of drone technology complements these precision tools by providing aerial insights into
crop health and field conditions, enhancing productivity and sustainability.

3.2 Stakeholders Engagement

Each stakeholder group contributes uniquely to implementing policy objectives, fostering sustaina-
ble development, and addressing specific regional challenges. Mutual stakeholders in the Baltic re-
gioninclude government institutions, farmer organisations, environmental NGOs, academic and re-
searchinstitutions, civil society organisations, private sector entities, EU institutions, and consumers.

Government institutions, such as Ministries of Agriculture in each Baltic state lead CAP implementa-
tion by drafting national strategic plans, monitoring progress, and allocating funding. For example,
in 2023, Latvia allocated €1.3 billion for CAP projects, with 40% dedicated to eco-schemes and en-
vironmental sustainability programs. Local municipalities also play a critical role, distributing rural
development funds to small and medium-sized farmers while addressing region-specific needs.



Farmer organisations and cooperatives, such as the Latvian Farmers' Federation and the Estonian
Chamber of Agriculture and Commerce, represent agricultural stakeholders' interests and provide
critical supportin navigating CAP funding mechanisms. These bodies have organised over 150 work-
shops in 2023, helping farmers understand eco-schemes, renewable energy initiatives, and direct
payment procedures. Funding support varies, but the Lithuanian Agricultural Advisory Service re-
portedly secured €25 million for capacity-building programs.

Environmental NGOs, like the Estonian Fund for Nature and the Lithuanian Green Policy Institute en-
sure that CAP projects align with biodiversity and sustainability goals. These organisations actively
monitor the environmental outcomes of CAP projects. For example, Latvian environmental groups
collaborated on a €5 million project to restore wetlands in 2023, contributing to climate change
mitigation efforts.

Academic and research institutions in the Baltic region contribute through data-driven analysis and
stakeholder capacity building. The Estonian University of Life Sciences, for instance, led a €2 million
EU-funded project in 2023 to assess digital agriculture’s role in achieving CAP objectives, which has
already influenced policy adjustments. The Lithuanian Research Centre for Agriculture and Forestry
(LAMMC) focuses on developing innovative, research-based products and technologies to enhance
agricultural practices.

Civil Society Organisations (CSOs) in the Baltic States play a pivotal role in promoting social inclu-
sion, advocating for marginalised groups, and identifying systemic barriers within the agricultural
sector. In Estonia, CSOs have access to various foreign funding opportunities, including the European
Commission's Citizens, Equality, Rights and Values program, and the Active Citizens Fund, supported
by the European Economic Area and Norway. the Estonian Organic Farming Foundation (EOFF) has
been instrumental in promoting sustainable agricultural practices among smallholder farmers. In
Latvia, it is the Latvian Rural Forum that focuses on empowering rural communities by facilitating
access to CAP funds.

Agribusinesses and supply chain actors contribute to CAP objectives by investing in advanced tech-
nologies and promoting sustainable practices. For example, a Latvian agribusiness firm invested
€10 million in digital supply chain technologiesin 2023, aligning with the CAP priority of improving
transparency and efficiency. Initiatives like the Agrifood Forum 2024 aim to expand digital infra-
structure in rural areas, build capacity, and encourage micro-entrepreneurship within the agrifood
value chain.

The European Commission that approved the CAP Strategic Plans of Estonia and Latvia, European
Committee of the Regions that consist of local and regional representatives, including Estonia,
Latvia, and Lithuania, who ensures that the interests of their regions are represented in EU deci-
sion-making processes.

4 DISCUSSION

EU food policies, particularly the CAP, have long-term implications for stakeholder dynamics and
sustainability. The emphasis on large-scale production has led to increased consolidation of farms,
potentially sidelining smallholders. This trend raises concerns about the sustainability of rural com-
munities and environmental health (Roder et al. 2024). Recent policy shifts aim to address these
issues by promoting eco-schemes and sustainable practices. The CAP includes measures aimed at
supporting small farms, but the effectiveness of these measures varies. Critics argue that the CAP's
subsidy structure tends to favour larger farms, as payments are often linked to the amount of land
owned, leading to a concentration of benefits among large agribusinesses. Their substantial re-
sourcesand influence enable them to lobby effectively for favourable terms, often resulting in policy
frameworks that disproportionately benefit large-scale operations. In this context, it is necessary to
clarify the terms of adopted plansin each country, which are permitted in response to the unpredict-
ability of weather conditions and economic uncertainty. For example, Latvia approved amendments
to simplify farmer registration, revise conditions of good agricultural and environmental standards,
and expand opportunities to receive eco-scheme support, among other changes.



Challenges remain in effectively integrating consumer perspectives into CAP processes. Limited di-
rect participation mechanisms and varying levels of consumer awareness about CAP's impact can
hinder meaningful engagement. Studies have shown that consumer preferences in the Baltic States
are shifting towards sustainably produced and locally sourced food products (Rocchi et al. 2022).
Additionally, consumer advocacy groups in the region have been active in raising awareness about
food quality and safety standards, influencing policy discussions related to CAP. Their engagement
ensures that consumer interests are considered in the formulation and implementation of agricul-
tural policies.

The European Court of Auditors (ECA) has raised concerns about the alignment of the European Un-
ion's Common Agricultural Policy (CAP) with the environmental and climate objectives outlined in
the EU Green Deal. In their special report, the ECA concluded that while the CAP Strategic Plans for
2023-2027 are greener than in previous periods, they do not fully match the EU's ambitions for cli-
mate and environmental sustainability (European Court of Auditors 2024). The ECA recommends
that the European Commission promote exchanges of good practices in eco-schemes, estimate the
CAP's contribution to the Green Deal's environmental and climate targets, and strengthen the future
CAP monitoring framework for climate and environmental outcomes.

5 CONCLUSION

The study confirms that CAP 2023-2027 has a transformative impact on the Baltic States, fostering sus-
tainable agricultural practices and enhancing stakeholder collaboration. The alignment of national
strategies with EU sustainability objectives, such as the European Green Deal and the Farm to Fork
Strategy, demonstrates the region's commitment to addressing environmental challenges, promoting
rural development, and ensuring food security. Despite these advancements, challenges persist, in-
cluding regional disparities in resource allocation, uneven adoption of digital technologies, and gaps
in stakeholder engagement, particularly for small-scale farmers and marginalised groups.

To fully realise the potential of CAP, a multifaceted approachis required. Integrating advanced digital
technologies such as loT, drones, and artificial intelligence can accelerate innovation and increase
productivity across the agricultural sector. Promoting inclusivity by tailoring support mechanisms to
the needs of smallholders and rural communities will ensure that benefits are equitably distributed.
Strengthening governance frameworks, including better monitoring and evaluation mechanisms
for Green Deal targets, will enhance transparency and accountability in CAP implementation.

Collaborative initiatives, such as knowledge-sharing platforms and joint investments in sustainable
infrastructure, can help overcome shared challenges while reinforcing the region's resilience in the
face of global economic and environmental uncertainties.

Future research should prioritise examining the long-term impacts of CAP on stakeholder dynamics
and sustainability outcomes. Additionally, exploring innovative policy tools and emerging trends,
such as the integration of artificial intelligence and precision farming techniques, can provide in-
sights to further optimise agricultural practices. By addressing these areas, the Baltic States can
strengthen their leadership in sustainable agriculture, setting an example for other EU member
states and contributing to a more sustainable and equitable global food system.
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ABSTRACT

The constructionindustry remains one ofthe leading contributorsto global carbon emissions and
largestgeneratorofsolid waste worldwide, with traditional materials such as concrete and steel
imposing significant environmental costs. In the pursuit of sustainable alternatives, industrial
hemp has emerged as a promising bio-based building material. This review synthesizes current
research on hemp-based construction products, particularly hempcrete, and evaluates their po-
tential to reduce the carbon footprint. Hemp's rapid growth, low-input cultivation, and ability to
sequesteratmospheric CO, duringits life cycle position itas both arenewable resource and a pas-
sive carbonsink. Furthermore, materials such as hempcrete notonly store carbon within building
envelopes but also offer advantageous thermal, hygroscopic, and fire-resistant properties, con-
tributing to long-term energy efficiency. Life cycle assessments consistently demonstrate that
hemp-based materials can achieve net carbon negativity, especially when integrated with lime
binders that carbonate overtime. Despite these benefits, barriers such as regulatory limitations,
scalability issues, and cost competitiveness remain challenges to widespread adoption. This pa-
per critically reviews existing literature, and material performance data to assess the viability
of hemp in sustainable construction and outlines pathways for its integration into mainstream
building practices. The findings underscore hemp's potential role in advancing low-carbon, re-
generative architecture.

Keywords: carbon footprint, hempcrete, carbon sequestration, sustainable building



1 INTRODUCTION

The building and construction sector is a significant contributor to global climate change and envi-
ronmental degradation. According to the European Commission, construction activities are respon-
sible for approximately 40 percent of total energy consumption and generate more than 50 percent
of total waste within the European Union (European Commission, 2025). Furthermore, the sector
accounts for nearly 40 percent of global carbon dioxide (C0,) emissions, primarily due to the high
embodied carbon in traditional materials such as concrete, steel, and brick (United nations envi-
ronmental programme, 2022). As the urgency to decarbonize the built environment grows, there
is increasing interest in bio-based and regenerative materials that can reduce both operational and
embodied emissions.

Among the emerging materials, industrial hemp (Cannabis sativa L.) has garnered significant atten-
tion forits potential to contribute to low-carbon construction. Hemp is a fast-growing, high-biomass
crop that requires minimal pesticides, enriches soil health, and sequesters substantial quantities of
(0, during its cultivation (Wei and Memari, 2025). When processed into construction-grade prod-
ucts such as hempcrete, fiber insulation, and hemp-lime composites, it offers a unique opportunity
to store carbon within the built environment, while improving thermal performance and reducing
resource dependency.

The European Industrial Hemp Association (EIHA) has strongly advocated for the recognition of hemp
as a strategic resource in the transition toward climate-neutral construction. In its 2023 position pa-
per, EIHA estimates that industrial hemp can sequester between 9 and 15 tonnes of CO, per hectare
within a 4-5 month growing season (EIHA, 2023). When used in construction, the carbon storage is
extended beyond the plant's lifecycle through incorporation in walls and insulation, particularly in
hempcrete, which continues to absorb CO, as the lime binder carbonates over time (Pretot et al.,
2014). This closed-loop carbon capture process positions hemp-based materials as one of the few
viable options for carbon-negative building systems.

Numerous life cycle assessment (LCA) studies support these claims. Arrigoni et al. demonstrated that
hemp-lime mixtures can store between -1.6 and -79 kg C0O, equivalent per square meter, depend-
ing on binder ratios and wall thickness (Arrigoni et al., 2017). Similarly, a recent review by Steyn et
al. consolidates two decades of data, confirming that properly designed hempcrete systems out-
perform traditionalinsulation in both thermal performance and environmental impact (Steyn et al.,
2025). In addition to carbon benefits, hemp-based materials contribute to indoor air quality, regu-
late humidity, and offer fire resistance—traits that enhance their appeal for sustainable construction
(Ip & Miller, 2012).

Despite its environmental and performance advantages, the adoption of hemp-based building sys-
tems remains limited due to regulatory barriers, inconsistent standards, and a lack of familiarity
among architects and builders. The inclusion of hempcrete in the 2024 International Residential
Code (IRC) represents a significant milestone toward wider acceptance, but further integration into
national codes and mainstream supply chains is needed (Arrigoni et al, 2017).

This review aims to provide a comprehensive synthesis of the current state of knowledge on hemp
as a sustainable building material. It evaluates the environmental, thermal, and structural perfor-
mance of hemp-based products; reviews the carbon sequestration potential and life-cycle impacts;
and explores challenges to market adoption. In doing so, it seeks to establish hemp's role in reshap-
ing the material ecology of the built environment.

2 PURPOSE AND GOALS

The purpose of this review is to critically evaluate the potential of industrial hemp as a sustainable
and carbon-negative building material, with particular emphasis on its carbon sequestration capac-
ity, life cycle performance, and role in reducing the environmental impact of the construction indus-
try. In light of increasing regulatory pressure to decarbonize the built environment and reduce con-
struction waste, the review seeks to consolidate the existing body of knowledge on hemp-based
building materials and assess their technical, environmental, and practical viability.



3 METHODS

This paper adopts a qualitative systematic review methodology grounded in an interpretivist par-
adigm, aiming to synthesize and interpret existing knowledge on hemp as a sustainable building
material. The review included peer-reviewed academic articles, policy papers, technical reports,
and industry white papers published between 2010 and 2025. Data was collected through a sys-
tematic search of academic databases including Scopus, Web of Science, ScienceDirect, and Google
Scholar. Industry documents were retrieved from the official websites of EIHA, the European Com-
mission, and relevant environmental and engineering bodies. The search used combinations of key-
words such as "hempcrete”, “industrial hemp in construction”, “carbon sequestration building ma-
terials”, "bio-based insulation”, and "life cycle assessment of hemp". Themes were then synthesized
across documents to identify consensus, divergence, and gaps in knowledge. No software was used
for automated text analysis to preserve interpretive depth.

4 RESULTS

This review incorporates findings from 15 peer-reviewed academic sources, including original re-
search and reviews (Table 1), and 5 policy and technical documents (Table 2) published by leading
institutions such as the European Commission, UNCTAD, and the European Industrial Hemp Associa-
tion (EIHA). Together, these sources provide a multidimensional understanding of hempcrete as a vi-
able material for sustainable construction, with a focus on carbon reduction, material performance,
and strategic implementation.

Table 1: List of peer-reviewed academic sources included in this review

Author(s) Year | Title Source Type Journal Focus Area

Lupu et al. 2022 | Hempcrete—Modern solutions for green Original 10P Conf. Ser. Green building solutions with
buildings Research Mater. Sci. Eng. hempcrete

Zuabi & Memari 2021 | Review of Hempcrete as a Sustainable Building Review Int. J. Archit. Eng. | General review on hempcrete
Material Constr. sustainability

Jami, Karade & 2019 | Areview of the properties of hemp concrete Review J. Clean. Prod. Mechanical and environ-

Singh for green building applications mental properties

Asghari & 2024 | State of the art review of attributes and Review Biomass Mechanical performance

Memari mechanical properties of hempcrete and standards

Yadav & Saini 2022 | Opportunities & challenges of hempcrete asa | Review Mater. Today Adoption barriers and
building material Proc. benefits

Heidari et al. 2019 | Regionalised life cycle assessment of bio- Original Materials LCA of hemp shiv with
based materials in construction Research coatings

Saez-Pérez 2022 | Improving the Behaviour of Green Concrete Original Minerals Experimental use of hemp

etal. Geopolymers Using Hemp Research in green concrete

Ip & Miller 2012 | Life cycle greenhouse gas emissions of hemp- | Original Resour. Conserv. | LCA of hemp-lime systems
lime wall constructions in the UK Research Recycl.

Seng, Magniont | 2019 | Characterization of a precast hemp concrete. Original J.Build. Eng. Thermal and physical

& Lorente Part I: Physical and thermal properties Research performance

Walker, Pavia & 2014 | Mechanical properties and durability of Original Constr. Build. Durability testing of

Mitchell hemp-lime concretes Research Mater. hempcrete

Arosio et al. 2022 | Life Cycle Assessment of a Wall Made of Original Bio-Based Prefabricated hempcrete
Prefabricated Hempcrete Blocks Research Building LCA

Materials

Arrigoni et al. 2017 | Life cycle assessment of natural building Original J. Clean. Prod. Carbonation and environ-
materials Research mental impact

Pretot, Collet & 2014 | Life cycle assessment of a hemp concrete wall | Original Build. Environ. Thickness and coating

Garnier Research impact on LCA

Sinka et al. 2018 | Comparative life cycle assessment of magne- Original Resour. Conserv. | Binder alternativesin
sium binders for hemp concrete Research Recycl. hempcrete

Mahmood, 2024 | Hygrothermal and mechanical characteriza- Original Constr. Build. Hygrothermal and strength

Kavgic & Noel tion of hemp-lime composites Research Mater. optimization




Table 2: Table 1: List of policy and technical documents

Author / Organization Year Title Document Type Focus Area

European Commission 2023 | Hemp - Agriculture and Rural EU Policy EU production trends, environmental
Development Overview benefits in construction

European Industrial Hemp 2020 | Hemp - a Real Green Deal Position Paper Circular bioeconomy, carbon negativity,

Association (EIHA) policy calls

EIHA /Hemp Carbon Standard | 2025 | Industrial Hemp Building Material Methodology Regulatory compliance, smart building
Methodology Document integration

UNCTAD 2023 | UNCTAD Policy Brief No. 110 - Industrial UN Policy Brief Market scaling, global bio-based
Hemp material potential

Interreg Central Europe 2024 | Hempcrete - Interreg Central Europe Technical Guide Performance properties and compliance

with building regulations

4.1 Environmental and Carbon Performance

A majority of reviewed scientific studies converge on the carbon-negative potential of hemp-based
construction systems. LCA-focused research such as that by Arrigoni et al. (2017) and Pretot et al.
(2014) demonstrate that hempcrete walls can sequester significant amounts of CO,, with values up
to -79 kg C0,e/m?, especially when lime carbonation is considered. Similarly, Heidari et al. (2019)
and Arosio et al. (2022) show that regionalized production and prefabrication can further optimize
hemp's environmental profile.

From a policy perspective, the European Commission (2023) and EIHA (2020, 2025) positionhemp asa
critical resource in achieving EU climate goals, with potential sequestration rates of 9-15 tonnes C0,/
ha perseason and wide compatibility with circular bioeconomy principles. These findings reinforce the
viability of hemp as both a carbon sink and a low-impact material across various construction scales.

4.2 Thermal, Hygrothermal, and Mechanical Properties

Several experimental studies confirm hempcrete's favorable thermal insulation and moisture buffer-
ing capabilities. Seng et al. (2019), Mahmood et al. (2024), and Walker et al. (2014) show that hemp-
lime composites perform well under real-world thermal loads and indoor environmental conditions,
with strong hygrothermal requlation. However, limitations persist in structural applications, as hemp-
crete isinherently non-load-bearing and requires hybridization with timber or steel frames.

These laboratory findings are supported by the Interreg Central Europe (2024) technical guide,
which outlines performance benchmarks and design parameters for compliance with modern
building codes. Combined, these sources affirm hempcrete's readiness for mainstream application
ininsulation, wall infill, and retrofitting projects.

4.3 Life Cycle and Material Processing Strategies

Lifecycle-oriented papers—including those by Ip & Miller (2012) and Sinka et al. (2018)—highlight
hempcrete's low embodied energy, durability, and potential for modular prefabrication. Techniques
such as sol-gel treatment (Heidari et al., 2019) and binder substitutions with magnesium- or me-
takaolin-based additives (Saez-Pérez et al., 2022; Daher et al., 2023) suggest viable paths for im-
proving mechanical properties and extending the material's range of application.

The EIHA/Hemp Carbon Standard (2025) methodology formalizes these innovations into a regulato-
ry framework, presenting pathways for standardized carbon accounting and certification schemes
for hemp-based products in construction.

4.4 Strategic Frameworks and Global Policy Alignment

Recent policy briefs—such as UNCTAD's 2023 brief on industrial hemp—underscore hemp's emerg-
ing role in global sustainable material markets, especially in the context of climate-aligned trade
and green industrialization. This aligns with grassroots momentum, as highlighted in The Guardian
(2024), which reported the successful inclusion of hempcrete in the 2024 International Residential
Code (IRC) in the United States.



The synergy between academic findings and policy frameworks demonstrates a maturing consen-
sus: hempcrete offers environmental, thermal, and regulatory benefits that can directly support
low-carbon and circular construction goals worldwide, as summarized in Table 3.

Table 3: Key findings of hempcrete as a building material

Focus Area Key Findings

Environmental Performance Hempcrete sequesters up to -79 kg C0,e/m?; cultivation sequesters 9-15 t C0,/ha.

Thermal and Hygrothermal Behavior Excellent thermal insulation, moisture buffering, and indoor climate regulation.

Mechanical Properties Non-load-bearing; structural applications require hybrid systems.

Life Cycle Impact Low embodied energy; favorable LCA performance with potential for prefabrication.

Material Innovations Improved properties through additives (e.g., sol-gel, metakaolin, magnesium binders).

Policy and Regulatory Frameworks Supported by EU, UNCTAD, and inclusion in 2024 IRC; growing global momentum.

Market Integration Growing commercial viability with guidance from EIHA and Interreg technical frameworks.
5 DISCUSSION

The findings of this review confirm that hempcrete and other hemp-based building materials offer
significant environmental, thermal, and regulatory advantages over conventional materials, es-
pecially in the context of climate-responsive construction. Through the integration of 15 academic
studies and five major policy documents, this review presents a coherent case for the mainstream-
ing of hemp in building practices aimed at reducing carbon emissions and material waste. The car-
bon sequestration potential of hempcrete is among its most compelling attributes. Both empirical
LCA studies (e.g., Arrigoni et al. 2017; Pretot et al. 2014) and policy frameworks (e.g., EIHA 2020;
European Commission 2023) indicate that hempcrete can achieve net-negative embodied carbon,
arare and valuable trait in the current construction landscape. These findings align closely with in-
ternational climate targets such as those under the EU Green Deal and UN Sustainable Development
Goals (SDGs). Hemp's carbon storage occurs at multiple points in the life cycle: during cultivation,
material processing, and through ongoing carbonation of the lime binder post-installation. This
multi-stage carbon capture sets hemp apart from conventional materials like concrete or fiberglass,
whose production phases are typically energy-intensive and emission-heavy. Furthermore, hemp's
rapid growth cycle (3-4 months), low pesticide requirement, and phytoremediation potential rein-
force its role as a regenerative resource, not merely a sustainable one.

The consistent performance of hemp-lime composites in thermal insulation and moisture regu-
lation has been widely validated across empirical studies (e.g., Seng et al. 2019; Mahmood et al.
2024; Walker et al. 2014). Hempcrete enables stable indoor temperatures and passive humidity
control, reducing operational energy demands for heating and cooling. These characteristics make
it particularly suitable for temperate, humid, and even Mediterranean climates, as highlighted in In-
terreg Central Europe's 2024 technical guide. However, hempcrete's non-structural nature remains
a technical limitation. Its relatively low compressive strength necessitates the use of additional
structural framing, which may affect cost, carbon balance, and design flexibility. Despite this, inno-
vationsin material blending (e.g., metakaolin, sol-gel coatings, and magnesium-based binders) are
actively extending its mechanical performance envelope.

A key strength of this review liesinits triangulation of scientific findings with policy momentum. The
inclusion of hempcrete in the 2024 International Residential Code (IRC) demonstrates growing reg-
ulatory recognition. Simultaneously, organizations such as EIHA and UNCTAD are pushing for hemp's
integration into national and international standards for carbon accounting, climate adaptation,
and circular economy development.

Nevertheless, market integration remains uneven, hindered by fragmentation in certification sys-
tems, limited awareness among builders, and a lack of centralized performance databases. As the
EIHA/Hemp Carbon Standard (2025) methodology outlines, the path forward involves aligning in-
novation with standardization—establishing universally recognized metrics for carbon offsetting,
mechanical benchmarks, and lifecycle claims.



Future research should also explore hybrid systems where hempcrete can be paired with renew-
able energy or digital design tools (e.g., 3D printing, parametric optimization) to fully leverage its
regenerative properties in modern, high-performance buildings.

6 CONCLUSION

This review highlights the strong potential of hempcrete as a sustainable building material capable
of addressing both carbon emissions and material waste in the construction sector. Drawing from
a wide body of academic and policy literature, it is evident that hempcrete offers net-negative em-
bodied carbon, excellent thermal performance, and aligns well with circular economy principles.
Its ability to sequester CO, during both cultivation and application positions hempcrete as a rare
example of a regenerative material. Recent policy developments, such as its inclusion in the 2024
International Residential Code, signal growing regulatory acceptance. However, barriers remain—
including limited structural capacity, inconsistent standards, and market fragmentation. Overcom-
ing these challenges will require continued research, updated building codes, and clearer lifecy-
cle-based certification. With proper support, hempcrete could play a significant role in transforming
the built environment toward climate resilience and sustainability.
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ABSTRACT

This article investigates the complex interplay between seasonal variation, weather conditions,
and human behavior in shaping the quality of solid fuel derived from municipal waste. Using
multi-year data from the CEROP Waste Management Centerin Puconci, Slovenia—combined with
meteorological records from a nearby station—we analyzed key fuel quality parameters: calo-
rific value, moisture content, and chlorine concentration. Measurements were examined across
different seasons to uncover patterns, correlations, and underlying causes of variation.

The results indicate clear seasonal trends. Calorific value and chlorine content were consistently
higherduring the summer and early autumn months, likely due to the increased share of plastics
and other high-energy materials in the waste stream. In contrast, the highest moisture levels
were observed during winter, reflecting the influence of lower temperatures and ambient hu-
midity on waste storage and drying. While precipitation did notdirectly correlate with any single
parameter, it may contribute indirectly through its effect on ambient conditions. Notably, human
activity emerged as a relevant factor—particularly in terms of seasonal consumption patterns
and disposal behavior.

These findings highlight the importance of integrating environmental, climatic, and behavioral
dimensions into solid fuel quality management. To ensure consistent fuel quality and environ-
mental performance, waste-to-energy systems must be designed with adaptive strategies that
account for seasonal fluctuations and social dynamics. The study contributes to a deeper under-
standing of the variability in waste-derived fuel and offers a foundation for more sustainable
energy recovery solutions.

Keywords: waste-derived solid fuel, seasonal variation, weather impact, fuel quality, human
behavior, municipal waste management



1 INTRODUCTION

Waste management stands among the most pressing environmental challenges of the 21st cen-
tury. The ever-increasing volume of waste poses substantial risks to ecological balance and public
health. While towering landfills are visually disruptive, the more insidious threat lies in the re-
lease of greenhouse gases—such as carbon dioxide (C0,) and methane (CH,)—which exacerbate
climate change and undermine efforts toward planetary sustainability (Lackner and Jospe 2017;
EPA 2017). Furthermore, waste disposal sites contribute to the contamination of air, soil, and wa-
ter, with direct consequences for human health and biodiversity (Suzuki 2013; Forstneri¢ 2018;
Silva and Lopes 2007).

Despite growing awareness, the EU still landfills a significant proportion of municipal solid waste,
contrary to the hierarchy defined in Directive 2008/98/EC (European Parliament and Council 2008;
Eurostat 2016). Recent improvements in waste separation, particularly regarding packaging mate-
rials, have enhanced rates of recycling and material recovery (Marin 2018; Eurostat 2018a). How-
ever, progress is uneven across regions, and illegal dumping or low-quality incineration remains a
concern (Neuwahl et al. 2019).

In line with the waste hierarchy, landfilling is deemed the least favorable option, whereas waste
prevention, reuse, and recycling take precedence. Energy recovery occupies a lower tier, but it re-
mains a vital solution for handling residual, non-recyclable waste fractions (European Commission
2017; Fundacio ENT 2015). The use of alternative fuels in cement production is one of the promising
energy recovery routes, as demonstrated by Kajic and Koprivc (2013) and Kara et al. (2008), who
emphasized the substitution potential of RDF for fossil fuels.

Solid recovered fuel (SRF), as a refined alternative to traditional refuse-derived fuel (RDF), offers
a pragmatic path forward. SRF is subject to stricter standards, ensuring lower emissions and more
predictable combustion characteristics. Key quality parameters—such as calorific value, moisture
content, and chlorine concentration—are tightly requlated and vary depending on end-user require-
ments (Leblanc 2019; Rixson 2018; Nadziakiewicz 2019). Pomberger et al. (2013) underline the
importance of pre-treatment and sorting for achieving consistent fuel quality, while Samec (2013)
emphasizes the role of thermal treatment in integrated waste management.

Waste-to-energy strategies, such as SRF production, also contribute to circular economy goals by
utilizing residual fractions and reducing reliance on landfilling (ERFO n.d.; Eurostat 2019a). Moreo-
ver, as noted by Hultman and Corvellec (2012), effective waste management depends not only on
technological solutions but also on behavioral, economic, and political dynamics.

This article investigates how environmental and social variables—specifically seasonality, weather
conditions, and patterns of human activity—influence the quality of SRF. By unpacking these inter-
connected dynamics, we aim to inform more adaptive and sustainable waste-to-energy practices
that respond not only to technical requirements but also to real-world ecological and behavioral
conditions.

2 PURPOSE AND GOALS

The purpose of this study is to investigate how seasonal variations, weather conditions, and human
behavioral patterns influence the quality of solid fuel derived from municipal waste. By analyzing
calorific value, moisture content, and chlorine concentration over multiple years, the study aims to
identify key environmental and social factors that affect fuel performance and emissions.

The main goals are:
- To evaluate the seasonal trends in solid fuel quality parameters.

- To determine the relationship between meteorological data (temperature and precipitation)
and fuel characteristics.

- To assess the influence of human activity patterns on waste composition and fuel quality.

- To provide insights for optimizing storage, processing, and combustion of solid fuel from waste,
contributing to more sustainable energy recovery practices.



3 METHODS

3.1 Data Collection Methods and Techniques

This study employs a secondary data analysis approach, relying on existing datasets provided by
CEROP (Waste Management Center in Puconci). The data, originally gathered for quality control and
marketing of solid fuel derived from waste, offer a robust foundation for examining how fuel qual-
ity correlates with environmental and human variables. Given the diverse technical specifications
of incineration systems, understanding these fuel properties is critical to minimizing emissions and
ensuring efficient combustion (Rixson, 2018).

The dataset was compiled and processed using Microsoft Excel. Incomplete records were system-
atically excluded to preserve analytical accuracy. When multiple measurements were available
for a single day, their mean values were calculated to streamline both graphical representation
and statistical interpretation. All visual outputs, including graphs and trendlines, were generated
using Excel.

The solid recovered fuel (SRF) produced by CEROP—available in 30 mm or 50 mm granulations—is
stored in a covered outdoor warehouse. Samples are collected from multiple points at the bottom
oratleast 10 cm below the surface of the fuel pile. These samples are then ground using a Retsch SM
100 cutting mill, designed for processing soft, medium-hard, elastic, and fibrous materials. The mill
uses interchangeable sieves with mesh sizes ranging from 0.25 to 2 mm to control particle fineness.
During processing, the material is cut by a high-speed rotor and collected in an external container
(Retsch 2020).

3.2 Instrumentation

Laboratory analysis at CEROP Puconci utilizes the following equipment to evaluate SRF quality:
- Retsch SM 100 cutting mill

- IKA C200 bomb calorimeter (CEN/TS 15400:2006)

- WTW pH/ION 340i ion-selective meter (EN 15408:2011)

- KERN MLS-a moisture analyzer (EN 15414-3:2011)

Sampling at the company CEROP d.o.0. is carried out in accordance with the sampling guidelines set
out in the standard CEN/TS 15442:2006.

For determining calorific value, approximately 1 gram of the sample is compressed into a pellet
without prior drying. The IKA C200 bomb calorimeter ignites the pellet within an oxygen-rich vessel
using a glow wire, and the resulting combustion energy is measured automatically by the instru-
ment (IKA 2016).

Chlorine content is measured using the WTW pH/ION 340i meter with an ion-selective electrode
(ISE), which quantifies ion concentration directly in the sample (WTW 2003).

Moisture content is determined through thermogravimetric analysis using the KERN MLS-a analyzer,
which calculates water content by comparing the sample’'s weight before and after controlled dry-
ing (KERN 2015). All the instruments were calibrated by the manufacturer.

3.3 Data Processing

Daily meteorological data—specifically average air temperature and 24-hour precipitation—were
obtained from the publicly accessible archive of the Slovenian Environment Agency (ARSO).The cho-
sen weather station, Murska Sobota-Rakican, was selected due to its geographic proximity and cli-
matological similarity to CEROP. Temperature data at 2 meters above ground (°C) and precipitation
measured at 7:00 a.m. (mm) were processed in Excel alongside the SRF quality data (ARSO 2023).

All complete datasets from 2015 to 2019 were included in the analysis. Records with missing or
unusable data were omitted to maintain the reliability of statistical outputs. Specifically, 4 records
from 2016,8 from 2017, 41 from 2018, and 2 from 2019 were excluded. All 2015 data were deemed
complete and retained in full.



Calorific values were converted from kJ/kg to MJ/kg for consistency. Where daily values were dupli-
cated, the average was used. Meteorological data were merged annually with fuel quality meas-
urements to produce scatter plots with polynomial trendlines, facilitating the visual identification of
seasonal or environmental patterns influencing SRF quality.

4 RESULTS

4.1 Calorific Value in Relation to Precipitation and Air Temperature

The analysis of solid recovered fuel (SRF) produced by CEROP Puconci in 2015, in conjunction with
daily air temperature and precipitation data from the Murska Sobota-Rakic¢an station, reveals a dis-
tinct seasonal pattern (figure 1). The highest calorific values were recorded during the spring and
summer months, while a noticeable decline occurred in the colder part of the year.

Average daily temperatures peaked in June (22.7°C), July (21.6°C), and August (21.8°C), while Janu-
ary exhibited the lowest average (-0.7°C). Precipitation followed a similar seasonal trend, with the
highest values observed in summer, consistent with the continental climate typical of the region,
which features dry winters and frequent summer showers or storms (ARSO 2023).

The trend continued in 2016, showing a similar pattern of declining calorificvalue in the second half
of the year (figure 2). However, data collection was discontinued after October 25, creating a gap in
the annual dataset.

For 2017, measurements available from June 12 to December 28 demonstrated relatively stable
calorific values (figure 3), without major seasonal fluctuations—likely due to the shorter time span
covered.

In 2018 and 2019, the highest calorific values again coincided with warmer periods, particularly the
summer months, reinforcing the positive correlation between temperature and energy potential
of the SRF(figure 4 and 5). Elevated precipitation levels during the same period may also influence
these trends, either through waste composition changes or storage conditions (Rixson 2018).

Figure 1: Calorificvalue, chlorine content, moisture in RDF and humidity, daily precipitation totals,
and average daily air temperatures in the year 2015
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Figure 2: Calorificvalue, chlorine content, moisture in RDF and humidity, daily precipitation totals,
and average daily air temperatures in the year 2016
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Figure 3: Calorificvalue, chlorine content, moisture in RDF and humidity, daily precipitation totals,
and average daily air temperatures in the year 2017
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Figure 4: Calorificvalue, chlorine content, moisture in RDF and humidity, daily precipitation totals,
and average daily air temperatures in the year 2018
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Figure 5: Calorificvalue, chlorine content, moisture in RDF and humidity, daily precipitation totals,
and average daily air temperatures in the year 2019
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4.2 Moisture Content in Relation to Seasonal Factors

The moisture content of SRF displayed aninverse seasonal pattern compared to calorificvalue. High-
er moisture levels were consistently recorded during the winter months, while lower levels were
observed during summer. This suggests a strong inverse relationship between air temperature and
fuel moisture, with precipitation playing a secondary role.

These findings align with prior research, indicating that ambient humidity, storage ventilation, and
temperature significantly affect moisture retention in SRF (KERN 2015). The continental climate of
the region, marked by cold, dry winters and warm, humid summers, further substantiates this sea-
sonal fluctuation.

4.3 Chlorine Content, Precipitation, and Temperature Interplay

The chlorine content in the solid fuel also followed a seasonal rhythm, with peaks generally occur-
ring in late summer or early autumn, and lowest values registered in early winter or spring.

Interestingly, the increase in chlorine levels appears to follow the summer peak in temperature,
suggesting a potential lagged relationship between ambient heat and chlorine concentration in
waste-derived fuels. This could be linked to the breakdown of chlorinated compounds in warmer
conditions or to changes in waste composition during summer months (WTW 2003). Elevated pre-
cipitation during summer may also contribute, either through leaching or redistribution of chlorin-
ated particles in stored waste (Leblanc, 2019).

The data from 2015 to 2019 clearly demonstrate that the quality of solid fuel derived from waste is
significantly affected by seasonal weather variables—namely temperature and precipitation. Three
key quality parameters—calorific value, moisture content, and chlorine concentration—all exhibit
measurable seasonal variation. These findings underscore the importance of monitoring environ-
mental conditions and adapting production and storage strategies accordingly.

Such adaptive management can enhance energy efficiency, reduce emissions, and align more close-
ly with environmental standards and end-user requirements (Retsch 2020; IKA 2016). Understand-
ing these seasonal dynamics is essential for advancing sustainable waste-to-energy systems and
improving the overall reliability and performance of solid recovered fuels.

5 DISCUSSION

The analysis of data collected from the Puconci Waste Management Center over multiple years high-
lights the significant influence of environmental and human factors on the quality of solid fuel de-
rived from municipal waste. These findings are consistent with previous studies, which have shown
that seasonal and weather-related fluctuations can affect both the physical and chemical properties
of waste materials used in energy recovery (e.g., Rixson, 2018; Leblanc, 2019).

One of the most evident patterns observed was the increase in calorific value during summer and
early autumn. This can be attributed to the higher presence of plastics and packaging waste during
warmer months when outdoor activities, tourism, and consumption of pre-packaged goods inten-
sify. These materials typically have higher energy content, contributing to a higher calorific value.
This aligns with broader research indicating that waste composition shifts in warmer months due to
lifestyle changes and consumer behavior (Marin, 2018).

Conversely, the moisture content was consistently highest during winter, which is likely influenced
by lower ambient temperatures and increased humidity. Cold air holds less moisture, but once it en-
ters storage areas with fluctuating temperatures and reduced ventilation, condensation can form,
leading to increased moisture absorption in stored fuel. This trend is well-documented in studies
on biomass storage, where insufficient protection from ambient moisture significantly affects fuel
usability and combustion efficiency (Retsch, 2020).

Interestingly, chlorine content peaked during late summer and early autumn, a result that like-
ly corresponds with the same increase in plastic content, particularly PVC and other chlorinated
polymers. These materials contribute to higher chlorine levels, which can pose challenges dur-
ing combustion, such as corrosion of equipment and the formation of dioxins if not properly con-



trolled. This reinforces the importance of maintaining tight quality control of input waste and im-
proving upstream waste sorting.

While precipitation did not show a direct correlation with any of the three measured parameters, it
may still play an indirect role by affecting the overall moisture conditions in storage environments or
influencing the collection, transport, and temporary storage processes. These nuanced effects could
be better captured in future studies with real-time humidity and precipitation data at the storage site.

Perhaps most importantly, the data suggest that human dynamics—namely, behavior, consumption
patterns, and waste disposal habits—play a substantial role in determining the composition and
thus the quality of solid fuel. These dynamics are often overlooked in technical analyses, yet they
directly shape the characteristics of waste streams. For instance, the increase in disposable items
during holidays or seasonal events leads to greater volumes of combustible, plastic-based waste.

From a practical standpoint, these findings highlight the importance of seasonal adaptation in
waste-to-energy operations. Facilities producing solid recovered fuel (SRF) must account for
seasonal quality variation by adjusting storage methods, sampling protocols, and even pricing
models. More consistent control over input waste quality through public awareness campaigns,
household-level separation, and covered storage facilities could mitigate some of these seasonal
fluctuations and result in a more stable, high-quality fuel.

Moreover, the implementation of predictive models using meteorological and behavioral indica-
tors could help optimize production schedules and maintenance of incineration or co-incineration
equipment. Anticipating when chlorine levels are likely to rise, for instance, could allow for proac-
tive management to prevent corrosion and emissions issues.

In conclusion, this study expands our understanding of how environmental and social factors inter-
act in the context of waste-derived fuel. It supports the view that effective resource recovery is not
only a technical orinfrastructural challenge but also one deeply embedded in seasonal rhythms and
human behavior. Addressing these interdependencies is key to developing more sustainable and
resilient waste management systems.

6 CONCLUSION

This research examined how seasonal patterns and external factors—primarily air temperature, pre-
cipitation, and human behavior—influence key quality parameters of solid fuel derived from mu-
nicipal waste at the CEROP Puconci facility. The production of solid recovered fuel (SRF) plays an
increasingly vital role in sustainable waste management, particularly by providing an alternative to
landfilling for non-recyclable waste fractions. However, for this process to be environmentally and
economically viable, consistent and high-quality fuel must be produced.

The analysis over multiple years revealed clear and recurring seasonal trends. The calorific value of
solid fuel was highest in the warmer months, likely due to increased plastic content in the waste
stream—especially during summer when consumption patterns favor plastic packaging, outdoor
events, and disposable materials. Conversely, in colder months, the calorific value dropped, reflect-
ing a more organic-rich and moisture-laden waste composition.

The moisture content followed an inverse pattern, with the highest levels during the winter. These
results suggest that low air temperatures and elevated relative humidity during winter prevent ef-
fective drying of the waste, even during covered storage or intermediate handling. Moisture in fuel
reduces its energy content and increases emissions during combustion, emphasizing the need for
climate-responsive storage and processing solutions.

The chlorine content, another critical quality parameter due to its impact on equipment corrosion
and toxic emissions, also peaked in late summer and early autumn. This trend may again reflect sea-
sonal shifts in the type of waste collected—especially the increased proportion of plastic packaging,
which often contains chlorine-bearing compounds.

These patterns highlight that the production of high-quality SRF is not a static process but one influ-
enced by both natural cycles and societal rhythms. The findings reinforce the necessity of dynamic
management practices in waste-to-energy operations—ones that account for weather variability,
consumption trends, and material flows.



From a broader perspective, this study emphasizes the importance of interdisciplinary thinking in
waste management. Waste is not simply a material problem—it is embedded in culture, climate,
economy, and behavior. Understanding the interactions between these domains enables better
forecasting, planning, and technology design for future SRF systems.

Recommendations summary

To improve consistency in SRF quality, itis recommended that waste processing facilities:

- Investin covered or climate-controlled storage to reduce seasonal moisture variation.

- Develop standardized sampling and reporting protocols to enable transparency and comparabil-
ity across producers.

- Promote greater material separation at the source, particularly for plastics and organics.

- Investigate economic aspects of SRF production, including the feasibility of local usage to reduce
reliance on exports and maximize national energy self-sufficiency.

Ultimately, the transformation of waste into energy-rich fuel must go hand in hand with rigorous
quality control, climate adaptation, and public engagement to support circular economy goals and
environmental protection.
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