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Preface to “Ecological Transition and Circular

Economy”

This Special Issue has addressed the need to go in-depth into the Ecological Transition

and Circular Economy literature using a multidimensional approach. Articles from multiple

scientific fields have been presented, providing a comprehensive picture of the complexity of the

circular transition. This collection highlights how a circular economy requires combining different

knowledge, skills, perspectives and approaches to shift towards sustainable consumption and

production patterns successfully.

Special attention is given to the multiple dimensions of circular economy applications, with

articles focused on different circular economy application levels, such as: processes, companies,

supply chains and cities. Furthermore, the book explores in-depth the concept of the circular economy

when applied to the energy, construction and agri-food sectors that are particularly committed to this

circular transition.

More specifically, the book comprises 15 papers developed using different research methods.

The majority of the articles have been focused on the circular transition in the energy sector and

greenhouse gases emissions (Khatami and Goharian, 2022; Kumar Jha et al., 2022; Ma et al., 2022;

Marszowki and Iwaszenko, 2022; Møller et al., 2022; Rej et al., 2022). Another stream of published

papers investigated the spatial dimension of the circular economy (Stričı́k and Čonková, 2021; Zhang

et al., 2022; Paoli et al., 2022). Two articles have focused on circular economy application at a

supply-chain level (Fassio et al., 202; Marchione Saes et al., 2023). Furthermore, one critical literature

review was developed for the construction industry (Charef et al., 2021). Lastly, three articles have

investigated the circular economy from a company (Garcia-Sanchez et al., 2022; Vitolla et al., 2023)

and a consumption perspective (Rafiq et al., 2022).

Nicola Raimo, Filippo Vitolla, Ornella Malandrino, and Benedetta Esposito

Editors

ix
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Abstract: This paper analyses the strategies implemented by listed Spanish companies that are leaders
in their industrial environments to inform shareholders and the public about their circular economy
projects. It uses content and textual approaches through the factorial correspondence analysis of all
the information about the circular economy presented on corporate websites. The analysis of the
17,510 resulting terms suggests that companies prioritise discourses about a sustainable future, their
commitment to the proper use of resources and the reduction or elimination of greenhouse gases. The
sectors most sensitive to institutional pressures, such as oil and energy companies, are more active in
disclosing the problems and desired solutions of their projects.

Keywords: circular economy; resource use; greenhouse; industries; textual analysis

1. Introduction

Our world is technologically and scientifically connected. We know that the indus-
trial revolution has had very positive effects overall in the reduction of poverty and the
improvement of well-being, but it has also had negative effects, such as environmental
degradation. Transition to the circular economy (CE) is a technical evolution from the linear
production–consumption model. The circular economy interconnects business cycles to
maintain the value of products and services as long as possible, diminishes production
costs by reducing the flow of materials (raw materials are replaced with recycled ones),
saves energy and is based on the idea that natural and social capital must be constantly
renewed through multiple phases [1,2]. CE is one of the pillars of sustainable policies in
many countries, especially those in the European Union, and it is an important driver of the
transition towards global sustainability. The NextGenerationEU Plan establishes circular
transformation as one of the engines of a post-COVID-19 economic recovery through a
package of measures (structural funds, research and innovation financing programmes and
others). It is part of the Green Deal or the European Green Pact to help European businesses
and consumers transition to a more sustainable economy and the Eurozone’s roadmap for
designing strategic recovery and resilience plans for a green, digital and climate-resilient
future [3].

European institutions understand that the current system of production and consump-
tion does not environmentally bring into equilibrium raw materials, consumption, goods
produced and consumed, and the waste generated. Hence, an ecological transition is an
evolution from a polluting production model to a more environmentally friendly one,

Sustainability 2022, 14, 1149. https://doi.org/10.3390/su14031149 https://www.mdpi.com/journal/sustainability
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driving the sustainable development objectives in economic, social and environmental
dimensions. It requires integrating “sustainable circularity” into the socioeconomic sys-
tem to ensure that the regenerative management of the resource–waste cycle improves
competitiveness, creates new jobs, reduces dependence on raw materials and minimises
environmental impacts.

The CE model increases the efficient use of resources, minimising waste and emissions
(reduce, reuse, recycle) in favour of an extended “R-Typology” (reject, rethink, repair,
renew, remanufacture, retrofit, recover). In Spain, the Ministry for Ecological Transition
and Demographic Challenge (MITECO) has developed the Recovery, Transformation and
Resilience Plan to reactivate an economy affected by the COVID-19 pandemic. This plan has
four fundamental pillars: ecological transition, digital transformation, social and territorial
cohesion and equality. The Spanish Circular Economy Strategy (EEEC), Spain Circular
2030, lays the foundations for a new production and consumption model where the value
of products, materials and resources is maintained in the economy for as long as possible,
waste generation is reduced to a minimum and unavoidable waste is used to the greatest
extent possible. This strategy thus contributes to Spain’s efforts to achieve a sustainable,
decarbonised, resource-efficient and competitive economy.

The CE has received little attention from the academic community until recently.
Currently, however, quite a lot of research has appeared considering different aspects of
the CE, such as the efficient use of materials and their productivity [4–10], its adoption by
countries and sectors [2,11–16], business networks [17] and transitions towards the circular
model [2]. Once the need for the transition was accepted, authors explored the factors that
drive or hinder this process, opening a wide range of opportunities to advance the research.
One of these new areas is the analysis of company initiatives in the CE and their real impacts
and legitimacy [18–20]. Ref. [7] explain that although studies show that social institutions
and legitimacy are relevant aspects of the transition to the CE, our understanding of how
these factors affect initiatives is still limited.

Economic neo-institutionalism explains that the economic reality of the market is
where companies, consumers and governments act. They are all determinants of business
decisions and economic results. Therefore, these economic agents are not individualistic,
and their decisions are not only determined by rationality since membership in social organ-
isations is conditioned by restrictions inherent to the institutional structure in which they
operate [21]. This institutional framework, according to [22], comprises formal and informal
rules that guide individual behaviour and reduce uncertainty. Decision-making is aimed
at guaranteeing compliance with the coercive, normative and cognitive elements in place.
Institutions are, therefore, enforcing the rules of the game, or the constraints conventionally
constructed to frame human and organisational interaction in a given society.

Although the CE has a theoretical–conceptual basis, there are still many aspects to
research [2]. Among these aspects are why companies select particular CE projects, the
effects these projects have on the companies themselves and how they can counteract
the negative effect of their corporate activity. The objective of our research is to explain
the relationship between institutional pressures and the amount and type of information
companies provide about the CE projects they carry out in a proactive and favourable
institutional environment. To do this, we have categorised the companies in our sample
as symbolic or active according to the real value of the CE information they make pub-
licly available [23], taking the companies’ activity sector into account [24]. Faced with
substantive projects, managers may prefer symbolic actions that appear to comply with the
rules and thus send signals to stakeholders using a “green discourse” [25,26]. According to
our hypothesis, these symbolic messages are stronger in the industries most affected by
institutional pressures.

The results show that industrial strategies can be identified in CE disclosures, as they
are broader and more detailed in companies that belong to the sectors most sensitive to
institutional, especially coercive, pressures, such as the oil and energy industries. Our work
makes a significant contribution to the area of corporate information and the CE. It comple-
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ments previous studies such as those by [16,27–29], who found a high correlation between
sensitive industries and the sustainable initiatives voluntarily carried out by companies.
In fact, our work broadens the application of semantic metrics, i.e., the measurement of
distances on the ontology level, focussing on compliance with sustainability indicators in
an organisational context [19,20,30,31].

2. Theoretical Framework

The CE implies an evolution of the current economic model characterised by linearity
in the extraction, manufacturing, commercialisation, consumption and disposal processes
typical of an “open” planet towards a new paradigm of extraction, manufacturing, commer-
cialisation, consumption and reuse (recovery and recycling) of a “limited” planet. On this
limited planet, human beings must find their place in a cyclical ecological system capable of
continually reconverting materials and conserving their values [32]. The McKinsey Center
for Business and Environment and the Ellen MacArthur Foundation explain that the CE
has its raison d’être in the best preservation of the usefulness of products, components and
materials. It is based on three basic principles [33]: (1) the preservation and appreciation of
natural resources through controlling finite reserves and balancing the flows of renewable
resources; (2) the optimisation of resource productivity, considering the technical and
biological cycles of products, components and materials; (3) improving the efficiency of the
system by protecting human well-being with regard to food, mobility, housing, education,
health and entertainment and managing land, air, water and noise pollution, the release of
toxic substances and climate change.

Why the CE influences companies and how they face the challenge of converting
their businesses can be analysed from the perspective of the institutional theory [34],
incorporating the social and legitimation aspects of sustainability [35] to explain what
factors help and what factors hinder transformation to the CE [7]. According to the
resource-based approach (RBV), companies must configure their resources to develop the
capacities they need to sustain a competitive advantage, i.e., a competitive advantage
depends on the match between distinctive internal capabilities and changing external
environmental circumstances [36], such as climate change. Separating institutions into three
pillars, based on Scott’s institutional theory [37], we identify three types of institutional
pressures (coercive, normative and mimetic) that are exerted on companies by their external
environment. These pressures force companies to reconfigure their key resources, and thus,
to standardise their functioning [38].

However, in this process, organisations must maintain their competitive advantages
and obtain new ones, theoretically through cost reduction, sustainable manufacturing
and material circularity [39]. These two approaches, institutionalism and the competitive
advantage of RBV, can be addressed in the characterisation of the CE research scenario.
Both approaches have been used simultaneously in several studies to consider the environ-
mental and social pressures that can affect the heterogeneity of companies’ environmental
strategies [40,41] and their effects on business performance [42,43].

Assuming the positive intention of environmental and social pressures, institutional
changes are slow to come about due to, for example, the circumstances noted by [44]
that prevent institutional pressures from working well. These circumstances are (1) little
regulation regarding reuse and its inconsistent application in different countries; (2) the
lack of legal indications beyond recycling, such as for reuse; (3) the lack of a reuse culture
and people’s preference for new products. Factors such as the capacities of managers and
staff and resource availability also affect the integration of climate change in company
strategies, determining the advantages or disadvantages in the transition [45–47].

Business initiatives often do not find followers among consumers due to customers’
concerns for their own benefit, health and safety [48] or because these initiatives are not
perceived as being beneficial for the environment [49]. From a performance perspective,
the changes required of established companies to transform to the CE are significant and
costly [50], especially in environmentally sensitive sectors [51]. These affect all organisa-

3



Sustainability 2022, 14, 1149

tional levels and include production systems, anticipating impacts, innovating, collaborat-
ing both internally and externally, optimising and reporting openly and completely, with
clarity, precision, honesty and promptness [52].

Firms often disseminate information to increase the value of their brands [53] and
offset the costs of their transition to the CE, at least partially. In doing so, companies
can collaborate with external agents and disseminate information on sustainability and
CE aspects, among other measures. These actions are part of mimetic institutionalism,
and they help legitimise an organisation [54]. For example, although recycling is one of
the central processes of a reverse logistics business integrated into the value chain, for a
manufacturer, it represents an increase in costs that can become a competitive advantage
if this practice is recognised as responsible behaviour by the markets [55]. Therefore, this
information is used to capture value [56]. Companies have different ways of increasing the
information available to stakeholders to reduce uncertainty and favour company interests
by aligning their brands with the social behaviours that are the heart of the transition to a
“new” socioeconomic system [57].

The use of information to improve reputations and enhance the value of brands is
explained by the signal theory [53], while the legitimacy theory [28,58] posits that the extent
of a firm’s disclosures is also a product of the firm’s exposure to public pressure from
stakeholder groups in the social, political and regulatory environment. For instance, reputa-
tion improvement and brand value enhancement can be carried out internally, motivating
workers to create a culture of innovation internally [59], or externally, favouring a culture
of sustainability in industry and institutions [60]. Our research is focused on corporations
from industries whose activities have a negative influence on the environment (environ-
mentally sensitive industries according to the National Pollutant Release Inventory [61]). In
general, corporations from oil and energy and basic material industries (steel, cement and
concrete product manufacturing, foundries, etc.) emphasise information on environmental,
health and safety issues [62,63]. In a proactive and favourable institutional environment,
institutional pressures contribute to the amount and type of information leading companies
provide about their CE projects. Thus, our hypothesis is formulated as follows:

Hypothesis 1 (H1). Corporations from environmentally sensitive industries disclose and report
more CE information than firms from other sectors do.

Organisations search their environment for clues about who to follow, looking for
emerging leaders who have the prestige and respect to inspire imitation, that is, they engage
in institutional mimicry. These emerging leaders align with other leaders, opinion makers
and governments, who make up a tacit or explicit network to drive a shift towards the CE,
highlighting its environmental benefits to increase consumer acceptance [49]. According
to [64], these networks are important to establish subjective norms that shape a social system
while spreading new ideas, in this case, about the CE [65]. Rogers identifies structure,
opinion leadership and types of decision as the most important areas of interest in social
systems, resulting in certain processes being internally created and maintained, linking
the elements of the social system to the adoption process. Ultimately, social systems are
not action systems derived from an approach based on resources and capabilities and
directed by the thoughts and behaviours of people in the organisation. Social systems are
communication systems where communication itself determines the process of change [66].

In the following sections, we analyse CE business initiatives and the relationship
between institutional pressures and the volume and type of information provided about
implemented CE projects.

3. Research Design

3.1. Population and Sample

We selected the companies listed on the IBEX-35 of the Madrid Stock Exchange as the
target population with which to analyse the initiatives and projects developed in the area
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of CE and the information disclosed. The reasons for this selection are that these companies
operate in the institutional environment established in the previous section, and they are
immersed in a system that fosters a sustainable business model by promoting different
public initiatives. This framework determines the existence of institutional pressures in
favour of circular transformation and, therefore, the decisions that these companies make
regarding changes in their economic activity to legitimise themselves in their environment.
These companies are also the most liquid and the most active in sustainability issues [29].

Based on the analysis of the information available on these companies’ corporate
websites—specific sites and sustainability or similar reports—the analysis sample corre-
sponds to 17 listed Spanish companies operating in all sectors, although the majority are in-
volved in the oil and energy industries (see Table 1, the 13th company today comprises two
merged companies). Compared to the population, the companies in the sample represent
52% of the listed companies and are the only ones that offer public information about their
current and future circular transformation projects and processes (Appendix A Table A1).

Table 1. Sample description.

Industry Freq. %

Consumer goods 2 11.8%
Basic materials, industry and construction 3 17.6%

Oil and energy 7 41.2%
Consumer services 1 5.8%
Financial services 2 11.8%

Technology and telecommunications 2 11.8%

Total 17 100%

3.2. Methodology

Information for the analysis and identification of the key issues was obtained through
content and textual analysis [67,68]. Specifically, the information on the CE was all first
disclosed by the companies on their corporate websites and is verbatim. The information
was collected in March 2021 and has been subsequently processed using the analysis
methodologies indicated below.

Projects, initiatives and other aspects have been identified through content analysis.
They allowed us to identify which CE initiatives have been promoted by companies, the
CE phase involved and the benefits derived from them. The information downloaded from
the websites was also processed through a textual analysis programme based on our own R
code. It allowed us to determine the technical and quantitative content of the information
reported to stakeholders.

For the textual analysis of information, we applied a descending hierarchical classifica-
tion according to the method described by [69], where lexical classes are defined, and each
one represents a subject that can be described by the vocabulary that defines the subject.
By using the proximity of text segments to cluster the terms and identifying the central
points of company communiques, we can understand firms’ priorities in terms of circular
transformation.

In this analysis, we also constructed a matrix of lexical data, where the rows include
the different words used in the reports and the columns include the companies issuing
the reports. Their confluence corresponds to absolute frequency. We did not work with
this matrix, however, since pre-processing, which consists of eliminating empty words
like conjunctions, prepositions, etc. and keeping only semantically loaded elements, was
applied to the initial data. Lemmatisation was carried out on this group of elements,
reducing several words to a single term based on semantic relationships (e.g., I said, I will
say, let us say). Once all the words were obtained, and the data cleaning and debugging
processes were complete, we obtained the final lexical data matrix with which we worked.
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Given the multidimensional structure of this matrix, we used the correspondence
factor analysis (CFA), which is a classic multivariate technique in text statistics to detect
associations and oppositions between individuals and observations. These associations
and oppositions can be visualised separately or simultaneously on two-dimensional factor
maps [70]. Since the CFA works on profiles (the distribution of relative frequencies of a
line in a table, row or column in relation to the marginal total) and captures structures,
we carried out a statistical analysis of textual data to identify the most relevant terms in
the analysed reports. This analysis resulted in a geometric representation that facilitated
the interpretation of the numerical information of the lexical table, looking for axes of
the maximum dispersion of point-profiles around the centroid, with a minimum loss of
information. The chi-square distance metric was used, a weighted Euclidean distance,
which allows infrequent words to be weighted more and the most frequent words, less.
The chi-square distance neutralises all distortions in the graphical representation.

The words and companies—or activity sectors by groups of companies—are shown in
their representation on the factorial plane. We then looked for similarities according to the
proximity of the words to the companies on the plane. In this way, we characterised each
company based on the terms they used the most, which indicates the differences between
companies and their main focuses. We did the same for the sectors of activity, discovering
what really concerns these sectors and where they use most of their resources. The overall
methodological process is outlined in Figure 1.

Figure 1. Methodological process outline.

4. Results

4.1. Descriptive Textual Analysis

The analysis of the texts resulted in a total of 17,510 terms, represented in 2341 different
ways. We first represented the most frequent terms used by companies in a similarity
graph, similar to classification trees, representing the links of the selected type with the
other class types (see Figure 2). Before commenting on the results, note that certain
words assumed to be common to the topic have been deleted to obtain only the most
relevant information. These deleted words include circular economy, sustainability, project,
environmental, management, waste, commitment and responsible. This type of discourse focuses
on the term use, as it is linked with the rest of the terms; the use of matter, product, water, in
general, the importance of how to treat all resources. The CE represents a new model of
society that uses and optimises the stock and flow of materials, energy and waste, and its
objective is the efficient use of resources.
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Figure 2. Representation of the most frequently used terms.

The word matter is close to the central term use. It is connected to the terms quality,
processes in its creation, manufacture or supply. Following its trail, it connects with the verb
recycle. A little further away, we find the word plastic linked to the term package, highlighting
the importance of plastic in this movement. On the left, we have the term product and the
importance of animal and origin; close to these, we find the discourse on the life cycle of
certain equipment, vehicles and the relevance of electricity and new technology. In the upper
area, we find the paragraph dedicated to objectives, naturally including the economy. It
talks about the importance of replacing urban fuel or the creation of solar plants and their
maintenance. Finally, in the lower part, we observe how the CE is a strategy that aims
to reduce both the use of virgin materials and the production of waste, closing the loops
or economic and ecological flows of resources. Here, we can find terms such as reduce or
remove, linked to emissions, gas, carbon dioxide, or the impact or footprint left by tons of waste.
On the other hand, we have the importance of reducing production and consumption,
especially energy, its storage and the increasingly frequent alternative of biofuel.

Secondly, and in view of what has already been noted, we grouped all the terms into
four clearly differentiated clusters, discovering the four topics that companies prioritise in
their CE reports (see Figure 3):

• Red cluster: represents 22.2% of companies’ discourses, focussed on extending the
useful life of products, with a notable emphasis on recycling, especially plastic.

• Blue cluster: companies focus 26.1% of their reports on pollution, with the aim of
avoiding or reducing gas emissions (carbon dioxide, fuel, refinery, etc.) and favouring
processes for prudent water consumption.

• Purple cluster: occupying 20.7% of the reports, this cluster focuses on business ac-
tions. There are references to electrical installations, community relations and many
references to the management (cleaning) of generated waste.

• Green cluster: companies use 31% of their discourse explaining the importance of
the CE for a sustainable future. They focus on the search for a commitment to and

7
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the development of sustainable activities, where they prioritise and promote models,
make plans to change the environmental impact of their current activities and promote
the adequate use of resources over time.

Figure 3. Grouping of clearly differentiated clustered terms.

4.2. Analysis of CE Projects

The number of projects promoted, the CE phase to which they refer and a description
of the projects and their benefits were identified through content analysis for each of the
17 companies reporting on their commitment to the CE. This information is detailed in
Annex 1. These companies have been classified into three levels according to the specificity
of their CE initiatives. Level 0 includes those companies that do not present a description
of their CE phases and do not determine circular benefits; that is, they make symbolic
speeches [23]. Level 1 includes active companies that present a description of their projects
but not the benefits. Level 2 includes very active companies that report all the information,
a description and the benefits of their CE projects. Twenty-two percent of the companies in
the data sample used for this research belong to Level 0, with no description of benefits.
Forty-four percent correspond to Level 1, with projects seeking to reduce landfill waste,
recycle vehicles, give a second life to obsolete machines, revalue technology equipment,
eliminate single-use plastics, etc.

The remaining thirty-four percent are Level 2 companies, where the projects promoted
are mainly linked to the production of biogas, second-life electric vehicle batteries, the
production of green hydrogen, the creation of new textile fibres from recycled garments
and digital solution projects to reduce the consumption of energy, water and CO2. All
these projects create benefits by removing tons of urban waste, generating large amounts
of biogas, lengthening the life of batteries and avoiding large amounts of CO2 emissions.
They result in a 10% reduction in fuel consumption, a 20% reduction in water consumption
in agriculture, and a 30% reduction in public lighting, among many other advantages. They
also help to decrease 85% of the black spots where there is poor waste separation.

4.3. Business Strategies in CE Reporting

We grouped the information disclosed according to levels 0, 1 and 2, into which we
have classified the companies. As expected, there is a greater volume of information at the
higher levels (Level 0: 843 words, Level 1: 3146 words and Level 2: 13,521 words), with
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very concise reports from firms in Level 0, at an average of 211 words; reports that are
nearly twice the length from companies in Level 1, at 393 words, and reports in Level 2 that
clearly explain the phases and benefits of their CE projects, at 2254 words.

Studying the most commonly used terms (see Table 2) allows us to see that companies
in Level 0 use a discourse aimed at actions that should not be carried out, talking about
reducing water and energy consumption and emphasising the footprint of gas emissions,
carbon dioxide, etc. The terms used by companies in Level 1 show a different discourse,
focussing on new objectives, such as the use of electrical material, raw materials versus
products and their manufacturing processes and the importance of recycling. Finally,
the information included by companies classified in Level 2 involves the most important
aspects of the CE. This production and consumption model is mainly concerned with
reducing the amount of waste generated, which involves improving raw material use or
consumption, reusing and giving a second or third life to certain products, and recycling as
the last phase a product goes through: the three Rs on which the CE is based in search of a
sustainable economy.

Table 2. Word frequency distribution by levels.

Level 0 Freq. Level 1 Freq. Level 2 Freq.

1 Water 9 1 Residual 51 1 Residual 147
2 Consume 9 2 Objective 22 2 Raw material 108
3 Residual 8 3 Recurse 17 3 Life 48
4 Emission 8 4 Use 15 4 New 48
5 Reduce 6 5 Material 15 5 Use 43
6 Energy 6 6 Electronic 13 6 Water 43
7 Carbon dioxide 6 7 Equipment 13 7 Reduce 42
8 Efficiency 5 8 Recycle 12 8 Product 42
9 Recurse 4 9 Consume 11 9 Recycle 41

10 Model 4 10 Model 11 10 Process 40
11 Impact 4 11 Generation 11 11 Recurse 37
12 Gas 4 12 Net 11 12 Material 37
13 Environment 4 13 Product 11 13 Objective 36
14 Use 3 14 Raw Material 10 14 Plant 36
15 Generate 3 15 Process 9 15 Plastic 33
16 Natural 3 16 Life 9 16 Energy 31
17 Foot Print 3 17 Natural 8 17 Reuse 28
18 Biodiversity 3 18 Building 8 18 Pick up 25
19 Material 2 19 Value 8 19 Production 24
20 Plant 2 20 Reduce 7 20 Ton 24
21 Building 2 21 Impact 7 21 Consume 23
22 Production 2 22 Pick Up 7 22 Model 22
23 Ton 2 23 Dump 7 23 Building 22
24 Ecoeffiency 2 24 New 6 24 Emission 22
25 Hydric 2 25 Plastic 6 25 Service 22
26 Raw material 2 26 Economic 6 26 Produce 22
27 Objective 1 27 Ecodesign 6 27 Urban 22
28 Recycle 1 28 Gas 5 28 Technology 22
29 Process 1 29 Reuse 5 29 Fuel 22
30 Production 1 30 Chain 5 30 Dump 21
31 Urban 1 31 Use 5 31 Animal 21
32 Technology 1 32 Maintenance 5 32 Obtain 20
33 Reuse 1 33 Water 4 33 Quality 20
34 Origen 1 34 Efficiency 4 34 Cotton 19
35 Treatment 1 35 Services 4 35 Electric 17
36 Organic 1 36 Energy 3 36 Carbon dioxide 17
37 Solar 1 37 Treatment 3 37 Origin 17
38 Client 1 38 Oil 3 38 Manufacturing 17
39 Chain 1 39 Operation 3 39 Generate 16
40 Creation 1 40 Convert 3 40 Equipment 16
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Table 2. Cont.

Level 0 Freq. Level 1 Freq. Level 2 Freq.

41 Net 1 41 Dangerous 3 41 Value 16
42 Collaboration 1 42 Plant 2 42 Use 16
43 Remove 1 43 Production 2 43 Treatment 16
44 Residual 1 44 Produce 2 44 Organic 16
45 Storage 1 45 Origin 2 45 Vehicle 16
46 Supply 1 46 Client 2 46 Cycle 15
47 Species 1 47 Creation 2 47 Benefit 15
48 Symbiosis 1 48 Collaboration 2 48 Solar 15
49 Photovoltaic 1 49 Remove 2 49 Package 15
50 Biomethane 1 50 Residual 2 50 Efficiency 14
51 Ecosystem 1 51 Supply 2 51 Economic 14
52 Life 0 52 Biomethane 2 52 Supplier 14
53 New 0 53 Obtain 2 53 Biofuel 14
54 Product 0 54 Cycle 2 54 Foot print 13
55 Plastic 0 55 Diminish 2 55 Fibre 13
56 Use 0 56 Improvement 2 56 Battery 13
57 Pick up 0 57 Decarbonisation 2 57 Garments 13
58 Electric 0 58 Underground 2 58 Oil 12
59 Equipment 0 59 Regasification 2 59 Client 12
60 Dump 0 60 Emissions 1 60 Operation 12

If we delve a little deeper into the information obtained by levels (see Table 3), we find
no difference in the use of numbers in the reports, with values around 1.4–1.7%. However,
we do find differences in the use of technical words, and the proportion of these words is
much higher for firms in Level 2.

Table 3. Proportion of numbers and technical words by levels, CEO and work team training.

Level Level 0 Level 1 Level 2

Average words 211 393 2254
% Numbers 1.7% 1.4% 1.7%

% Techniques 4.9% 3.5% 6.2%

CEO training

% Engineers or chemists (CEO) 50.0% 37.5% 50.0%
% Lawyers (CEO) 0.0% 25.0% 16.7%

% Economists and managers (CEO) 50.0% 33.3% 33.3%

Board member training

% Male 72.4% 68.0% 70.1%

Total with training information (M) 7 9 8
% Engineers or chemists (M) 35.9% 19.4% 21.9%

% Lawyers (M) 25.1% 28.4% 30.9%
% Economists and managers (M) 39.0% 52.2% 47.1%

% Female 27.6% 32.0% 29.9%

Total with training information (F) 3 4 3
% Engineers or chemists (F) 25.0% 23.8% 15.0%

% Lawyers (F) 6.3% 23.8% 18.6%
% Economists and managers (F) 68.8% 52.5% 66.4%

Total Board Members 10 14 12

We analysed the possible effect of CEOs’ and directors’ training and gender. The CEOs
were all male, and we found a notable difference in the training of those in Level 2, where
there are high rates of engineers or chemists. The teams in the companies have higher
proportions of men at all levels, at around 70%, and higher rates of economists in training,
especially in Level 2 companies, with greater differences over other degrees among women.
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4.4. Industrial Strategies in CE Reporting

Finally, we grouped the information by activity sectors: consumer goods, basic materi-
als, industry and construction, oil and energy, consumer services, financial services, and
technology and telecommunications. We first observe a very large difference in the length
of the reports, where companies in the oil and energy sector use an average of 1561 terms,
followed by consumer goods with 1195, both well distanced from the rest. Companies
producing basic materials use 785 words, technology and telecommunications use 545 and
consumer services and financial services companies provide the most concise reports on
the CE, with around 185 words (see Table 4).

Table 4. Proportion of numbers and technical words by sectors, CEO and work team training.

Sectors
Consumer

Goods
Basic Materials Oil and Energy

Consumer
Services

Financial
Services

Technology
and Telecom

Average words 1195 785 1561 185 187 545
% Numbers 1.1% 1.5% 1.8% 0.0% 1.7% 2.1%

% Techniques 5.3% 6.4% 4.9% 7.0% 2.7% 2.8%

CEO training

% Engineers or
chemists (CEO) 0.0% 66.7% 85.7% 0.0% 0.0% 0.0%

% Lawyers
(CEO) 50.0% 0.0% 0.0% 0.0% 33.3% 50.0%

% Economists
and managers

(CEO)
50.0% 33.3% 14.3% 100.0% 66.7% 50.0%

Board member
training

% Male 61.8% 76.8% 72.7% 70.0% 63.9% 65.1%
Total with
training

information (M)
7 8 7 7 10 10

% Engineers or
chemists (M) 12.5% 20.4% 33.5% 28.6% 16.7% 15.6%

% Lawyers (M) 32.5% 16.2% 29.2% 42.9% 36.7% 21.1%
% Economists
and managers

(M)
55.0% 63.4% 37.3% 28.6% 46.7% 63.3%

% Female 38.2% 23.2% 27.3% 30.0% 36.1% 34.9%
Total with
training

information (F)
4 3 3 3 4 5

% Engineers or
chemists (F) 25.0% 16.7% 20.7% 0.0% 25.0% 30.0%

% Lawyers (F) 29.2% 0.0% 18.3% 0.0% 33.3% 20.0%
% Economists
and managers

(F)
45.8% 83.3% 61.0% 100.0% 41.7% 50.0%

Board Members 11 11 11 10 16 15

Average Level 1.0 1.3 1.1 0.0 1.0 1.5
Level 0 50.0% 0.0% 28.6% 100.0% 0.0% 0.0%
Level 1 0.0% 66.7% 28.6% 0.0% 100.0% 50.0%
Level 2 50.0% 33.3% 42.9% 0.0% 0.0% 50.0%

The majority of the percentages of numbers in companies’ information are between
1.5% and 2%, with technology and telecommunications in the lead. Consumer goods (1.1%)
and the consumer services (0%) sectors are far below this. The companies with the most

11



Sustainability 2022, 14, 1149

concise reports are those that use technical terms to a greater extent, with 7% in consumer
services. Close to these values are basic materials (6.4%), consumer goods (5.3%) and oil
and energy (4.9%). Financial services and technology and telecommunications use lower
percentages, at around 2.7%.

The information about the heads of companies shows us that training in engineering
or chemicals corresponds to the CEOs of sectors such as basic materials and oil and energy.
In the rest of the sectors, most of the CEOs have training in economics and business. We
find a greater number of company team members in the financial services and technology
and telecommunications sectors, with around 15–16 members, whereas the rest of the
sectors have 10–11 members. These are mostly men (62–77%). The greatest difference is
found in basic materials and oil and energy, whose company team members are 23% and
27% women, respectively; 30% in consumer services and around 35–38% in the rest of the
sectors, with consumer goods being the sector with the highest percentages of women
(38%). The highest percentages of women are trained in economics and business in all the
sectors. The same is true for men, with smaller differences, and there are higher proportions
of law graduates in consumer services.

Correspondence factorial analysis allowed the terms used most often by the companies
to be simultaneously represented with the technical words discussed in the previous table.
This study focuses on the representation of Figure 4, where, according to the location of
the companies close to the sectors of activity, we can characterise the CE reports they each
make and observe the most important differences.

Figure 4. Representation of frequent and technical words according to sector activity.
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• Oil and energy: these companies are environmentally sensitive industries [51]. They
focus on the negative effects of emissions and pollution, the footprint left by their
actions, carbon dioxide, plastics, chemical agents, vehicles, and so on, but they also
comment on their new sustainable processes and models based on the substitution
of fuels or methods of generating energy, placing emphasis on eco-design, the use of
biofuels, the construction of solar plants, hydroelectric plants, electric vehicles, and
others, with the idea of planning tomorrow’s energy transitions today.

• Basic materials: the companies belonging to this sector are environmentally sensitive
industries [51] and focus on the impact of the tons of waste produced. Their objective
is to treat this waste and reduce and reuse materials before recycling. They speak about
the importance of treating plastic containers or the use of alternative energies. An
important part of this discourse is directed towards reducing environmental impacts,
the treatment and maintenance of gas, switching from biogas to biomethane, the
importance of composting and eco-efficiency.

• Financial services: these companies make concise and vague speeches about the CE.
• Technology and telecommunications: these companies talk about improvements in

production, creation and transport operations and the search for innovative technolo-
gies to help improve global waste management, reduce environmental impact and
optimise costs.

• Consumer goods: these companies focus their reports on products. They explain that
we live in an age of consumption, anchored to an economic model based on “produce,
buy, use, discard” and, in turn, they urge us to move towards a new model where
products and raw materials can have a second life without the need to produce new
consumer goods. In this way, waste and waste reduction, reuse and recycling result in
increased resource efficiency, respecting ecosystems and biodiversity.

• Consumer services: these companies make similar speeches to those of companies in
the consumer goods sector, proclaiming the importance of product life. Although they
are true, the reports analysed were very concise, with little specific information.

According to these results, we accept the null hypothesis since the environmentally
sensitive industries (oil and energy industry and basic materials) disclose and report more
CE information (average words, % numbers, % techniques and firms in level 2) than firms
from other sectors do. However, consumer goods is in the top three, in our opinion, because
they are closer to demand and can directly increase the value of the brands.

As a last point, and to explain how it is done, we present the words most commonly
used by companies in their speeches (around 50), making up 11.6%, together with the most
repeated technical words (around 40), although these make up only 1.5% of the sample
(see Figure 5).

This representation collects about 50% of the information. The most frequent words
(in blue) are less weighted and are located in the centre of the figure. The technical words
(in orange), with a higher weighting, are located closer to the edges of the figure.

• On the right side of Figure 5, we can see a discourse on the waste and footprint that
different emissions, such as carbon dioxide, leave on the road, compared to alternative fuel
for the sake of environmental benefit, such as the use of biomass and biofuel. Company
1 stands out in this regard.

• Other discourses, such as that of Company 7, are more closely related to the product,
establishing its origin, the quality standards in production, responsible use of material,
and everything related to recycling.

• Company 2, Company 3 and Company 9 are the main energy companies, and their
speeches are related to biogas or biomethane and regasification.

• Company 4 and Company 6, two large electricity companies in the Spanish energy
market, focus on social responsibility and seek to contribute to change, so they promote
photovoltaic solar energy and wind energy, refer to decarbonisation and talk about the
use of hydroelectric energy and harming any ecosystem (bryozoans, biotope etc.) as little
as possible.
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• The rest of the companies produce a less specific discourse, where they prioritise the
term circular economy, the efficient use of resources and water, and speak of eco-efficiency,
biodiversity, ecodesign, etc.

Figure 5. Factorial analysis of correspondences, frequent words and technical words by companies (Note:
Company 13 resulted from the acquisition of one financial company, purchased outright from another).

5. Discussion and Conclusions

Company initiatives and impacts are important factors in the speed of the transition
to the CE [7,18]. In our research, we categorised the information published in the corporate
web pages of 17 companies listed on the Spanish stock market according to their content
value. These companies are considered leaders in their sectors.

The analysis of the texts show that the companies, especially environmentally sensitive
industries, prioritise their commitment to a sustainable future based on the proper use of
resources in their speeches. The next most important topic is the reduction or elimination
of greenhouse gases and the prudent consumption of water, followed by lengthening the
useful life of products with a special emphasis on recycling. Finally, companies mention
specific technical and social initiatives that affect the environment. Thirty-four percent of
the companies describe their CE projects in detail and report the benefits of these projects
(Level 2). Forty-four percent describe only their initiatives, but not the benefits, focusing
on new objectives in terms of the use of raw materials and the importance of recycling
(Level 1). The remaining twenty-two percent do not do so in either case (Level 0), so
they are considered symbolic projects. The latter refer mainly to the regulatory aspects of
unacceptable actions and the objectives of reducing water and energy consumption and
the carbon footprint.

We found differences in CEO training, with a notable prevalence of engineers or
chemists, as well as higher proportions of male and female economists in management
teams in the companies that provide more and more detailed information (Level 2).
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The result of the industry analysis is that the oil and energy companies provide
more information on the negative aspects of their activities but offer information on their
solutions, with an emphasis on eco-design, biofuels, alternative energies and energy tran-
sition planning. Basic materials companies highlight the importance of waste and its
treatment, reduction and reuse, as do consumer goods and consumer services companies,
which promote the use of goods and services until the end of their useful life to reduce
waste. Finally, technology and telecommunications companies include some information
on improvements in waste management and the reduction of environmental impacts with
innovative technologies, and financial services hardly include any specific information on
CE initiatives or projects.

Our results show that institutional mimicry is feasible in the oil and energy and con-
sumer goods sectors because the listed companies disclose and report more CE information,
and they are profitable. However, much remains to be done to move towards the “new”
socioeconomic system suggested by [57]. The companies in our study act as opinion leaders
due to their size, so the information provided on their corporate websites benefits the
transformation process towards the CE because they explain the benefits produced by
corporate initiatives using a significant percentage of easily understandable terms [48]. The
results are in the line with those in the work of [24], as most companies focus on reducing
materials as well as air and water emissions. They used a data sample consisting of 220
large manufacturing companies in the EU that provided CE reporting information in 2016.
Their results were that the keywords Reduce and Recycle were more frequent than Reuse
(156, 61 and 183 companies mentioned them more than ten times, respectively), while the
majority of the companies included almost one KPI about Emission, Energy and Water
(200, 163 and 146, respectively). Considering the same keywords, our results in Table 2
show that from 17 listed companies, Reduce (55 times in Levels 0, 1 and 2) and Recycle (54
times) were also more frequent than Reuse (34 times). However, Water was more frequent
than Emission or Energy (56, 49 and 40, respectively). Furthermore, our paper makes an
important contribution since it incorporates the sector of activity into the work done by [24].
The analysis suggests that institutional pressures contribute positively to the amount and
type of information leading companies provide about their CE projects. Hence, industrial
strategies can be identified in CE disclosures as they are broader and more detailed in
companies that belong to the sectors most sensitive to institutional, especially coercive,
pressures, such as the oil and energy industries. Our work makes a significant contribution
to the area of corporate information and the CE because these industrial strategies do not
signal a direct embodiment of CE principles. However, they are key to accelerating the
transition to a CE from our current linear economic model [19].

The findings of this study lead to some useful implications for research, practitioners
and policymakers. For research, the empirical results are consistent with the literature
since large, listed firms are more active in implementing CE practices to mitigate negative
environmental effects [20], especially in the sectors most sensitive to institutional pressures
with worse environmental performance [28]. For policymakers, the offer of tax incentives
and the NextGenerationEU funds should have a guiding effect on enterprises [71]. Hence,
companies’ CE disclosures reveal their eagerness to comply with CE principles, and their
willingness to establish guidelines for the industry. For practitioners, the study confirms
that corporate managers consider the adoption of CE practices a win–win strategy to
achieve environmental and economic goals simultaneously.

There are two limitations, however, which will be future developments of the work.
First of all, the sample is limited since the cost of data processing means that we have
reviewed a small number of companies. Second, in connection with this, we are looking for
a way to digitise the information collection process and expand the sample. This would
make it possible to complete the information since sometimes companies use channels
other than their corporate websites to update data about their initiatives.
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Appendix A

Table A1. Information about Ce Projects by Company.

COMPANY INDUSTRY Nº PROJECTS CE STAGES DESCRIPTION CIRCULAR BENEFITS

COMPANY 1 Oil and energy

More than 230 CE
projects in the

different business
units.

Efficiency and
process innovation,
renewable energy

and alternative raw
materials

FUEL GENERATION
FROM URBAN WASTE.

Through the use of
technology, different waste

is heated to high
temperatures and in the

absence of oxygen,
produces gas that can be

used to replace traditional
fuels.

Remove 10,000 tons per
year of urban waste from
landfills in the first phase.
Remove 100,000 tons of

waste per year in the
following phases.

COMPANY 2
Basic materials,

industry and
construction

13 projects Reuse

ECOPARK.
It is a plant designed and

built by Company 2 for the
mechanical-biological

treatment of solid urban
waste to produce biogas

and compost that are later
converted into energy and

fertiliser, respectively.

10,000 tons per year of
garbage from selective

collection
35,000 tons per year of

dehydrated sludge
Biogas generation:

8,900,000 Nm3/year6
composting tunnels with
a capacity of 35,000 tons

per year

COMPANY 3 Oil and gas Unknown Reuse

It is launching a project to
take advantage of the cold
from liquefied natural gas

that allows it to be
channelled to refrigeration

facilities.

Unknown

COMPANY 4 Oil and gas 17 Projects in Spain Reuse

ELECTRIC VEHICLE
BATTERIES TO LIGHT UP

A CITY.
This project is based on an

energy storage system
using electric vehicle
batteries at the City X

thermal power plant to
guarantee the city’s

electricity supply in the
event of a power outage. In

this way, a second life is
being given to the batteries

of electric vehicles.

It is a more economical
and sustainable

alternative to stationary
power storage batteries

Contributes to improving
the quality of supply

Extends the life of already
spent batteries in electric

vehicles
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Table A1. Cont.

COMPANY INDUSTRY Nº PROJECTS CE STAGES DESCRIPTION CIRCULAR BENEFITS

COMPANY 5
Basic materials,

industry and
construction

Unknown Reuse

Zero Waste to Landfill
project: a project in

collaboration with Ford
that seeks to reduce the

waste that is taken to the
landfill to zero by looking
for a new location for the
waste that is generated.

Unknown

COMPANY 6 Oil and gas Not available Ecodesign

Green Hydrogen Plant
This project will consist of a
photovoltaic solar plant, a
lithium-ion battery system
and a hydrogen production
system through electrolysis.

The green hydrogen
produced at this plant will

be used in Brand’s
ammonia factory to

produce green fertilisers.

It will avoid emissions of
39,000 tons per year of

CO2.
It will reduce the plant’s

natural gas needs by
more than 10%.

COMPANY 7 Consumer goods Unknown Reuse and recycle

CLOSING THE LOOP.
Installing collection points,
mitigating the generation of

waste and promoting the
reuse of clothing, marketing
it for social purposes and

recycling for industrial
materials. This initiative is

carried out through
cooperation with nonprofit
organisations and research
programs in technologies to

create new textile fibres
from recycled garments.

100% of the company’s
waste is recycled or
treated with another

environmentally
sustainable management

method.
1201 million security

alarms recycled.
120 million hangers

recycled.

COMPANY 8 Financial services Unknown Recycle

Company 8 has a Road
Safety and Experimentation

Centre.
This is a global

technological centre for the
design, insurance, use,

maintenance, repair and
recycling of vehicles and

other solutions for the
mobility of goods and

people.

Unknown

COMPANY 9 Oil and gas Unknown Unknown Unknown Unknown

COMPANY 10 Oil and gas Unknown Reuse

Obsolete Machines
Marketing Project.

This project promotes the
relocation of power

machines that are no longer
used in the value chain as
resources or raw materials,
giving them a second life

and preventing them from
ending up in a landfill.

Unknown
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Table A1. Cont.

COMPANY INDUSTRY Nº PROJECTS CE STAGES DESCRIPTION CIRCULAR BENEFITS

COMPANY 11
Technology and
telecommunica-

tions
Unknown Ecodesign

ECO SMART
It is a project of digital

solutions for Company 11
client companies that helps

them to see their
contribution to the

environment when they are
installed. Based on a 100%

renewable and
low-emission network to
reduce energy, water and

CO2 consumption.

15% reduction in fuel
consumption with fleet
management services

20% reduction in water
consumption in

agriculture with Smart
Agro

30% reduction in public
lighting consumption
with Smart Lighting
43% reduction in the
average time spent

searching for parking
with Smart Parking,

26.6% reduction of energy
consumption with the

Energy Efficiency service
and LUCA Energy,

10% reduction in fuel and
85% development of

black spots where there is
poor waste separation,
thanks to Smart Waste

COMPANY 12
Basic materials,

industry and
construction

Unknown Unknown

Company 12’s Positive
Impact 360º project is a plan
approved by the Board of

Directors that summarises a
series of actions that add
value in five main areas:
ethical, responsible and
transparent governance,

eco-efficiency and the fight
against climate change,
the CE and sustainable

products,
committed teams, culture,

diversity and safety,
supply chain and

community impact.

Unknown

COMPANY 13
(Resulted of the
acquisition of
one financial
company that

purchases
another

outright)

Financial services Unknown Reuse and recycle

It carries out a selective
collection of waste that

allows it to be recovered
and recycled both in

corporate buildings and in
the office network. The

comprehensive plan for the
revaluation of technology
equipment also promotes

the transfer of said
equipment to nonprofit

organisations, and in 2020
this plan was extended to

office furniture.

Unknown

COMPANY 14
Technology and
telecommunica-

tions
Unknown Consume

Zero Plastic InitiativeThis
consists of gradually

eliminating single-use
plastics in all the entity’s

offices.

Unknown

COMPANY 15 Consumer services Unknown Unknown Unknown Unknown

COMPANY 16 Oil and Gas Unknown Unknown Unknown Unknown

COMPANY 17 Consumer goods Unknown Unknown Unknown Unknown
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Abstract: The circular economy is increasingly establishing itself as a model capable of overcoming
the current linear economy of production and consumption recognized as unsustainable by society.
Its relevance has also attracted the attention of academics, interested not only in the implementation
methods of the circular economy, but also in the ways in which companies communicate information
about them. However, although in recent years some scholars have begun to investigate the circular
economy disclosure (CED), research on this topic is still in an embryonic state. In fact, in the academic
literature there are only a few studies related to the CED and its drivers. This study aims to fill this
gap by investigating, under the lens of stakeholder theory, the effect of firm characteristics on the level
of CED. To this end, it firstly involves the use of a manual content analysis of the sustainability reports
drawn up by 88 international companies to measure the level of CED and, secondly, a regression
model to test the impact of the firm characteristics. Empirical results demonstrate a positive effect of
firm size, financial leverage and firm profitability on the level of CED. The results have important
practical implications for firms and policymakers.

Keywords: circular economy; sustainability reporting; disclosure; sustainability; stakeholder theory

1. Introduction

Ecosystems are essential to sustain life on the planet, but these precious resources and
habitats are not always treated with respect. Decades of overuse, overconsumption and
neglect have led to the destruction or serious degradation of many vital ecosystems. The
spread of the COVID-19 pandemic and the Russia–Ukraine war have aggravated the state
of emergency and have shown even more the need to rationalize resources and avoid waste.

In this context, the circular economy is increasingly establishing itself as a response
to environmental problems, especially in terms of recycling and resource recovery. To
date, in many countries of the world, and especially in those of the European Union,
it represents one of the pillars of sustainable policies and one of the main drivers of
the ecological transition towards global sustainability [1]. The NextGenerationEU Plan
identified the circular economy as one of the elements capable of guaranteeing economic
recovery following the COVID-19 pandemic [1]. The circular economy deals with designing
and directing economic activity towards the regeneration of resources, keeping components,
products and materials always at their maximum utility and value [2]. In fact, the circular
economy, unlike traditional linear systems [3], “represents a development strategy that
enables economic growth while aiming to optimize the chain of consumption of biological
and technical materials” [4]. It requires a profound transformation for firms and consumers
who are called to move from a linear production and consumption system to a new
approach based on reduction, reuse, recycling and recovery, and therefore to a strong
reduction of waste [5–7]. The transition to a circular economy must involve changes in
various parts of the value chain. This creates the need to develop the knowledge base
to support the transition in order to derive real benefits from it [8]. The role of digital
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technologies in this process is crucial to overcome barriers to the circular economy transition
and support companies’ decision-making process [9,10], fostering the implementation of
circular business models [11]. Therefore, the circular economy involves, on the one hand,
the correct management of the scarce resources available to a company for its production
processes and, on the other hand, the creation of value from the waste produced [7,12].
Nevertheless, there is a lack of consensus among researchers on the actual benefits of the
circular economy, which appears to be far from being as promising as its supporters claim [13].

Despite the importance that the circular economy assumes for stakeholders [14],
companies still do not communicate data and information relating to this production and
consumption model in a completely effective and structured way [7]. In fact, even if circular
economy reporting practices are starting to take hold among companies [7], there are still
problems and delays linked, on the one hand, to the absence of tailored measurement
tools and specific reporting standards [15] and, on the other hand, to the absence of a
widely adopted and recognized underlying language [16]. These circumstances have led
to the proliferation of heterogeneous forms of processes for measuring and representing
information related to the circular economy [17–19], which take the form of quantitative
and qualitative documents based on different reporting techniques and tools [7,20]. In light
of this, there is a need to conduct in-depth analysis and studies capable of identifying the
best reporting solutions for companies interested in disseminating information relating to
the circular economy.

However, from an academic point of view, while some studies have focused on different
research lines, such as the efficient use of materials and their productivity, e.g., [21–23], the
transition to circular models, e.g., [24,25] and the implementation of circular economy
strategies in different countries and sectors, e.g., [26–29], the communication of such
strategies and its drivers represent issues still poorly examined by the literature. This study
aims to fill the knowledge gap related to the circular economy disclosure (CED). Specifically,
this study intends to answer the following research questions:

• RQ1: What is the level of circular economy information disseminated within the
sustainability reports?

• RQ2: What are the main firm characteristics capable of affecting the level of CED?

The choice of sustainability reports as containers of the CED derives from the thought
of several authors [30,31], according to whom the information relating to the circular econ-
omy included by companies within the sustainability reports represent a clear expression
of the corporate thinking around the concept and allow us to fully understand the trends
and insights related to the adoption of such production and consumption systems [30,31].
Among the possible factors capable of affecting the level of CED, under the lens of stake-
holder theory, this study focuses attention on the main financial firm characteristics. This
choice is connected to the huge costs associated with both the implementation of circular
economy strategies and the collection and representation of information relating to these
production and consumption systems.

The remainder of this work is organized as follows: Section 2 offers the literature
review, while Section 3 offers the theoretical background and hypotheses development.
Section 4 introduces the research methodology, while Section 5 presents and discusses the
results. Finally, Section 6 draws conclusions.

2. Literature Review

In the last decades, the concept of circular economy has gained the attention of
academics, institutions and organizations, which have provided several definitions [10,32].
The concept of circular economy was introduced by Pearce et al. [33] to express the need
to evaluate the interlinkage between economic and environmental activities. They have
introduced an economic system based on closed-loop material flow, according to which
everything is an input to everything else [34]. Several definitions of circular economy have
been provided over time following different emerging trends, such as the green economy
and bio-economy, e.g., [35], industrial ecology and industrial symbiosis, e.g., [36,37] and
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cradle-to-cradle design, e.g., [38]. Accordingly, the circular economy can be considered
an umbrella concept resulting from the ongoing scholarly debate [39]. Although many
studies have analyzed the circular economy from different perspectives, such as waste
management, supply chain or digital technology, further critical analysis of the factors
driving organizations to adopt the circular economy and the related benefits is needed [40].

The relevance of the circular economy has gained the attention of scholars towards
the way companies communicate information relating to this production and consumption
system. Scholars have examined the CED within different corporate documents. Among
these, the most examined are the integrated reports and the sustainability reports, with some
scholars who have carried out a comparison between the different corporate documents.

Among the contributions that have examined the integrated reports, a relevant study
is the one conducted by Barnabè and Nazir [7]. This study investigated, through a content
analysis, the ability of integrated reporting to provide the principles, key elements and
concepts to ensure a good representation of the aspects related to the circular economy and
then examined, through a case study, the existing interactions between integrated reporting
and the circular economy. The authors found important differences in the choices related to
the dissemination of information by companies with an important role played by integrated
reporting whose principles support the CED. The adequacy of this reporting tool for the
dissemination of circular economy information is also confirmed by Kunc et al. [41] through
a multiple case study analysis. Barnabè and Nazir [7] instead investigated, through a case
study analysis, the way in which companies can enable and conceptualize the opportunities
and principles of the circular economy through the dissemination of an integrated report.
The study conducted by the authors demonstrated that the adoption of this reporting tool
allows for a better understanding of the opportunities and activities related to the circular
economy, also in relation to the development of future strategies.

Among the contributions examining the sustainability reports, Opferkuch et al. [42]
highlighted a clear disconnect between the circular economy and sustainability disclosure
by virtue of the absence of precise guidelines and the consequent subjectivity in the se-
lection of the information to be disclosed and the reporting approaches to be adopted.
The scarce attention paid to circular economy information in sustainability reports has
been confirmed by different studies [31,43–45]. In particular, Opferkuch et al. [43] found
that only a limited number of companies integrate the circular economy information into
their sustainability reports through the use of indicators and the clarification of the ob-
jectives. In addition, Janik et al. [44], examining the energy sector, found the presence
of numerous information relating to greenhouse gases and limited attention to circular
economy information. Furthermore, Tiscini et al. [31] found that the circular economy is
still under-examined in relation to strategy, governance, performance and management.
Finally, Marco–Fondevila et al. [45] found that around half of the largest Spanish companies
do not include any elements related to the circular economy in their sustainability reports.

Another part of the studies investigated the type of circular economy information
disseminated within the sustainability reports. In this regard, Stewart and Niero [30],
examining 46 reports of companies operating in the fast-moving consumer goods sector,
mainly found the presence of information regarding the main product and packaging,
procurement strategies and end-of-life management, while less attention was paid to
business model strategies and circular product design. Istudor and Suciu [46], examining
the food retail sector, found a propensity of companies to disclose information related
to waste and emissions reduction and recycling. Finally, García–Sánchez et al. [1] found
that firms give priority to information relating to a sustainable future, the reduction or
elimination of greenhouse gases and the commitment to the proper use of resources.

Another part of the studies examined the determinants of CED in sustainability re-
ports. In this regard, Dagiliene et al. [47] found that regulations and mimetic pressures
have a strong influence on environmental reporting from the circular economy perspective,
while the effect of coercive factors is not significant. Still in relation to external pressures,
Wang et al. [48] found a positive impact of environmental institutional protecting pres-
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sures on the amount of circular economy information disseminated within sustainability
reports. In addition, the authors found a positive influence of ownership concentration and
institutional ownership.

Finally, some authors have conducted studies analyzing different types of corporate
documents. Among these, Gunarathne et al. [2], examining the integrated and sustainability
reports, found a low level of CED among companies located in Sri Lanka. In addition,
Kuo and Chang [49] investigated the determinants and effects of the CED by examining
the annual and sustainability reports in the Chinese context. The authors demonstrated
a greater propensity towards the CED by firms operating in environmentally-sensitive
industries, larger firms and state-owned enterprises. As regards the effects, the authors
instead found a positive impact of the CED on the growth rate and profitability. Still
examining the annual and sustainability reports, Roberts et al. [50] found higher CED levels
among automotive companies, while less circular economy information is disseminated by
companies operating in the transportation, aerospace and defense sectors.

3. Theoretical Background and Hypotheses Development

This study uses the stakeholder theory to explain the choice of companies to dis-
seminate circular economy information. It represents one of the most used socio-political
theories in the accounting area and is based on the key assumption, according to which,
the economic dimension cannot be investigated without considering the social, environ-
mental, institutional and political domain in which organizations operate [51,52]. In
particular, the stakeholder theory focuses on the analysis of the existing relationships
between firms and the various actors who have interests in the business activity, defined
as stakeholders [51,53,54]. They, according to Freeman [53] can be considered as “any
group or individual who can affect or is affected by the achievement of the firm’s objec-
tives”. According to Donaldson and Preston [55], there are three theoretical approaches to
considering stakeholder claims: descriptive, normative and instrumental.

The descriptive perspective examines whether and how companies actually consider
the needs of stakeholders [56,57]. The normative perspective, on the other hand, is based
on the ethical principles of the stakeholder theory, and therefore considers all stakeholders
worthy of attention as moral subjects with their own rights, regardless of their strength and
their ability to influence firm performance [57,58]. Finally, according to the instrumental
perspective of the stakeholder theory, firms consider and satisfy the needs and requirements
of stakeholders for mere reasons of strategic expediency [57,58]. Therefore, the management
of relations with stakeholders is based on accurate assessments of their influence and
relevance [59] and has the main objective of obtaining legitimacy and consensus among
stakeholders, especially the most relevant ones [57,60]. Building a climate of trust with
stakeholders is, in fact, fundamental for the survival of the firm [52,58] and for obtaining
advantages, such as better access to capital [61], higher profitability [62] and better corporate
reputation [63]. This study uses the instrumental perspective to explain the choice of
companies to disseminate circular economy information within the sustainability reports.
CED can, in fact, be understood as a tool available to companies capable of allowing
dialogue with stakeholders, satisfying their information needs and obtaining consensus
and legitimacy. Some companies may have a greater need to disseminate information on
the circular economy, due to the greater number of stakeholders and the greater pressures
they are exposed to. This study focuses on three firm characteristics that could affect the
level of CED: firm size, financial leverage and firm profitability. The individual hypotheses
are formulated below.

The academic literature agrees on the positive influence of firm size on the level
and quality of corporate disclosure, e.g., [54,57,64,65]. The main principle on which this
positive influence is based, connected to the stakeholder theory, is attributable to the
greater pressures to which larger companies are exposed [66,67]. Such firms are usually
more visible, due to the strong impacts they have on the community, and have a wider
stakeholder base [58,66]. Furthermore, they are exposed to greater risks, not only of
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a reputational nature, but also connected to a possible interference by governments in
corporate management in the event of non-compliance with the social contract [54,67].
These reasons, in line with the stakeholder theory, could push larger companies to disclose
a greater amount of information in order to mitigate the greater pressures to which they
are exposed and reduce the risk level. In particular, the dissemination of circular economy
information can represent a solution for informing stakeholders about the production
and consumption models that are increasingly at the center of the information needs of
stakeholders. Therefore, in the light of the above, we introduce the following hypothesis:

H1: Firm size positively affects the level of CED.

The literature also agrees on the positive influence of financial leverage on the level
and quality of corporate disclosure, e.g., [57,66,68,69]. The main principle on which this
positive influence is based, connected to the stakeholder theory, is linked to the greater
pressures to which firms with greater financial leverage are exposed [70]. These companies
are, in fact, more exposed by virtue of the broader base of stakeholders and, in particular,
of debt-holders to whom they need to demonstrate the ability to fulfil the financial obli-
gations [57,65]. Furthermore, firms characterized by higher financial leverage are more
exposed to the risk of bankruptcy [57]. These reasons, in line with the stakeholder theory,
could push firms with higher financial leverage to disclose a greater amount of information
in order to mitigate the greater pressures to which they are exposed and reduce the asso-
ciated risk level. In particular, the dissemination of circular economy information could
represent a solution for informing stakeholders and, in particular, debt-holders about the
production and consumption models. Therefore, in light of the above, we introduce the
following hypothesis:

H2: Financial leverage positively affects the level of CED.

Finally, the literature has also highlighted a positive influence of firm profitability
on the level and quality of corporate disclosure, e.g., [65,69,71]. The main principle on
which this positive influence is based, connected to the stakeholder theory, is attributable
to the desire of the most profitable companies to promote their positive image among
stakeholders [69] and to distinguish their financial results from those of competitors [64].
Furthermore, the most profitable companies, by virtue of the greater financial resources,
can be more advanced in the implementation of circular models and, therefore, could
have greater incentives to adopt transparent behaviors in relation to the circular economy.
Another motivation behind the positive influence is represented by the availability of
greater monetary resources that could also be used for the disclosure processes [72,73]. In
this regard, the most profitable companies could have better internal information collec-
tion systems and include more qualified personnel able to better manage the disclosure
processes [57,73]. Finally, a further reason is represented by the greater public scrutiny
to which the most profitable firms are exposed [74]. These reasons, in line with the stake-
holder theory, could push the most profitable companies to disclose a greater amount of
information. Therefore, in light of the above, we introduce the following hypothesis:

H3: Firm profitability positively affects the level of CED.

4. Research Methodology

4.1. Sample

The sample of this study consists of 88 international companies that published a
sustainability report in 2021. The Global Reporting Initiative (GRI) website was chosen
as the source for identifying the companies to be included in the sample. The GRI is
an independent international organization whose purpose is to support companies in
communicating their impact on sustainability. The choice of GRI website guarantees that
the sustainability reports have been prepared in compliance with the GRI Standards. In this
regard, the GRI Standards represent the best practices at a global level for the preparation
of the sustainability report. In fact, sustainability reporting based on the GRI Standards
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allows organizations to provide information about the positive or negative contribution to
sustainable development, also facilitating the reporting of their environmental, social and
economic impacts. In particular, the “Community Members” section of the GRI website was
chosen. This section includes a list of 500 organizations that are part of the GRI Community.
From this list, only the companies of the GRI Community that drafted the sustainability
report in 2021 were selected. This process led to the construction of the final sample that
comprises 88 international companies.

The sample is heterogeneous in terms of sector and geographical location. In fact, the
selected companies operate in 15 different sectors and are located in 28 different countries
and 5 regions.

4.2. Dependent Variable

The dependent variable of this study is the CED score (CEDS). It was measured
through a manual content analysis of the sustainability reports. According to Krippen-
dorff [75], content analysis is a “research technique for making replicable and valid infer-
ences from data according to their context”. Content analysis is widely used in studies
related to disclosure and reporting, as it is considered reliable and objective [75,76] and
allows data and information to be collected quickly and cheaply [77]. Furthermore, it
allows the subsequent implementation of econometric models aimed at analyzing the
variables capable of influencing the level or quality of the disclosure examined [78]. For
these reasons, content analysis has been used both in studies relating to environmental
disclosure, e.g., [79,80] and in those relating to the CED, e.g., [7,49]. The construction of a
disclosure index represents one of the most used methodologies to quantify the information
collected through content analysis techniques [81–83]. In order to ensure consistency and
comparability of the results obtained, the use of a disclosure index related to the CED
already present in the literature was preferred. In particular, the disclosure index devel-
oped by Wang et al. [48] was chosen. This disclosure index includes 10 items divided into
4 categories: (1) honors and performances; (2) investment and expenditure; (3) policies and
implementation; and (4) resource reuse.

The first category includes information relating to the honors that companies have
obtained in implementing circular economy strategies and policies and information relating
to the performance achieved in terms of emissions reduction, energy saving and cost
savings. The second category includes information relating to relevant investments and
recurrent expenditure in circular economy strategies and policies. The third category
includes information relating to national policies relating to the circular economy and
the tax advantages and financial aid received by the company for the implementation of
circular economy strategies and policies. Finally, the fourth category includes information
related to the reuse of resources in the context of circular economy strategies and policies.
The items identified were evaluated using a scale ranging from 0 to 3. For each item,
a score of 0 is assigned in the absence of information, a score of 1 is assigned when a
qualitative description is present, a score of 2 is assigned when there is only a quantitative
description and, finally, a score of 3 is assigned when there is both a qualitative and
quantitative description. In light of this, the dependent variable of this study can assume
a score between 0 and 30. Table 1 presents an overview of the items classified in the
different categories.
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Table 1. Circular economy disclosure index.

Categories Items Scores

1. Honors and performances of circular economy Definition of circular economy and honors 0–3
Performances of energy conservation and emission reduction 0–3
Performances of resource reuse 0–3
Other performances on emission reduction 0–3
Cost saving due to the implementation of circular economy 0–3

2. Investments in the circular economy Circular economy significant investment 0–3
Other circular economy recurrent expenditure 0–3

3. Circular economy policies and implementation Circular economy financial aids and tax concessions policies 0–3
Implementation of circular economy related provisions 0–3

4. Resource reuse of circular economy Circular economy utilization ratio information 0–3

4.3. Independent and Control Variables

The independent variables used in this study are: firm size (LNFS), financial leverage
(FINLEV) and firm profitability (PROF).

LNFS is a proxy of firm size and is computed as the natural logarithm of a firm’s total
assets. FINLEV is a proxy of firms’ leverage and is computed as total assets divided by
shareholders’ equity. PROF is a proxy of firm profitability. To this purpose we use firms’
return on equity (ROE), calculated as net income divided by shareholders’ equity.

Following the literature in the field, in order to improve the reliability of our economet-
ric analysis we included a set of control variables. To this purpose, a first set of governance
variables have been included. Specifically, we included: board size (BS), board gender
diversity (BGD), and board age (BA). BS is a proxy of the board of directors’ size and is
calculated as the number of executive and non-executive members within the board of
directors [80,84]. Following the literature in the field, we expect a positive relationship
between BS and CEDS, because a larger board of directors should be able to better carry
out its control and monitoring functions [85,86]. Additionally, larger boards tend to have
more experienced members and diversified skills that enhance the voluntary dissemina-
tion of information. BGD represents the percentage of female members within the board
of directors [5]. We expect a positive relationship between BGD and CEDS, because a
more diversified board of directors should be able to better carry out their controlling and
monitoring functions, due to their ability to better represent the interests of all corporate
stakeholders [87]. BA, instead, refers to the average age of the members of the board
of directors [88,89]. In this regard, we expect a negative relationship between BA and
CEDS, as younger directors could be smarter, dynamic and oriented towards values such
as sustainability and corporate transparency [90].

A second set of control variables complete the econometric model: industry environ-
mental sensitivity (IES), firm age (FA) and civil law system (CIV). IES represents a dummy
variable that expresses the environmental sensitivity of the industry in which the company
operates. This variable assumes a score equal to 1 for the firms operating in highly polluting
sectors, and 0 otherwise. Following Branco and Rodrigues [66] and Tagesson et al. [91],
we consider the following sectors as environmentally sensitive: automotive, agriculture,
chemical, construction and construction materials, aviation, energy and energy utilities,
logistics, forest and paper products, waste management, mining, metal products, railroad,
and water utilities. Firms operating in an industry with a relevant impact on the envi-
ronment should disclose a greater amount of information, in order to mitigate the strong
pressures to which they are exposed [58]. FA is a proxy of the stability of the company and
is calculated as the number of years that have passed since the company was established.
There is a lack of unanimous consensus among past researchers on the impact of FA on
the disclosure quality [29]. Despite this, we expect a positive relationship between FA and
CEDS, because long-term companies should have more consolidated information collection
and representation systems and, therefore, could provide a higher level of CED [58,65].
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Finally, CIV is a dummy variable that assumes a value equal to 1, if the firm is headquartered
in a country with a civil law system, and 0 otherwise [29]. In this regard, according to Frías–
Aceituno et al. [84], companies located in civil law countries tend to disclose more information.

All independent and control variables were manually collected by the authors using
the Refinitiv database and by analyzing the companies’ sustainability reports.

4.4. Model Specification

We perform a regression analysis in order to investigate the determinants of the level
of CED. The regression model is reflected in the following equation:

CEDS = β0 + β1 LNFS + β2 FINLEV + β3 PROF + β4 BS + β5 BGD + β6 BA + β7 IES + β8 FA + β9 CIV + ε

5. Results and Discussion

5.1. Descriptive Statistics and Correlation Analysis

Table 2 reports the descriptive statistics, the matrix correlation and the results of the
variance inflation factor (VIF) analysis. The mean value of the dependent variable is 16.14.
This value demonstrates an adequate dissemination of circular economy information by
companies within the sustainability reports. However, the need for further efforts by
companies to achieve full transparency in relation to the circular economy is evident. The
independent variables LNFS, FINLEV and PROF, instead, have a mean value equal to
8.96, 2.75 and 0.194, respectively. The control variables relating to the board of directors’
characteristics present the following values: the board of directors is, on average, made up
of 15.63 members (BS), with a female percentage of 29.80 and an average directors’ age of
56.72 years. Finally, IES has a mean value of 0.51, FA of 63.17, and the dummy CIV of 0.61.

Table 2. Descriptive statistics, VIF and correlation analysis.

Variable Mean S.D. VIF 1 2 3 4 5 6 7 8 9 10

1 CEDS 16.13933 4.52297 - 1
2 LNFS 8.961515 3.236341 1.29 0.3882 *** 1
3 FINLEV 2.751584 1.950219 1.19 0.1465 −0.1120 1
4 PROF 0.1944845 0.3763681 1.17 0.3399 *** −0.1030 0.2189 ** 1
5 BS 15.62791 8.56813 1.51 0.3765 *** 0.3906 *** −0.0076 −0.0082 1
6 BGD 0.2980493 0.3747293 1.08 −0.0765 −0.1526 −0.0843 0.0423 −0.0681 1
7 BA 56.72049 3.51547 1.34 0.3134 *** 0.2595 ** −0.0168 0.0341 0.4714 *** 0.0505 1
8 IEA 0.5113636 0.5027355 1.16 0.2986 *** 0.1118 0.0443 0.1380 0.2031 * −0.0274 0.1177 1
9 FA 63.17241 47.71115 1.16 0.2168 ** 0.0870 0.0283 0.2327 ** 0.2123 * 0.0608 0.2089 * 0.1126 1
10 CIV 0.6136364 0.4897059 1.29 −0.0005 0.1880 * 0.2637 ** 0.0366 0.1087 −0.2047 * −0.0004 0.2515 ** 0.0729 1

Notes: *** Significant at the 1% level; ** Significant at the 5% level; * Significant at the 10% level.

The correlation coefficients are quite low, in fact, the higher coefficient is equal to
0.47 between BA and BS, a value below the threshold recognized by the literature [92].
Furthermore, the absence of concerns about multicollinearity issues is confirmed by the
VIF analysis results, being the higher coefficient equal to 1.51 (BS), a value lower than 10,
the maximum threshold beyond which issues of multicollinearity arise [93].

5.2. Regression Analysis

Table 3 displays the results of the regression analysis. The impact of the three depen-
dent variables is positive and statistically significant, confirming our initial expectations.
The adjusted R2 is equal to 0.362, which demonstrates the ability of the econometric model
to explain about 36.2% of the variance in the dependent variable.

Hypothesis 1 (H1) is supported by the regression results. In fact, the coefficient of LNFS
is positive (0.4368258) and statistically significant (p = 0.003), indicating a positive impact
of firm size on the level of CED. This result demonstrates that larger companies disclose a
greater amount of information related to the circular economy within their sustainability
reports. This result, from a stakeholder theory perspective, can be explained by the greater
pressures from stakeholders and the higher exposure to risks that characterizes these
companies. In this regard, the dissemination of circular economy information represents a
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solution to inform stakeholders about production and consumption models and, therefore,
mitigate pressures and reduce the risk level. The positive impact of the firm size on the
level of circular economy information confirms what was found by Kuo and Chang [49]
in relation to the CED in the Chinese context, and by numerous studies in relation to
environmental disclosure, e.g., [94–96] and sustainability disclosure, e.g., [66,68,69,97,98].

Table 3. Regression model results.

Variables Coefficient Standard Error p-Value Sign.

Cons 1.783727 6.914648 0.797
LNFS 0.4368258 0.1397557 0.003 ***
FINLEV 0.3754967 0.2172297 0.088 *
PROF 3.931364 1.132437 0.001 ***
BS 0.0959489 0.0559512 0.090 *
BGD −0.7212378 1.081539 0.507
BA 0.1313353 0.1288267 0.311
IES 1.818563 0.8423015 0.034 **
FA 0.0034553 0.0087815 0.695
CIV −1.896228 0. 9101816 0.041 **

N 88
Adj. R2 0.362

Notes: *** Significant at the 1% level; ** Significant at the 5% level; * Significant at the 10% level.

Hypothesis 2 (H2) is also supported by the regression results. In fact, the coefficient
of FINLEV is positive (0.3754967) and statistically significant (p = 0.088), indicating a
positive impact of financial leverage on the level of CED. This result demonstrates that
firms with higher financial leverage tend to disseminate a higher level of circular economy
information within their sustainability reports. This result, from a stakeholder theory
perspective, can be explained by the greater pressures that these companies receive from
stakeholders and capital providers and by the greater risk of bankruptcy to which they are
exposed. In this regard, the dissemination of circular economy information represents a
solution to inform stakeholders and, in particular, capital providers about production and
consumption models, and therefore mitigate pressures and reduce the associated risks. The
positive impact of financial leverage on the level of circular economy information is in line
with previous studies in the field of environmental disclosure [94,95] and sustainability
disclosure [68,69].

Finally, Hypothesis 3 (H3) is also supported by the regression results. In fact, the
coefficient of PROF is positive (3.931364) and statistically significant (p = 0.001), indicating
a positive impact of firm profitability on the level of CED. This result demonstrates that
the most profitable companies disclose a greater amount of information related to the
circular economy within their sustainability reports. This result, from a stakeholder theory
perspective, can be explained by the willingness of the most profitable companies to
promote their positive image among stakeholders and by the possible greater involvement
in circular economy practices. Furthermore, other possible explanations can be traced
back to the better processes for collecting and representing circular economy information,
deriving from the greater monetary resources enjoyed by these companies and the greater
public scrutiny to which the most profitable companies are exposed. In this regard, the
dissemination of circular economy information represents a solution to inform stakeholders
about production and consumption models, and therefore promote a positive image and
satisfy the information needs of the public at large. The positive impact of firm profitability
on the level of circular economy information confirms the results obtained by Kuo and
Chang [49] in relation to the CED in the Chinese context, and by several studies concerning
social and environmental disclosure [95–97] and sustainability disclosure [69,88,99].
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6. Conclusions

6.1. Objectives and Summary of Results

The circular economy represents an important opportunity to reduce costs, improve
efficiency and reduce the environmental impact of business activities [100]. By adopting
circular economy practices, companies can reduce the costs linked to the purchase of raw
materials, increase efficiency in the use of resources and improve their reputation and
their attractiveness in the eyes of consumers and investors, thus aiming for economic
growth [101]. In this context, information relating to the circular economy is becoming
increasingly important [102,103].

The aim of this study was to investigate the impact of firm characteristics on the level
of CED. In particular, this study examined the impact of firm size, financial leverage and
firm profitability on the level of circular economy information disseminated by the com-
panies within the sustainability reports. The results highlighted that all the independent
variables have a positive impact on the level of CED. In other words, this study demon-
strated that larger companies, those with a higher degree of financial leverage, and those
with a higher level of profitability, provide more circular economy information in their
sustainability reports.

6.2. Theoretical and Practical Implications

This study enriches the academic literature in several ways. First, this study con-
tributes to the debate about the CED, which is increasingly attracting the interest of aca-
demics. In this regard, this study, by investigating an international sample, considerably
extends the academic literature that is still scarce and often focused only on national
samples. Secondly, this study extends the analysis of the CED to a tool, such as the sustain-
ability report, that is still little explored by the academic literature as a potential container
of circular economy information. This contribution is particularly relevant by virtue of the
proximity of the topics of circular economy and sustainability, which makes sustainabil-
ity reports ideal containers for the dissemination of circular economy information, and
therefore increases the value of the analysis conducted in this study. Thirdly, this study
contributes to extending knowledge about the factors capable of influencing firms’ CED
policies by showing the role played by firm characteristics. In this regard, therefore, this
study enriches the scarce literature on the determinants of the CED. Finally, this study
extends the field of application of the stakeholder theory, still little used to frame the choices
of firms to provide circular economy information. In fact, this theory, although it has been
widely used to frame sustainability disclosure policies, was still poorly anchored to the
firms’ CED policies.

The findings of this study also have important practical implications for firms. The
relevance of the CED for the stakeholders should, in fact, push firms to make important
efforts to achieve full transparency in relation to this production and consumption model.
In this regard, firms should provide information regarding different aspects of the circular
economy, such as performance, investments, policies, implementation, certifications and
standards. Furthermore, they should also provide specific indicators relating to the circular
economy within the corporate reports to allow stakeholders to immediately assess the
companies’ commitment to implementing circular models and to make comparisons with
other companies in the sector.

The findings also have important implications for policymakers. In light of the impor-
tance of the circular economy, they should, first of all, encourage the implementation of
this model of production and consumption by companies with specific regulations and
incentives. Secondly, policymakers, through specific interventions, should encourage the
transparency of companies in relation to circular economy strategies and policies, due to
the relevance that such information has for stakeholders.
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6.3. Limitations and Future Research Directions

However, this study is not without limitations. The main limitations are related to
the sample size, the time horizon of the econometric analysis and the limited number of
determinants examined. In fact, the sample includes a limited number of companies and
the econometric analysis covers only a single year. Furthermore, due to the lack of data,
this study only examines the impact of firm size, leverage and profitability on the level of
CED. However, these limitations do not reduce the overall quality of the study and offer
important insights for future research. In fact, on the one hand, they will be able to extend
the size of the sample using different criteria for the identification of companies and, on the
other hand, they will be able to extend the time horizon of the econometric analysis in order
to also investigate the evolution of the CED over the years. In addition, using different
databases, future research will be able to collect other data and analyze the impact of further
firm-level variables, such as sales growth or market-to-book value on the level of circular
economy information disseminated. They will also be able to analyze the impact of other
country- and sector-level variables. Future research will also be able to extend the analysis
of the CED to other corporate documents and websites to understand which methods and
tools are most used by companies to disseminate circular economy information.
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Abstract: The theme of the circular city is currently much debated in the literature as a possible
strategy for achieving sustainability in urban areas. However, as a recent development it still has
many features in the making, one of the most important being the issue concerning monitoring
and the tool through which to achieve it. In the paper, therefore, the “indicator” tool is explored
in depth. Metrics represent a fundamental and complex aspect that is foundational to measuring
and quantifying the progress of results achieved with respect to the goals set. Currently, most
existing indicators are associated with specific aspects of the circular economy; there have been few
examples of indicators designed to assess the circularity of an entire city. The paper aims to identify
priority themes and describe a set of indicators to be used at the urban level. In the absence of an
established reference frame, themes and indicators were identified through a methodology starting
with an extensive literature search and careful analysis, including statistical analysis, of the scientific
literature as well as international and European strategies on the subject. A particular result of this
research is the definition ofa minimum set of indicators common to all cities, which can be applied
for comparative purposes.

Keywords: urban sustainability; circular cities; indicators

1. Introduction

The topic of the circular city is currently much debated in the literature and is seen
as one of the possible solutions for achieving sustainability in urban areas. The transition
to circular cities is at the center of this debate. Specifically, this transition involves the
creation of an integrated city in which the principles of circular economy are applied to
all local government divisions, in a process facilitated by political initiative and support
that through good example promotes change among residents and various stakeholders.
Thus, the basis of this vision is the employment of circular economy ideals, which include
in their foundational design the concepts of second use, remanufacturing, efficient use of
resources, elimination of waste, avoidance of toxic materials, and improving and making
sustainable waste management through the utilization of the 9Rs strategy (reduce, reuse,
recycle, recover, reject, repair, refurbish, remanufacture, and reuse) [1]. It has been reported
that by applying the circular city model, Europe’s gross domestic product (GDP) can be
increased by 7%, with yearly savings of 600 billion euros, benefits of 1.8 trillion euros each
year, and the creation of 170,000 jobs by 2035 [2]. Furthermore, carbon dioxide discharges
could be diminished by 48% by 2030 and 83% by 2050 [3]. Over a similar period, raw
material utilization can be decreased by 32% and 53% [4]. This study framework applies
analysis at the city level, discretizing it into key sectors for the transition which were
identified in the Circular Economy Action Plan (electronics and ICT, batteries and vehicles,
packaging, plastics, textiles, construction and buildings, food, water, and nutrients). These
sectors are key because they have the greatest potential for circular innovation, the greatest
environmental impact, and the greatest demand on resources. For each of these sectors,
there is a need to be able to close the loop, as well as to create circular activity in general that
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connects the different sectors. However, effective circular planning and decision-making
requires an understanding of the flows of materials and energy that leave and enter cities,
and are consumed, processed, or stored there. The ability to collect and analyze this data
helps to identify where and how to intervene and which circuits to close, provides cities
with information about their economic activities, and allows them to link current initiatives
and their potential to make the city more circular. In this context, identifying operational
indicators is a priority for cities to plan their transition to circularity, to understand what
parameters can be measured and where the population and other actors in the cities
can have the greatest impact [5]. Today there are several tools that have been adapted
for assessing circularity in urban settings, but few that have been designed specifically
for the purpose. However, this is an important area for development as the fielding of
a circular model needs a tool that can take into account the multidimensional impacts
involved. Above all, such a tool should include all the actors and the various sectors that
are involved in the process. This requirement is fundamental [6] to oversee and weigh the
positive and adverse consequences [7–9] and balance them against the commitment of every
actor involved (public administration, research, merchants, companies, and population).
This appraisal instrument should be able to overcome the constraints of the ongoing
financial methodology [10], by “catching” social perspectives. Moreover, renewal and
change of the regulative and administrative structure is expected to help the shift to
circularity [11]. Cities currently play a dominant role in the world economy; they are not
only the centers of present-day living and the centers of gross domestic product production,
but are also greatly responsible for the consumption of natural resources, greenhouse gas
production, and waste. It is natural, then, that research continues to focus on attempts
to improve existing urban conditions. As previously mentioned, to try to limit such
harmful effects, it would be desirable for cities to become ecosystems in which closed
cycles predominate, so that no waste is produced. This would lead to improvements in
several areas, including ecological footprint and greenhouse gas emissions, urban safety,
and public health [12]. This goal is facilitated by the fact that cities are centers where
progress, sharing, experimentation, and encounters are favored, therefore where solutions
to the social, economic, and environmental problems of our time are more likely to be
found [13]. However, for such progress to be called sustainable, which it should be, there
is a need for cities to change and to do so quickly. Such change to date has been brought
about by the enforcement of the circular economy in urban settings to achieve what is
called a circular city. Underlying this concept is the need to create closed and regenerative
cycles that can optimize use of available resources while avoiding production of waste: “A
circular city is one that promotes the transition from a linear to a circular economy in an
integrated way across all its functions in collaboration with citizens, businesses and the
research community. [ . . . ] to improve human well-being, reduce emissions, protect and
enhance biodiversity, and promote social justice, in line with the Sustainable Development
Goals” [5]. At present, the concept of the circular city encompasses within it several others,
most relevant of which are those of the smart city and the resilient city. The concept of
resilience has been expanded from its original meaning, that is related solely to the ability
to adapt to a natural event, including man-made events within the definition. This concept
is taken up in the Urban Agenda and is fundamental to risk reduction. The smart city
concept, on the other hand, is currently widely used and defines cities based on their ability
to resolve problems such as crime, traffic congestion, inefficient services, and economic
stagnation. According to the European Union’s definition: “A smart city is a place where
traditional networks and services are made more efficient with the use of digital solutions
for the benefit of its inhabitants and businesses”.

Therefore, this study paper approaches the topic of circular cities by identifying
indicators common for all cities, so that they can be compared with each other.
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2. Materials and Methods

2.1. The Importance of Indicators in a Circular City

The European Commission, with 75% of its citizens living in urban areas [14], has
understood the potential that the circular economy can have for its cities. So, in accordance
with the commitments made with the adoption of the “Action Plan for the Circular Econ-
omy” in April 2017, it launched a working group to create a set of indicators to measure the
levels of “circularity” in 27 European countries. In January 2018, it adopted the “Circular
Economy Observational Framework,” which turned out to be well thought out for estimat-
ing progress towards a circular economy. This tool addresses different aspects at all stages
of the lifecycles of renewable and nonrenewable resources (materials, water, and energy)
used in products and services [15]. This model of the circular economy consists of ten
indicators, some of which are themselves divided into a number of sub-indicators, divided
overall into four thematic areas: Production and Consumption, Waste Management, Sec-
ondary Raw Materials, and Competitiveness and Innovation. The ten indicators have been
designed to provide a general overview of some of the key elements required to succeed in
increasing circularity in the EU economy [15]. The Green New Deal of January 2020 em-
phasized the central role of these issues by putting the circular economy at the center of its
policies aiming to achieve the goals agreed in Paris in 2015. This Circular Economy Action
Plan defines a future-oriented agenda to achieve a cleaner and more competitive Europe,
implemented through co-creation conducted by economic actors, consumers, citizens, and
civil society organizations [16].

It is therefore clear that to be successfully complete urban ecological transition through
the concept of a circular city, one must consider technical and also social elements. The
circular city is not only an economic model for the efficient management of resources,
but offers a holistic model for the promotion of environmental sustainability and the
improvement of social cooperation between the actors involved. Regarding elements of
a more technical nature, as well as aspects of a purely economic nature, indicators are
currently attracting particular attention. How to measure circularity in the urban context is
one of the questions frequently asked in the recent literature, and the answer is by no means
obvious. Indicators are invaluable both for analyzing the impact of new legislative or
regulatory proposals and also for assessing the posthumous effectiveness of the measures
adopted, as city populations must understand how their decisions impact both themselves
and the environment around them, to assess the expected, achieved and missed targets for
cycle closures [5]. Thus, circularity indicators should be considered, which although not
designed for direct application to the city, can nonetheless provide a good picture of some of
its areas. In the context of circular cities, we need to think about defining what we consider
relevant as well as thinking about what can be measured and is worth measuring [17]. Some
indicators have been made available for circular cities [18]. However, it is often not possible
to apply these indicators, because of a lack of data or because similar analyses have been
carried out using different indicators that do not allow for comparison and monitoring [19].
Therefore, it is essential to capture the important aspects of a city in its various areas of
activity, and for each of them to identify indicators that are universal and allow comparison
between different sectors and case studies [20]. The indicators described in the literature
and those proposed as part of circularity initiatives cover at least environmental, social,
economic and cultural aspects. However, features related to a city’s circularity are not
fully measurable and therefore require specific indicators which may be subjective and
qualitative. Although each member state is subject to binding EU targets, there is currently
no set of indicators shared on either a national or European scale. The lack of a widespread
participatory implementation strategy makes these targets difficult to achieve. There is a
need to create a shared base of data and knowledge, that can measure the effectiveness
of actions implemented in urban areas, by measuring flows, to identify where and how
action can be taken towards the closing of cycles, provide the city with a clear vision of the
policies in place, and secure the involvement of relevant actors. Aiming to identify levels of
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depth, steps to evaluate the level of the circular economy in a city can be developed from
various analyses:

1. Quantifying the circularity of the individual proposed project with respect to the issue
in which it fits;

2. then, assessing the impact of the project with respect to priority issues such as mobility,
waste, energy, and reduction of inputs (land, water, and energy consumption) and
outputs (waste and pollutant production);

3. finally, considering the urban neighborhood, it is essential to assess impacts on dif-
ferent related priority issues (waste, mobility, energy, etc.) to finally quantify the
different projects implemented in the area.

Therefore, this study aims firstly to implement a reconnaissance of the existing indica-
tors used in the literature, and secondly to propose a useful set of indicators to evaluate
circularity at the urban level.

2.2. Proposed Methodology

The objective of this research paper is to identify indicators useful for monitoring
actions aimed at planning a circular city. To do this we initially investigated the literature,
including strategy documents, to identify indicators that are currently in use. These
indicators were separated within a framework according to the different priority areas at
the urban level. In particular, the review was carried out on scientific publications that dealt
with the topic of circularity and referred to indicators (research carried out in 2019 by the
University of Naples Federico II [21] was developed and implemented using data provided
by 46 publications). Specifically, the search was conducted on scientific articles published
in Sustainability and Science Direct from 2015 to 4 April 2022 by running an analysis for the
keywords “circular city” and “indicators.”

The approach began with investigation of the literature and the main documents
and strategies, to identify the indicators currently used in relation to circularity. These
indicators were categorized within a framework according to the different priority areas at
the urban level. A structure was then applied through which information was gathered
about these indicators, the key sector they refer to, their unit of measurement, the country
of publication of the article, and number of relevant articles found. The following were
identified as key sectors: Built environment, organic material and biowaste, energy, mobility,
electronics and ICT, packaging and plastic, textiles, and water. Three other sectors were
also identified that cut across that list; namely, the environmental dimension, economic and
financial dimension, and social and cultural dimension. This database was designed to be
implemented in Office or Excel as an updatable and implementable tool. An extrapolation
is given below (Figure 1) and, for the purpose of providing a practical example, in the form
of a table in Appendix A (Tables A1 and A2).
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Figure 1. Proposed methodology.

Subsequently, the process continued by considering the indicators present in the
international landscape, focusing on official documents issued by some of the signatory
cities of the Circular City Declaration. This choice was made as it was deemed important
to focus on the analysis of those cities that have already declared their commitment to
circularity. The Declaration of European Circular Cities is a crucial tool in the changeover
to the circular city, and was relaunched on 1 October 2020 at the European Sustainable
Cities and Towns Conference in Mannheim. It was created to ensure that the transition
from a linear to a circular economy can be accelerated, by having signatory cities commit
to and, importantly, pioneer this new vision. This declaration stems from the idea that
the methodical passage to a regenerative economic model is crucial if climate neutrality
is to be achieved, a sustainable society promoted, and resource consumption contained
within planetary limits. Among the difficulties encountered during the literature search
was that indicators capable of capturing relevant aspects of the circular city have often
been often used with extremely specific applications related to individual projects, and
have not been applied to the urban context as a whole. Moreover, in some cases these
indicators appear similar but are not identical, and different units of measurement make
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their comparison and identification more difficult, while for others the unit of measurement
is obscure. When it came to the analysis of official documents, the difficulty encountered
was different. In cases where such documents exist, they do not always provide a clear
view of the studies behind them, often they contain no reference to the indicators used,
if indeed they were used. In the end, the two lists that were produced contained some
295 indicators for analysis.

However, despite difficulties related to the non-homogeneity of the material present,
through the analysis of the indicators we are able in this paper to propose a possible
selection of indicators that takes into account the aspects mentioned above, and is directly
applicable to different urban realities. As already mentioned, the need to focus analysis on
the key sectors of the city makes it necessary to break down the indicators in the different
sectors under consideration. In this perspective it is therefore also necessary to have a tool
that can assess the multidimensional impacts created in the different sectors for all the
actors involved [6]. The indicators that are proposed have therefore been selected based
primarily on the number of sources found for these indicators, therefore including those
that are already most widely used in the literature and official documents. Secondly, we
avoided selecting indicators whose unit of measurement was unclear or even unknown.
Finally, indicators were chosen with their applicability in the urban context in mind while
maintaining their division into the key priority areas (waste, mobility, energy, etc.), for
application at the neighborhood or urban area scale. Again, a table is presented within
which are listed indicators, the key sectors they belong to, and their units of measurement.
In addition, these indicators were chosen by reasoning about the impacts of the key sectors,
cross referencing waste versus energy, water, mobility, etc., thus allowing database users to
search for indicators by themes of interest. This database was also designed to be accessible
in Office or Excel, for easily updating and implementation.

3. Results

Based on the creation of existing indicator databases and their in-depth analysis,
despite the various difficulties encountered and mentioned above, 33 indicators were
selected that can be applied to urban realities with different conditions. Criteria for the
selection of these indicators first included the number of sources found that propose the
use of the specific indicator; those that were already most widely used in the literature
and official documents were adopted. Second, indicators were chosen whose unit of
measurement was clear and easily measurable (and thus monitorable). Finally, it was
essential to consider their applicability in the urban context by their breakdown into key
areas (this necessity emerged because of specific analysis).

3.1. Databases Existing Indicators

In terms of the presentation of the research results, as illustrated at approach level, the
studies of existing indicators were divided into two different databases, the first created
from scientific publications, and the second from official documents produced by various
cities. All the implementations made are reported in the Appendix A, dedicated to this
purpose to allow greater readability of the text. Seven different tables are provided; the
first table is related to the circular cities indicator database deduced from the scientific
publications mentioned above.

Additional indicators cross cutting those previously mentioned were then identified
as encapsulating the whole selection, i.e., environmental, economic and financial, and
social and cultural dimensions. Table A2 of Appendix A shows the indicators found in the
literature, separated for these three cross-cutting indicators.

To identify the priority indicators in order to focus on measuring circularity at the
urban level, the criteria identified by the proposed approach (see Section 3) were applied.
To do this, the indicators shown in Tables A1 and A2 in the Appendix A were analyzed
and a series of statistical analyses were conducted, described below.
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First, analysis was conducted to assess the key sectors concerned (Figure 2). The
most frequently used were related to energy (23.9%), waste (21.1%), and water (12.7%).
Continuing to investigate the cross-cutting sectors, in first place with as much as 50% were
those concerning the social and cultural dimension (Figure 3). This may be significant
in that it underscores how research is not currently focused on technical or economic
aspects compared with the social side, thus paying special attention to the wellbeing of the
population and the quality of services offered by the city.

Figure 2. Analysis of indicators and key sectors.

Figure 3. Analysis of indicators and cross-sectional sectors.

For the creation of the second database, indicators found in official documents pub-
lished by 10 signatory cities to the Circular City Declaration were studied in depth. Cur-
rently, 60 cities have already signed the Declaration of European Circular Cities, thus
demonstrating their leadership in picking an asset-efficient, low-carbon, and socially capa-
ble method of improvement, but for only 10 of these could relevant official documents be
found online, shown in Table 1.

The main difficulty encountered during the analysis of official documents, after first
finding them, was that those that do exist do not always provide a clear view of their
objectives and the indicators they intend to use to achieve them. Tables A3 and A4 of the
Appendix A provide the data showing the indicators that were found, separated into key
sectors (see Appendix A, Table A3) and cross-cutting sectors (see Appendix A, Table A4).

For the indicators presented in Tables A2 and A3, analysis was again conducted by
separating them according to key sectors (Figure 4) and cross-cutting key sectors (Figure 5).
As can be seen in the first pie chart (Figure 4), the breakdown obtained was found to be
comparable to that shown in Figure 2, including the percentages of each sector. In general,
among the indicators deduced from scientific articles and those from official documents, in
the first five positions were the categories of energy, waste, mobility, water, and buildings.
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On the other hand, regarding the comparison of cross-sectoral sectors, shown in the graphs
in Figures 3 and 5, the greater attention given to the indicators deduced from scientific
articles for the economic-financial sector could be a further indication that, as already
mentioned, these indicators were very often found in publications specifically related to
individual projects in the business field, and not generally those related to the urban context
as a whole.

Table 1. Circular City Declaration: city and official documents on circularity analyzed.

City (Country) Document Name

Glasgow (United Kingdom) Circular Glasgow [22]

Ljubljana (Slovenia) Roadmap towards the circular economy in Slovenia [23]

Maribor (Slovenia) Roadmap towards the circular economy in Slovenia [23]

Oulu (Finland) Making City [24]

Paris (France) Circular Paris [25]

Prague (Czech Republic) Circular Prague [26]

Rotterdam (Netherlands) Circular Rotterdam [27]

Tampere (Finland) Carbon Neutral Tampere 2030 Roadmap [28]

Tirana (Albania) Green City Action Plan of Tirana [29]

Umeå (Sweden) The Circular Economy in Umeå, Sweden [30]

Figure 4. Breakdown by key sectors of indicators deduced from official documents.

Figure 5. Breakdown by cross-cutting sectors of indicators deduced from official documents.
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For these indicators, moreover, it was decided to assess whether any relationship
existed between their number and the sizes of the cities from which they were taken, in
terms of number of inhabitants (Figure 6). From this analysis it can be seen, for example, that
the number of indicators was the lowest for the largest city examined, i.e., Paris, and reached
its maximum for the medium-sized city of Tirana. This supports the idea of proposing a
minimum set of indicators applicable to all cities regardless of their characteristics, which
can thus allow comparison of their progress and planned actions.

Figure 6. City size and number of indicators deduced from official documents.

3.2. Proposed Indicators

Following the obvious need for indicators quantifying the circularity of a city, it was
decided to propose a selection of indicators (see Appendix A, Tables A5 and A6). Aiming
to enable in-depth analysis on a neighborhood/urban area scale, the database of indicators
that was designed was divided into the key priority areas identified in the urban sphere
(waste, mobility, energy, etc.), in order to assess their impacts on each priority issue, and
to arrive in conclusion at a unified vision of the different issues in the urban sphere. As
mentioned above, it is indeed particularly important to consider the interaction of the
various sectors with each other, so that we can respond to an organic issue with tools
that are designed for organic use. It was also decided to select some of the transversal
indicators (environmental, economic and financial, and social and cultural dimensions)
while maintaining their characteristics of transversality, with a view to being applied
at lower thematic or project levels. This route was taken because, as mentioned earlier,
the circular economy also incorporates effects that refer to the social and environmental
dimension, in addition to the economic dimension. Therefore, research in the urban context
cannot be exempt from monitoring these sectors since they represent additional concerns
and influence various aspects of the decisional procedures.

Through the analysis of the indicators examined, it was possible to propose a selection
of indicators useful for assessing the circularity of actions planned and subsequently
implemented in a city. From the analyses reported in Section 3.1, specific key areas emerged
to be considered for assessing the circularity of urban areas, i.e., waste, energy, water, built
environment, and mobility. These indicators were identified also for consideration of their
applicability to different urban realities.

In addition, to make it easier to use the database and thus to improve the analysis
and collection of data for measuring indicators, it was decided to group the data according
to these five areas. The data can thus also be analyzed cross-sectionally, to evaluate the
impact of, for example, waste compared with energy or mobility. In addition, indicators
were considered for the so-called cross sectors (environmental, economic–financial and
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social–environmental) and a sector was added representing the crossover of those men-
tioned above, for further analysis of results from the territory under consideration. This
choice was motivated by the fact that, in this researcher’s opinion, to promote sustainable
innovation it is necessary to ensure that each city incentivizes and fosters the development
of patents for advanced and sustainable technical innovations. In this sense, therefore,
these areas represent very important sectors for evaluation when analyzing the circularity
of an urban area.

All indicators were selected keeping in mind the definition of circular city described
above. Based on the discussion in the literature and in case studies, these 33 indicators (20
for the identified key sectors, 13 for cross-cutting key sectors, and a single indicator for
certifications) thus attempt to describe some of the different aspects by which circularity
in a city is defined and their interactions with one another. Moreover, these indicators are
designed to be quantified initially at the smallest scale (neighborhood) and then later to be
re-proposed at larger scales (urban, municipal).

The motivation for this work and the creation of the dataset was to identify indicators
as generic as possible, so that through the systematic use of this tool the circularity of any
urban reality can be determined. Moreover, the design provides adequate differentiation
between the areas under consideration that involve various problems and particular needs.
The differentiated and simultaneously general character of these indicators have makes
it possible for them to be compared among different case studies. Precisely with this in
mind, this tool has been designed to be applied on a national or, even better, a European
scale, where it can create a common basis that allows the evaluation of how an urban
reality is positioned in the international panorama in relation to the other realities present.
As far as specific cases are concerned, we refer instead to the possibility of using, in
parallel with those proposed, indicators that are instead more pertinent to the context
under consideration and therefore designed specifically for it. Moreover, it would be useful
in general to be able to identify a circularity index from these indicators, to qualitatively
assess the trends of urban transition in different cities examined. A particular problem
that has not been addressed in the course of this work, but which must be kept in mind
during implementation, is that of the necessary data collection. Data should be collected
from the different sectors, requiring contact with the various bodies involved in their
collection, and finally arriving at the creation of a common database for public access.
This vision is, unfortunately, still far from being achieved, since the bodies responsible for
these measurements at the sub-national level differ in their natures, leading to confusion
caused by different definitions of indicators, lack of shared protocols in the construction of
“elementary indicators”, and consequent loss of relationship with the local context [31].

Precisely for this reason, indicators at the local level must remain as close as possible
to those designed at the national and European levels, and should only later be specified at
the detailed urban scale.

4. Discussion

This report shows that the changeover to the circular city is ongoing in its develop-
ment, and that several key issues are still being researched, for example, the question
of indicators. In this regard, as mentioned earlier, the assessment of circularity in urban
areas is a multidimensional task that must necessarily consider all the dimensions and
sectors involved. There is a need for an integrated assessment tool that can represent all
the sectors involved, incorporate the relational aspects between the sectors, and capture
their multidimensional impacts.

As seen in the previous chapters, effective tools to monitor and evaluate circularity
in the urban context have been lacking. Within the scientific and international literature,
examples can often be found relating to very narrow contexts (business applications,
individual projects, etc.) but rarely has the topic been addressed by suggesting robust and
integrated indicators.
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In addition, aiming to comparatively assess propensities toward these issues, analysis
was carried out into the geographical distribution of the examined papers, from which it
emerged that the countries where the debate seems to be most heated are Italy (22.2%) and
the United Kingdom (12.7%), as can be seen in Figure 7. In addition, European countries in
general have shown strong sensitivity to the topic, providing 77.8% of the papers (Figure 8).

Figure 7. Distinct papers based on their country of origin.

Figure 8. Distinct indicators based on their continent of origin.

Even when considering some of the more promising existing cases, the situation hardly
changes. In this context we are often faced with the total nonexistence of documents that
address the issue of urban circularity, or the published studies that do exist are too often
lacking in detail and/or have been subject to censorship of data and topics that should be
in the public domain, where they can foster the knowledge and interest of citizens and
businesses.

The aim of this work, to identify indicators that are as generic as possible and therefore
applicable to any urban reality, is thus confirmed as a possible solution to the problem
highlighted, in that the general character of these indicators makes it possible for them to
be compared between different case studies, with the intention that they be applied on a
national or, even better, European scale. From these indicators it would be necessary to
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create a circularity index to allow the qualitative and comparative evaluation of strategies
applied in different cities.

Aiming finally to assess an initial analysis of the applicability of the proposed tool,
taking advantage of the integrated assessment document on the quality of the urban
environment “Cities in transition: Italian capitals towards environmental sustainability”
produced by the National System for Environmental Protection [32], we undertook an
assessment of how many of the proposed indicators would be immediately usable and
implementable through existing numerical data. The result obtained showed that by using
the database provided, 45.5% of the proposed indicators would already be implementable.

5. Conclusions

In conclusion, this study aims to bring to attention the highlighted problem and
to suggest, if not a solution, at least a contribution to consider and a basis on which to
build active and participatory discussion. The creation of a minimum set of indicators
representative of the main sectors within the urban sphere is, in the authors’ opinion, useful
for comparing cities with each other, regardless of their particular characteristics, and
avoiding the risk of circular cities becoming self-referential through the creation of their
own indicators designed ad hoc for actions implemented by the administration. In addition,
another point to keep in mind when approaching these issues is that of participation. It is
difficult to imagine how these strategies can be implemented, or even discussed, without
placing the citizen at their center. However, too often we are confronted with a lack of
data and difficulty in accessing relevant information. Development of user-friendly tools
for all would greatly shorten the time needed to reach completion of the urban ecological
transition, as it would enabledirect interaction of the three pillars on which the circular city
is based, i.e., public, private, and social. Within this framework, monitoring tools should
also necessarily be designed to be as inclusive as possible, both with regard to the various
issues under consideration and to the dissemination of information. The tool proposed here,
due to its features of implementability and updatability, could be a first step in the right
direction. The dissemination and use of such tools could help by providing continuous and
diverse feedback, thus creating insights for new implementable and beneficial solutions
with multiple scales of application.

In general, the current institutional system is often an obstacle, and even if some cities
are trying to move toward the circular model, it remains a concept surrounded by some
ambiguity. It is necessary to develop a strategy that can put these guidelines into practice,
creating a plan at the regulatory level that brings together and communicates the various
circular themes, which must integrate and coordinate with each other. Indeed, regarding
sustainability, one cannot act only on individual sectors, but must develop a plan that
represents common action. This plan of action must set out a forward-looking agenda
co-created with economic and research personnel, citizens, and public administrators. It
must present a series of interconnected initiatives aimed at establishing a strategic and
coherent framework in which sustainable products, services, and business models will be
the new normal, and transform old consumption patterns to make sure that we succeed in
avoiding generation of waste.

Consequently, for all the reasons mentioned above, the discussion and exploration
of circular city realization, and specifically means for its implementation and subsequent
monitoring, is a fertile area of activity. The growing number of circular cities and in-
creased attention to the topic will fuel further research and enable implementation and
improvement of the indicators presented in this study.
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Appendix A

In this section, the six implemented tables analyzed in Sections 3.1 and 3.2 are shown.

Table A1. Circular cities indicator database deduced from scientific publications (for the years
2015–2022).

Indicator Unit of Measure Country Reference

Key Sectors

Waste

Waste Quality Index - BR, AR [33]

Waste generation tons BR, AR, CL, RS, IR, IT, UK [33–37]

Recycling rate of municipal waste %/year US, CL, IR, SE, RS, NL, IT, FR,
IS, CN, ES [3,20,34,35,38–41]

Recycling rate of packaging waste %/year US, IT [3,42]

Amount of landfilled waste
%/year or tons/year US, SE, CL, RS, IR, NL, IT, FR,

IS, CN, UK, EU, HU, EL [3,20,34,38–40,43–49]Percentage of material solid waste landfilled

Percentage of household waste landfilled

Percentage of material solid waste incinerated %/year UK, IT, SE [43,47]

Percentage of material solid waste composted %/year CL, RS, IR, UK, EU, CN [34,43,44,46]

Use of recycled goods in municipal
administration %/year EU [44]

Use of recycled goods in industrial production %/year EU [44]

Percentage of material solid waste reused or
recycled %/year EU, CN, IT, SE [44,46,47]

Percentage of household waste reused or
recycled %/year EU, SE, IR [44,50]

Amount of recycled goods sold N◦/month (or year) EU [44]

Separated waste (recovery and treatment of
waste generated in city) kg/year SE, US, IT, CN, NL [20,36,46,48,51,52]

Energy

Energy saved due to the use of recycled goods in
industrial production

%/year or
kWh/year CL, RS, IR, EU, EL, IT, NL [34,38,44,49,52]

Energy consumption kWh inhabitant−1

year−1 BR, AR, CN [33,53]

Non-renewable energy use %/year or
kWh/year UK [43]

Renewable energy use %/year or
kWh/year NL, IT, ES [38,41,48,52,54]

Input (energy, materials) in production processes
using renewable sources - SE, IR, IT [50,51]
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Table A1. Cont.

Indicator Unit of Measure Country Reference

Input in production processes involving reused
materials - IT [55]

Input in production processes using recycled
materials - IT [55]

Output from production processes using
renewable sources - IT [55]

Output from production processes involving
reused materials - IT [55]

Output from production processes using
recycled materials - IT [55]

Volume (amount) of resource flow - UK [56]

Amount of recycled resources - UK [56]

Amount of reused resources - UK [56]

Amount of resources saved - BE [57]

Amount of waste heat from industry used for
heating the city and for horticulture kWh/year NL [58]

Amount of groundwater warmed in the earth
and used to heat homes and offices m3/year NL [58]

Number of homes receiving their energy (heat
and electricity) from biogas (i.e., fermenting the

manure of cows)
N◦/total NL [58]

Water

Water use Mm3 UK, IT, SE [37,47]

Dispersion from municipal water supply - IT, SE [47,48]

Water consumption productivity water consumption
(m3)/revenues (V) ES [41]

Water consumption for habitation (for example,
reduction due to harvesting rainwater on the

roofs)
%/year or l/year UK, IT, NL, BE, CN, US, SG [43,52,57,59,60]

Safe water accessibility (water issues regarding
treatment and distribution) - SE, US, UK, SG [20,60]

Water efficiency (water issues regarding
treatment and distribution) - SE, US [20]

Saving water due to the use of recycled goods in
industrial production %/year mc/year NL, EU, UK, SG, US, CN [38,44,60,61]

Amount of phosphate recovered from sewage
water kg/day NL [58]

Percentage of water consumption for habitation
(for example, reduction due to harvesting

rainwater on the roofs)
%/year UK, BE [43,57]

Green

Utilized agricultural area—SAU km2 IT, SE, UK, [47,51,62]

Number of farms IT, UK [51,62]

Ecological and sustainable land-use regeneration
% (m2 of regenerated

land/m2 of
abandoned land)

IT [63]
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Table A1. Cont.

Indicator Unit of Measure Country Reference

Mixed functionality - IT [64]

Permeable surface area m2 IT [64]

Green space area per capita m2/person IT, SE, CN, PT [47,48,51,59,65,66]

Density of the urban fabric (sqm of built
environment on the total) - IT [51]

Percentage of green roofs %/total city surface SE, US, PT [20,66]

Food

- Amount of food waste treated
- Food waste treated in small and medium-sized

enterprises (SMEs)
%/total food waste SE, US, IR, FI, PL [20,50,67]

Recycling surplus food/food waste MT, UK [68]

Unsold products recovered every day for
redistribution through the market itself or

nearby community facilities
kg/day EU [44]

Percentage of local nutrient recovery % NL [54]

Food waste - BE [69]

Circular markets - IT, FR, IS [39]

Buildings

Number of new buildings N◦ IT, SE [47]

Buildings designed for complete disassembly N◦ NL [54]

Reuse of building components at their end of life % NL [54]

Design for flexibility by using modular systems % NL [54]

Recycling rate of recyclable materials and
constructions % NL [54]

Percentage of retrofitting interventions on
buildings %/total building SE, US, IT [20,63]

Percentage of degraded buildings %/total building SE, US, IT [20,51,64]

Percentage of reuse or recycling of recyclable
demolition materials % IT, NL [52,58]

Mobility

Public transport usage
% of inhabitants

using public
transport

SE, US [20]

Electrical energy consumed in the transport
sector

% of transport sector
using electrical

energy
SE, US, IT [20,47]

Integration of new transport systems - IT [70]

Proximity to public transport - IT [64]

Pedestrian connections - IT [64]

Textiles

Low-impact and non-toxic materials used in
production processes % NL [54]

Sustainable materials sourced from certified or
eco-verified sources % NL [54]
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Table A2. Database of cross-sectional indicators for circular cities deduced from scientific publications
(for the years 2015–2022).

Indicators Unit of Measure Country Reference

Environmental Dimension

Carbon footprint MtCO2eq UK [37]

- CO2 emissions
- CO2 consumption footprint

- GHG emission per capita
-

BR, AR, NL,
SE, IR, CN,

IT, ES,

[33,38,50,53,
71–73]

- Annual amount of greenhouse gas emissions, annual
amount of CO2 emissions

- Percentage reduction of greenhouse gas emissions
%/year or tons/year IT, UK, EU,

NL [42–44,74]

Air quality mg/Nm3 IT, NL [48,52,65]

Economic and Financial Dimension

Disposable income of households (improvement through
reduced costs of products and services) €/year IT [42]

Revenue from recycled goods sold €/month €/year EU [44]

Potential value of material after recovery and re-use € UK [56]

Circular economy innovation budget (in relation to platforms
and businesses leading to innovation in areas of the circular

economy)
%/year SE, US [20]

Investment costs m2/€ IT [64]

Payback period (PBP) year IT [64]

Green investment - NL [38]

Attractiveness - IT [64]

Synergies among industries N◦ SE, US [20]

Social and Cultural Dimension

Livability (e.g., improvement through reduction of time lost
from congestion, reduction of air pollution, improved waste,

wastewater treatment)
- IT, UK, SG,

US [42,60]

Walkability (length of pedestrian path) km IT [65]

Percentage of CE patents [CE patents/total patents] × 100 ES [41]

Percentage of CE investment
CE investment in tangible

goods (V)/total investment in
tangible goods

ES [41]

Percentage of CE jobs % ES [41]

- Job creation
- Employment opportunities N◦ of jobs IT, EU, BE,

UK
[42,44,57,64,

75]

Number of events and dissemination activities about circular
economy N◦ of events/year EU, IT [44,64]

Participants in events about circular economy (including
public bodies, companies, universities, research centers,

professional associations, etc.)
N◦ of participants/year EU, IT, UK [44,75]

Cultural and Recreational Services N◦ IT [64]

Socio-cultural Associations N◦ IT [64]

Potential for cultural initiatives - IT [64]

Integration of compact adaptive space design in urban strategies Qualitative (yes/no) IT, UK [75]

Adoption of nature-based solutions N◦ of practices in the city IT, NL, UK [52,75]

Attractiveness - IT [64]
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Table A3. Circular city indicator database deduced from official documents.

Indicators Unit of Measure Reference

Key Sectors

Waste

Amount or percentage of recycled material Tons/year or %/year
Circular Rotterdam, Roadmap towards the circular
economy in Slovenia (Maribor), Roadmap towards

the circular economy in Slovenia (Ljubljana)

Amount or percentage of products reused Tons/year or %/year Circular Rotterdam, Roadmap towards the circular
economy in Slovenia (Maribor)

Amount or percentage of products recovered
Tons/year, or %/year,
or T/inhabitant/year,

or %

Circular Prague, Roadmap towards the circular
economy in Slovenia (Maribor), Roadmap towards
the circular economy in Slovenia (Ljubljana), The

Circular Economy in Umeå, Sweden

Waste diverted from landfill Tons/inhabitant/year
or % The Circular Economy in Umeå, Sweden

Mixed waste composition - Carbon Neutral Tampere 2030 Roadmap

Percentage of incoming/outgoing flows %/year Circular Paris

Average amount of products going to landfill or
incineration Tons/year Circular Prague

Percentage of MSW landfilled disposed of in
EU-compliant sanitary landfills % Green City Action Plan of Tirana

Percentage of collected MSW composted % Green City Action Plan of Tirana

Waste reduction in production of goods–raw
material efficiency

kg of waste per €1000
output Circular Prague

Amount or percentage of waste separation %/year or tons/year Circular Rotterdam, Circular Prague

Increase in clean plastics and drink packaging
streams from residual waste %/year Circular Rotterdam

- Percentage of recycling of solid waste generated
in the city

- Percentage of packaging waste recycled
- Percentage of municipal waste recycled

%/year or %

Circular Rotterdam, Roadmap towards the circular
economy in Slovenia (Maribor), Roadmap towards

the circular economy in Slovenia (Ljubljana),
Green City Action Plan of Tirana, Carbon Neutral

Tampere 2030 Roadmap, Making City (Oulu)

Tonnage of waste diverted via repair, reuse,
recovery, and upcycling activities (recycling

centers, artisans, second-hand goods stores, fab
labs, etc.)

tons/year Circular Paris

Traceability of hazardous waste - Roadmap towards the circular economy in
Slovenia (Maribor)

- Amount of waste produced in the city
- Amount of waste generated per capita

Tons/year, or tons/per
capita/year, or
kg/year/capita

Circular Rotterdam, Green City Action Plan of
Tirana

Amount of waste produced in the city and treated
within the city itself tons/year or %/year Circular Prague

Amount of solid waste reused Tons/year or %/year

Circular Prague; Roadmap towards the circular
economy in Slovenia (Maribor), Roadmap towards

the circular economy in Slovenia (Ljubljana),
Circular Glasgow

- Amount or percentage of waste avoided
- Amount of household waste reduced by
preventing waste and encouraging reuse

Tons/year or %/year Circular Prague; Maribor (Slovenia), Circular
Glasgow, Circular Rotterdam, Circular Paris
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Table A3. Cont.

Indicators Unit of Measure Reference

Amount of biowaste processed in biogas facilities % or tons/year Circular Prague

Share of the population with weekly municipal
solid waste (MSW) collection % Green City Action Plan of Tirana

Difference between quantity of waste and quantity
of products consumed

Tons of waste/tons of
products consumed Circular Rotterdam

Energy

Energy consumption of city properties total consumption and
consumption per m2

Carbon Neutral Tampere 2030 Roadmap, Making
City (Oulu)

Energy savings per year
%/year, or

kg/inhabitant/year, or
%

Circular Glasgow, Circular Paris, The Circular
Economy in Umeå, Sweden, Making City (Oulu)

Energy requirement per capita GJ/person/year Circular Rotterdam

GDP per energy requirement €/GJ Circular Rotterdam

Supply of renewable energy % Circular Rotterdam, Carbon Neutral Tampere 2030
Roadmap

Embedded energy use tons/capita Circular Rotterdam

Percentage of renewable or recycled energy use %/year Green City Action Plan of Tirana

Percentage of renewable electricity and heat
supply for all municipal operations % Carbon Neutral Tampere 2030 Roadmap

Electricity consumption per capita MWh per Capita/year Making City (Oulu)

Primary energy consumption per capita MWh per Capita/year Making City (Oulu)

Primary energy sources (share) % or MWh/cap Making City (Oulu)

Percentage of buildings heated mainly by natural
gas % Circular Prague

Percentage of buildings heated mainly by energy
from incineration % Circular Prague

Electricity consumption in industry, per unit of
industrial GDP kWh/2010 USD Green City Action Plan of Tirana

Emissions from centralized energy production t CO2e Carbon Neutral Tampere 2030 Roadmap

Emissions from oil heating t CO2e Carbon Neutral Tampere 2030 Roadmap

Water

Water consumption per capita l/day/capita Green City Action Plan of Tirana

Water consumption per unit of city GDP l/day/USD Green City Action Plan of Tirana

Water savings Ml/inhabitant/year or
% The Circular Economy in Umeå, Sweden

-Biochemical oxygen demand (BOD) in rivers and
lakes

-Ammonium (NH4) concentration in rivers and
lakes

μg/l Green City Action Plan of Tirana

Percentage of water samples in a year that comply
with national potable water quality standards % Green City Action Plan of Tirana

Water Exploitation Index % Green City Action Plan of Tirana

Unit of water consumed in power plants, per unit
of primary energy generated l/MW/h Green City Action Plan of Tirana
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Indicators Unit of Measure Reference

Industrial water consumption as percent of total
urban water consumption % Green City Action Plan of Tirana

Non-revenue water % Green City Action Plan of Tirana

Annual average of daily number of hours of
continuous water supply per household h/day Green City Action Plan of Tirana

Percentage of residential and commercial
wastewater that is treated according to applicable

national standards
% Green City Action Plan of Tirana

Percentage of buildings (non-industrial) equipped
to reuse grey water % Green City Action Plan of Tirana

Percentage of wastewater from energy generation
activities that is treated according to applicable

national standards
% Green City Action Plan of Tirana

Green

Proportion of green and recreational areas per
capita % Roadmap towards the circular economy in

Slovenia (Maribor)

Number of contaminated sites CSs/1000 inch (or
km2) Green City Action Plan of Tirana

- Concentration of mercury in soil
- Concentration of cadmium in soil

- Concentration of zinc in soil
- Concentration of mineral oil in soil (using

infrared spectroscopy)

mg/kg Green City Action Plan of Tirana

Open green space area ratio per 100,000
inhabitants

Hectares or m2 per
resident

Green City Action Plan of Tirana, Carbon Neutral
Tampere 2030 Roadmap

Share of green space areas within urban limits % Green City Action Plan of Tirana

- Abundance of bird species (all species)
- Abundance of other species Annual % of change Green City Action Plan of Tirana

Ecosystem services provided by green spaces - Carbon Neutral Tampere 2030 Roadmap

Food

Percentage of sustainable food % Circular Rotterdam

Amount of food waste % Carbon Neutral Tampere 2030 Roadmap

Share of units offering vegetarian options % Carbon Neutral Tampere 2030 Roadmap

Buildings

Construction materials from secondary sources % Circular Prague

Tons of residual materials not utilized
(construction sector) Tons/total Circular Prague

Percentage of reduction of emissions due to smart
and clean building logistics (construction sector) % Circular Rotterdam

Amount of construction waste saved by
implementing interventions related to circular

economy
tons/year Circular Rotterdam

- Electricity consumption in residential buildings
- Electricity consumption in non-residential

buildings

kWh/m2 or kWh per
resident

Green City Action Plan of Tirana, Carbon Neutral
Tampere 2030 Roadmap
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Indicators Unit of Measure Reference

- Heating and cooling consumption in buildings,
fossil fuel use in residential buildings, fossil fuels
- Heating and cooling consumption in residential

buildings, fossil fuels
- Heating and cooling consumption in
non-residential buildings, fossil fuels

kWh/m2 Green City Action Plan of Tirana

Share of energy class A in new residential
buildings % Carbon Neutral Tampere 2030 Roadmap

Share of recovered materials in construction % Carbon Neutral Tampere 2030 Roadmap

Building connected to the DH network or
renewable energy grid % Oulu

Low-emission new materials, verification with
CO2 calculations % Carbon Neutral Tampere 2030 Roadmap

Mobility

Access to public transport % Making City (Oulu)

Energy consumption in transport sector kWh/year or
MWh/cap

Roadmap towards the circular economy in
Slovenia (Maribor), Making City (Oulu)

Average age of car fleet (total and by type) Year Green City Action Plan of Tirana

Percentage of diesel cars in total vehicle fleet % Green City Action Plan of Tirana

Fuel standards for light passenger and commercial
vehicles € Green City Action Plan of Tirana

Share of total passenger car fleet run by electric,
hybrid fuel cell, liquefied petroleum gas

(LPG) and compressed natural gas (CNG) energy
% Green City Action Plan of Tirana, Carbon Neutral

Tampere 2030 Roadmap

Percentage of low-emission buses in bus fleet % Green City Action Plan of Tirana

Transport modal share of commuting (cars,
motorcycles, taxi, bus, metro, tram, bicycle,

pedestrian)
Private transport % Green City Action Plan of Tirana

Transport modal share of total trips % Green City Action Plan of Tirana

Motorization rate Number of vehicles
per capita Green City Action Plan of Tirana

Average number of vehicles (cars and motorbikes)
per household

Number of vehicles
per household Green City Action Plan of Tirana

- Kilometers of road dedicated exclusively to
public transit per 100,000 population

- Kilometers of bicycle path per 100,000 population
Km Green City Action Plan of Tirana

Share of population having access to public
transport within 15 min by foot % Green City Action Plan of Tirana

Frequency of bus service

Average number of
passengers at station

per hour in bus
network

Green City Action Plan of Tirana

- Average travel speed on primary thoroughfares
during peak hour

- Travel speed of bus service on major
thoroughfares (daily average)

km/h Green City Action Plan of Tirana

Share of households within 300 m or 700 m of the
main public services % Carbon Neutral Tampere 2030 Roadmap
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Indicators Unit of Measure Reference

- Modal share of public transport on an autumn
weekday

- Modal share of walking on an autumn weekday
- Modal share of cycling on an autumn weekday

- Modal share of travel by car on an autumn
weekday

% Carbon Neutral Tampere 2030 Roadmap

Amount of outsourced transport services using
low emission fuel sources line km Carbon Neutral Tampere 2030 Roadmap

Car travel output km/person Carbon Neutral Tampere 2030 Roadmap

Modal split % Making City (Oulu)

Fuel mix in mobility % Making City (Oulu)

Public infrastructure promoting low-carbon
mobility km/100,000 people Making City (Oulu)

Table A4. Cross-sectional indicators database of circular cities deduced from official documents.

Indicators Unit of Measure Reference

Environmental Dimension

- Amount of CO2 emissions
- Amount of greenhouses gases emissions

- Annual CO2 equivalent emissions per capita

kg of CO2/year or
tons/year/capita

Circular Glasgow, Circular
Prague, Green City Action Plan
of Tirana, Making City (Oulu)

Annual CO2 emissions per unit of GDP Tons/m. USD of GDP Green City Action Plan of Tirana

- CO2 (or CO2 equivalent) emissions saved (also through industrial
and urban symbiosis)

- GHG emissions saved (for example, by an increase in circularity)

Tons/year, or T CO2
equivalent/year, or

%/year, or tons
CO2/capita, or %

Circular Glasgow, Circular
Prague, The Circular Economy
in Umeå, Sweden, Making City

(Oulu)

Amount of NOx emissions Tons/year Circular Prague

- Amount of fine dust emissions
- Annual average air quality particulate matter

Tons/year or PM2.5
μg/m3

Circular Prague
Circular Rotterdam

CO2 intensity tons/capita Circular Rotterdam

Embedded CO2 emissions tons/capita Circular Rotterdam

- Average annual concentration of PM2.5
- Average annual concentration of PM10

- Average daily concentration of SO2
- Average daily concentration of NOx

μg/m3 Green City Action Plan of Tirana

Climate change adaptation - Circular Prague

- Primary resources used
- Raw material avoided
- Virgin resources used

- Amount of primary resource use avoided

Tons/year, or %/year,
or T/inhabitant/year,

or %

Circular Rotterdam, Circular
Prague, Circular Glasgow, The

Circular Economy in Umeå,
Sweden

Use of renewable resources %/year Circular Rotterdam

Primary raw material demand per capita ton/capita Circular Rotterdam

Raw material consumption %/year Circular Prague

Raw materials with high risk for impact on biodiversity % Circular Rotterdam

Percentage of dwellings damaged by the most intense flooding in the
last 10 years % Green City Action Plan of Tirana
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Awareness and preparedness for natural disasters - Green City Action Plan of Tirana

Annual number of storm water/sewerage overflows per 100 km of
network length

Number of events per
year Green City Action Plan of Tirana

Economic and Financial Dimension

Gross added value €/year Circular Prague

Total investments - Making City (Oulu)

Return on investment € Circular Prague, Making City
(Oulu)

Sustainability of investments from the municipality - Green City Action Plan of Tirana

Value creation from growth of circular economy models €/year Circular Paris

Volume of sales from growth of circular economy models Amount/year or
€/year Circular Glasgow

Sales of locally produced goods Amount/year or
€/year Circular Glasgow

Revenues through sales from growth of circular economy models €/year Circular Glasgow

Change in GDP through circular activities % Circular Rotterdam

Resources productivity - Roadmap towards the circular
economy in Slovenia (Maribor)

Creating added value and economic growth €/year

Roadmap towards the circular
economy in Slovenia (Maribor),
Roadmap towards the circular

economy in Slovenia (Ljubljana)

Turnover of organizations working in the circular economy
(including all sectors and types) €/year Circular Paris

Existence of funding programs and economic incentives for circular
economy projects with specific objectives, prioritized sectors, and a

monitoring framework for the outcomes
qualitative The Circular Economy in Umeå,

Sweden

Estimated economic damage from natural disasters (floods, droughts,
earthquakes etc.) as a share of GDP % Green City Action Plan of Tirana

Social and Cultural Dimension

- Number of new jobs
- Share of circular jobs (full- or part-time jobs related to one of the

seven basic principles of circular employment)
- Percentage of new jobs related to the circular economy

- Number of new jobs from recycling of packaging
- Number of new jobs from industrial ecology

- Number of new green jobs

N◦/year or %/year

Circular Rotterdam, Circular
Paris, Circular Glasgow,

Roadmap towards the circular
economy in Slovenia (Maribor),

Circular Prague, Roadmap
towards the circular economy in

Slovenia (Ljubljana)

- New business opportunities
- New businesses that have integrated circularity into their

development process
N◦/year or %/year

Circular Rotterdam, Circular
Paris, Circular Glasgow,

Roadmap towards the circular
economy in Slovenia (Maribor),

Circular Prague, Roadmap
towards the circular economy in

Slovenia (Ljubljana)
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Indicators Unit of Measure Reference

Unemployment rate %/year

Circular Rotterdam, Roadmap
towards the circular economy in

Slovenia (Maribor), Malmö
(Sweden), Roadmap towards

the circular economy in
Slovenia (Ljubljana)

Change in circular jobs % Circular Rotterdam

Percentage of population that shows an increase in circular behavior % Circular Rotterdam

Social cohesion (objective participation) - Circular Rotterdam

Percentage of population that describes their own health as good or
very good %/year Circular Rotterdam

Percentage of population dying from diseases of the respiratory
system (diseases of the respiratory system can be an air quality

indicator, but also of habits such as smoking)
%/year Circular Rotterdam

Number of new circular initiatives %/year Circular Rotterdam

Percentage of residents participated in dialogue and/or design
related to circular economy N◦/year Malmö (Sweden), Making City

(Oulu)

Development of cooperative economy - Roadmap towards the circular
economy in Slovenia (Maribor)

Number of new forms of enterprises (SMEs, start-ups, incubators,
etc.) N◦/year

Roadmap towards the circular
economy in Slovenia (Maribor),
Roadmap towards the circular

economy in Slovenia (Ljubljana)

Level of citizens’ satisfaction with the administration services qualitative Roadmap towards the circular
economy in Slovenia (Maribor)

Transformation of neighborhoods and local community - Roadmap towards the circular
economy in Slovenia (Maribor)

Competitiveness of the economy - Roadmap towards the circular
economy in Slovenia (Maribor)

Professional and managerial transformation of the city administration - Roadmap towards the circular
economy in Slovenia (Maribor)

Attractiveness in terms of tourist visits N◦ of visitors/year

Roadmap towards the circular
economy in Slovenia (Maribor),
Roadmap towards the circular

economy in Slovenia (Ljubljana)

Annual number of visitors (with active engagement) to the reuse
hubs N◦/year Circular Prague

Number of public administrations/departments involved in the
design of the circular economy imitative. N◦ The Circular Economy in Umeå,

Sweden

- Number of actions identified to achieve the objectives.
- Number of circular economy projects to implement the actions. N◦ The Circular Economy in Umeå,

Sweden

- Number of staff employed for the circular economy initiative’s
design within the city, region, or administration.

- Number of stakeholders involved to co-create the circular economy
imitative.

N◦ The Circular Economy in Umeå,
Sweden

- Number of projects financed by the city or regional
government/total number of projects.

- Number of projects financed by the private sectors/total number of
projects.

N◦ The Circular Economy in Umeå,
Sweden
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- Existence of a circular economy strategy with specific goals and
priorities, actions, sectors, and a monitoring framework.

- Co-ordination mechanisms across levels of governments to set and
implement a circular economy strategy or initiative are well

established and functioning.
- Existence of overall policy coherence between circular economy

initiatives and related policy areas (e.g., climate change, sustainable
development, and air quality).

- Regular capacity-building programs for activities associated with
designing, setting, implementing, and monitoring the circular

economy strategy.
- Existence of a circular public procurement framework (e.g., waste
diversion from procurement activities, raw materials avoided, and

percentage of recycled content).
- Existence of an information system on the circular economy. Data

are publicly available and citizens and business informed of the
opportunities related to circular business models and behaviors.

- Existence of a monitoring and evaluation framework that includes
environmental, economic and social aspects.

qualitative The Circular Economy in Umeå,
Sweden

Residents’ satisfaction with the attractiveness and functionality of the
urban environment in the continuous resident survey - Carbon Neutral Tampere 2030

Roadmap

Share of recreational areas in the total detailed planning area of the
inner city % Carbon Neutral Tampere 2030

Roadmap
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Table A5. Database of proposed circularity indicators.

Indicators and [Unit of Measure] for ach Key Sectors 

Thematics Waste Energy Water Built 
Environment 

Mobility 

Waste 

- Waste generation
per capita [tons/Ab

*year]

- Saving energy
due to the use of
recycled goods

[kWh/year]  - Water
consumption per 

capita 
[l/year/capita] 

- Percentage of reuse
or recycling of

recyclable demolition 
materials [%] 

- Amount of waste
produced in the city

and treated within the
city itself [tons/year or

%/year] 

- Recycling
percentage

(recycling, repair, 
reuse, recovery, and 
upcycling activities) 

[%] 

- Renewable
energy use [%/year 

or kWh/year] 

Energy 

- Total energy
consumption [kWh 
inhabitant 1 year 1] 

- Electricity
consumption in 

residential buildings 
[kWh/m2 or kWh per 

resident] - Share of total
passenger car fleet run 
by electric, hybrid fuel 

cell, liquefied 
petroleum gas  

(LPG) and compressed 
natural gas (CNG) 

energy [%] 

- Energy
requirement per 

capita 
[GJ/person/year] 

- Electricity
consumption in non-
residential buildings 
[kWh/m2 or kWh per 

resident] 
- Percentage of

building heating
mainly through

renewable sources
[%/total buildings]

Water 

- Annual average
of daily number

of hours of 
continuous water 

supply per 
household 

[h/day] 

- Dispersion from
municipal water

supply [%] 

Built 
Environme

nt 

- Percentage of
degraded buildings 
[%/total buildings] 

- Public space density:
Pedestrian areas,

squares, and green
spaces [% of municipal 

area/neighborhood] 
- Percentage of

retrofitting
interventions on 

buildings [%/total 
buildings] 

- Kilometers of road
dedicated exclusively
to public transit per
100,000 population 

[km] 

Mobility  
- Public transport

usage [% of inhabitants 
using public transport] 
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Table A6. Database of proposed cross-cutting circularity indicators.

Environmental Dimension
Economic and Financial

Dimension
Social and Cultural Dimension

Indicators Indicators Indicators

- Annual amount of greenhouse gas
emissions [%/year or tons/year] - Green investment - Job creation [N◦]

- Annual amount of CO2 emissions
[%/year or tons/year] - Investment costs [m2/€] - Employment opportunities [N◦]

- Percentage of reduction of greenhouse
gas emissions [%/year or tons/year] - Payback period (PBP) [year] - Number of events and dissemination activities

about circular economy [N◦ of events/year]

- Return on investment [€]

- Participants in events about circular economy
(including public bodies, companies, universities,

research centers, professional associations, etc.)
[N◦ of participants/year]

- Nature-based solutions adoption [N◦]

Certifications

- Density of certifications produced in the territory [N◦/Ab]
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Abstract: The bioeconomy has gained traction among the broader discourses on sustainable de-
velopment, ecological transition, and the circular economy. Governments in the Global North and
international institutions maintain that the bioeconomy can gradually replace fossil-based raw mate-
rials and nonrenewable resources with biomass and biological renewables. The Global South has
increasingly adopted the approach, but with important variations across mega-biodiverse regions.
In these regions, the bioeconomy must encourage economic activities that preserve biodiversity
and strengthen local communities, promoting their well-being and cultural diversity. This paper
argues that conventional research methods and indicators are not fit for this purpose. We therefore
propose an alternative method and indicators and present an initial validation of the approach with
an application to the pirarucu (Arapaima gigas) value chain in the Brazilian Amazon. By applying a
bottom-up approach to evaluation that considers the perspective of the individuals and communities
involved, the proposed methodology captures relevant dimensions of the value chain—including
trade-offs—while identifying bottlenecks and the role of institutions. It also allows for verifica-
tion of the achievement of the objectives of the socio-biodiversity bioeconomy in this model. The
application to the case study finds that the managed pirarucu fisheries are a viable value chain
associated with improved fish stocks and lower than average forest loss. Socio-economic benefits
include the generation of reasonable income and greater participation by women. Income remains a
complement to other sources of livelihood, however, and attractiveness to local communities is an
issue. Positive outcomes are owed largely to local knowledge, collective action, and the role played
by meta-organizations, while negative ones such as overfishing have resulted from institutional
failures. Conventional analysis would likely not have considered these factors and missed these
policy lessons. This corroborates the view that alternative methods and indicators are needed for
the socio-biodiversity bioeconomy. While the application to the case study suggests the method
and the indicators are conceptually suitable, we identify a number of shortcomings regarding the
identification of interventions, attribution, and monitoring of the sustainability of the model.

Keywords: methods; evaluating metrics; supply chains; socio-biodiversity; bioeconomy

1. Introduction

The bioeconomy has been attracting growing attention as an alternative path to face the
environmental challenges of the twenty-first century. Recent literature presents pathways
for a sustainable and decarbonized economy founded on the use of biomass and other
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renewable natural resources [1–3]. The term “bioeconomy” is controversial, however, and
used with several different meanings. Specific challenges in the Global South—especially
in mega-biodiverse regions—have been fostering reflection on social, cultural, and local
biodiversity issues [4–8]. This emerging bioeconomy focused on socio-biodiversity still
lacks a systematic and consistent analytical framework.

One major challenge for adequately mapping and assessing socio-biodiversity bioecon-
omy value chains lies in the diverse, sometimes conflicting objectives and, thus, multiple
criteria that emerge from value chain actors. Testimonials by local actors have shown
that socio-biodiverse value chains cannot aim only at short-term efficiency and enhancing
job creation, income generation, or equitable market access; it is paramount that these go
hand-in-hand with ecosystem resilience and the conservation of biological and cultural
diversity. For instance, value chains in the Amazon, such as palm oil, açaí, coffee, or
cocoa, can either promote biological and cultural diversity or undermine it, especially
by encouraging monoculture and compromising the autonomy of communities [9]. A
qualitative assessment of socio-biodiversity bioeconomy chains is important to bring up
inconsistencies and potential incompatibilities.

Traditional and mainstream value chain studies, which were developed based on
economic theories such as industrial organizations, transaction costs, and resource-based
theory [10], deal with the operational efficiency of the production system as a whole: the
chain’s function is to serve consumers in a way that offers, simultaneously, lower cost and
higher quality products. Nonetheless, inefficiency reduction is often not related to income
inequality reduction or improved environmental sustainability. On the contrary, income
distribution and environmental preservation are generally seen as restrictions imposed,
for instance, by legislative bodies. Only exceptionally, the development of a strategic
subsystem is seen as an opportunity for capturing value, such as a brand that builds on
social or environmental attributes [11–13]. Even then, a focus on competitiveness imposes a
vision of maximizing output in the short term, disregarding long-run socio-environmental
limits and risks.

In this paper, we propose a research method using suitable indicators for the analy-
sis and diagnosis of biodiversity value chains, aiming to assess and evaluate paths and
obstacles to achieving the objectives of the socio-biodiversity bioeconomy and to advise
public policy. Bioeconomy objectives are discussed and defined in Section 2 by contrasting
different bioeconomy perspectives and analytical methods that are found in the literature.
The need for a distinct socio-biodiversity bioeconomy and its features are emphasized in
Section 2.3. Section 3 presents the choice and development of the method and indicators for
analyzing socio-biodiversity bioeconomy value chains, encompassing indicators that con-
sider the perspectives of local actors and qualitative criteria to evaluate bioeconomy value
chains. The merits of the methodology proposed are discussed in Section 4, based on its
application to the pirarucu (Arapaima gigas) value chain in the Amazon Region (Brazil). The
analysis reveals that sustainable management of pirarucu is the basis of a viable bioecon-
omy chain, despite relevant trade-offs, bottlenecks, and institutional challenges. Section 5
discusses how possible pathways towards the socio-biodiversity bioeconomy should re-
spond to these ambiguous results, along with our main contributions and limitations, both
methodological and concerning the case study.

2. The Need for Socio-Biodiversity Bioeconomy

2.1. Economic-Ecological Bioeconomy: A Biophysical View of the Economy

In the 1970s, Nicholas Georgescu-Roegen [14] advocated for a revolution in economic
theory that would consider biophysical aspects of the economic process. In biophysi-
cal terms, an economy does not create energy or matter but rather transforms resources
extracted from nature, dissipating energy and generating polluting waste. Initially, the
term “bioeconomics” was employed to designate a new scientific paradigm to replace
neoclassical economics, in which the economy was considered part of nature. Subse-
quently, “bioeconomy” was used to refer to political and technological recommendations
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related to Georgescu-Roegen’s theoretical contributions and to his “minimum bioeconomic
program” [2,3].

Those recommendations are based on the entropic vision of bioeconomics and, more
recently, ecological economics. Like a living being, the economic process depends on
the input of low entropy matter and the output of degraded matter and heat to keep
itself organized. It is a metabolic view of the economy. Technology may improve the
economy’s environmental efficiency, but it does not eliminate the dependence on new
natural resource inputs. At least until solar energy use becomes viable and widespread,
the alternative is to meet humanity’s needs with minimum natural resource depletion and
energy consumption [15].

Analytical methods based on this bioeconomy perspective seek to generate indicators
that represent socio-economic metabolism, accounting for material flows and stocks in
economic systems (their physical quantity in tons), as well as the energy associated with
economic transformations [16–18]. Technological change and development throughout
history are characterized by transformations of countries’ socio-metabolic profiles and,
occasionally, by transitions to different socio-ecological regimes [19,20].

2.2. Mainstream Bioeconomy: Economic Use of Biological Resources

Mainstream bioeconomics originated in the wake of the biotechnological revolution
in the 1990s. Advances in genetic engineering were supposed to revolutionize fields such
as pharmaceutics, medicine, agronomy, and chemistry, generating wealth and jobs. The
concern with environmental benefits was initially not at the core of policy discussions and
strategies [1,2,21,22]. We define this strand as mainstream because it is currently the most
widespread view in reports from international institutions and governments around the
world. However, in contrast to the ecological economics perspective, this strand aligns more
closely with the concepts of circular bioeconomy or circular economy, precisely because it
also emphasizes the notion of a circular flow of resource use.

In the last decade, this view has become associated with the energy transition and
decarbonization of economies and has been incorporated into mainstream policy [23–25].
In this framework, bioeconomy may be defined as the set of economic activities connected
to the invention, production, and use of renewable biological resources [23], leading to the
progressive substitution of fossil-based raw materials and nonrenewable resources and
to circular production methods [1,24,26]. It may encompass a broad range of economic
activities, including agriculture, forestry, fisheries, commerce, waste management, and
several industries [25,27].

Analytical methods associated with this perspective aim to quantify and qualify the
environmental sustainability of production chains as well as their ability to create wealth
and jobs. Life cycle analysis (LCA) is one of the most commonly used methods to assess
environmental performance [28,29]. LCA quantifies environmental impacts from resource
extraction to the end of product life as well as the possible results from more systemic
changes, such as the transition to a circular bioeconomy [30]. Regarding economic potential,
several methods and models are used to measure the size of the bioeconomy of countries
or regions. The most common ones are gross value added, input–output analysis, and
computable general equilibrium models [31]. There are estimates for several countries,
especially in the Global North [32,33]. In the US, for instance, the bioeconomy accounted
for around 5% of the country’s gross domestic product (GDP) in 2016 [31]. In Germany, it
reached 7.6% of GDP in 2007, a share close to that in the Netherlands (6.6–7.2%) [34].

2.3. Socio-Biodiversity Bioeconomy: The Cultural and Natural Richness of “Poor” Regions

A third, more recent, perspective on bioeconomy is emerging in mega-biodiverse
countries of the Global South [4–8]. In addition to its emphasis on biodiversity, an important
distinctive trait of this socio-biodiversity bioeconomy is the recognition of local populations
whose livelihoods depend on nature and biodiversity conservation. Indigenous populations
in mega-diverse regions are often vulnerable to the expansion of economic activities such
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as mineral and agricultural exploitation. Here, bioeconomy is seen as a way to preserve
the forest and protect biodiversity while empowering local communities and securing
their well-being [7,8,35–37]. The knowledge and culture of indigenous, fishermen and
fisherwomen, riverside, and peasant populations are also often described as part of this
bioeconomy, with local populations and social movements holding local knowledge for
scientific and technological advancements connected to biodiversity [38,39].

The Amazon region, with Its important biological diversity and relevance to climate
regulation, stands out in the debate on a socio-biodiverse bioeconomy [7,8,37]. Among
the principles for a bioeconomy in the region, the following loom: zero deforestation;
biodiversity conservation; strengthening of ancient practices of the region; science and
technology (S&T) for the sustainable use of socio-biodiversity; and reduction in social and
territorial inequality [36–40].

Socio-biodiversity bioeconomy contrasts with the previous mainstream perspective for
both its emphasis on people and biodiversity. A bioeconomy based on the use of renewable
biological resources may contribute to the energy transition but does not necessarily ensure
biodiversity conservation. For instance, a bioeconomy based on biofuels or forest mono-
cultures is generally harmful to biodiversity [1,41,42] and therefore counterproductive in
mega-biodiverse regions. In those regions, socio-biodiverse economies should be based on
value chains that respect ecosystem resilience.

In contrast to both previous perspectives, the socio-biodiversity bioeconomy is based
on concrete experiences and activities conducted by populations living in mega-biodiverse
regions. There is a consolidated literature on such activities, particularly non-timber forest
products (NTFPs). Several case studies analyze whether NTFPs bring about development
or improvements for local communities without overloading forest resources or ecosystems,
with mixed results [43–45]. These empirical results are often ignored by proponents of the
socio-biodiversity economy, which has a more normative character when proposing a new
economic model, despite not yet having delineated clear strategies to overcome the social
and environmental challenges identified in the literature.

3. Materials and Methods

The first step towards methodological approaches consistent with a socio-biodiversity
bioeconomy was to consider the social and cultural features of the various territorial
contexts in the Amazon region. To focus on the socio-environmental and economic criteria
compatible with bioeconomy targets, the method had to capture local values and indicators.
Indicators used to analyze value chains in general are not based on the perspective of
producers or the local population [11–13,46]. Through citizen science and the participation
of local actors in the identification of appropriate criteria and indicators, an original analysis
may capture crucial aspects connected to human well-being and environmental issues.
These values and indicators were identified in interviews with actors in the chains of
pirarucu, açaí, cocoa, and Brazil nuts in the Amazon, specifically in Amazonas State
(Brazil). From March 2021 to August 2022, 22 semi-structured online interviews lasting
45–120 min each were conducted with members of producer associations, researchers
and staff of research institutes, social organizations, and public sector agents interacting
with producers and actors in other chain links such as middlemen, processors, buyers,
a tannery, and a restaurant. Finally, in June 2022, field research was conducted in the
Mamirauá Sustainable Development Reserve (Amazonas), where we took part in the
assembly of the Federation of Pirarucu Management Fishermen and Fisherwomen of
Mamirauá (FEMAMPAM, acronym in Portuguese) and applied face-to-face questionnaires
to 31 pirarucu fishermen and fisherwomen. Each interview took between 30 and 120 min.

Based on the priorities identified in interviews and field research, we performed a
critical reexamination of traditional value chain analysis and their focus on economics
skewed towards competitiveness [9]. In order to deal with crucial dimensions such as
value distribution among production chain segments and environmental impacts over
time, we considered approaches to value chain upgrading [47–50] and polycentric gover-
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nance [50,51]. Building on the intersection of these theoretical perspectives with research
analyses, we present a proposal for mapping and evaluating value chains using metrics
consonant with socio-biodiversity bioeconomy principles. This proposal is detailed next.

3.1. Value Chain Mapping

Figure 1 presents our proposed method for analyzing socio-biodiversity bioeconomy
value chains, detailing the stages of the chain, the production flow (gray arrows), and the
income flow (orange arrows). The orange arrows denote the orientation of the analysis.
While in the traditional analysis the objective was to propose competitive improvements
(gray arrows), here the focus is to raise the economic and social benefits for communities
while preserving the ecosystem. In each box, we exemplify factors to be evaluated and
suggest relevant questions for the chain analysis. The value chains are seen as embedded
in broader institutional contexts, operating under formal and informal rules [51–53]. In-
terviews with local actors revealed the decisive role of institutions such as community
associations and social organizations in value chains. The analysis of macro- (regulation),
meso- (implementation), and micro- (coordination of production arrangements) levels aims
to identify bottlenecks at each level and the determining factors for value distribution
throughout the chain [54].

Figure 1. Proposed method for analyzing socio-biodiversity bioeconomy value chains. Source:
elaborated by the authors based on [11–13,46,53,54].

The first level addresses (1.1) the characteristics linked to territoriality and identity
of communities and (1.2) how the value chain is configured and chain actors relate to one
another, regarding (a) social and cultural norms and locality-specific common property
management practices, (b) competition (e.g., actors and organizations involved, size of each
production segment, growth and competition strategies, product attributes, consumption
frequency, and substitutes); (c) technology; and (d) market transactions (e.g., relationships
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among productive segments, their actors and objectives, leading actors, and degrees of
dependence among actors).

The second level addresses institutional arrangements, i.e., the rules of the game at
the macro- and meso-levels. Macro-level relates to formal institutions, including regulation
and pertaining legislation, as well as informal and cultural rules that may enable or restrict
immaterial infrastructure development (e.g., certification and labeling, branding, and
declaration of origin). The meso-level regards how organizations implement rules, i.e.,
public, private, and collective governance.

The third level (general context) regards the general factors linked to supply and
demand that favor or hinder the development of value chains. Exogenous trends are
identified to analyze demand shifts related to globalization, dietary and lifestyle changes,
or environment and climate change, as well as basic supply conditions (e.g., infrastructure,
logistics, storage, credit/financing, connectivity and access to digital services, know-how,
and natural resources).

3.2. Value Chain Evaluation

In addition to the value chain mapping, metrics were built to assess the coherence of
the chain with the socio-biodiversity bioeconomy. The proposed evaluation is based on
the concept of upgrading developed by Gary Gereffi and colleagues [47–50,55]. Upgrading
refers to increasing the economic, social, and environmental value generated by a chain
while benefiting all stakeholders. For each dimension of upgrading—economic, social,
and environmental—metrics must be adapted and broadened to reflect the concerns and
perspectives of local communities as well as territorial dynamics.

Economic upgrading reflects productivity gains, price improvements for producers,
and more equitable gain sharing throughout the value chain. It leads to improvements
in (i) products, when moving towards more sophisticated product lines; (ii) processes, by
achieving a more efficient transformation of inputs into products through superior technol-
ogy or better organization; (iii) product/service functionality, adding new uses to a product;
and (iv) chain architecture, turning relations among agents more efficient. Social upgrading
improves income and employment, empowers individuals and communities, and enhances
their autonomy [50,55,56]. Finally, environmental upgrading reflects environmental per-
formance and outlines changes in technology or social and organizational processes that
prevent or minimize impacts and strengthen environmental services and biodiversity.

The choice, definition, and interpretation of indicators benefit from Elinor Ostrom’s
insights into the governance of the commons [51,52]. Indicators were built considering the
evidence that polycentric governance reinforces the resilience of eco-systemic services by
providing: (i) opportunities for learning and experimenting; (ii) ample stakeholder partici-
pation, mobilizing traditional and local knowledge; and (iii) diversity, minimizing and/or
correcting errors in decision making. Table 1 presents the socio-biodiversity bioeconomy
objectives and potential evaluation criteria to analyze bioeconomy value chains. Indicators
reflect communities’ priorities and perceptions and allow for community monitoring along
with value chain development. It is important to note that the bioeconomy value chain can
upgrade the entire locality (territorial scale) or only those who participate in the value chain.
Data collection often requires fieldwork and interviews with actors in the value chain.
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Table 1. Bioeconomy objectives and potential criteria for evaluation.

Bioeconomy Objectives Scale of Analysis Type and Source of Data References

Social: Strengthening cultural diversity. Integration of
S&T knowledge with local community knowledge,

aiming at human well-being

Potential evaluation criteria

Education and training of human resources C/T SD/PD

[38,49–52,55–58]

Health quality T SD

Social governance: community participation in decision
making (top down/bottom up). Youth and

women participation
C/VC PD/N

Collective action, and Respect for local culture and
knowledge, Decision-making modal,

Community attributes
C/VC N

Environmental: Production process of goods and
services that safeguard biome resilience and

biodiversity conservation

Potential evaluation criteria

Biodiversity conservation (Forest area and composition,
Lake protection) T SD

[59–61]Water/Soil condition T SD

Waste recovery (Circular economy) T SD

Economic: Improved income generation/well-being;
transparent and equitable market access

Potential evaluation criteria

Income generation and distribution C/VC PD/N [39,51,62,63]

Note: (T) Territorial; (VC) Value Chain; (C) Community; (SD) Secondary Data; (N) Narratives, (PD) Primary Data.
Source: The authors.

4. Results

Participatory pirarucu management in the Mamirauá Sustainable Development
Reserve—RDSM (in the Portuguese acronym), Amazonas (Brazil) (Sustainable Devel-
opment Reserve (SDR)—is defined as a natural area that houses traditional communities,
whose existence is based on sustainable systems for natural resource use. RDSM, which
was created by the Amazonas Government on 16 July 1996), is an emblematic case for the
Amazonian socio-biodiversity bioeconomy, as it seizes economic and nutritional potential
while conserving the environment and enabling active community participation to generate
income and improve well-being.

4.1. Value Chain Structure

Figure 2 presents the RDSM pirarucu value chain, including key actors and relations
among agents. The configuration of the value chain was mapped based on documents from
the Mamirauá Sustainable Development Institute (IDSM, Portuguese acronym) [64] and
interviews with local actors (Field research, 2021).
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Figure 2. SDR Mamirauá Pirarucu Value Chain. Source: elaborated by the authors.

Pirarucu fishing involves a series of activities: monitoring lakes all year round to curb
invaders who practice illegal fishing; planning the fishing schedule, i.e., counting the fish
in the lake in order to decide the number of fish to be caught and how the income will
be distributed that year; organization; and actual fishing (catching and cleaning the fish,
preparing food for the team, etc.).

Fish processing is completed partly by the fishermen’s association and partly by
slaughterhouses that buy fresh fish. The fish is distributed through different channels,
such as local fairs, restaurants, or hotels, as well as local and regional distributors and a
tannery that purchases pirarucu skin for leather. Finally, consumption is mainly restricted
to the local market. The chain is supported by a set of meso-institutions—public and non-
governmental organizations—that help the fishermen and fisherwomen organize collective
actions, provide training, and seek to enable their access to markets with better prices.

Two points have risen in the chain mapping: (i) the collective actions of fishermen
and fisherwomen in organizing fishing supported by non-governmental organizations,
which also play a prominent role in improving pirarucu trade; (ii) the absence of public
rule enforcement, with the communities responsible for watching over the lakes to prevent
illegal fishing. This represents about 50% of fishing operating costs and is important for
communities’ perceptions of fishing gains: 74.2% stated that their income was low, and
their activity costs were high.

4.2. Institutional Governance

Three key regulations condition the institutional environment in which the pirarucu
value chain is embedded: (a) the establishment of environmental conservation units in
Amazonas State (Decree no. 12,836, on 9 March 1990), regulating human activity to ensure
sustainable exploitation; (b) the imposition of a closure period (defeso), during which
capture, commercialization, and transportation are prohibited (IBAMA Ordinance no. 480,
on 4 March 1991, updated by NI IBAMA no. 34/2004), and during which fishermen
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and fisherwomen are eligible for a monthly income from unemployment insurance; and
(c) criteria and procedures for pirarucu fishing in protected areas (NI IBAMA no. 01/2005).
Beyond state regulation, an array of formal and informal rules have been created by local
communities that participate in pirarucu management and are enforced through collective
action. We highlight fishery agreements that regulate the use of fishing resources as defined
by community members (such as quantities that can be fished, equipment allowed, number
of vessels authorized to be simultaneously on the lake, and fishing period, among others),
including measures and sanctions to be taken against violators.

Interviews showed that meso-institutions support the implementation of macro-
institutional rules by creating incentives, enforcing them, or monitoring them. The or-
ganizations standing out are: (i) the IDSM, which translates general rules, protocols, and
government policies, such as fishery agreements, into specific guidelines adapted to local
contexts, aiming to make them more effective; (ii) the Sustainable Amazon Foundation (FAS,
in the Portuguese acronym), which coordinates the activity of local actors, fills institutional
voids created by the State, and helps to improve commercialization infrastructure; and
(iii) the Association of Residents and Users of SDR Mamirauá Antonio Martins (Amur-
mam), representing local dwellers before governmental, environmental, landholding, and
legal institutions. The association defends the rights of communities and organizes de-
cision making in fishing management, also playing a key role in overseeing contractual
relationships through formal and informal control mechanisms and sanctions in cases of
non-compliance.

4.3. General Context

Pirarucu fish is part of the traditional diet in Northern Brazil but is also consumed in
other regions and in international markets. In the 1960s and 1970s, the expansion of the
fishing fleet and ice factories stimulated by government policies led to overfishing [64]. As
reproduction did not keep up with capture, the pirarucu was classified as an endangered
species in 1976. Since then, regulatory measures, such as closures of fisheries for six months
every year (October to March), and fishing management in reserve areas, have been put in
place aiming at sustainable use [65].

The RDSM was the first to implement sustainable management in Amazonas State.
The policy had a clear effect: from 1999 to 2017, fish stocks grew by 427%, and the number
of fishermen and fisherwomen who joined management projects jumped from 42 to 1590.
In 2017, pirarucu fishing generated an average gross income of R$1739.38 (US$536.85) per
fisherman per year, with individual amounts reaching up to R$6533.70 (US$2016.57), with
each fisherman or fisherwoman working directly in fishing for a maximum of 50 days
throughout the year. In comparison, the Brazilian minimum wage at the time was R$973.00
(US$289.20) per month [64] (p. 88).

Nevertheless, communities still face several bottlenecks: infrastructure (logistics,
fish transport, processing, distance from ice factories), financing (to purchase boats and
fishing gear), trade (dependence on a few channels and, given that the product is highly
perishable, prices are lower than in larger regional markets), bureaucracy (documentation
for sale), and lake surveillance. These are partially due to institutional voids left by the
state, which contrast with the resolute action of meso-institutions and the collective action
of communities.

4.4. Process, Impact, and Results Indicators

To assess coherence with the objectives of the socio-biodiversity bioeconomy, Table 2
presents indicators for the social, economic, and environmental dimensions, including
several indicators based on the local communities’ priorities and concerns. Despite
the bottlenecks found in the context analysis, indicators show that the value chain has
evolved over the years, with some upgrading in all three dimensions: social, economic,
and environmental.
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By including women in the production process, participatory fisheries management
has improved gender equality in the region. Collective actions reinforce the role of fisher-
men and fisherwomen in performing all the tasks related to fishing and commercialization,
as well as in the decision-making process. Moreover, fisheries management has not only im-
proved pirarucu supply in the region but also contributed to the conservation of lakes and
other species, as evidenced by strong increases in fish stocks and very low deforestation.

Meso-institutions have enabled the internalization of innovation, such as training, and
improved infrastructure for processing and commercialization, contributing to production
costs that are more compatible with prices. This is reflected in the relative improvement in
income and well-being of communities, albeit timid in several indicators, which suggest
room for additional economic and social upgrading.

5. Discussion

Our results show that the assessment of the socio-biodiversity bioeconomy may
benefit from indicators that consider the perspectives of individuals and communities
and from a qualitative evaluation of bioeconomy value chains. Based on this assessment,
the participatory pirarucu management in the RDSM has proved to be a successful case
of bioeconomy development. This finding is in line with positive outcomes reported in
previous studies on pirarucu management in the Amazon [70–73]. The measured impacts
reflect the generally positive perception of communities about fisheries management,
although several social and economic aspects have yet to be upgraded, particularly local
income generation. In most cases, fishing provides just a small complement to household
income and is often considered insufficient. Regarding the positive environmental and
social outcomes, the analysis of the broader institutional context, such as the facilitation role
of meso-institutions, was important in accessing key drivers of the pirarucu bioeconomy.
To point out opportunities and challenges related to advancing the socio-biodiversity
bioeconomy, we close this article by discussing some implications of our results.

The value chain mapping indicates that meso-institutions may organize and aggre-
gate local actors in contexts with social and regional disarticulation, as found in many
socio-biodiverse regions in the Global South. The literature has shown that polycentric
institutions can have a positive role in the governance of common-pool resources when
fostering innovation, learning, cooperation between participants, and the achievement
of more equitable and sustainable results [51,52]. In participatory pirarucu management,
public and non-governmental organizations changed the dynamics of socio-biodiversity
chains by increasing transparency and fairness in production chains and by enhancing ex-
isting self-organizing initiatives, thereby creating conditions for the bioeconomy to flourish.
These organizations met ample community participation, contributing to strengthening
economic alternatives adapted to the communities environmental and cultural contexts.
This finding is consistent with the evidence that local settings and the active participa-
tion of local communities are important to successful outcomes in the management of
common-pool resources [52,74].

Still, the deficient economic outcomes in the pirarucu chain contrast with the bioecon-
omy’s promise of win-win solutions and synergies between sustainability and economy,
often emphasized in bioeconomy perspectives [2,3,6,40]. The vast literature on non-timber
forest products, including several studies in the Amazon, also challenges this emphasis
on synergies by showing that NTFP commercialization often implies a trade-off between
environmental conservation and economic development [10,43,45,66,75–77].

At the same time, our criteria and indicators based on the perspective of communities
help define priorities and the notion of development that are compatible with local liveli-
hoods. For example, indicators related to the role of women in the economic activities of
the communities (participation in fishing and in assemblies) in the case analyzed show at-
tention to gender inequality. Similarly, the emphasis on information about lake surveillance
indicates concern with security and illegal activity in the region. Positive outcomes related
to the empowerment and autonomy of communities, economic stability, and security to

80



Sustainability 2023, 15, 8053

carry out their activities may be more important than increases in income alone. Indeed,
studies that consider socio-cultural aspects such as reproduction of culture, creation of
social capital, and empowerment find more positive outcomes in NTFP trade than analyses
focused only on material gains (mainly income) [45].

Strategies and policies to foster a socio-biodiversity bioeconomy should respond to
ambiguous results. On the positive side, collective action is not a complication but a
critical ingredient in fisheries management. Meso-institutions can play a vital role in filling
governance and technical voids in isolated regions. They translate legislation into practices,
provide access to appropriate technology, and can improve local value-added retention. On
the other hand, the dramatic overfishing following heavily subsidized, over-dimensioned
cooling facilities sends a clear warning: politicians should be wary of quick fixes and
of ‘throwing money at the problem’. Rather, they should adopt a more realistic view of
social and environmental challenges and respond to local prospects and concerns regarding
development. Policies such as the unemployment insurance paid during fishery closures,
for example, are more in sync with the needs of the community and the dynamics of the
value chain.

Finally, the proposed methods and indicators have some limitations. Our holistic and
systemic approach was instrumental in revealing inter-relations and trade-offs, such as the
need for and success of surveillance through collective action, while weighing cost/benefit
ratios and community perceptions. The study has identified bottlenecks and potential
areas for intervention to enhance the functioning of the value chain, but it has not yet been
able to prioritize them and draw up an intervention plan. A more rigorous and action-
oriented assessment requires further data, co-validation, and co-construction of solutions
with the community. This would also require the construction of solid cause-effect cascades
for attribution. Those would guide short- to medium-term action and monitoring, but a
reliable diagnosis of sustainability may require long-term follow-up. That, in turn, would
be greatly helped by methods and indicators amenable to ‘citizen science’ by members of
the local communities, a question we have not yet been able to explore. Finally, the need
to adapt indicators to capture the relevant specificities of each chain may compromise the
comparability of bioeconomy cases.

The present assessment of the pirarucu bioeconomy provided a broad picture of the
current strengths and challenges of the productive chain, but it could not produce sufficient
information about the past trajectory of communities. To evaluate and monitor the evolution
of this bioeconomy, the study needs to be replicated over time. Communities should
evaluate these results and indicate possible gaps and new criteria to be included. Ideally,
communities themselves would perform such continuous monitoring and evaluation. We
also believe the method should be applied to more cases to confirm its suitability, especially
its ability to generate reliable comparisons and evidence to guide public policies.
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Abstract: The impact of linear agri-food supply chains is progressively leading to ever wider socio-
environmental and cultural repercussions, undermining the balance of territories and communities
to the point of disrupting the entire planet’s health. Therefore, there is an urgent need for a paradigm
change involving the agri-food sector, the economic sector, and local public policies, in the direction
of a diffused ecological transition. In this scenario, the Circular Economy, supported by the adoption
of a Systemic Approach, represents a useful operational tool to respond to complex transversal
challenges, to reduce and enhance waste, minimize the use of new raw materials, and strengthen the
territorial identity and relations among local stakeholders. This article describes a research project
conducted for the Piedmont Region (Italy), through which it was possible to apply these innovative
tools and approaches to five typical local agri-food chains (wine, dairy and cheese, rice, water, and
bovine beef). Currently, at the Piedmontese level, concrete proposals for public policies capable
of supporting the ecological transition of the local agri-food chains have not yet been developed,
especially in terms of cyclicality of outputs and territorial co-evolution. For this reason, through
the use of a multi-stakeholder approach, participatory mechanisms of local actors, and the analysis
of several national and international case studies, the purpose of this research was to evaluate the
possible enhancement of food waste and by-products, finally developing specific proposals for good
practices and public policies capable of contributing to the achievement of the Piedmontese Regional
Strategy for Sustainable Development.

Keywords: circular economy for food; sustainable food supply chains; systemic approach;
multi-stakeholder approach; public food policy; local agri-food system; food waste management

1. Introduction

The management and promotion of sustainability is an issue that is currently in-
creasingly addressed within the various human productive activities. Among these, the
agri-food system stands out, which plays a central role both in the generation of well-
being and social development, and in the environmental balance. Today, such systems
are extremely connected to the prevailing economic model, based mainly on the typical
approach of a linear economy, “take-make-dispose” [1]. The large number of stakeholders
involved, the complex network of material and information flows, and the socio-political
importance of these systems make the more complex issues connected to them real wicked
problems [2,3], for which the proposal of any alternatives leads to visible consequences only
in the long term, without immediate evidence of the effectiveness of the actions taken [4].
In particular, the management of agri-food supply chains can be unsustainable and not
entirely efficient for different reasons, specifically in terms of waste production in the
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various stages of harvesting, storage, transportation, and distribution of agri-food products,
which are subject to rapid spoilage due to their natural characteristic [5].

To address this type of problem, it is essential to adopt a systemic vision and per-
spective, which bring to the fore the notions of complexity and network [6], in which a
system is understood as a complex of parties that establish relationships with each other,
and the behavior of each is characterized by the connection in which it is involved. These
components, taken together, do not represent the mere sum of the separate parts, but a
single holistic system with a wider value [7]. From this point of view, the application
of a systemic approach to the agri-food scenario is a valid design method, to trigger a
paradigm shift that involves the transition from linear to circular structures, supported by
a collaborative approach [8–10]. However, the concept of circularity is not new: it can be
understood as a reinterpretation of rural economies, in which previous generations were
accustomed to more sustainable uses of natural resources, based on the reuse and reduction
of waste [11]. The novelty is represented by the constitutive elements of the circular econ-
omy, which have more articulated roots and derive from a fairly recent evolution of the
concept of sustainable development and the economy–environment relationship. In recent
years, scientific research and the political landscape are moving toward this new economic
paradigm [12]. This is demonstrated by the progressive increase in the quantity of research
projects relating to the circular economy in the scientific literature, in conjunction with
the publication of the United Nations Sustainable Development Strategy in 2015 [13] and
the growing sensitivity toward environmental, social, and economic potentialities of this
disciplinary sector.

The energy crisis of the 1970s led to the search for new solutions to address the evident
scarcity of resources due to the linear growth model [14], proposing a new regenerative
paradigm in which production is based on the precept “From Cradle to Cradle”, going beyond
the simplistic vision of the mere recycling of materials [15] and looking to nature for the
formulation of new circular business models [16]. Thus, human production processes can
employ regenerative practices and guarantee the cyclical nature of materials, emulating the
dynamics of natural systems, with a view to a Circular Economy [17].

The latter has been integrated into the environmental policies of the European Union,
whose current priority is to promote the European Green Deal [18]. It proposes specific mea-
sures to make the production of energy and resources (including food) and, consequently,
citizens’ lifestyles more sustainable, to initiate an ecological transition that involves the
protection of natural capital, the generation of employment, the development of sustainable
technologies, and the extension of the life cycle of products, among others. In particular,
the Farm-to-Fork Strategy [19], adopted by the European Commission in 2020, is considered
the heart of the European Green Deal and aims to make food systems more equitable,
healthier, and more sustainable from the economic, social, and environmental point of view.
This strategy underlines the priority of acting on the food system to achieve a complete
ecological transition, considering food as the basic unit that connects the 17 Sustainable
Development Goals (SDGs) [20]. The ultimate goal is to accelerate the transition to a more
resilient food system that is able to cope with sudden contextual changes that would make
life on the planet precarious.

Thus, the concept of the circular economy has begun to become part of the agenda of
political institutions [21]. Finally, as part of a deep reflection on the dominant economic
paradigm and on the need to bend the linear system to reduce its negative impact, in
2015, the European Commission promoted its first Action Plan for the Circular Economy [22],
an important step financially supported by structural and investment funds such as, for
example, the European Fund for Strategic Investments (EuSEF), Horizon 2020, and LIFE
programs. In Italy, the Ministry of Ecological Transition followed the European line,
introducing, in 2017, the National Strategy for Sustainable Development (SNSvS) [23]. It
outlines a vision of a future centered on sustainability, as a shared and indispensable value
for facing global challenges.
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Specifically, in the context of Piedmont (Piedmont, Italy), the agri-food scenario does
not only represent a strategic economic sector, but also a real key element in the pursuit of
social and environmental objectives. Consequently, the need for an approach that ranges
from practices to policies emerges, in which public institutions play a direct and concrete
role, so that supply chain problems are not faced only by civil society or by individual
virtuous producers [24]. Indeed, it is unthinkable to achieve the objectives of European poli-
cies without pursuing sustainable strategies on a local scale in the same way, adopting an
approach that goes from micro to macro [25,26]. From here, the centrality of local authorities
and the strategic role of regional policies as an engine of change becomes evident.

One of the most significant challenges for the development and implementation of
integrated food policies is the definition of forms of governance that can support the active
participation of stakeholders [27]. In fact, in the agri-food scenario, a multi-stakeholder
approach based on a public–private–third sector partnership is fundamental, involving the
various institutional levels in the same way [28]. The benefits of an ecological transition
also implemented through the adoption of a circular economy go far beyond environmental
protection and resource saving, leading to new opportunities and the design of new,
systemic, highly innovative business models. This transition must be mainly driven by
companies, through the support of regional authorities, stricter regulatory systems, and
more demanding and aware consumers [29].

Going into detail, the objectives of European and international policies cannot be
achieved if—in cascade at each level—a strategy that allows the achievement of global
targets is not implemented territorially. For example, in the case of Italy, each region
differs profoundly in terms of priority areas of action and internal organization. For this
reason, it is necessary that public food policies take into account local specificities and be
interpreted in different ways according to the context and the nature of the problems [30–32].
This shows the centrality of local authorities and the strategic role of regional policies as
a driver of change, in contrast to the “by nation” approach that has characterized the
past decades [33]. The development of effective public policies, therefore, requires in-
depth research and analysis relating to the territory in which action is to be taken, to
ensure objective action based on shared criticalities and priorities, not dictated by political
preferences [34,35]. Scientific research is found to be fundamental for informing multi-
sectoral policies that address trade-offs and synergies, also for enabling policy makers to
orient themselves in complexity, through an objective knowledge support [36,37]. Along
with this, as argued by den Boer et al. [38], it is fundamental to deepen R&I through the
development of “transdisciplinary research approached by investing in the creation of
meaningful interactions between researchers, societal actors, and policymakers.”

Acting concretely from the local level is essential: half of the human population—
3.5 billion people according to the United Nations—lives in urban areas and this number is
destined to increase significantly by the end of the decade [39]. With population growth,
resource demand in urban areas increases as well, and environmental criticalities and
socio-economic differences among citizens emerge and deepen. A new food uncertainty
enters cities all over the world, not only linked with the issue of lack of food and nutrients,
but also with the issue of food excesses.

In 2030, the deadline for reaching the 17 Sustainable Development Goals is also sanc-
tioned and, given the transversality of food with respect to each of them, this must be
the strategy adopted to address the criticalities of our food systems. Food, a basic unit of
connection among all SDGs, plays an essential role in the transition toward a sustainable
development, as shown in the Wedding Cake model by Rockstrom and Sukhdev [20]; there-
fore, the role that the food system can and must play in the ecological transition toward a
sustainable development paradigm is essential. In the food sector, the circular economy is
presented as a sustainable practice to remedy some of today’s greatest challenges, including
population growth, inefficient use of resources, environmental impacts on climate, soil and
oceans, and food waste [40].
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Therefore, there is a growing consensus on the need for public institutions to adopt a
systemic approach to food policies to successfully address and solve complex, persistent,
and interrelated problems such as food insecurity, climate change, use of resources, poverty,
and public health [27]. A systemic approach to food systems allows us to broaden the
view, promoting integrated and coherent policies to align different political agendas and
transversal issues (e.g., agriculture, environment, trade, health, food safety) to better meet
the needs of the actors involved and support multiple objectives (environmental, socio-
economic, and healthcare) [41,42]. Therefore, improving the quality and sustainability of
the food system means increasing the sustainability of all areas of the territory as a whole. A
higher level of design for sustainability is reached through innovation at a systems level, a
more radical and strategic approach that involves many stakeholders, such as communities,
governments, companies, and customers [43,44]. Within this context, the circular economy
applied to the agri-food sector, or Circular Economy for Food, is of considerable importance
because it recognizes the mutually influential relationship between food and the circular
economic model, the principles of which are taking the first but decisive steps towards
a route change [45]. Thus, the need to achieve food systems that are sustainable is seen,
recognizing the importance of the indivisible links that exist between healthy people,
healthy societies, and a healthy planet (One Health approach). One Health is an integrated,
unifying approach that aims to sustainably balance and optimize the health of people,
animals, and ecosystems. It recognizes that the health of humans, domestic and wild
animals, plants, and the wider environment (including ecosystems) are closely linked and
interdependent [46].

Within this framework, the 3 Cs of the circular economy for Food [47]—Capital, Cycli-
cality, and Co-evolution—were taken as a theoretical-practical reference to systematically
analyze the supply chains being researched and to arrive at the proposal of public policies
that could be transversal as relational bridges between several MAS of the SRSvS of the
Piedmont Region and the SDGs. Furthermore, the coexistence of the three criteria of in-
terpretation of the system applied to food allows the transition to a paradigm—Circular
Economy for Food—that is impactful and meaningful for a development that is sustainable.
In particular, by designing the flows of matter, energy, and information that cyclically
condition the food system, it is possible to have a positive impact on the 17 SDGs and con-
tribute to regenerating the natural, cultural, and economic capital that supports coevolution
between species [48].

This article aims to investigate some aspects of the Piedmontese Regional Strategy for
Sustainable Development (in Italian, abbreviated as SRSvS) [49], paying particular attention
to the issues of the circular economy applied to the food system. This action focuses on
involving the agri-food system in an operational way, creating cross-cutting worktables, to
share and initiate integrated policies on circular economy issues that are directly attributable
to the objectives of SRSvS. With the aim of making the research as representative and
relevant as possible for the regional food system, five different typical food supply chains
were selected as a priority object of study. The attempt was to incorporate and restore the
diversity and variety of the Piedmontese food production landscape in the best possible
way, seeking the involvement of companies with different sizes and positions at the level
of the supply chain. Addressing “real-life case studies” makes our research an important
contribution to the existing academic literature, as a result of the strong interaction between
researchers and key stakeholders aiming to highlight concrete evidence-based solutions to
local existing criticalities [5].

In conclusion, to better contextualize the path of the research conducted and the
narrative vein used, the contents of the following sections are reported below:

1. Section 2 shows the objectives and the design methodology that characterized the
research, as well as the instrument and tools that have made it possible to carry out
the investigation;

2. Section 3, in accordance with the stages of the methodological structure presented
in Section 2, reports a particular emphasis on the outcome of Desk-based Research,
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in particular describing the Academic and Sectoral Document Discovery (within which
the scientific literature was analyzed), the Quantitative and Qualitative Data Analysis
and the Supply Chain Mapping developed; furthermore, the results of the Stakeholder
Engagement are summarized inside this section;

3. Section 4 shows the meaningful challenges for the development and the expansion of
integrated food policies through the definition of a series of cross-cutting solutions;

4. Section 5 describes implications, limits, hypotheses, and future research directions
about the Research Proposal developed.

2. Materials and Methods

2.1. Objectives of the Project

The process that led to the development of the “Circular Economy in the Agri-food
piedmontese sector” project is based particularly on two of the seven strategic macro-areas
(MAS) defined by the Piedmontese regional government (MAS 1, accompanying the transition
of the Piedmont production system toward a model capable of combining competitiveness and
sustainability and MAS 3: taking care of cultural heritage and environmental heritage and the
resilience of territories) [49]. These deal with the promotion of an ecological transition of
the regional productive system, and are aimed at understanding how the dynamics of the
circular economy can be applied in practice to five supply chains of the Piedmontese food
system, which coincide with those considered priorities by both the Piedmont Region and
the University of Gastronomic Sciences of Pollenzo. This research focused on the agri-food
supply chains that play an important and decisive role for the Piedmontese economy
in terms of production and turnover, chosen in such a way as to include the agri-food
production diversity of the region: wine, dairy and cheese, rice, bottled water, and beef
supply chains (Figure 1).

Figure 1. The five local food supply chains were taken into consideration for the project.

The Piedmont region has promoted this research in order to focus on the regional
agri-food system, with the aim of supporting the development of actions in line with the
objectives of the SRSvS [49]. It stems from the need to realize the SNSvS on the circular
economy front in the agri-food sector and, therefore, the regional government collaborated
with UNISG to ensure that it would work to bring the sustainability targets set at national
and then regional level to the ground.

Through the operational involvement of the actors of the agri-food system, it promoted
the sharing of issues concerning the circular economy, identified as the key to the SRSvS.
There are essentially two main objectives on which the Research Proposal is based:

1. to identify priority issues for the agri-food system regarding the possibility of tran-
sition toward a model based on a better use of renewable resources, reuse of raw
materials, and waste valorization;

2. to identify and suggest regional system policies according to sustainability objectives
in relation to the priority areas.

More specifically, the project objectives required the identification, through the involve-
ment of stakeholders, of the main challenges and potentialities concerning the Piedmontese
agri-food system in relation to the transition toward a circular economic model that focuses
on the use, recycling, and recovery of waste or by-products from the processing phases of
each supply chain. After that, the identification of those best practices, technologies, and
services that could help in the development of alternative and innovative paths involv-
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ing the reduction, but above all the valorization, of waste present in the agri-food chains
was requested.

2.2. Instruments and Tools

As already mentioned in the Introduction, the majority of current scientific research
about the opportunities for circular economy applications in the agri-food sector seeks to
widen the focus of their control volume to include an entire food product’s supply chain.
In this way, it is possible to better address the complexity and wide-ranging impact of
agricultural supply chains, whose analysis benefits from a systemic perspective, within
which most of the inputs and outputs can be accounted for as an interconnected set of flows
of matter, energy, and information, rather than as separate units.

In order to provide sufficient and accurate information for the development of public
policy proposals in the context of the promotion of circular economy practices and the
ecological transition of the chosen supply chains, the expansion of this focus has been
translated into the research project described inside of this article. Such an approach,
has further allowed for an in-depth understanding of the current circularity and baseline
of ecological transition in regional food supply chains, as well as the possible obstacles
and potentialities for further adoption. Specifically, a total of 72 people were involved in
the development of the research project, nine of whom are members of the University’s
research team, while the remaining number can be traced back to 21 companies in the agri-
food sector, three innovation poles in Piedmont, and 39 students following the course in
Systemic Design for Circular Economy of the master’s degree in Food Innovation & Management
at UNISG, who contributed to the project by offering innovative solutions to what they
perceived as the main challenges being faced by the supply chains.

Although there is a wide field of application for the research conducted within the
discipline of Circular Economy in the agri-food sector, in terms of supply chain stages,
from the scientific literature it has emerged that a singularly predominant tool (e.g., LCA,
SLCA, WFA, LCIA) or variable chosen to measure impact is not generally used (e.g., carbon
and water footprints, energy consumption, etc.), leading to a lack of comparability and
reproducibility among studies [13]. Therefore, it seems preferable to employ an approach
which gathers the results of more specific previous scientific research and applies it to the
food supply chain system as a whole, generating a holistic understanding of the priorities
to be defined and the challenges to be faced.

For this reason, on the basis of the methodology of the systemic approach adopted in
the research path discusses in this paper, specific phases were followed (Figure 2): firstly,
desk research allowed the discovery of academic and sectoral documents for the review
of a scientific literature consistent with the research topic, after which it was necessary to
carry out a qualitative and quantitative analysis of the five selected Piedmontese agri-food
chains and map the main process steps and the actors involved in them, supported by an
investigation of several innovative case studies, which made it possible to identify the best
practices to be exploited. Finally, the organization and implementation of participatory
mechanisms made it possible to finalize a shared research proposal regarding possible
public policies applicable to the regional context, responding to the feasibility criteria and
territorial requirements.
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Figure 2. Design methodology: the representation of the single steps addressed and the links
among them.

As follows, a description of each of the steps of the project are included, along with
their relevance to the objectives stated by its definition:

• Academic and sectoral document discovery: as a primary step, and to better define the
extent of each supply chain, relevant research papers and sectoral documents were
researched. Using the keywords “waste”, “byproduct”, “waste management” and “circular
economy”, followed by each of the individual supply chain names, in an academic
search engine (Google Scholar) and in a scientific article database (Scopus), with a
total number of 75 selected articles, ranging from scientific articles reporting on similar
initiatives on a smaller or similar scale, to sectoral documents, used to better delineate
the size and boundaries of each supply chain. In addition to supply chain structure and
boundaries, the documents were also analyzed for information regarding the current
practices of waste or by-product disposal, valorization and/or and treatment, as well
as for the private and public sectors’ interests and understanding of the challenges
currently present in the Piedmontese regional context. This step, using other terms,
could also be called a literature review because it was performed to understand the
scenario of the research proposal better and to analyze—at a micro level—the research
gap identified. In fact, it consists of a thorough study review process of papers about
the circular economy, food waste management, sustainable food supply chains, and local agri-
food system. All the considerations developed during this phase have been inserted in
the aforementioned text, in particular, in Sections 1, 3 and 4.
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• Quantitative and Qualitative Data Analysis: once the current state and main challenges
for each supply chain were taken into account, information regarding the distribu-
tion of actors in each step of the chain was procured by employing two datasets:
one, provided by the Piedmont Region joint Chambers of Commerce (Unioncamere
Piemonte) [50], containing statistical and location data for all the companies registered
within the region, and the other by the University of Gastronomic Sciences’ Food In-
dustry Monitor, a performance observatory containing historical financial data for the
most relevant companies in the Italian food sector. Both datasets were filtered by only
including the companies whose economic activity code (Codice ATECO) was within
those belonging to the mapped supply chain, with a resulting total of 3261 records
analyzed. In addition to individual company data, other statistical databases for
each of the supply chains analyzed were taken into consideration, in order to bet-
ter understand the complexity and scale of each one. Namely, the regional and
national agricultural registries were consulted for a region-wide perspective on the
data that is reported by each supply chain’s multiplicity of actors to the regional and
national governments.

• Supply chain stage mapping: based on the information gathered in the document discov-
ery stage, as well as the quantitative data gathered and analyzed, a simplified “map”
of each supply chain was constructed; said map would feature the main actors in the
supply chain as system nodes, as well as the financial, material, and information flows
among them. The mapping covered the flow from direct material suppliers all the way
to retail channels, including, in some cases, the actors involved in the treatment and
valorization of waste and by-products, based on the level of connection to the main
supply chain, and to the available information gathered. Following the development
of each supply chain map, the research team validated their contents with actors
present at different stages of each supply chain, who either attested to the accuracy
of the mapping, as well as pointing out blind spots or missing nodes/connections.
Having received this feedback, a definitive map for each supply chain, including the
actors’ feedback, was constructed.

• Innovative case histories research: in parallel, in keeping with the practical, implementation-
centered intention and goals of the project, a set of 28 innovative case studies, relevant
to each of the five supply chains were studied and summarized, intended to be used
as input for both the proposed solutions to challenges, and to foster conversation in
the participatory mechanism sessions further ahead.

• Participatory mechanisms: while a better understanding of each supply chain was
established by mapping and quantifying their dimension, complexity, and economic
relevance at a regional level, the next step of the project was designed to include
the personal experience of several actors from each supply chain, as well as their
interaction with institutional representatives. This phase was conducted, in line with
the scientific literature analyzed, on the topic of the circular economy, which revealed
the need to involve stakeholders at the level of the supply chain in the development
and evaluation of possible directions for the transition from a linear to a circular and
more sustainable system, in order to understand potential, dormant assets and possible
barriers [13]. The process followed therefore placed emphasis on the engagement of
relevant stakeholders for contemporary agri-food circular economy research. Taking
the project’s final objective of public policy development into account, it was decided
that it was best to employ a participatory, deliberative approach to the validation of
the quantitative analysis, as well as to the understanding of challenges faced by each
of the supply chains. Therefore, a series of supply chain circularity and ecological
transition-focused focus groups were designed and implemented.

• Data analysis and drafting of public policy proposals: as all necessary inputs were gathered,
the following and final step was to synthesize and process the data gathered along
every step of the research process and translate them into actionable recommendations
for the Piedmontese regional government.
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In total, five focus groups were performed, in which a total of 35 people partici-
pated actively and collaboratively. Of that number, 26 represented the rich diversity of
the agribusiness sector: 21 companies, including agricultural producers, processors, and
distributors, with participation from both family-owned businesses and some of the largest
food and agriculture companies in the region.

In order to best represent the multiplicity of actors of each supply chain, at least five
companies were selected per supply chain, considering the different production phases,
the size of the company, the innovations implemented within some companies, and their
size in terms of turnover and production. The need to involve the private sector is often
cited in the scientific literature regarding the implementation and improvement of circular
economy practices, given the key role that private companies play, as they possess greater
capabilities and resources than other stakeholders [12]. Nevertheless, in addition to the
private sector, all the regional innovation poles, regional government representatives, and
the main regional research institutions (Ires Piemonte and Environment Park Torino) were
invited to participate in these transversal worktables.

The focus groups were developed with the following structure:

• Introduction to the University’s project and its objectives;
• Explanation of the context of the project at the European (Green Deal), national (SNSvS),

and regional (SRSvS) levels;
• Presentation of the UNISG vision of the Circular Economy for Food (3C);
• Validation of the quantitative, qualitative, and financial representation of the specific

supply chain;
• Illustration of the main waste products and by-products of the supply chain under analysis;
• Emerging issues related to the application of circular activities or the implementation

of circular practices that also address the management and valorization of the supply
chain’s outputs;

• Presentation and identification of relevant case studies and virtuous business models
of the circular economy applied to the agri-food sector, leaving a space for discussion
among participants for their assessment of the feasibility of applying such examples
in the Piedmont context;

• Further insight and discussion on the scenario of the circular economy in Piedmont.

In order to engage people and encourage dialogue among different actors (business
representatives, innovation poles and invited researchers, and regional government rep-
resentatives), a number of questions were posed to each of the focus group participants
whose subject was the critical issues in the circular economy. Through answering these
questions, as well as helped by the context given by the previous interventions with regard
to the current situation and the opportunities that a circular economy and policy change
brings about, all participants of the focus groups gave interventions on the circular econ-
omy potentialities and proposals that individual businesses, the supply chain, and the
regional context as a whole held, and the steps and concerns about the implementation of
an ecological transition agenda.

These interventions were recorded and furthermore analyzed for commonalities and
differences, as well as to their relevance to the SRSvS and SNSvS. After recording and
summarizing all interventions, a brief report for each supply chain’s focus group was
constructed and shared with the participants, in order to validate that their positions
and opinions were accurately represented and that no further inputs were missing from
the research.

2.3. Construction of Public Policy Proposals from the Information Gathered and Processed

In order to help achieve the objectives of the SRSvS, a set of Public Policy and Best
Practices proposals was given to the Piedmontese regional government. These proposals,
outlined with the purpose of being put into practice by the institutional body, were the result
of a careful analysis, based on the understanding of all those problems and opportunities
in a circular and systemic key that characterize the agri-food sector of the Piedmontese
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territory. In this way, with the participation of Slow Food, a non-profit international
association committed to restoring value to food, sectoral and transversal recommendations
were identified among the five supply chains that are consistent with the SRSvS in order
to boost Piedmont’s ecological transition, by the combination of desk-based research,
the intervention of citizens represented by the Slow Food Piedmont and Aosta Valley
Association [51], the focus groups and the proposals for innovative solutions suggested by
the innovation poles, as well as by the students of the master’s degree in Food Innovation
and Management at UNISG.

In fact, a full understanding of the opportunities and problems that characterize a cer-
tain territory allows the political decision maker in possession of these elements to prepare
adequate responses, giving impetus to innovation and social experimentation, in line with
the objectives of the SRSvS and aligned with the Ecological Transition guidelines [52].

As a result of the gathered information, a total of 45 proposals for actions impacting
the SRSvS divided by supply chain and nine transversal recommendations addressed to
regional policy makers were listed. In the following Figure 3, it is possible to read a graphic
synthesis of the process that led to the generation of the specific public policy proposals.

Figure 3. Process followed for public policy proposal generation.

3. Results

The entirety of the results and proposals produced by the Circular Economy for the Pied-
montese Food System Project were delivered in a detailed report to the regional government
of the Piedmont region, in order to support the regional government’s ecological transition
goals and implementation. However, in the following section, some illustrative examples,
with the kind of results reported, their mode of presentation, and their relevance to the
overarching project objective, are shown, in accordance with the stages of the methodologi-
cal structure presented in the previous section, with a particular emphasis on the results
of the stages of Academic and Sectoral Document Discovery, Quantitative and Qualitative Data
Analysis from different sources, and Supply Chain Mapping.

Furthermore, the results from the Participatory Mechanisms stage are summarized in
the following sections, as the transversal challenges found to be common to all of the five
supply chains under consideration are included in the results.
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3.1. Examples of Project Outputs
3.1.1. Academic and Sectoral Document Discovery

As the first product of the research, and in order to better understand the complexities
of each supply chain at a glance, what were considered relevant production and actor
numbers were reported for the latest recorded number, which, in most cases, was 2019
(Figure 4). These aggregate numbers, along with any relevant information were also shown
during the focus group sessions, allowing for their validation and for a contextualization of
the entire supply chain’s scale available to all participants.

Figure 4. The production and actor quantitative, aggregate summary for the dairy supply chain in
the Piedmont region.

3.1.2. Quantitative and Qualitative Data Analysis

Furthermore, employing the data from UNISG’s Food Industry Monitor, it was pos-
sible to create a generalized representation for the aggregate economic performance for
the main players in each supply chain, further contextualizing the reality of the supply
chain in terms of its economic potential, as well as any possible investment or income
challenges that might hinder a smoother ecological transition within the leading companies
of the supply chain, and, by extension, smaller actors without the same access to financial
or investment opportunities. These results are summarized in quick overview images
(Figure 5).

Figure 5. Cumulative supply chain income summary, as presented in the final project report.

In order to better place each supply chain’s actors in the Piedmont region’s territory,
their distribution and possible sub-regional areas to be considered for grouping in future
interventions, geographical heat maps were constructed (Figure 6), employing the infor-
mation from the regional company registry. Furthermore, the geographical representation
of the presence of the supply chain’s actors in the regional territory helped view areas of
overlap among supply chains, where possible transversal interventions could benefit two
or more of them at the same time, further guiding policy suggestions by placing the supply
chains in a geographical and territorial context.
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Figure 6. Heatmap of the concentration of businesses classified as participating in the Bovine Beef
supply chain according to Unioncamere Piemonte’s 2020 database [50]; as presented in the final
project report.

3.1.3. Supply Chain Stage Mapping

For each of the supply chains, its corresponding supply chain steps, the number of
actors counted as registered in the regional Chambers of Commerce database in each
the steps, and the flows of information and material among them, were summarized in
simplified supply chain diagrams (Figure 7), intended for a top-level view of supply chain
dynamics. These diagrams served for both validation and understanding by each supply
chain’s selection of stakeholders participating in the focus groups, such that the level of
understanding of these sessions, as well as the following steps of the research, were agreed
among those involved.

Figure 7. Simplified supply chain map diagram, as validated in the focus group session for the
Bovine Beef supply chain.

Additionally, the information from previous diagrams was expanded, based on the
information gained during the document and discovery steps of research. This is a more
detailed flow diagram, in Figure 8, illustrating the standard steps of the production and
supply chain for each product, as well as listing the main inputs, waste, by-products, and
outputs for each.
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Figure 8. Flow diagram of the main supply chain steps with the main inputs (in blue), waste and
by-products (in yellow), and products (in green), as reported both in the focus group sessions, as well
as the project report for the Rice supply chain [53].

In addition to this information, an emphasis (marked as a red exclamation point) could
be placed on any of the waste/by-products, denoting their importance and/or challenge
for the supply chain as a whole, be it in terms of environmental impact on disposal, or
volume produced per unit of finished product.

The final diagram produced to illustrate each supply chain’s structure and dynamics
was an actor categories map (Figure 9), in which all possible independent actor categories
were identified and placed within a grouping according to their position within the supply
chain. In this case, connections were also drawn according to the information gathered
during the steps of document discovery and supply chain mapping, using both sectorial
and academic sources in order to list the main actors of each supply chain, as well as their
relationships. In it, categories of actors, grouped by their most relevant activity or input to
the supply chain were presented, and then ordered into greater categories, representing
their role in the supply chain overall. Finally, the direction (uni or bidirectional), intensity
(direct/indirect or constant/sporadic) of their relationship were shown using arrows. The
criteria employed for defining a relationship were the existence of either financial (e.g.,
payments for inputs or services), information (e.g., sales numbers, production practices, or
marketing information) and material (inputs, semi-finished and finished products) flows.
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Figure 9. Mapping of the main supply chain actor categories and their groupings for the Wine supply
chain, along with their commercial connections.

3.2. Main Waste Products and By-Products Found by the Project

After having carried out a thorough analysis of the material flows for each supply
chain under consideration (Figure 8), a significant part of the investigation was dedicated
to the current disposal methods for waste and by-products of the production chain and
to the main problems related to their management. Thanks to the discussion fostered
within the focus groups with the various stakeholders, both critical issues in the standard
disposal method and possible solutions for their valorization in a circular way emerged, so
that a solution could be found to maintain the value in a production chain of what would
otherwise be thrown away.

Different types of packaging waste were indicated in the five supply chains and,
through focus group comparisons, some sectors were found to be problematic (as in the
case of meat, wine, and water, see Appendix A). However, they are to be considered as part
of municipal solid waste management.

It is important to emphasize that those analyzed are five agri-food chains that are
intrinsically different from each other and, for this reason, the disposal method for by-
products and waste is different in each chain. This is evident in the case of the beef supply
chain, where the circular economy is more mature, with a purpose being applied for almost
all the outputs from the production process [54] and, therefore, few difficulties are found
in the disposal of these, as their value is maintained by using them as inputs in a new
production process. In the beef sector, in fact, many animal by-products are commonly used
in important production sectors, such as the pharmaceutical, feed, and leather industries,
where the by-products are employed to extract bioactive compounds, nutrients, or raw
materials for the production of leather, respectively

Innovative Case Study Research

In conclusion, in order to better support the participative stages of the project, a
series of 28 relevant case studies for each supply chain were gathered, specifically looking
for already implemented, regional-to-multinational-scale initiatives that included circular
economy practices or business models as their main feature. These were employed to foster
discussion among focus groups participants, as well as included as examples for ideas or
practices that could be applied to each of the regional supply chains.

Each case study was summarized on a quick-reference card (Figure 10), in which the
main points of interest for their use as a basis for regional proposals (i.e., supply chain
stages, principal resources, and reported benefits) were included.

98



Sustainability 2022, 14, 10778

Figure 10. Example of one of the quick-reference cards for a case study regarding the Wine sup-
ply chain.

All of the 28 circular economy business model and practice case studies included
in the detailed report are shown in Table 1. They represent a relevant overview of the
possibilities for circular economy developments in each supply chain, serving as reference
for the construction of the proposals tailored to the Piedmont region’s reality and current
issues in each supply chain.

Table 1. A summary of the case studies presented and validated in the focus group sessions, and
included in the final project report.

Supply
Chain

Name of the
Case History

Circular Business Model/
Practice Shown

Wine

reWINE System for the return and reuse of glass wine bottles
at a local level

VEGEA Valorization of grape pomace for manufacturing of
leather-like fabrics

Caviro group Production of bioenergy and compost from waste
from pruning and destemming

Poliphenolia Extraction of grape pomace polyphenols for
cosmetics production

NOMACORC Adoption of cork substitutes from recycled and
bio-based alternatives to cork wood

Milk and
Cheese

KRINGLOOP WIJZER Monitoring soil nutrient cycle

FrieslandCampina Tool for assessment of biodiversity improvement in
the dairy sector

BIOCOSI’ Production of bioplastics from wastewater
ORIGAMI Organics Production of fabrics based on milk waste

fluence Biogas production from ricotta whey, buttermilk,
and wastewater

UNTER/EGGER Production of cosmetics based on nutrients extracted
from whey

Milk Brick Production of building materials based on
milk waste

Rice

VIPOT Production of biodegradable pots based on rice husk
GENIA BIOENERGY Biogas production from rice straw

IKEA India Production of furniture items from rice straw

RICE HOUSE Production of building materials based on rice waste
(husk, chaff, straw)
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Table 1. Cont.

Supply
Chain

Name of the
Case History

Circular Business Model/
Practice Shown

Water

PABOCO Bottles made from sustainably sourced wood fibers
Carlsberg Reduction in plastic use in beverage multipacks

E6PR Biodegradable and compostable secondary
packaging for beverages (multi-pack rings)

Ferrarelle Bottles composed of 100 percent R-PET

VERITAS Returnable glass bottle service in partnership
with retailer

Pfand System-Germany Public bottle return system with incentives
for adoption

Bovine
Meat

BovINE Reward systems to farmers who practice
regenerative agriculture

Water2Return/Bioazul Extraction of nutrients in slaughterhouse wastewater

Circ4Life/Alia Co-creation of circular synergies among various
actors in the supply chain

La Granda ‘Symbiotic farming’ for animal husbandry
BTS Biogas production through wastewater

Fileni Biodegradable and recyclable packaging for
meat products

In addition to the analysis of these real case studies, which made it possible to ex-
amine the existing circular realities in the panorama of the five selected agri-food chains,
39 students of the graduate degree in Food Innovation and Management at the University
of Gastronomic Sciences of Pollenzo were encouraged to respond to the challenges that
emerged in the food sectors involved and to draw up hopefully applicable circular project
proposals. A total of 20 potentially innovative food projects have emerged, involving the
point of view, sensibilities, and ideas of the future generation of professionals in the food
sector in the design.

3.3. Challenges and Obstacles to a Regional, Supply Chain-Level Transition

To contextualize the challenges and issues raised during the desk-based research, as
well as during the participatory mechanism stages of the project, a series of transversal
issues (i.e., pertaining to two or more supply chains) (Appendix B) were identified, as well
as their connection to the theoretical framework chosen for the research, and their potential
impact on the goals set by the regional ecological transition plans.

In this scenario, it is preferable to make a brief focus on the 3 Cs of the Circular
Economy for Food, presented in the Figure 11 [48], to better understand why it was decided
to analyze the transversal problems also from that point of view.

In short, the new circular economic paradigm, when applied to food, takes as its
starting point the preservation and regeneration at a local level of Capital, the first C, the
natural Capital that contributes to providing goods and ecosystem services for humanity
and which are necessary for the survival of the environment from which they are gen-
erated. In particular, natural, cultural, and economic Capital are therefore inseparable
factors, supported and in dialogue thanks to relational Capital. The second C is Cyclicality,
which invites us to think in regenerative terms, which comprises the three fundamental
concepts of extension, metabolization, and renewability. Extension refers to an expansion
of the responsibility of a business; metabolization means the final adding of value, or upcy-
cling [55], with the goal of generating only resources for the same system or another system
(biological and technical metabolization cycle) and not waste. In these terms, the emphasis
is on renewability, because every action must be in harmony with the regenerative cycles
found in nature.
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Figure 11. The 3 Cs of the Circular Economy for Food [48].

The last C is Co-evolution, inspired by mutualistic symbiosis in nature. It develops
thanks to a collaborative paradigm, which through the application of a win–win logic
generates a solution that is advantageous for all, among which the environment is included.

Solidarity (between individuals and peoples to reduce social inequality and increase
access to quality food), dialogue (between natural and artificial ecosystems, to eliminate
the asynchronicity of the human economic model with natural cycles), cooperation (be-
tween communities that share values and objectives), sharing (of materials, energy, and
information to accelerate the transition and facilitate evolution) and symbiosis (between
businesses and between businesses and the community, the local area and the five natural
kingdoms) are the priorities on which we must work to give resilience to the circular
economic paradigm.

4. Discussion

Once all individual and transversal issues about the five supply chains considered
were analyzed and listed, a series of transversal solutions were identified (Table 2), to give
their potential for inter-supply chain efficiencies and to generate a higher impact on the
food supply chains analyzed, naturally considering the interconnectedness of issues and
solutions in the scenario of Ecological Transition and Circular Economy. In fact, one of the
most meaningful challenges for the development and the expansion of integrated food
policies was the definition of a series of cross-cutting solutions.

Table 2. The relevant transversal opportunities.

N◦
Relevant

Transversal
Opportunities

Affected
Supply Chains

SDGs
Affected

3 Cs of
CEFF

Relationship
to Issues

1

Biogas production
through shared plants for
the recovery of waste and

by-products of
organic nature

 

 

 

 
 

3—Air pollution
7—The volatility of energy prices
9—Management and treatment of

wastewater from production
processes

11—The low valorization of organic
waste/subproducts

13—Individual and little collective
effort in executing and promoting

circular initiatives
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Table 2. Cont.

N◦
Relevant

Transversal
Opportunities

Affected
Supply Chains

SDGs
Affected

3 Cs of
CEFF

Relationship
to Issues

2

Use of regenerative
cultural practices and

symbiotic agriculture for
biodiversity presentation

and resilience   

1—Climate Change
3—Air pollution

4—Biodiversity loss
8—The lack of attention to animal

welfare
9—Management and treatment of

wastewater from production
processes

13—Individual and little collective
effort in executing and promoting

circular initiatives

3

Use of by-products for
green building, to propose

an alternative to
traditional materials

made from
non-renewable resources

 

 
 

3—Air pollution
7—The volatility of energy prices

10—Logistics for the management of
waste/organic by-products

11—The low valorization of organic
waste/subproducts

12—Lack of communication of
information or best practices among

the various players in the same
supply chain

13—Individual and little collective
effort in executing and promoting

circular initiatives

4

Cross-sectional research
on the production of

bioplastics from organic
packaging waste  

 

 

 

 

 

 

1—Climate Change
3—Air pollution

5—Exploitation of non-renewable
resources for packaging production
6—The end of life of after-consumer

packaging
9—Management and treatment of

wastewater from production
processes

11—The low valorization of organic
waste/subproducts

12—Lack of communication of
information or best practices among

the various players in the same
supply chain

13—Individual and little collective
effort in executing and promoting

circular initiatives
14—Difficulty of dialogue and

confrontation of
companies/innovation poles with

regional institutions
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Table 2. Cont.

N◦
Relevant

Transversal
Opportunities

Affected
Supply Chains

SDGs
Affected

3 Cs of
CEFF

Relationship
to Issues

5

Creation of joint
participatory tables for the
common achievement of

competitiveness and
sustainability objectives

 

 

  

12—Lack of communication of
information or best practices among

the various players in the same
supply chain

13—Individual and little collective
effort in executing and promoting

circular initiatives
14—Difficulty of dialogue and

confrontation of
companies/innovation poles with

regional institutions

6 Using R-PET for water
bottles

 

  

1—Climate Change
3—Air pollution

5—Exploitation of non-renewable
resources for packaging production
6—The end of life of after-consumer

packaging
14—Difficulty of dialogue and

confrontation of
companies/innovation poles with

regional institutions

7

Extraction of nutrients
from processing and

manufacturing waste and
by-products for

pharmaceutical and
cosmetic production

 

 

 

 

 
 

9—Management and treatment of
wastewater from production

processes
10—Logistics for the management of

waste/organic by-products
11—The low valorization of organic

waste/subproducts
12—Lack of communication of

information or best practices among
the various players in the same

supply chain
13—Individual and little collective
effort in executing and promoting

circular initiatives

8

Realization of spaces that
exploit the sharing

economy for the creation
of economies of scale

 

 

 
 

7—The volatility of energy prices
9—Management and treatment of

wastewater from production processes
10—Logistics for the management of

waste/organic by-products
12—Lack of communication of

information or best practices among the
various players in the same supply chain

13—Individual and little collective
effort in executing and promoting

circular initiatives
14—Difficulty of dialogue and

confrontation of
companies/innovation poles with

regional institutions
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The Transversal Opportunities were analyzed through various aspects, such as:

• Affected supply chain: in particular, describing which supply chain they refer to;
• SDGs affected: describing which of the SDGs are affected by the opportunity;
• 3 Cs of Circular Economy for Food: indicating which 3 C they concern—Capital, Cyclical-

ity, Coevolution;
• Related issues: describing which other transversal problems are referred to. In particu-

lar, reporting the content connection between the transversal opportunities and the
individual issues. In particular, they refer to the contents present in the regional MAS.

As a final result of the research, a series of Public Policy Proposals were presented to the
regional institutional bodies. In particular, they were based on the evidence gathered and
analyzed along all stages of the project. The proposals were designed in such a way that
they could be indirect to the Piedmontese territory and its supply chains, as well as being
consistent with the goals for Ecological Transition and the CEFF framework [48].

Especially, the analysis of the five chains allowed the adoption of a systemic approach
based on the needs of the territory, suggesting integrated and coherent recommendations
with the SRSvS to align different political agendas and cross-cutting issues. From the syn-
thesis of these, some Transversal Public Policy Proposals have been developed and collected in
Table 3, which suggest interventions, tools, and strategies common to all research focuses,
to be implemented according to different contexts.

Table 3. The Transversal Public Policy Proposals.

N◦ Transversal
Public Policy Proposals

Affected
SDGs

3C of CEFF

1

Promote business participation in specific
funding programs aimed at boosting

agribusiness investments to improve the
competitiveness of the agricultural sector, ensure

sustainable management of natural resources,
and promote climate actions, achieve balanced
territorial development of rural economies and

communities (supply chain and district contracts,
RDP 2014–2022)

 

 

 

 

 

2

Promote new forms of territorial aggregation
between enterprises aimed at fostering

innovation in agribusiness and the integration of
activities characterized by territorial proximity

(food district contracts)  

 

 

3

Involvement of stakeholders through the
establishment of specific working tables to
identify shared solutions with impacts on

the community
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Table 3. Cont.

N◦ Transversal
Public Policy Proposals

Affected
SDGs

3C of CEFF

4

Advisory activities and accompaniment of
economic operators toward the development of a
by-product and waste supply chain and to the

development of new sustainable materials
from them.

 

 

 

 

 

5

Connecting the regional economic tissue with
research and development facilities (Piedmont
universities, research institutions, innovation

hubs, etc.) by enhancing their expertise for
positive spillover to their local area

 

 

 

 

 

6 Promoting the digitization of bureaucracy and
its simplification/streamlining  

 

 

7 Mapping the supply chain for by-products and
waste in the Piedmont region

 

 

 

 

8

Promote the provision of training courses aimed
at practitioners focused on sustainable

production systems, facilitating access to
resources, best practices, and useful tools

 

 

 

 

 

9

Involvement of stakeholders (municipalities,
farmers, restaurateurs, teachers, consumers,

recycling operators) by setting up roundtables to
promote conscious and responsible consumption

by the citizenry

 

 

 

 

The Transversal Public Policy Proposals were proposed and analyzed through two of
four aspects already mentioned for the Transversal Opportunities: SDGs affected and the
3 Cs of the Circular Economy for Food.

These proposals are not only transversal to all supply chains, but points of contact
between them can also be highlighted. For example, the relaunch of investments in the
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agri-food sector requires a combination of interventions that promote synergy between
companies and, at the same time, support their financial commitments.

There is also a major issue of capacity development, namely, the need to create skills
within companies and the public administration. In fact, during the analysis of many
supply chains, training gaps were found in relation to the impact (especially in the long
term) of good/bad agricultural practices, as well as technological and information technology
gaps. Digitization is now a necessary step to remain competitive in the current context,
allowing companies that decide to invest to work more productively, and plan and organize
processes more efficiently [56].

In addition to this, the Piedmont area has a specific need, as emerged during the
phases of the holistic diagnosis: to strengthen the network at several levels, promoting
positive synergies both between operators in the same sector and between players in the
same supply chain but who work in different areas.

From this point of view, even those network nodes not included in this research could
be included in subsequent analyses (such as restaurateurs, teachers, but also consumers
in general) whose awareness and personal decision-making capacity certainly plays a
fundamental role in transition to a more sustainable and shared Piedmontese food system.

The information obtained through the research and design path addressed was useful
in outlining which circular Public Policy Proposals should be indicated to the institutions in
order to improve the performance of the circular economy in the region.

With a view to analyzing the potential, already existing circular aspects within the
supply chains taken into consideration, during the research process, there was a need to
further explore the presence or absence of a waste and by-product recovery chain of the
five supply chains, as part of the mapping stage, as well as including any potential actors
involved in these activities, in further stages.

This need represented a more solid information base for the phase of elaboration of
local policy proposals, expanding the range of analysis of the individual supply chains
and allowing us to consider also the phases subsequent to those of the sale of a food
product, or those connected to the disposal and to the correct management of the outputs.
Extending the analysis to this phase, not always considered in the evaluation processes of a
supply chain, allows a more effective integration of further waste valorization chains in
the regional economic landscape, triggering high-value systemic economic and production
networks, in terms of sustainability. At this point, the phase of participatory processes
could be extended to include these additional stakeholders, beginning the construction of a
common perspective.

In fact, the participatory mechanisms put in place along this research path repre-
sented an opportunity for sharing knowledge, for networking among professionals and
companies that, albeit in the same territory and in the same agri-food sector, use different
production methods.

In brief, the strengths of the research developed were already highlighted and guaran-
teed by a broad, evidence-based, and constructed picture of the current state of art of the
five Piedmontese agri-food supply chains—wine, milk and cheese, rice, water, and bovine meat—
in which over 3200 companies were analyzed, and by their hypothetical future scenario,
which emerged during the focus groups. In detail, as reported above, the scientific research
enclosed the results of the five focus groups, in which a total of 35 people participated in
an active and collaborative way, in particular, in a free and spontaneous discussion about
the sustainability perspective of the food supply chain. Of this number, 26 represented
the rich variety of the agri-food sector: 21 companies, including agricultural producers,
processors, and distributors, with the participation of both family-run businesses and some
of the largest agri-food companies in the Piedmont region. In this context, the information
collected, the points of view, and the concerns expressed during the focus groups, the
inspiring case studies and the priorities of the SRSvS, were summarized in:

• 45 recommendations/proposals for impacting actions on SRSvS divided among the
five sectors most deeply involved in research innovation poles and research centers;
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• 11 recommendations with a transversal approach (on the fivesupply chains);
• 20 indications on areas that should be explored through specific applied research (on

the five supply chains).

5. Conclusions

Food has always been an element of connection between the environment, culture,
society, and economy. For this reason, nowadays, it can be the key to addressing some
of the many and complex contemporary challenges [9]. From this point of view, public
policies, in conjunction with a socially and environmentally responsible design approach,
become an indispensable tool and aid to act concretely, to respond to the needs of territories
and communities, and to support their identity, acting on a local level, but leading to
wider positive spillovers [26,57–59]. In more detail, the systemic approach adopted in
this research path, located in the Piedmont area, plays a significant role in the design of
adequate articulated solutions in response to complex and interconnected problems, such
as those connected to a local linear agri-food system that requires a sustainable transi-
tion in harmony with the different peculiarities of the territory. To achieve this objective,
which started from the analysis of the specific agri-food chains of the region to direct the
development of targeted food policies, the active participation of the interested parties
was fundamental, through the creation of real focus groups, whose objective knowledge
supports policy makers in the formulation and implementation of more sustainable and
identity-based decision-making and operational plans. Certainly, this research will be able
to undertake further future developments, expanding the field of action not only to other
Piedmontese companies belonging to the agri-food chains already mentioned, but also
to entrepreneurial realities outside the identified territory. Furthermore, continuing to
exploit a multi-stakeholder approach, it will be interesting to implement the network of
territorial connections, among companies, research institutions, universities, and agri-food
professionals, more generally, in order to find new and more interesting opportunities for
the enhancement of agri-food sector waste, supporting the levels of territorial resilience.
This potential direction necessarily implies the continuation of a transdisciplinary research,
which aspires to innovative results through the strategic interaction among different disci-
plines and areas of study, involving not only agricultural and gastronomic sciences, but
also the branches of chemistry–energy, systemic design, eco-design of processes, products,
services, biological and environmental sciences, and much more. In this scenario, the role of
an enlarged and permeable scientific community is essential to contribute to the evaluation
of the opportunities of the circular economy at the level of the food supply chain, first of all
to spread awareness of the existence of good practices and innovative processes capable of
making organic and non-organic waste of the agri-food chain new and precious resources
for other production possibilities; secondly, to decisively support political decision makers
in undertaking sustainable long-term solutions. In fact, it is good to remember that without
a collaborative and co-evolutionary effort, scientific research is not enough. At the same
time, the political class cannot undertake sustainable pragmatic solutions without inter-
action with the scientific community, with the network of local businesses, citizens, and
the multitude of local actors. The natural, social, and cultural capital of the planet requires
urgent actions, in terms of protection and regeneration; for this reason, it is right to ask
how to accelerate the ecological transition. Circular solutions close to those proposed in
this contribution are progressively developing, in the current panorama; however, for a
paradigm change to really take hold, it is necessary to guarantee an economic feasibility
of the solutions found, which today represents perhaps one of the most complex limits to
be overcome in research projects in the sector of the circular economy and environmental
sustainability. For this reason, it is necessary to develop transparent support methods for
companies and organizations that decide to undertake circular and sustainable solutions,
through a system of benefits and concessions, which can reduce the economic challenges
to be undertaken along this transition path. This would consequently make it possible
to make more accessible products and services that derive from sustainable and circular
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choices, which today, as in a paradox, remain the prerogative of a high-spending public,
making sustainability an economic, as well as an environmental, challenge.
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Appendix A

This section contains details and supplementary data on the main issues identified
within the individual supply chains.

Table A1. A Summary of the main issues with standard disposal, and circular opportunities for waste
and by-product valorization by the supply chain.

Supply Chain
Waste or
By-Product

Standard Disposal
Methods

Disposal-Related
Issues

Circular Opportunity of
Valorization

Wine

Prunings and Stalks

• Livestock Feeding
• Burning in the

field
• Soil Fertilizer

• Poorly digestible
for animals

• Creation of
particulate matter
in the atmosphere

• Biogas production
• Recovery of antioxidant

compounds
(polyphenols)

• Activated carbon or
lignocellulosic
fractionation from stalks

• Bio-based packaging
from prunings

Grape Pomace

• Production of
distillates (i.e.,
grappa)

• Spread on the
ground

• Compost

• Release of carbon
substances

• Biogas production
• Extraction of polyphenols

for cosmet-
ics/pharmaceutical
purposes

• Leather-like fabric
production

• Natural textile dye

Wine lees
• Used for wine

aging
• Distillery

• Can give an
unpleasant taste

• Biogas production
• Compost
• Natural textile dye
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Table A1. Cont.

Supply Chain
Waste or
By-Product

Standard Disposal
Methods

Disposal-Related
Issues

Circular Opportunity of
Valorization

Waste water and filter
cakes Regular disposal Difficult to manage • Biogas production

• Extraction of components

Dairy
and Cheese

Whey

• Ricotta
production

• Additive
• Livestock Feeding

• Large quantity
produced

• Biogas production
• Extraction of components

for cosmet-
ics/pharmaceutical
purposes

• Bioplastics production
• Milk fiber production

Packaged expired and
non-compliant milk at
the factory

• Thrown away
according to the
rules of recycling

• Food waste

• Livestock feeding
• Materials for bio-building
• Bioplastic production
• Biogas production
• Milk fiber production

Dairy and
Cheese
and Bovine
Meat

Waste waters and
Sludge • Regular disposal • Difficult to

manage

• Bioplastic production
from waste water

• Filtered sludge for biogas
production, using the
digestate as litter for
dairy cow breeding

Manure • Soil fertilizer
• If not properly

handled, it can
create pollutants

• Biogas production

Rice

Rice Straw

• Livestock Feeding
• Soil fertilizer
• Burning in the

field

• Poorly digestible
for animals

• Deterioration of
the growth of rice
plants and
increased methane
emissions

• Creation of
particulate matter
in the atmosphere

• Materials for bio-building
• Biogas production
• Furnishing objects

Rice Husk (lolla)

• Disposed as
special waste

• Animal litter
• Electricity

production

• Difficult to
dispose for high
percentage of
silica

• Materials for bio-building
• Biodegradable pots for

floriculture
• Extraction of components

for cosmetics/pharmaceu
tical purposes

• Production of wood-like
material

Rice Hull (pula) • Livestock
breeding

• Large quantity
produced

• Materials for bio-building
• Extraction of components

for cosmetics/pharmaceu
tical purposes

Bottled Water Plastic water bottles

• Disposed of
according to the
regulations of
recycling
collection

• Large presence of
plastic material

• Often dispersed in
the environment
by consumers

• Not designed for
repeated use

• R-PET production
• Bottles made from

sustainable wood fiber
• Returnable glass bottle to

the shop
• Deposit return model
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Table A1. Cont.

Supply Chain
Waste or
By-Product

Standard Disposal
Methods

Disposal-Related
Issues

Circular Opportunity of
Valorization

Bovine Meat Blood • Soil fertilization

• If blood is mixed
at the
slaughterhouse, it
is not legally
possible to use it
as fertilizer

• Creating a bovine-only
slaughterhouse for soil
fertilization

• Biogas production

Bovine Meat
Rice
Dairy and
Cheese

Final packaging

• Disposed of
according to the
regulations of
recycling
collection

• Large presence of
plastic material

• Often dispersed in
the environment
by consumers

• Use of biodegradable and
recyclable packaging

• Use of recycled PET trays

Appendix B

In this section, the Transversal issues were analyzed through various aspects, such as:

• Supply chain: in particular, describing which supply chain they relate to;
• SDGs affected: describing which SDGs they refer to;
• 3 Cs of the Circular Economy For Food: describing which 3 C they pertain to—Capital,

Cyclicality, Coevolution;
• Related issues: describing other transversal problems concerned. In particular, reporting

the content connection between the individual problems.

Table A2. The Transversal issues.

N◦ Transversal
Issues

Supply
Chains

SDGs
Affected

3 Cs of CEFF
Relationship

to Issues

1 Climate Change

 

 

 

  

2—Soil acidification
3—Air pollution

4—Biodiversity loss
5—Exploitation of non-renewable resources for

packaging production
9—Management and treatment of wastewater

from production processes
12—Lack of communication of information or
best practices among the various players in the

same supply chain
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Table A2. Cont.

N◦ Transversal
Issues

Supply
Chains

SDGs
Affected

3 Cs of CEFF
Relationship

to Issues

2 Soil acidification  

 

 
 

1—Climate Change
3—Air pollution

4—Biodiversity loss
8—The lack of attention to animal welfare

9—Management and treatment of wastewater
from production processes

11—The low valorization of organic
waste/subproducts

12—Lack of communication of information or
best practices among the various players in the

same supply chain

3 Air pollution

 

 

 
 

1—Climate Change
2—Soil acidification
4—Biodiversity loss

5—Exploitation of non-renewable resources for
packaging production

6—The end of life of after-consumer packaging
9—Management and treatment of wastewater

from production processes
10—Logistics for the management of

waste/organic by-products
11—The low valorization of organic

waste/subproducts
12—Lack of communication of information or
best practices among the various players in the

same supply chain
13—Individual and little collective effort in
executing and promoting circular initiatives

4 Biodiversity loss

 

 

  

1—Climate Change
2—Soil acidification

3—Air pollution
5—Exploitation of non-renewable resources for

packaging production
8—The lack of attention to animal welfare

12—Lack of communication of information or
best practices among the various players in the

same supply chain
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Table A2. Cont.

N◦ Transversal
Issues

Supply
Chains

SDGs
Affected

3 Cs of CEFF
Relationship

to Issues

5

Exploitation of
non-renewable
resources for

packaging
production

 

 

  

1—Climate Change
3—Air pollution

4—Biodiversity loss
7—The volatility of energy prices

13—Individual and little collective effort in
executing and promoting circular initiatives

6
The end of life of
after-consumer

packaging

 

 

 
 

 

1—Climate Change
3—Air pollution

5—Exploitation of non-renewable resources for
packaging production

7 The volatility of
energy prices

 

 

 
 

Social and
economic
Capital

1—Climate Change
5—Exploitation of non-renewable resources for

packaging production

8
The lack of

attention to animal
welfare

 

 

  

2—Soil acidification
3—Air pollution

4—Biodiversity loss
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Table A2. Cont.

N◦ Transversal
Issues

Supply
Chains

SDGs
Affected

3 Cs of CEFF
Relationship

to Issues

9

Management and
treatment of

wastewater from
production
processes

 
 

 

 

 

 

2—Soil acidification
3—Air pollution

10—Logistics for the management of
waste/organic by-products

11—The low valorization of organic
waste/subproducts

12—Lack of communication of information or
best practices among the various players in the

same supply chain
13—Individual and little collective effort in
executing and promoting circular initiatives

10

Logistics for the
management of
waste/organic

by-products

 

 

  

9—Management and treatment of wastewater
from production processes

11—The low valorization of organic
waste/subproducts

12—Lack of communication of information or
best practices among the various players in the

same supply chain
13—Individual and little collective effort in
executing and promoting circular initiatives

11
The low val-

orization of organic
waste/subproducts

  

 
 

9—Management and treatment of wastewater
from production processes

10—Logistics for the management of
waste/organic by-products

12—Lack of communication of information or
best practices among the various players in the

same supply chain
13—Individual and little collective effort in
executing and promoting circular initiatives

12

Lack of
communication of
information or best

practices among
the various players
in the same supply

chain

 

 

 

 

1—Climate Change
2—Soil acidification

3—Air pollution
4—Biodiversity loss

8—The lack of attention to animal welfare
9—Management and treatment of wastewater

from production processes
10—Logistics for the management of

waste/organic by-products
11—The low valorization of organic

waste/subproducts
13—Individual and little collective effort in
executing and promoting circular initiatives

14—Difficulty of dialogue and confrontation of
companies/innovation poles with regional

institutions
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Table A2. Cont.

N◦ Transversal
Issues

Supply
Chains

SDGs
Affected

3 Cs of CEFF
Relationship

to Issues

13

Individual and
little collective

effort in executing
and promoting

circular initiatives

 

  

5—Exploitation of non-renewable resources for
packaging production

6—The end of life of after-consumer packaging
8—The lack of attention to animal welfare

9—Management and treatment of wastewater
from production processes

10—Logistics for the management of
waste/organic by-products

14

Difficulty of
dialogue and

confrontation of
compa-

nies/innovation
poles with regional

institutions

 

  

9—Management and treatment of wastewater
from production processes

10—Logistics for the management of
waste/organic by-products

11—The low valorization of organic
waste/subproducts

13—Individual and little collective effort in
executing and promoting circular initiatives
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Abstract: This study examines the role of environmental knowledge, perceived consumer effective-
ness, and willingness to sacrifice on travelers’ towel reuse behavior. Additionally, it tests whether
environmental consciousness moderates the effect of environmental knowledge, perceived consumer
effectiveness, willingness to sacrifice, and attitude towards towel reuse on actual towel reuse behav-
ior. The proposed research model was tested using Amazon Mechanical Turk data. Using partial
least square structural equation modelling, we analyzed the hypotheses. The results demonstrate
that environmental knowledge, perceived consumer effectiveness, and willingness to sacrifice have
significant influences on travelers’ towel reuse behavior. Additionally, findings about environmental
consciousness indicate that high levels of environmental consciousness can help bridge the attitude-
behavior gap. To bridge the gap between travelers’ attitude and behavior, managers should develop
communication strategies to raise awareness and a sense of responsibility among them.

Keywords: perceived consumer effectiveness; circular economy; towel reuse; willingness to sacrifice;
environmental consciousness; environmental knowledge

1. Introduction

A significant contribution to global warming is attributed to the hotel industry [1].
About 75% of the negative environmental impacts caused by hotels come from the excessive
consumption of energy and natural resources [2]. One such example could be the release of
pollutants directly into the air, water, and soil, contributing to environmental pollution [2].
However, travelers tend to reflect their concern for the environment in a variety of ways,
one of which might be choosing to stay at a green hotel while traveling [3]. Even though
travelers are becoming more aware of environmental concerns and having a positive
attitude toward reusing towels during their hotel stays, their actions do not reflect these
attitudes [4]. This results into an attitude-behavior gap [5], causing researchers to focus on
this concern.

This research responds to the call by examining how individual and contextual factors
such as perceived effectiveness, environmental knowledge, and willingness to sacrifice
are related to travelers’ intention to reuse towels. Notably, towel reuse is a part of the
circular economy, as it reduces waste generation by reusing products [6]. We thus argue
that understanding travelers’ towel reuse behavior would not only aid in bridging the gap
between their attitude and behavior, but would also help in achieving sustainability at
hotels through the concept of circular economy. Although the circular economy literature
indicates that consumers’ willingness to sacrifice is studied [7], but not in the context
of towel reuse programs. Since ‘willingness to sacrifice’ is a key indicator of travelers’
attitude and actual behavior [8], we decided to include it as a driver of attitude and towel
reuse behavior.
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According to the current literature, the research on the towel reuse program or circular
economy has grown considerably in developed nations, while in developing nations
such as India, consumer awareness of environmental protection has seen a slow growth.
Interesting to note that Indians place a high value on the environment, which results in
them having a positive outlook toward environmental safety [9]. Further, the hospitality
industry contributes approximately 5% to 7% [3] of India’s GDP, providing a significant
growth opportunity. As a result, we chose India as the context for our study.

In light of the above discussion, this study seeks to answer the following
research questions:

(RQ1) Do contextual factors (perceived consumer effectiveness, and willingness to sacrifice)
influence travelers’ attitude and their behavior?
(RQ2) How does environmental knowledge influence travelers’ attitude and their behavior?
(RQ3) What role does environmental consciousness play in bridging the attitude-behavior gap?

Using the attitude-behavior-contextual (ABC) theory [10] and knowledge-attitude-
behavior (KAB) model [11], this study aims to answer the above-mentioned research
questions. Due to the fact that both theoretical frameworks (i.e., ABC and KAB) discuss
disparity between attitude and behavior, both are relevant to this study. Since attitude
does not always translate into behavior, additional factors are required to bridge the most
debatable gap. To answer our research questions and support the translation of attitude
into behavior, we rely on environmental knowledge, perceived consumer effectiveness,
willingness to sacrifice, and environmental consciousness.

Academicians and practitioners can gain three significant insights from our study.
First of all, this is the first study to integrate both KAB and ABC theory in the context of
circular economy. Secondly, ours is the first study to consider willingness to sacrifice as a
significant factor in the circular economy context. Third, since the towel reuse program is
a major factor in achieving sustainability, managers can adopt this program and use our
findings to bridge the gap between travelers’ attitude and behavior.

Further, the study offers a brief overview of circular economy and towel reuse pro-
grams. This was followed by the development of a research model. Sections 3 and 4 present
the adopted methodology and the analysis of the data collected. In Section 5, the findings
are discussed in light of existing literature. Lastly, Section 6 discusses conclusions and
limitations, as well as future directions.

2. Materials

2.1. Circular Economy

Of late, the concept of circular economy is becoming more popular as a way to achieve
sustainability. In essence, circular economy focuses on minimizing wastage of natural
resources, leading to sustainability. While, due to the rise of sustainability issues, the
circular economy is being considered by policy makers in a more critical manner [12], yet
there are still questions about an acceptable definition of circular economy [6]. Previously,
Ellen MacArthur Foundation [13] defined circular economy as “an industrial system that
is restorative or regenerative by intention and design. It replaces the end-of-life concept
with restoration, shifts towards the use of renewable energy, eliminates the use of toxic
chemicals, which impair reuse, and aims for the elimination of waste through the superior
design of materials, products, systems, and, within this, business models”. Moreover,
Kirchherr et al. [14] have analyzed over 100 definitions of circular economy in order to
create a comprehensive definition and proposed it as an economic system that replaces the
“end-of life” concept with reducing, alternatively reusing, recycling, and recovering mate-
rials in production/distribution and consumption processes”. The above two definitions
highlight that circular economy focuses on ‘zero waste and emission’ and ‘design to reduce
the waste’. Lastly, the most acceptable definition of circular economy is given by European
Commission [15] as “an economic system that keep the added value in products for as long
as possible and eliminate waste”. Despite the diverse definitions and divergent approaches
to circular economy, academic research has been able to produce an impressive number of
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studies. While there are numerous studies examining circular economy in the hospitality
industry, there are none that investigate how circular economy is manifested in towel reuse
behaviors (see Table 1). Therefore, this study is the first to investigate role of towel reuse
program in achieving sustainability.

Table 1. Circular economy and hospitality.

Authors Method Study Focus

Rodríguez-Antón and Mar
Alonso-Almeida [16]

The qualitative
multicase

Circular economy in
hospitality industry

Jones and Wynn [17] Review study
Role of resilience and natural capital

in circular economy in
hospitality domain.

Khodaiji and Christopoulou
[18] Case Study Circular economy’s role in achieving

sustainability in hospitality industry

Sorin and Sivarajah [19] Interviews Circular economy in hotels’
supply chain.

Manniche et al. [20] Review study Circular economy in
hospitality industry

van Keulen and Kirchherr [21] Interviews Barriers and enablers of circular
economy in hospitality industry

Khan et al. [22] Survey Circular economy in
hospitality industry

Aguilar et al. [23] Review study
Role of quality of life and

work-life balance in circular economy
in hospitality industry

Vecchio et al. [24] Interviews Circular economy in
hospitality industry

Note: The list includes articles published only in journals that are indexed either in the Australian Business Dean
Council journal quality list or Web of Science.

2.2. Knowledge-Attitude-Behavior Model

KAB model was proposed by Kallgren and Woods [11] to study the influence of
consumer knowledge on attitude and behavior. According to the theory, consumers develop
an attitude based on knowledge, either a positive one or a negative one, in order to behave
in the way they desire. The current study adopts KAB model since; (1) this theory has been
applied to discover sustainable consumption patterns behavior. For example, Dhir et al. [25]
and Taufique et al. [26] examined the role of environmental knowledge in the development
of attitude and consumption behavior; (2) it helps in examining the knowledge-behavior
gap and the attitude-behavior gap, which are significant barriers for achieving sustainability
behavior [25].

2.3. Attitude-Behavior-Context Theory

ABC theory was put forth by Guagnano et al. [10] to study the most debatable gap,
namely the attitude-behavior gap. ABC theory states that consumer behavior is an out-
come of attitude and contextual factors. Further, scholars such as Dhir et al. [25] and
Zhang et al. [27] suggest that a consumer acts in a specific way to obtain a certain outcome
behavior. The manifestation of such behavior requires consumers to develop a positive
attitude toward it, combined with the significant influence of contextual factors [27]. By
increasing the predictability of consumers’ behavior in a given situation, such contextual
factors increase the uniqueness of a given situation [28]. Hence, we adopted the ABC theory
in this study. The reasons are three-fold (1) ABC theory has been used to investigate the
influence of environmental attitudes on target behavior in the past [29], (2) Researchers
use the ABC theory to understand the gap between attitude and behavior [25], (3) Lastly,
this theory has third constituent as a contextual factor, which is significantly related to
consumers’ decision making [30].
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3. Model and Hypotheses Development

3.1. Attitude towards Towel Reuse and Towel Reuse Behavior

Previously, many scholars in the area of environmental sustainability claim that at-
titude is among the strongest predictors of actual behavior [25,26,31]. In the case of the
towel reuse program, attitude is a significant and strong predictor of behavior [32], while
Budovska et al. [5] observed a weak relationship between attitude and behavior. Inferring
that attitude may not always results in towel reuse behavior. We therefore examined the
relationship between attitude and behavior in order to explain the paradoxical observation
of the attitude-behavior gap. Therefore, we anticipate the following.

Hypothesis 1 (H1). Attitude towards towel reuse has a significant influence on towel reuse behavior.

3.2. Environmental Knowledge, Attitude towards Towel Reuse, and Towel Reuse Behavior

Environmental knowledge refers to “an individual’s general knowledge of facts, con-
cepts and relationships related to environmental protection and its major ecosystems” [4]
(p. 69). Extant research on environmental sustainability highlights that mapping environ-
mental knowledge is important as it helps to understand the ‘sustainability movement’ of
any country [33]. Further, as travelers become more aware of sustainability issues, their
attitude towards sustainability issues changes as well. For example, Taufique et al. [26]
observed that environmental knowledge develops a positive attitude towards sustainability.
On the contrary, Dhir et al. [25] and Han et al. [32] suggests that environmental knowledge
may not always lead to a positive attitude in behavior and hence, there exists a knowledge-
attitude-behavior gap. Yet, scholars such as Teng, Lu, and Huang [34], Wang et al. [35]
suggest that increasing environmental literacy leads to changes in behavior. Accordingly,
we argue that knowledge motivates travelers to adopt a positive attitude toward towel
reuse and adoption. Thus, we hypothesize.

Hypothesis 2 (H2). Environmental knowledge has a positive influence on attitude towards
towels reuse.

Hypothesis 3 (H3). Environmental knowledge has a positive influence on towel reuse behavior.

3.3. Perceived Consumer Effectiveness, Attitude towards Towel Reuse and Towel Reuse Behavior

Perceived consumer effectiveness refers to “as the degree of the consumers’ domain-
specific self-belief that they will be able to solve the problem at hand” [36] (p. 3593). In a
situation where consumers believe their actions could significantly impact the outcome,
they are more likely to take steps towards making a positive difference [37]. Indeed,
prior research highlights that consumers with positive perceptions of their effectiveness
in resolving sustainability issues are more likely to develop positive attitude [9,38]. Simi-
larly, Dhir et al. [36] noted that consumers with high perceived consumer effectiveness in
sustainable consumption were more likely to adopt sustainable consumption to address
sustainability issues. In accordance with the existing literature, this study assumes that trav-
elers with a high perception of consumer effectiveness are more likely to express positive
attitudes about towel reuse and actual towel reuse behavior. Thus, we hypothesize.

Hypothesis 4 (H4). Perceived consumer effectiveness has a positive influence on attitude towards
towels reuse.

Hypothesis 5 (H5). Perceived consumer effectiveness has a positive influence on towel reuse behavior.
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3.4. Willingness to Sacrifice and Towel Reuse Behavior

Researchers have found that willingness to sacrifice is an important determinant of
travelers’ decision making [39]. Travelers who are committed to creating a sustainable
world are willing to make sacrifices to reach that goal [40]. Such ‘sacrifice’ is defined as
“the degree to which one’s behavior prioritises the benefit of the environment despite the
expense/loss of his/her immediate costs, self-interest, and time/effort” [41] (p. 2121). If
travelers show a strong desire to solve sustainability issues, they are more likely to pay
premium or step outside of their comfort zone to protect the planet [42]. For example,
Burhanudin and Unnithan [43] found that travelers who were willing to sacrifice did so in
an environmentally-friendly manner behavior. Indeed, in case of towel reuse, travelers who
have strong willingness to sacrifice are more likely to perform action. Thus, we hypothesize.

Hypothesis 6 (H6). Willingness to sacrifice has a positive influence on towel reuse behavior.

3.5. Indirect Effect through Attitude towards Towel Reuse

Attitude towards towel reuse refers to as “the degree of favourable or unfavourable pre-
disposition a person has to respond to a behavior in question (in our case towel reuse)” [5]
(p. 107). Attitude is considered as an important factor that drives travelers’ actual behavior,
yet the literature on sustainability issues remedy program such as the attitude-behavior
gap exists [5,32]. By examining the indirect effect of travelers’ attitude on the relationship
of towel reuse behavior with environmental knowledge and consumer perceptions, the
authors argue that the gap between attitude and actual behavior can be better understood.
The KAB theoretical framework proposed by Kallgren and Woods [11] postulates attitude
as the mediating influence between knowledge and behavior. This has been tested in
literature related to sustainability. For example, Dhir et al. [25] determined that knowl-
edge significantly influences the development of attitudes, which lead to the purchase of
green apparel. Similarly, Taufique et al. [26] argued that individuals with a high level of
knowledge about the environmental issues are likely to perform sustainable behavior. The
possible justification is derived from the Kargren and Woods [11] model that environmental
knowledge leads to sustainable behavior as knowledge nurtures a positive attitude, which
is then translated into actual behavior. Therefore, we argue that environmental knowledge
indirectly influences towel reuse programs through attitude. Hence, we hypothesize.

Hypothesis 7a (H7a). Attitude towards towel reuse significantly mediates the association of
environmental knowledge with towel reuse program.

Research on perceived consumer effectiveness in sustainability has been well docu-
mented [9,37]. It is considered as one of the significant factors that derive actual sustainable
behavior [38]. We argue that travelers with high perceived consumer effectiveness would
adopt sustainable behavior such as towel reuse behavior because travelers’ effectiveness to
solve sustainability issues lead to development of their attitude towards remedy action,
which in turn results in towel reuse behavior. Therefore, we hypothesize.

Hypothesis 7b (H7b). Attitude towards towel reuse significantly mediates the association of
perceived consumer effectiveness with towel reuse program.

3.6. The Moderating Effect of Environmental Consciousness

Environmental consciousness refers to as “an element of the belief system that de-
notes to specific psychological influences related to individuals’ propensity to join pro-
environmental behaviors” [44] (p. 200). Policy makers suggest that measuring a country’s
environmental consciousness is relevant for understanding that country’s ‘sustainability
activities’ [45]. One of the major factors that affect consumers’ sustainable consumption
decisions is their environmental consciousness [46]. As a result, travelers who are aware

121



Sustainability 2022, 14, 6155

of environmental issues are more likely to adopt sustainable behavior to mitigate the
effects [47].

Further, extant research on sustainability suggests that environmental consciousness
has been studied as one of the significant predictors of sustainable behavior [45,46]; while
some researchers have considered it as a moderator on the relationship of sustainable behav-
ior with its drivers [48,49]. Interestingly, Kautish et al. [48] claimed that individuals having
high environmental consciousness are more likely to increase the conversion of perceived
consumer effectiveness into actual behavior, towel reuse behavior in our case. Similarly,
rise in environmental consciousness among travelers results into rise in awareness about
environmental/sustainability issues [50], resulting into adoption of sustainable behav-
ior [26]. In the same vein, according to Kautish et al. [48] travelers with high environmental
consciousness are likely to be more willing to contribute to preserving the environment or
sacrifice for it, which results into higher chances of sustainable behavior adoption. Further,
travelers exhibiting strong attitude towards towel reuse are less likely to go for towel reuse
behavior [5], reflecting a disparity between attitude and actual behavior. Therefore, extant
literature [45,51] suggests that high environmental consciousness among travelers develop
positive attitude towards sustainability, which in turn leads to adoption of sustainable
behavior. Therefore, we assume that environmental consciousness is significantly bridge
the attitude-behavior gap. Thus, we hypothesize.

Hypothesis 8a (H8a). Environmental consciousness positively moderates the association of
environmental knowledge with towel reuse behavior.

Hypothesis 8b (H8b). Environmental consciousness positively moderates the association of
perceived consumer effectiveness with towel reuse behavior.

Hypothesis 8c (H8c). Environmental consciousness positively moderates the association of will-
ingness to sacrifice with towel reuse behavior.

Hypothesis 8d (H8d). Environmental consciousness positively moderates the association of
attitude towards towel reuse with towel reuse behavior.

As a result of the foregoing arguments, we developed a conceptual model (see Figure 1).

 

Figure 1. Conceptual model.
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4. Methods

4.1. Measure

This research aims at understanding the role of environmental knowledge, perceived
consumer effectiveness, willingness to sacrifice, and environmental consciousness in adop-
tion of towel reuse behavior. As part of our research, we developed a questionnaire
containing 20 items to test our hypotheses. All the items were measured on a 5-point Likert
scale. To measure attitude towards towel reuse, we used the 5-items scale of Budovska
et al. [5]. The sample items were “For me, reusing a towel at a hotel when travelling is—(a)
Extremely undesirable (1)/Extremely desirable (5); (b) Extremely unpleasant (1)/Extremely
pleasant (5); (c) Extremely unfavorable (1)/Extremely favorable (5)”. Three items were
adapted from Wang et al. [38] and Sadiq et al. [33] to measure perceived consumer effective-
ness (“An individual’s behavior has a positive impact on society if he/she reuses towels
during hotel stay”) and environmental knowledge (“Reusing towels is a substantial way
to reduce wasteful use of natural resources”; “Reusing towels is a great way to conserve
natural resources”), respectively. To measure willingness to sacrifice, we adopted the two-
items scale from Han et al. [41]. The items were “Even when it is inconvenient to me, I am
willing to reuse towel as I think it is best for the environment”; “I am willing to reuse towel
for the environment, even if I’m not thanked for my efforts”. Similarly, four items [38]
were used to measure environmental consciousness (“I am extremely worried about the
situation of the world’s environment and what it will mean for my future”; “Mankind is
severely abusing the environment”). Lastly, we adapted the 3-items (“I feel that I have
played a great part in helping the environment when I reuse towel during my hotel stay”;
“I feel more comfortable when I use fresh towels rather than reuse the same towel during
my hotel stay”) to measure towel reuse behavior from Kautish et al. [48].

4.2. Data Collection

The sample size for this study was calculated based on the recommendation of Hair
et al. [52], sample size should be ten to fifteen times of latent variables that are there
in the research model i.e., 15 × 20 = 300. In addition, extant literature on sustainable
behavior in India highlights that studies with sample size in between 200 to 500 [29,53,54]
provide reliable and valid results. Therefore, this research made available the questionnaire
on M-Turk on 21 January 2022 for 350 respondents. We have terminated the survey on
24 January 2022 after receiving 350 responses. We have selected MTurk because it is known
for providing reliable and valid data with a few errors [55]. Yet, we have taken precautions
to reduce the probability of getting unreliable data. For this, the current study has set three
inclusion criteria: (1) Screening question: Do you have any recent experience (six months)
with hotels that offer towel reuse programs? (2) only those respondents can take part in
the survey who has an acceptance rate of 98% or above; and (3) respondents should be a
resident of India.

Of 350 respondents, 203 (58%) were male and 147 (42%) were female. Majority of the
respondents (70.8%) hold graduation degree and are single (67.4%). Approximately half
(51.1%) of the respondents belong to income group of 100,000 INR or above.

4.3. Statistical Tools

To test our research model, we have used Partial Least Square based Structural Equa-
tion Modelling in ADANCO software. Further to test the moderation effect, we have used
process macro for SPSS.

4.4. Common Method Bias

In social science research, common method bias is a major problem [36]. Therefore, to
tackle the CMB problem, we have taken three steps. First, to test respondents’ attention, we
have reversed a few items in the questionnaire and informed them that there is no right and
wrong answer. Second, we check CMB of the collected data through Harman’s single factor
test. According to the result, 28.3% of variance was attributed to a single factor, which
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is within the threshold limit of 50%. Hence, it confirms that there exist no CMB problem
in the data. Lastly, to re-confirm the absence of CMB problem in our data, we have used
Marker Variable Test. The result re-confirms that our data is free from any CMB issue.

5. Results

To test the research model, we have adopted two-step structural equation modelling.
The first step is to test the reliability and validity of the research model. Next, is to assess
the hypotheses. The study tested the validity, reliability, and model fitness of the proposed
research model. Henseler [56] suggested three criteria to test model fitness; “unweighted
least squares discrepancy (dULS)”; “geodesic discrepancy (dG)”; and “standardized root
mean square residual (SRMR)” (p. 2223). All these values should be lower than threshold
values i.e., HI99 [56]. According to the results (see Table 2), the values obtained for three
criteria are below the threshold levels, which is suggestive of good fit for the proposed
research model.

Table 2. Model fit.

SRMR dULS dG

Observed values 0.057 0.738 0.416
HI95 0.061 0.791 0.483
HI99 0.072 0.949 0.617

Further, our research model has also been tested for reliability and validity. “Cron-
bach’s alpha” (α) and “Joreskog’s rho” (ρ) were used to determine the reliability. Similarly,
convergent and discriminant validity of the research model was tested through average
variance extracted (AVE) and “Heterotrait–Monotrait Ratio of Correlation” (HTMT). The
findings reveal that the research model is reliable as value of α and ρ are higher than the
minimum cut-off value of 0.70 for each employed variable (see Table 3).

Table 3. Measurement model results.

Variable Item Code λ AVE α ρ

Perceived consumer effectiveness
PCE2 0.82 0.65 0.81 0.79
PCE3 0.79

Environmental knowledge
EK1 0.83 0.72 0.89 0.88
EK2 0.87
EK3 0.84

Willingness to sacrifice WtS1 0.71 0.54 0.88 0.86
WtS2 0.76

Attitude towards towel reuse

A1 0.78 0.60 0.91 0.88
A2 0.71
A3 0.83
A4 0.81
A5 0.75

Towel reuse behavior
TRB1 0.84 0.64 0.85 0.84
TRB2 0.77
TRB3 0.79

Key: λ = factor loadings; AVE = average variance extracted; α = Cronbach’s alpha; ρ = Joreskog’s rho.

Additionally, the AVE value for each variable exceeds the threshold of 0.50, hence,
convergent validity of the research model is ascertained. Similarly, values of all variables in
the HTMT analysis are less than 0.90, indicating discriminant validity (see Table 4).
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Table 4. HTMT analysis.

PCE EK WtS A TRB

PCE 1
EK 0.51 1

WtS 0.58 0.64 1
A 0.45 0.67 0.48 1

TRB 0.37 0.51 0.53 0.31 1

5.1. Hypotheses Testing

Results indicate that attitude influences towel reuse behavior both significantly but
weakly (β = 0.21, p < 0.05; f2 = 0.11), therefore, H1 was supported (see Figure 2).

 

Figure 2. Structural model. * p < 0.5; ** p < 0.01; *** p < 0.001.

Further, environmental knowledge influences attitude both significantly and moder-
ately (β = 0.43, p < 0.001; f2 = 0.32) and towel reuse behavior (β = 0.37, p < 0.001; f2 = 0.18).
Therefore, H2 and H3 were supported. Perceived consumer effectiveness significantly
and moderately influences travelers’ attitude towards towel reuse (β = 0.39, p < 0.001;
f2 = 0.17). Similarly, perceived consumer effectiveness significantly but weakly influences
towel reuse behavior (β = 0.28 p < 0.01; f2= 0.12). Therefore, H4 and H5 were supported.
Lastly, willingness to sacrifice significantly and moderately associated with towel reuse
behavior (β = 0.36 p < 0.001; f2 = 0.24), therefore, H6 was supported. Table 5 shows that all
the direct hypotheses were supported.

Table 5. Direct hypotheses results.

Hypothesis Path β Supported?

H1 A → TRB 0.21 * Yes

H2 EK → A 0.43 *** Yes

H3 EK → TRB 0.37 *** Yes

H4 PCE → A 0.39 *** Yes

H5 PCE → TRB 0.28 ** Yes

H6 WtS → TRB 0.36 *** Yes

R2 value of Attitude towards towel reuse = 41.3%. R2 value of Towel reuse behavior = 44.7%. * p < 0.5; ** p < 0.01;
*** p < 0.001.
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Next, we tested the indirect effects of environmental knowledge (H7a) and perceived
consumer effectiveness (H7b) on towel reuse behavior through attitude towards towel
reuse. Table 6 shows that H7a and H7b were supported as the values between ULCI and
LLCI do not have zero. In addition, attitude has a partial mediating effect as direct links of
towel reuse behavior with perceived consumer effectiveness and environmental knowledge
remained significant.

Table 6. Results of Indirect effect.

Hypothesised Pathway β ULCI LLCI Mediation Type

EK → A → TRB (H7a) 0.09 * 0.194 0.073 Partial
PCE → A → TRB (H7b) 0.08 * 0.158 0.062 Partial

* p < 0.5.

5.2. Moderating Analysis

We test the hypotheses related to moderation effect of environmental consciousness
using the ‘Model 1’ in process macro. Table 7 shows that environmental consciousness
significantly and positively moderates the relationship of towel reuse behavior with en-
vironmental knowledge, perceived consumer effectiveness, willingness to sacrifice, and
attitude towards towel reuse. Thus, H8a, H8b, H8c, and H8d were supported. For a
graphical view, see Figures 3–6.

Table 7. Moderation result.

Moderator: Environmental Consciousness

Path β ULCI LLCI Moderation

EK → TRB 0.13 ** 0.473 0.097 Yes

PCE → TRB 0.05 * 0.118 0.039 Yes

WtS → TRB 0.11 ** 0.419 0.086 Yes

A → TRB 0.07 * 0.184 0.091 Yes
* p < 0.5; ** p < 0.01.

 

Figure 3. The relationship between environmental knowledge (EK) and towel reuse behavior (TRB)
is significantly moderated by environmental consciousness (EC).
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Figure 4. The relationship between perceived consumer effectiveness (PCE) and towel reuse behavior
(TRB) is significantly moderated by environmental consciousness (EC).

 

Figure 5. The relationship between willingness to sacrifice (WtS) and towel reuse behavior (TRB) is
significantly moderated by environmental consciousness (EC).

 

Figure 6. The relationship between attitude towards towel reuse (A) and towel reuse behavior (TRB)
is significantly moderated by environmental consciousness (EC).
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6. Discussion

The aim of this research was to examine the influence of environmental knowledge,
perceived consumer effectiveness, willingness to sacrifice, and environmental consciousness
on the development of travelers’ attitude and towel reuse behavior. For this, we have
proposed six direct, two indirect, and four moderating hypotheses using the theoretical
lens of KAB model and ABC theory.

The study supports H1, wherein it was claimed that attitude towards towel reuse
has a significant and positive influence on towel reuse behavior. This finding is in line
with the observation of Budovska et al. [5] and Cvelbar, Grün, and Dolnicar [57]. Further,
our finding of H1 also supports the existence of attitude-behavior gap as the influence of
attitude on actual behavior is weak (f2 = 0.11). The possible reason is that travelers are
health conscious, which leads them to avoid reusing the same towel multiple times. In
addition, health consciousness among travelers might have increased due to COVID-19 [31].
Further, lack of internal locus of control to perform certain actions is another possible reason
for attitude-behavior gap. For example, Trivedi et al. [58] suggests that individuals who
exhibit no interest in accomplishing the task because they are low on internal locus of
control, result into creating attitude-behavior gap.

Our study extends support to H2 and H3 that state environmental knowledge has
a significant and positive association with attitude towards towel reuse and towel reuse
behavior. These findings are in line with Dhir et al. [25], and Yadav and Pathak [51].
In their research, they have found that individuals with high environmental knowledge
have a strong attitude, resulting in actual environmental-friendly behavior. These findings
imply that travelers have awareness about the towel reuse program and its capability to
resolve sustainability issues. These relationships offer a significant implication, which is
that environmental knowledge can help in bridging the disparity between attitude and
behavior. Similarly, H4 and H5 were supported in our research, wherein we argue that
perceived consumer effectiveness has a positive and significant relationship with attitude
and towel reuse behavior. These findings concur with Jaiswal and Kant [9], Taufique and
Vaithianathan [59], and Wang et al. [38], while H5 contradicts with the observation of Dhir
et al. [36]. The possible justification of H4 and H5 is that sustainable behavior is considered
to be more driven by internally controlled factors such as traveler’s effectiveness rather
than effectiveness of a group [60]. Therefore, travelers with high perceived consumer
effectiveness tend to have a positive attitude towards saving the environment, resulting
in adoption of towel reuse behavior. In addition, our study established that willingness
to sacrifice has a positive and significant association with towel reuse behavior (H6). This
finding is in line with Burhanudin and Unnithan [43] and Rahman and Reynolds [40], while
contradicts those of Han et al. [41]. This finding implies that travelers are ready to willingly
sacrifice the luxury of using a new towel every day. Therefore, such travelers are ready to
exhibit towel reuse behavior during their hotel stay.

We further tested the mediating effect of attitude towards towel reuse between the
association of towel reuse behavior with environmental knowledge (H7a) and perceived
consumer effectiveness (H7b). The hypotheses H7a and H7b are partially supported as
the direct relationship is significant in both the cases. The finding of H7a is in line with
Taufique et al. [26], wherein it was found that knowledge about sustainability issues leads
to the development of a positive attitude and actual behavior. The possible justification is
taken from the knowledge-attitude-behavior model [11], i.e., travelers with high environ-
mental knowledge tend to have a strong and positive attitude towards towel reuse, which
in turn results into towel reuse behavior. Similarly, the finding of H7b is in line with Wang
et al. [38], wherein travelers with high perceived consumer effectiveness exhibit strong atti-
tude and likelihood of performing behavior. This finding implies that travelers with high
perceived consumer effectiveness (i.e., they believe that their efficacy to solve the problem)
tend to have a strong and positive attitude, resulting in actual towel reuse behavior.

Next, we tested the moderation effect of environmental consciousness between the
association of towel reuse behavior with environmental knowledge (H8a), perceived con-
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sumer effectiveness (H8b), willingness to sacrifice (H8c), and attitude towards towel reuse
(H8d). All the hypotheses were supported in the current study. To the best of our knowl-
edge, it is the first study to examine the moderating influence of environmental conscious-
ness between the relationship of towel reuse behavior with environmental knowledge and
attitude towards towel reuse. Therefore, we cannot correlate our findings with the extant
literature on sustainability.

6.1. Implications

Our study offers significant theoretical implications that contribute to the literature
on towel reuse programs and the circular economy. First, there are numerous research
studies that have used KAB and ABC in general green consumer behavior literature (for
e.g., see [17,29]), but no study has proposed a comprehensive research model of towel reuse
by merging KAB and ABC theory in the circular economy literature. Second, after a critical
review of sustainable tourism literature, we have found that willingness to sacrifice has
been studied in a few studies (see, [40,41,43]), while no study has used it in the circular
economy literature. Further, Rahman and Reynolds [40] suggest that travelers’ willingness
to sacrifice is one of the significant factors to achieve sustainability in the tourism and
hospitality industry. Therefore, our study extends the circular economy literature by
examining the role of willingness to sacrifice. Lastly, we have responded to the call of
Budvsko et al. [5] to conduct empirical research to bridge the attitude-behavior gap. For
this, we have examined the moderating role of environmental consciousness between the
attitude and behavior. Our results suggest that environmental consciousness significantly
bridges the attitude-behavior gap. Further, to the best of our knowledge, this study is
the first to examine the moderating role of environmental consciousness to bridge the
attitude-behavior gap in the sustainability/circular economy literature.

Besides the theoretical, our study also offers significant implications for managers.
First, the current research shows that knowledge about sustainability issues stimulates the
development of a positive and strong attitude, which results in towel reuse behavior. This
highlights that increasing environmental knowledge leads to increased adoption of sustain-
able behavior. In the light of this finding, we suggest managers draft policies to bridge the
attitude-behavior gap. They should aim at disseminating environmental knowledge. For
this, managers can use social media platforms to teach travelers about sustainability issues.
Second, this study reveals that travelers’ efficacy to solve the sustainability problem leads
to development of a positive attitude, resulting in actual tower reuse behavior. This reflects
that increasing travelers’ perception about effectiveness of their action helps in reducing the
disparity between attitude and behavior. Therefore, we suggest managers to draft policies
to enhance perceived consumer effectiveness to bridge the attitude-behavior gap. Further,
managers should also communicate the societal and community responsibility to boost up
the sense of their responsibility towards solving the sustainability issues. Third, our study
shows that willingness to sacrifice significantly influence the towel reuse behavior. This
indicates that increasing the sense of sacrifice among travelers results in higher adoption of
towel reuse behavior. We suggest managers do effective marketing strategies to develop
a sense of willingness to sacrifice for the environment among travelers. Lastly, our study
reflects that environmental consciousness plays an important role in bridging the attitude-
behavior gap. Therefore, we suggest managers to create concern among travelers they can
develop communication strategies to highlight the initiatives that they have taken to solve
the sustainability issues. Additionally, they can also communicate that if individuals do
not participate in solving sustainability issues, it will affect the sustainability of the planet.

6.2. Limitations and Future Research Avenues

The current study has a few limitations and offers some important future avenues
for researchers. First, we have collected the data using a ‘single cross-sectional approach’
which may restrict the generalisability of our findings as consumer behavior changes with
time. Therefore, future academicians are suggested to conduct longitudinal research to
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better gauge the towel reuse behavior. Second, our stdy was conducted in India, which has
a different culture in comparison to ASEAN nations and western world such as Vietnam,
and the USA. This may restrict the generalisability of our findings to other nations with
different cultural setups. Therefore, we suggest future researchers should replicate our
research model in different cultural systems. Third, we suggest future scholars to extend
our research model by considering other contextual factors such as price sensitivity, and
environmental commitment that may help in bridging the attitude-behavior gap in circular
economy literature. Lastly, Mturk as a method of collecting data raises a number of concerns,
so future researchers should seek to collect data through more traditional methods, such as
conducting field surveys.
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Abstract: To facilitate the adoption of the circular economy (CE) in the architecture, engineering and
construction (AEC) sector, some authors have demonstrated the potential of recent designs that take
into account the sustainable management of an asset’s end-of-life (EOL), providing an alternative to
the dominant designs that end with demolition. However, there is no review of the literature that
encompasses a large range of sustainable designs in the current CE context. This paper provides
a critical review of journal papers that deal with the barriers to implementing sustainable designs
and approaches to the EOL management of assets that have the potential to fulfil the principles of
the CE. Eighteen approaches related to prefabrication, design for change, design for deconstruction,
reverse logistics, waste management and closed-loop systems were found. Through an analysis
of the barriers that are common among these 18 approaches, we classified them into six different
categories (organisational, economical, technical, social, political and environmental). Two Sankey
diagrams illustrate the interrelation between the barriers, their categories and the 18 approaches. The
diagrams clearly show that most of the barriers are common to multiple approaches and that most
of the barriers relate to organisational concerns. The study gives a detailed map of the barriers that
would help stakeholders from the AEC sector develop strategies to overcome the current obstacles in
the shift to a CE.

Keywords: sustainable asset lifecycle; circular economy; design for deconstruction; barriers; sustainable
approach; critical literature review

1. Introduction

Since the 1973 oil embargo, the architecture, engineering and construction (AEC)
sector has had to reduce the energy it uses through various active and passive measures,
including increasing the insulation of buildings [1,2]. To reduce heat loss from the enve-
lope, builders add insulation to the full perimeter of buildings at the cost of consuming
more primary resources to produce insulation materials. Similar processes occur with
double/triple glazing or building-integrated photovoltaics, resulting in more pressure
on building component production and its corollary consumption of natural resources.
Inevitably, stakeholders in this sector have to tackle various related challenges, including
the scarcity of raw material resources and the production of megatonnes of waste [3].

Waste is generated throughout the lifecycle of an asset. However, the end-of-life (EOL)
phase of assets is the least sustainable phase, given the amount of waste generated by
the demolition process. Demolition is responsible for 50% of all waste produced by the
AEC sector worldwide [4]. In the UK, 30% of the total waste sent to landfills comes from
the demolition of buildings, costing GBP 200 million annually [5]. That is why the EOL
management of assets and the construction and demolition waste (CDW) that is often

Sustainability 2021, 13, 12989. https://doi.org/10.3390/su132312989 https://www.mdpi.com/journal/sustainability
133



Sustainability 2021, 13, 12989

produced at this stage are of increasing interest to academic researchers [6], who seek to
shift the sector into a new paradigm with the advent of the circular economy (CE) [7].
Recently, the Ellen MacArthur Foundation [8] has contributed to the shift from the linear
system to the CE for the manufacturing industry [9,10]. As an example, at the European
Union level, the CE implementation action plan was initiated in 2015 [11]. After five years
of implementation in the industry, some authors have noticed some shortcomings. First,
recycling has been developed most substantially [11], despite the fact that it is the worst
option on the scale of the “10Rs”, just before the “R” of “Recover” [12]. Secondly, EU
policies focus on “end of pipe” solutions without addressing “the many socio-ecological
implications of a circularity transition” [13].

In the specific case of the AEC sector, the linear approach is the dominant method
in the “design for construction”, with the EOL managed by demolition [14]. There is no
consensus on a definition of the circularity of a building. The reason might be due to a
lack of familiarity with what the notion of the CE means for the AEC sector compared
with the manufacturing industry. Moreover, the nature of a building is very different
from a given manufactured product, in terms of its use and fabrication process. Indeed,
in the construction industry, each owner (private, public or company) wishes to have
a bespoke building and not a standard one. Moreover, the management of a building
from its construction phase to its demolition involves a wide range of stakeholders with
different skills and stakes, as illustrated by some authors [15]. Lastly, the timescale of the
different phases of a building’s lifecycle varies drastically and is considerably long during
its operation (typically lasting a minimum of 30 years).

Although the implementation of the CE in the AEC sector is relatively new [16],
some authors have already studied alternative approaches that have the potential to
fulfil the CE requirements. For example, Ghisellini et al. [17] have linked sustainable
buildings and cleaner production to the CE. Some authors have associated the design
for deconstruction (DfD) approach to the CE [18], whereas this concept of design for
X is already developed in other sectors of the industry [19]. Another example is the
extensive focus on resource use and CDW management (e.g., [20]) at the expense of
the investigation into alternative approaches, such as supply chain integration, building
designs, offsite manufacturing, among others [21]. Moreover, as the AEC sector is currently
experiencing the digital revolution (mainly through building information modelling, or
BIM), some authors have developed specific BIM uses for overcoming the barriers to
the adoption of a CE [22]. However, this research area is still in its infancy, and as such,
it faces a lack of common understanding which leads to the inconsistent application
of terminologies, especially among architects and contractors [23]. More recently, in
response to the lack of consensus and to clarify the processes along the asset lifecycle,
some authors have developed a classification of the current alternative design approaches
that have the potential to fulfil the CE requirements [24]. This classification clarifies
and illustrates the current diversity of existing alternative approaches with five central
categories (prefabrication, design for change, design for deconstruction, reverse logistics,
and closed-loop systems). Although this current research has fueled the quest for clarity,
there are still no studies that provide an overview of the barriers facing sustainable design
approaches. Indeed, studies found in the literature typically explore barriers associated
with a particular sustainable approach, such as the implementation of reverse logistics [25],
construction waste reduction, reuse and recycling [26], among others. More recently, the
impediments associated with the CE approach are at the centre of the concerns of some
authors [27]. However, none of these studies have targeted the overall view of the barriers
associated with sustainable approaches, as defined by [24].

This article aims to analyse the barriers found in the literature that are preventing the
AEC sector from shifting to a CE. To fulfil this aim, the following objectives are defined:

1. To extract from journal papers the barriers to the implementation of approaches re-
lated to prefabrication, design for change, design for deconstruction, reverse logistics,
waste management and closed-loop systems.
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2. To classify the barriers into categories and extract the interrelation between the barri-
ers, their categories and the selected approaches.

2. Method

Figure 1 presents the three stages of the overall method to establish an understanding
of the barriers identified in the literature that are hindering the development of the CE in the
AEC sector. At Stage 1, we selected the journal articles for the review. First, the approaches
that have the potential to help implement the CE in the AEC sector are selected (Points 1
and 2, developed in Section 2.1). Second, the journal articles dealing with the barriers to
those approaches are searched for (Section 2.2). Stage 2 is dedicated to the analysis. First,
how the barriers could be classified into categories was investigated (Section 2.3). Second,
the results are eventually illustrated in Stage 3 by the two Sankey diagrams.

 
Figure 1. Graphical image of the methodological framework with three stages.

2.1. The Studied Approaches

Eighteen approaches, listed in Table 1, were extracted from previous work conducted
on the identification, definition, and classification of asset lifecycle strategies for the CE [24].
In this previous work, the authors provided a synthesis of the literature to clarify the ap-
proaches that are related to the asset lifecycle in the context of the CE. The definitions of sets
of approaches were analysed to clarify whether they were compliant with a CE or recycling
and reuse economy CE [24]. Most of those approaches are alternative design approaches
that have the potential to fulfil the CE requirements. However, some approaches deal with
CDW management, given that it is a crucial stage in the CE that must be brought down to
zero waste. The barriers linked to life cycle assessment (LCA) in the AEC sector were also
investigated, because it is a method that is key in the context of the CE where circularity
indicators are yet to be properly developed in the AEC sector. Most of the approaches are
dual, with the approach linked to the design for the approach (e.g., for reverse logistics (RL)
and design for reverse logistics (DfRL)—see Table 1). In the following, to simplify the
reading, the comments will specify only the approach and not its associated “design for”
approach (e.g., simply RL, not RL-DfRL).

2.2. The Search Method for Papers Dealing with Barriers to the 18 Approaches

This research has targeted only qualitative data in peer-reviewed journals to ensure the
quality of the secondary data [28]. Knowing the 18 approaches has guided the extraction of
appropriate keywords. For example, in the case of DfD, the keywords would be “barriers”
and “deconstruction” (or “dismantling”, or “disassembly”, or “demountable”, among
others). The papers were searched for in two databases (Scopus and Google Scholar) and
purposive sampling was used as defined by Grant and Booth [29] to select the outputs.
Articles of review on a specific approach were privileged to ensure that we obtain the
whole picture of the approach and its barriers, Table 2.
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Table 1. Acronyms of the 18 studied approaches.

Acronyms Approaches

3Rs-Df3Rs Reduce, Reuse, Recycle/Design for Reduce, Reuse, Recycle
AR-DfAR Adaptive Reuse/Design for Adaptive Reuse
CDW Mana Construction and Demolition Waste Management
CDW Mini Construction and Demolition Waste Minimisation
CE-DfCE Circular Economy/Design for Circular Economy
CL-DfCL Closed loops/Design for Closed loops
Cy Constructability
De-DfD Deconstruction/Design for Deconstruction
Disa-DfDisa Disassembly/Design for Disassembly
Dis-DfDis Dismantle/Design for Dismantle

IFD-DfIFD Industrialised, Flexible and Demountable/Design for Industrialised,
Flexible and Demountable buildings

LCA Lifecycle Assessment
MA Manufacture and Assembly/Design for Manufacture and Assembly
PFA-DfPFA Prefabrication/Design for Prefabrication
RL-DfRL Reverse Logistics/Design for Reverse Logistics
SB-DfSB Sustainable Building/Design for Sustainable Building
SD Selective Demolition
TB-DfTB Transformable Building/Design for Transformable Building

2.3. The Classification of the Barriers

Given the number of barriers in the literature, we sought to classify them into cat-
egories and subcategories to facilitate the analysis and the discussion. According to the
literature, outlined in Table 3, three main types of categories were used, namely those
linked to:

1. A discipline (economy, environment, culture, among others).
2. A specific stakeholder (owners, designers, among others).
3. A construction phase (design, in use, etc.).

One of the weaknesses of the construction industry is its siloed working methods
where the phases and stakeholders are divided, with poor communications in between.
In the particular context of the CE, it is crucial to implement a more holistic approach,
involving all of the stakeholders and therefore all of the asset phases as described by [15].
The choice of the disciplines as macro-categories is motivated by the need to cover the whole
of the asset lifecycle and all of the stakeholders involved in the asset lifecycle in line with the
holistic approach required to implement a CE [15]. Moreover, a classification by discipline
gives us the ability to highlight that the technical barriers are only a part of the picture,
despite the fact that there is a huge scientific literature focused only on technical barriers.
The label of the categories is derived from the literature (see Table 3) especially Huuhka
and Hakanen (2015), who used four categories for their barriers: (i) economic, (ii) social,
(iii) ecological and (iv) technological. Following this, two categories (organisational and
political) were added by Rakhshan et al. (2020). For this study, six main categories
are therefore used (economic, sociological, political, organizational, technological and
environmental). Within these categories, some subcategories related to specific stakeholders
or phases are added when necessary.
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Table 3. The different types of barrier categories found in the literature.

Authors Categories

(Hosseini et al., 2014) [47]
(Chileshe et al., 2016) [36]

1. External.
2. Internal (to the manufacture and building industry).

(Chileshe et al., 2015) [25]

The authors split the external barriers into two subcategories:
1. “Environmental barriers”, referring to barriers imposed by the prevailing

business environment in the industry.
2. Barriers due to the nature of construction products (e.g., buildings) and

their activities.

(Abdulrahman et al., 2014) [67]
Authors grouped the RL implementation barriers relevant to the Chinese
context into four categories: (i) management, (ii) financial, (iii) policy and
(iv) infrastructure.

(Bouzon, Govindan, and Rodriguez, 2018) [68]
Authors have classified the barriers to their multi-perspective framework for
RL into three categories: (i) governmental perspective, (ii) organisational
perspective and (iii) consumers’ perspective.

(Häkkinen and Belloni, 2011) [46]

(i) Steering mechanisms: informative regulatory instruments (mandatory
labelling)—economic and market-based instruments (certificate schemes),
fiscal instruments and incentives (taxation and support)—voluntary action
(public leadership programmes); (ii) Economics; (iii) Client understanding;
(iv) Process: procurement and tendering, timing, cooperation and networking);
(v) Underpinning knowledge: knowledge and common language, availability
of methods and tools, innovation (including for normative regulatory
instruments, e.g., building codes).

(Huuhka and Hakanen, 2015) [49]
Barriers to reusing load-bearing building components in Finland in four
categories: (i) economic, (ii) social, (iii) ecological and
(iv) technological barriers.

(Rakhshan et al., 2020) [3]
Barriers to reusing load-bearing building components in six categories:
(i) economics, (ii) environmental, (iii) organisational, (iv) social,
(v) technological and (vi) regulatory barriers.

(Kifokeris and Xenidis, 2017) [54]
Barriers to constructability implementation in five categories: (i) general
barriers, (ii) owner barriers, (iii) designer barriers, (iv) contractor barriers and
(v) project-specific barriers.

(Park and Tucker, 2016) [69] Barriers raised by stakeholders (end users, developers, etc.).

3. Results and Discussion

Sankey diagrams (Figures 2 and 3) are used as a visualisation tool to analyze the
interplay between the barriers (structured in different categories and subcategories) and
the 18 approaches. Figure 2 presents the sociological, economic and environmental barriers,
given that those three categories are the basis of sustainable development.

3.1. Environmental Barriers

The environmental barriers are less prominent than the socio-economic ones (Figure 2).
They are mainly limited to the EOL phase of the asset (CDW management and selective
demolition). In the cases of deconstruction (De), RL and adaptive reuse (AR), the issue
of space for storage is cited by [25]. The site access limitation is also cited by [51]. Some
authors have also noticed the existence of lead and asbestos in old buildings when dealing
with RL, the 3Rs and CDW management [56,58,60]. Those authors are not linking the high
pollutant materials to environmental issues, but to the additional costs of processing such
materials. However, the process leads to environmental issues because waste ends up in
landfills. The fact that some authors and stakeholders do not directly link pollution to
environmental issues but to cost may be related to the lack of awareness of the impact that
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these processes have on the environment. This is made more apparent with prominence of
the economic barriers (cost and market) (Figure 2).

Figure 2. Outline of the sociological, economic and environmental barriers to alternative approaches identified in
the literature.

Many studies have identified the lack of strong evidence of the environmental and
sustainability benefits of using well-designed approaches, such as De, SB (sustainable
buildings), the 3Rs (reduce, reuse, recycle), AR and CDW minimisation [46]. Other authors
raised the exposure to health and safety risks from encountering contaminated materials
as an essential barrier [25,39]. However, this topic is also linked to a social issue because
health and safety are determined by the appraisal of the risks by society.

Direct, specific impacts have been identified by Sassi [62] in the recycling process,
where the loss of material mass required additional virgin feedstock to be added. Other
authors have identified the emissions from transport and reconditioning for the 3Rs and
PFA (prefabrication) approaches [40,51].

3.2. Economic Barriers

The obstacles arising from factors related to the economic context (Figure 2) demon-
strate that the markets built around sustainable buildings are, in many cases, insufficient.
For example, the marketing plan of the industrial, flexible and demountable approach (IFD)
is found to be inappropriate [52]. For SB, the lack of client demand is a barrier [46]. These
shortcomings include the lack of demand for second-hand, reused and recycled materials
and products [47]. The other factor is due to the constrictive search for profitability, which
does not permit any risks to arise from innovation or changes to the current processes [54].
Deconstruction faces economic barriers because it is more expensive than demolition, de-
manding more time and labour to recover comparably low-cost construction materials [44].
Several authors have argued that the low cost of construction materials compared to re-
covered/recycled materials is the problem in the cases of De and the 3Rs [43]. Moreover,
the standard construction and demolition practices are focused on the fastest and most
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economical way to finish the job in the case of the 3Rs [44]. Lastly, obstacles are caused
by the shortcomings of the recycling processes of conventional materials. For example, a
building’s aluminium scraps are challenging to recover economically [58], and the recycled
aggregates have a considerably lower price than that of the natural materials, due to their
poorer quality. The relatively low cost of disposing CDW materials in landfills is also cited
as a barrier by many authors, in the cases of De, RL, the 3Rs and PFA [58]. Some authors
have also noticed the labour-intensive nature of the deconstruction and reuse processes [33].
Moreover, additional time is necessary in the cases of SD, De, and the 3Rs compared to
conventional processes. This extra time results in extra costs [33].

The main economic subcategory relates to the costs attributed to the approach (“new
approach adoption cost” in Figure 2). The design phase embodies additional costs due to
more work needing to be performed in the case of RL, the 3Rs and PFA [52]. Although no
additional costs attributed to the construction phase were found, some costs related to the
necessary adaptations to a new approach (or to adopt new approaches) were noted. Several
authors have identified such additional costs for adopting the following approaches: De,
RL, TB (transformable buildings), Dis (dismantle), the 3Rs, CDWmini (CDW minimisation)
and PFA [25]. The additional cost is also due to the management of hazardous components.
For example, the existence of lead and asbestos in old buildings makes the process of
deconstruction costly and time consuming because the cost of separating the materials
to be recycled from contaminating materials is high [58,60]. Another cost of adopting a
new approach is the additional initial cost (i.e., the higher cost of the initial investment
in the project) cited by many authors, concerning the following approaches: De, RL and
PFA [25,30,36,37,51,52,66]. Lastly, the additional costs due to higher insurance fees are a
barrier reported by some authors for the 3Rs approach [70].

Some authors have spotted barriers linked to the quantification and sales involved in
the approaches. In the case of De, Jaillon and Poon [52] have noticed that the economic
benefits are not well established. Similarly, Xanthopoulos et al. [64] highlighted the lack of
establishment for the economic and environmental benefits of CDW management. In the
case of SB, Häkkinen and Belloni [46] have noticed the lack of understanding of business
cases. Finally, in the case of AR, Chileshe et al. [25] have noted the significant differences in
the distribution of the construction budget.

Another type of obstacle valid for the 3Rs approach is the necessity of planning and
paying upfront early in the asset’s lifecycle, which is impossible without the willingness of
the client [44]. At this stage, it is often the case that the contractor has not been appointed
yet, so the client has to spend money upfront purchasing materials, which many clients
will not be willing to do.

3.3. Sociological Barriers

Sociological barriers deal with social issues, focusing on cultural (societal trends),
psychological (human behaviour) and personal characteristics (lack of awareness and
demand). The main subcategory is “human behaviour” and the most cited barrier is
“resistance to change” (Figure 2). Cultural beliefs are involved in the case of sustainable
buildings, which notably face the barrier of a low-risk culture [46], as does the case of
CDW minimisation [30]. The lack of global vision has also been mentioned in the cases
of RL, SB, Disa and CE [39,46]. These authors found that thinking was more linear than
circular, with a lack of lateral thinking and an ignorance of life-cycle thinking. The lack
of trust in De, RL, the 3Rs, and CDW management is described by [25,70]. Additionally,
these authors noticed a lack of acceptance of reclaimed materials. In particular, there
is an impatience to get a return on investment quickly, which creates an unfavourable
business culture in the case of RL [25]. The last social barrier is the resistance to change,
spotted by many authors who focused on the use of Cy (constructability), De, RL, SB, the
3Rs and PFA [37,44,46,51,52,54,61]. Moreover, these authors highlighted scepticism and a
preference for traditional methods within the industry, leading to a natural resistance to
change from the manufacturers, builders and owners. This resistance to change, common
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to six approaches, is also seen within the organisations that lack the effort necessary
to innovate. Unsurprisingly, the lack of experienced, skilled workers and insufficient
knowledge is common to five approaches (Figure 2).

Some barriers are related to “consumer society behaviours”. These include, for exam-
ple, the fear of the additional costs of better waste management [46], or the belief that waste
is inevitable [30], or the disbelief in the potential utility of a constructability program [54].
Some authors have added that the consumer culture and attitudes towards the quality of
salvaged and used items are also an obstacle [25]. For the RL, 3Rs and PFA approaches,
the bad image of salvaged materials was reported to be an important barrier [51]. At a
broader level, many authors have noticed a lack of awareness for several approaches, such
as SB, the 3Rs and CDW minimisation [46,60]. Other authors have noticed the lack of
awareness of the benefits of using Cy, RL and CE [59,61]. A lack of concern was raised
by several authors for the De, RL and SB approaches [46,52,66,68]. Moreover, the lack of
understanding of deconstruction and SB was reported by Zaman et al. (2018) [66], as well
as [46]. In addition, and specifically for deconstruction, the demolition contractor’s culture
was highlighted as a critical issue [37].

3.4. Organisational Barriers

Organisational barriers refer to the hindrance to the flow of information between
stakeholders and between construction phases that negatively impact the efficiency of a
project. Organisational barriers include the extra time, resources and effort necessary for
the consideration of sustainability and circularity throughout the asset lifecycle. They are
the most documented barriers in the articles studied and are found to be attributed to 14 of
the 18 approaches (Figure 3).

3.4.1. Working Methods and the New Approach

Approximately fifty statements from different authors that deal with issues associated
with the current linear approach have been found. The barriers that they detail are raised
by the fragmentation of the sector and its inappropriate organisation (Figure 3). The factors
cited are the lack of a holistic approach, safety in the deconstruction process, innovation,
effective methods, and lifecycle performance focus (Figure 3). When dealing with RL, some
authors have noticed the lack of support from the management, as well as immaturity
and low investment in knowledge management, information systems, and continuous
planning owing to changes in the materials’ source location [25]. In addition, some authors
reported a lack of specific budgetary allocation for CDW management [60]. Most of
the abovementioned barriers are related to the adoption of new approaches and new
methods involving more collaboration, communication and holistic and effective strategies.
For example, as stressed by some authors, the implementation of RL is a challenge for
designers [25]. As a result, multidisciplinary teamwork becomes central and requires
appropriate management.

3.4.2. Multidisciplinary Teamwork and Management

Many authors have highlighted the need for new methods to improve teamwork
when addressing the whole lifecycle of a building [44,46,50,52,54,58,62,66]. Those concerns
are related to Cy, De, CL (closed loop), RL, SB, the 3Rs and CDW minimisation. For exam-
ple, some authors identified the need to change the established design and construction
processes to promote the reuse of building components [44]. One paper has mentioned the
need for systematic cooperation, while a multidisciplinary approach has been discussed in
the case of IFD [52,71,72]. This is supported by authors who studied the decision-making
framework used in the steel industry, and for the system thinking used in the construction
industry [52,71,72].
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Some authors have found that there is a lack of communication between the members
of the project teams for RL, SB, Disa and PFA [46,51,56]. Specifically, issues related to
late communications between the designer and contractor have been identified for RL, SB
and PFA, where early collaboration between architects, contractors and manufacturers is
required [51].

3.4.3. Key Players

Other barriers are related to the large number of stakeholders, and these have been
outlined for many approaches, such as Cy, De, CL, RL, SB, CE and the 3Rs by [46,52,54,61].
The barriers are mainly specific to architects (although they also impact other stakeholders,
such as contractors), where the reuse of materials in buildings requires acceptance and
change in the design and construction processes [44]. Additionally, other authors have
listed a number of the barriers raised by the contractors when implementing Cy. Most
of them are linked to communication issues and a lack of skills/knowledge [54]. The
manufacturers’ lack of involvement and responsibility to minimise waste is stressed by [40].
The supply chain is also a central concern for many authors, including a lack of suppliers
for PFA [51] and supply chain complexity in the case of SB [46]. Kifokeris and Xenidis [54]
have also listed several barriers specific to the owners in the case of Cy, among others.
Regarding the 3Rs approach, the unwillingness of the client to spend money upfront when
purchasing materials, at a stage where the contractor is often not appointed yet, is a real
issue for several authors [44,54].

3.4.4. Training, Skills and Education Support for a Skilled Workforce

The lack of skills, from an organisational point of view, is different from the skills
related to social background already cited in Section 3.2. Logically, obstacles related to
competence improvement were also cited with the lack of lessons learned on:

1. The comprehension of SB [46].
2. The application of DfDisa (design for disassembly), which is restrained by uncertain-

ties regarding its global benefits and financial viability [34].
3. How RL remains unexploited or limited in the construction industry [36].

In complement, some authors have spotted the lack of documentation to support
competence improvement, referencing:

1. The lack of lessons learned regarding documentation for Cy [54].
2. The lack of empirical evidence to support the widespread use of RL [36].
3. The need for the identification of demonstration projects to illustrate the potential of

the different methods [37,61].
4. The lack of IFD studies for high-rise buildings [52].
5. The lack of studies providing clear instructions on how BIM could be used for CDW

management [52].
6. The lack of studies that quantitatively demonstrate the effectiveness of the pre-project

definition for buildings in the CE context [61].

From this subsection, the managerial implications involved in the shift to CE can be
extracted. They consist in mainly revising the whole lifecycle management of an asset
to ensure consistency in management from the early design stage to the EOL phase of
the asset. These implications affect the role of all the stakeholders, encouraging them
to improve the sharing of the information, even after the EOL phase of the asset, with
training/education to help them change their way of working.

3.5. Technical Barriers

The technical barriers are split into different scales corresponding to subcategories,
from the building scale to the material scale and from data management to the technologies
used (Figure 3).
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3.5.1. Building-Related Barriers

The long lifecycle of buildings exceeds the lifespan of industrial products and also
results in multiple changes of ownership [25,52]. Additionally, the unicity of each building
generates a complexity that is difficult to overcome in the modern context [35–37,44].
Firstly, in the design phase, some authors emphasise the barriers related to the designs
of buildings that were not made with the SEOL in mind [35]. This includes all of the
components, even the foundations, which are most of the time made with concrete [64].
The necessity of adapting the construction methods is emphasised when using reclaimed
materials because it adds a whole new level of complexity to the project [44]. One example
is given with the use of the in situ connection between precast concrete elements [52]. In
the in-use phase, building components are updated or replaced at different intervals during
the building’s lifetime, adding complexity when updating the data related to the building
(e.g., finishes at five-year intervals, lighting at ten-year intervals, HVAC systems at twenty-year
intervals, etc.) [66].

Deconstruction processes encounter limitations due to the space available to manage
the process and, significantly, to store the materials (see also the section on environmental
and economic barriers on this point). The lack of recovery facilities and infrastructure
is cited by [25,64]. Deconstruction is more complex than demolition, especially in the
case of non-prefabricated components [35], sometimes leading to the impossibility of
reusing components [56]. Moreover, demountable connections do not always ensure the
possibility of deconstruction, and, in general, the poor connection of these elements is
an issue [35,38,52]. Lastly, few demonstration projects have been identified that can help
illustrate the potential of the different methods [25,44,49]. As a result, all these issues are
increasing the risks associated with the deconstruction process [25,39,44].

3.5.2. Material-Related Barriers (Including Data)

Some barriers are related to the low quality of materials, the poor reliability of the
characteristics of recovered materials [25,41,49,53,58,60,66] and the lack of data available
for several asset phases. Indeed, in the design phase, the lack of data prevents carrying out
an efficient LCA for the EOL phase [32]. In the deconstruction phase, projects and processes
are also impacted by a lack of data [35]. At a different level, the behaviour and durability
of recycled concrete is difficult to predict accurately without enough data [58]. Importantly,
the composition of buildings at the end of their life is essential [47] and the lack of national
data on CDW must be overcome [41]. In addition to the lack of data (availability and
accessibility), weak data management has also been pointed to by several authors as a
concern, especially in the case of national data collection and reporting on CDW [66]. In
addition to the general lack of data, there are barriers regarding the limited locations of
collection points for recovered materials [35,39,51,52] that generate limitations to material
availability [44]. The main source of these issues is the recoverability of construction
materials, which is limited by several factors:

1. The use of finishes on building materials reduces the possibility of reusing such
materials [31].

2. The use of concrete [37,52].
3. The deconstruction process damages the materials because it is difficult to separate

the composites [43,52,56,58,70].
4. Contamination with hazardous materials [25,39,43,56].
5. The deterioration rates are unknown [3,25,35,37].
6. The under-estimation of the resources embedded in the building [61].

3.5.3. Technology-Related Barriers

Regarding technological barriers, most of them are related to the lack of appropriate
tools and procedures. Although one barrier concerning the lack of prefabricated building
designs with BIM tools was reported by [65], most of the other issues are not related to
BIM, but to the lack of several other elements. For example, some authors pointed to the
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lack of a common framework and automatic calculation procedures for SB [46], whereas
other authors stressed the absence of simple processes to reuse a building project [61]. A
lack of science-based, user-friendly tools for De, SB and CE was also reported in many
studies [37,46,61], as well as the unavailability of proven alternative technologies [46].
Some authors reported the lack of tools for designers that would otherwise enable efficient
deconstruction [25,37,52,58], help with assessing DW generation [30,55,66], promote the
inclusion of new techniques for construction [44,46,61], and help with assessing the costs
associated with IFD buildings [48]. Lastly, techniques for reusing reclaimed materials
are also missing [25,37,43,48]. Meanwhile, down-cycling cannot be regarded as a closed-
loop (CL) approach because of the excessive loss of material value [62].

3.6. Political Barriers

Figure 3 outlines the barriers found in the political category. The main subcategory is
the lack of appropriate standards (policies and regulation) and is cited in the cases of Cy,
De, CL, RL, SB, the 3Rs, CDW management and PFA [58]. This includes shortcomings in
standardised processes, insufficient sharing of the best practices, little clear information
and little guidance for designers about the design and procurement procedures that they
should adopt when reusing components. The lack of guidance for sustainability in public
facilities for facility managers is reported by [46].

The lack of recertification, legal warranties and residual performance analysis of recov-
ered building materials has been noted by Couto and Couto (2010) in the particular cases of
De, SB, and the 3Rs, especially when compared to conventional processes. Furthermore, the
lack of fiscal incentives or support from governments is cited by [25,46,66] for De, RL and
SB. Lastly, the lack of appropriate assessment procedures for architectural competitions,
the assessment process being performed late during the design phase and the lack of
labelling/measurement standards are shortcomings spotted by [46] for SB.

Some authors argued that the current regulation is too strict to allow innovation,
which is a barrier for Cy, De, RL, SB, CDW minimisation and CDW management. Lastly,
one paper noted that that building inspectors discourage the use of salvaged materials in
the case of RL [47], and another author argued that regional governments are slow to apply
CDW management plans which have already been approved [60].

4. Conclusions and Perspectives

The debate regarding the implementation of the circular economy (CE) in the archi-
tecture, engineering and construction (AEC) sector is relatively new. However, there are
already several publications that link the CE with specific alternative approaches that take
into account the lifecycle management of assets from design to end-of-life. These alter-
native approaches (prefabrication, design for change, design for deconstruction, reverse
logistics, waste management and closed-loop systems) directly take into account the asset’s
end-of-life in the design stage, or only consider the manufacture and assembly phase (but
may still ease the deconstruction process). Eighteen such approaches have been found that
are far from dominant. However, helping them overcome the obstacles that they face may
help to remove the future barriers of applying the CE concept to the built environment.

This article has assessed the barriers to those 18 approaches identified in the literature.
The barriers were classified into six categories (economic, sociological, political, organi-
sational, technological, and environmental). The interrelation between the barriers from
different categories is very common due to the holistic nature of the construction lifecycle,
and this has been illustrated here by two Sankey diagrams. The barriers are also related to
the diversity of stakeholders and the phases of the building process.

The organisational barriers are the most cited in this review, and deal with the diffi-
culty with changing the working methods and managing the required teamwork and the
multidisciplinary approach. The last series of organisational barriers are linked to the lack
of training and support for the skilled workforce and the provision of education. Increased
access to data should help to revise the current management of the asset lifecycle.
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The socioeconomic barriers are linked to the lack of awareness and demand for
alternative approaches. The other socioeconomic barriers are related to people’s behaviour
(e.g., resistance to change and cultural beliefs), and lastly to the higher cost of alternative
approaches (and the seeking of profit first). The political barriers are mainly related to the
lack of appropriate standards and policies.

Some of the technical barriers are related to the construction materials (composition
knowledge and recoverability) and others to the building scale (e.g., construction meth-
ods, project phase adoption and building lifespan). Other barriers are related to data
and information management. The last range of technical barriers is linked to a lack of
appropriate technology. The barriers linked to the environment are related to the site
constraints (limited space), and to the use of non-recoverable materials. Pollution related
to the materials (e.g., lead and asbestos) is also cited. Finally, this review gives a detailed
map of the interrelations of the barriers that would help stakeholders develop strategies to
overcome the current obstacles as they shift to a CE in the AEC sector.

The Sankey diagrams embed information regarding the structuring of the relationship
between the barriers of a wide range of approaches. This information may help with
the design of new research programmes that question the professionals working in the
AEC sector about the barriers to (or the drivers that would foster) the transition to a CE.
Moreover, the Sankey diagrams can help policymakers (and therefore standardisation
bodies) design appropriate policy (and therefore standards) to foster the shift to a CE in the
AEC sector. This information can also be useful to help develop and trigger green finance,
which is a means supported by the United Nations to contribute towards delivering several
of its sustainable development goals.

The key limitation of this study is that the secondary data analysed cover a wide
range of geographic areas, meaning that some of the results may not fit any countries.
However, the globalisation of the economy is a factor that would favour the consistency of
the study across the world. Another limitation is that the studied approaches may not be
consistent with a strict CE framework, knowing that there is no consensus on the definition
or implementation of the CE in the AEC sector, especially given the lack of ISO standards
on that topic. In this perspective, it should be evidenced also the role of digital technologies
(under the umbrella of Industry 4.0 or BIM in the specific context of the AEC sector) in
supporting the measurement of performance and data management to sustain the CE.
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Abstract: The traditional carbon-based approach towards sustainability has long caused the concepts
of green and sustainable energies to be used interchangeably. Recent studies have tried to advance
this archaic view by considering more aspects of sustainability. However, almost all major studies
have been concerned with only the economic and environmental aspects of electricity generation,
whereas the concept of sustainability is beyond these two criteria. In this paper, we seek to provide
a methodology for a more comprehensive definition of electricity generation sustainability based
on the lessons learned from previous studies and additional metrics suggested by them. The main
characteristics of select electricity generation technologies were studied, and their environmental,
economic, social, and technical criteria as well as the uncertainties associated with them were selected
as the four major factors in our paper. It has also been argued that the utilization of regional resources
in addition to the inherent characteristics of electricity generation technologies is vital in providing a
realistic view of sustainability. Of the sustainability assessment methods previously introduced, the
Relative Aggregate Footprint (RAF) method was used in conjunction with the previously selected
criteria as the basis of the study due to its ability to incorporate additional criteria and regional
considerations. As such, the framework for sustainability assessment presented in this research
accounts for major criteria identified in the literature and takes the available regional resources
that affect the feasibility of each electricity technology into account. This study paves the way for
the presentation of new guidelines for the creation of more comprehensive electricity generation
sustainability measures to distinguish between the concepts of green and profitable vs. sustainable
energies to support the development of sustainable energy portfolios.

Keywords: energy sustainability; green energy; carbon emissions; cost of energy; energy portfolio;
resource availability

1. Introduction

The idea of tracing the footprint of the human impact on the earth is indeed one that
dates back a few decades [1,2]. With renewable energies gaining popularity, the concept
of how energy sources impact the environment [3] was initially only focused on carbon
emissions and how they vary from one technology to the next. Initially, the lower carbon
emissions of renewable energies made them synonymous with green energies. However,
the concept of energy sustainability goes beyond carbon and embodies other criteria and
available natural resources, in addition to their proper utilization. Hence, it is important
for the key criteria that play a major role in energy sustainability to be identified and taken
into consideration.

The sustainability of energies (and electricity generation in particular) has been dis-
cussed numerous times in the past decades. Each study, however, has looked at the issue of
energy and its sustainability through the particular lens of the authors’ area of expertise.
The water–energy nexus works of [4], for example, focus on the allocation of energy to
provide water, while [5–7] look at the same issue from the opposite direction: the allocation
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of water for energy generation. In this regards, ref. [8] emphasizes the need for electricity
generation to be reshaped based on water consumption and carbon emissions. In [9–12],
the authors look at energy production with the aim of maintaining market sustainability,
while [13–15] consider the technological and economic sustainability of the power plants
themselves and the need for newer renewable electricity generation methods with lower
carbon emissions. Other studies such as [16] look at the sustainability of energy sources in
their ability to provide food or even the combined water–food–energy nexus under various
scenarios [17–21]. In addition to these, other factors such as the social impact of electricity
systems [22] or the risk of providing the required resources for electricity production [23,24]
have been proposed as other considerations in the definition of sustainability. As a result
of these disjointed studies carried out with vastly different mindsets, the definition of
sustainability remains unclear, with the general public and activists still naively associating
it solely with carbon emissions [25], vilifying power companies and industries for their
selfishness in polluting the environment in the process. The notion of sustainability may be
difficult to define as shown by these studies, but it certainly should not be limited to the
environmental factors. Other criteria need to be considered to broaden its definition.

Recent studies have addressed these shortcomings by introducing numerous new
sustainability indices and indicators as can be seen in the works of [26–29]. While the
introduction of newer indicators seems like an improvement at first glance, they are not
based on well-known previously introduced metrics in the literature. Likewise, most of
these newer indices are based on the authors’ definitions of sustainability with the goal of
capturing as many criteria as possible as opposed to using the lessons learned from previous
studies. Furthermore, these indices are based on different assumptions which make their
utilization tricky and their results incomparable to each other. As such, a wise approach
would have been to modify an already existing and well-established sustainability metric
as opposed to introducing a new one.

Aside from the inherent uncertainties with the definition of energy sustainability, most
of the previous studies fail by not considering the region where energy is to be used. As
an example, the black and white approach to sustainability by looking only at carbon
fails to justify the use of low-tech electricity sources in remote locations without access
to other electricity sources or cleaner technologies. All the while, a proper definition of
sustainability should be clear enough to consider both the environmental pollution of such
older technologies, as well as the added social welfare that accompanies them. In addition,
factors such as regional availability of fuel for power plants and the trade-off between
using regional resources and purchasing them from neighboring states or countries are
among other regional considerations that traditional definitions of sustainability have no
answer for aside from economic analysis. As such, the omission of regional resources is
another point where most studies fall short of reality.

Despite these shortcomings, some studies propose novel approaches such as looking
at sustainability via the lens of reliability and resilience of the system [30], but perhaps the
most comprehensive foundation has been laid out by [31] where a sustainability index (Rel-
ative Aggregate Footprint—RAF) has been introduced by considering the environmental
and economic characteristics of electricity generation technologies. While the definition of
RAF may not include a wide range of criteria, it addresses issues such as regional resource
availability or uncertainty in data and decision making. As such, their approach has been
chosen as the core of the sustainability definition framework presented in this paper. This
research aims to look at the concept of electricity generation sustainability more broadly
and define it by looking further than the environmental aspects. As such, economic, techni-
cal, and social aspects of electricity generation technologies are also taken into account, as
well as the characteristics of the region where the technologies are to be used, to provide a
clearer picture of available resources and how to best allocate them.

Finally, in defining sustainability, a distinction needs to be made between the use of
terms such as clean, green, renewable, and sustainable energies, especially when more
than 20 different definitions have been recorded for them in the literature [32]. The carbon-
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based definition of sustainability has no doubt led to these words being used arbitrarily
and interchangeably by many researchers [33]. Generally, clean energies are attributed to
carbon-free options, whereas renewable energies are the options with naturally replenishing
resources. A notable example of these terms not being equal is the case of nuclear energy
and biomass, with the former being a clean energy with small carbon emissions but not
renewable, and the latter being a renewable source, despite generating carbon emissions.
On the other hand, green energies are a subset of renewable energies with the highest
environmental benefits [34]. However, sustainability is often described as the ability to
strike a balance between creating a better life for the human race on one hand and dealing
with the limitations imposed by nature on the other hand [35], making it a more noble
concept that is fundamentally different than the rest of the aforementioned keywords.

In practice, energy users usually define these terms based on their own goals and
agendas. Most states in the United States now employ a renewable portfolio standard
(RPS) as a means of diversifying electric utilities by including renewable sources. The
same standard is sometimes known as the Clean Energy Standard (CES) in other locations.
In the US, renewable portfolio standards were first utilized in the 2000s with the aim of
allocating a portion of total energy generation to renewable energies. Despite the energy
production goals, most states using renewable portfolios either have no preference towards
a particular energy type at all, or only have classified select technology tiers rather than
a coherent energy portfolio [36]. These issues are exacerbated by knowing that less than
half of the American states have developed a renewable energy portfolio. Furthermore,
the omission of heterogeneity in the development of renewable energy portfolios has
led to similar characterization of energies and often identical portfolios regardless of
differences [37]. As such, in practice, the need to study energy suitability based on the
region, their available resources, and needs remains in place.

As a result, the goal of this study is to compile a collection of metrics based on the
RAF method that states can use to compare the sustainability of electricity generation
technologies and develop sustainable electricity portfolios. These metrics are spread out in
various groups to account for the environmental, economic, social, and technical footprints
of electricity generation technologies and are chosen per suggestions of previous research
carried out in each field. Moreover, the regional characteristics and resource availability
have been mentioned in addition to the specific energy-related attributes to provide a
more realistic view of energy sustainability in each region by distinguishing among green,
renewable, and sustainable energy technologies. In most previous studies, only the inherent
characteristics of electricity generation technologies have been taken into account, and
the specifics of the region are rarely a factor. The metrics mentioned in this study can be
used in sustainability analysis of energy technologies for a more comprehensive vision
of sustainability.

2. Chosen Energies

Next we provide a short introduction to the energy types chosen to be compared in
this study. The choice of energies is important in determining what sustainability factors
are to be considered. This especially affects the fuel and supply sources of the energies.
Of course, the list of energies mentioned here is not exhaustive, but the majority of the
commercially available technologies are considered.

2.1. Biofuels

Biomass resources are one of the oldest forms of energy production, an example of
which is the burning wood, which has decreased dramatically throughout the years due to
the introduction of coal, oil, and natural gas as alternative sources of energy. However, the
use of biofuels comes with the ability to better manage fuel prices in case of fluctuations
in the price of other available sources [38]. Currently, the main sources of biofuels are
plants, genetically engineered algae, by-products from agricultural activities, methane
gases from landfills, or the oil that comes from these sources [39,40]. Another advantage
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of biofuels is their ability to use residues and by-products of other processes as fuel, thus
reducing the overall emissions of said processes [41]. The yield of biofuels is dependent on
the crop being used, with corn having the smallest yield of conventional bioenergy and
cellulose having the highest. In addition, biomass energy produces carbon, nitrogen, and
organic compounds and particulates as by-products that can have adverse effects on air
quality and global warming in larger quantities [42]. This is also dependant on the source
of energy such that using bioenergy can increase carbon emission up to 20% in the case of
corn or decrease it by upwards of 120% in the case of cellulose, making the choice of crop
an important consideration [43]. Overall, the sustainability of biofuels is a function of the
materials used as fuel, the supply chains in place, management strategies, and policies in
place [44].

2.2. Solar

Solar energy started becoming a major source of electricity in the past decade, and its
usage is projected to grow slowly but steadily. In reality, however, the energy from the sun
has been taken advantage of even in the past century due to the simplicity of the process
with its most dominant use being for heating water. Using the energy from the sun to heat
water is currently popular in many countries including Germany [45].

For electricity production, solar energy can be used in two forms: Solar thermal and
solar photovoltaic (PV). Solar thermal technologies employ the heat from the sun to run
electric generators. The fact that the United States is the second largest producer of solar
thermal energy in the world [46], shows that the US understands the potential for solar
power. In these systems, the sun bounces off parabolic mirrors and is directed to a central
tube that is filled with air, vapor, synthetic oil, molten salt, or liquid sodium, heating it in
the process [47]. As such, this system is called Concentrated Solar Power (CSP). The hot
contents of the central tube later transfer their heat to a source of water to generate steam
and drive a turbine. One of the advantages of using molten salt or synthetic oil over water
is that they can hold more thermal energy and enable the power plant to keep producing
power even when the sun is not shining. For example, the Gemasolar power plant in Spain,
which uses molten salt, is capable of producing uninterrupted electricity for 24 h. However,
if these systems remain idle for a long time, heating them back up takes a considerable
amount of time and energy. Another issue with solar thermal energy is the effects it can
have on wildlife, threatening the habitats of desert creatures and scorching birds that fly in
the vicinity. Finally, the output of solar thermal plants relies on sunshine. Therefore, due
to cloudy days and bad whether, their production seldom reaches its ideal peak. Lastly,
for the solar thermal plants to work, large areas of land are required, which increases their
land-use footprint.

Solar PV is the other form of solar energy that uses solar cells to convert solar radiation
directly to DC electric energy and is the type of solar power with considerable growth
in the past decade. The US, South America, North and South Africa, the Middle East,
and Australia are some of the regions with the highest PV potential [48]. In the US, the
Southwest has the highest solar PV potential, and the northern areas have the lowest
potential. Currently, the manufacture of panels and batteries are the two items that drive
up the cost of solar panels. Some countries such as Germany choose to install solar panels
next to highways on land that is otherwise unsuitable for farming or other uses to save on
the land footprint. The obvious problem with solar PV is its inability to generate power at
night, which makes it an unsuitable choice to provide the baseload. In addition, just like
CSP, the actual electricity generation of PV energy is reliant on the sunshine.

2.3. Wind

Wind energy is probably the fastest growing renewable energy source worldwide,
with its commutative capacity having been multiplied by a factor of 10 since the 1990s [49].
Wind is also one of the cheapest renewable energy sources available on the market today,
especially in the long run. China has the largest installed wind capacity in the world,
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followed by the US. The fastest growth in wind energy can also be seen in China. In the
US, the central regions have the highest onshore wind capacity, and the northeastern and
northwestern coasts have the highest offshore wind capacity [50]. About 0.5 percent of
solar energy ends up forming winds, so wind ultimately can be considered an alternative
form of solar energy. The minimum wind speed required for wind turbines to be feasible is
7 mph at an altitude of 80 m, but in practice, wind farms are constructed in areas with an
average wind speed of 12 mph. Because of the slow-moving speed of wind turbines, some
of them come with transmissions to adjust the speed of the generator, but the lubricant in
these transmission can sometimes be a fire hazard at higher speeds. More modern wind
turbines also have the ability to adjust the pitch of their blades towards wind to increase
efficiency [51].

In addition to onshore wind, offshore wind is also another alternative that offers a
higher potential of power production than its terrestrial counterpart [52]. Sadly, the US
is completely missing from the list of major offshore wind farms in the world with most
major offshore wind farms being located in the North Sea. Offshore wind turbines are
in constant danger of corrosion by seawater that can cause both structural and electrical
disruptions. The requirement of large transmission lines is also another disadvantage of
offshore wind turbines.

Perhaps the most dominant disadvantage of wind farms is their disruption of the
natural landscape. In addition, making room for onshore wind farms sometimes requires
the felling of trees which has its own environmental consequences. Furthermore, the
general issue with all types of wind turbines is their low capacity factors that often lie in
the 25 to 50 percent range [53]. In addition, due to the fluctuations of the wind in different
hours of the day and in different seasons, the actual production of wind turbines is much
lower than their nominal capacity. This requires huge capacities to be installed, with only a
small percentage of which is used to the full potential at any given time.

2.4. Hydropower

While hydropower is a rather clean source of energy, it is not considered a green energy
by many sources [54–56]. This is due to the reservoir changing the sediment structure of
the bed surface, jeopardizing terrestrial and aquatic species in the vicinity, as well as its
high water demand. In particular, the construction of dams has the potential to displace
a large number of people and comes with social ramifications. Hydropower is one of the
oldest sources of energy with watermills dating back hundreds of years. In 2018, 9 out
of the 10 largest power plants in the world were hydropower plants [57], which shows
hydropower’s high potential for electricity generation. The Three Gorges Dam in China
with a capacity of 22,500 MW, for example, is the equivalent of about 32 regular coal power
plants. However, US energy generation data in the past decade shows that the share of
hydropower in the total electricity production has not grown considerably. At the same
time, Chinese hydropower has almost doubled. Globally, the increase in hydropower
electricity production has almost been increasing on a linear basis. Overall, hydropower
plants have the potential to replace many of the older greenhouse-gas emitting power
plants and save considerably on noxious gases and fossil fuels.

In short, hydropower is an almost carbon-emission-free [58] and renewable source of
energy with high electricity conversion efficiencies of up to 80% [53] which can be used
to supply the baseload of electricity. It is also versatile and can be scaled from as low as
10 kW to 20,000 MW. The operating and maintenance cost of hydropower plants are lower
than most other competitors, and they have the advantage of long lifetimes [59]. On
the other hand, using hydropower requires a large water footprint [60] and causes the
inundation of large portions of land which can have social impacts due to people being
displaced. Hydropower’s output can vary due to rainfall, and therefore, a level of flooding
risk is associated with it. Due to disruptions in natural water flow, hydropower plans
can impact aquatic ecology and oxygen depletion in water. Hydropower generation often
requires high capital costs and construction can take long amounts of time. The limiting

155



Sustainability 2022, 14, 4506

factor of hydropower in many countries, however, is the limited available land and not
enough valleys to flood, which hampers its implementation.

2.5. Coal

Coal is a rather old means of electricity production, and only a small percentage of
today’s largest power plants operate on coal; however, the high use of coal in developing
countries is still noticeable [61]. The US is rich in coal reserves and more than half of the
states house recoverable reserves [62]. The use of coal is still noticeable in the US, but
it is on the decline with the introduction of newer technologies. Less emphasis on coal
production in recent years and more automated extraction processes have resulted in the
drop of the number of people working in the coal industry [63].

Among the greenhouse gases emitted by the coal power plants are sulfur dioxide,
nitrogen oxides, carbon monoxide, carbon dioxide, particulate matters, mercury, lead,
selenium and fly ash [64–66]. However, these emissions have seen a considerable decline in
the past 30 years due to the improvements of technology. Integrated gasification combined
cycle (IGCC) is the newer version of coal power plants that uses a gasifier to turn coal into
syngas, a synthetic gas consisting primarily of hydrogen [67]. The carbon in the syngas can
be shifted to hydrogen which can result in a carbon free-fuel. Furthermore, the resulting
carbon dioxide can be compressed for easier storage. However, the high cost of IGCCs
which can drive up the electricity prices is a hindrance to their use.

2.6. Oil

Oil is mostly used directly for the transportation sector rather than for electricity
generation. However, the conventional internal combustion engines using oil products lack
high efficiencies. Unlike the suggestions made by [68] that the rate of petroleum production
follows a bell-shaped curve, the discovery of newer sources of oil and newer extraction
technologies has kept the oil industry growing. Aside from the conventional sources of oil,
unconventional sources such as oil shales, oil sands, coal-based liquid supplies, biomass-
based liquid supplies, and gas to liquid (GTL) have become possibilities [69]. In addition to
using oil as fuel, the Fischer–Tropsh synthesis process can be used as shown in Equation (1)
to convert carbon monoxide and hydrogen into liquid hydrocarbons as an additional source
of fuel.

(2n + 1)H2 + nCO2 → Cn H(2n+2) + nH2O (1)

While these new sources provide additional oil, they also impact the environment
because of acid drainage, introduction of metals into groundwater, erosion, sulfur emissions,
and air pollution, as well as disposal problems, greenhouse gas emissions, and water usage.
This adds a layer of uncertainty to the emissions of these new technologies [70].

2.7. Natural Gas

Natural gas can be used for power generation, as well as for transportation, hydrogen
production, and the manufacture of fabrics, glass, steel and many other products. The
burning of natural gas produces 20 percent less carbon dioxide compared to burning
gasoline and 40 percent less compared to coal [71]. In addition, due to the similar nature
of natural gas and coal power plants, older coal power plants can be retrofitted to operate
on natural gas. The efficiency of natural gas turbines is rather high and can range from
30 percent to 60 percent for the variants with heat recovery. Of course, single cycle power
plants are less efficient and therefore more suitable as peaking power plants that operate
only a few hours a day. Currently, combined cycle power generation using natural gas is
the cleanest source of energy using hydrocarbon fuels in terms of carbon emissions [72].
Another advantage of these power plants is their ability to be turned on and off very quickly
which makes them suitable for supplying power over peak demands. The use of natural
gas as a replacement for petroleum is also viable as the efficiency of natural gas engines is
comparable to that of gasoline engines.
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Natural gas can be found in associated (along with oil) or non-associated (isolated)
fields. Newer gas resources such as sour gas, tight gas, shale gas, and coalbed gas also exist,
but using them can be costly and challenging at the current time. The most common form
of natural gas today is probably liquid natural gas (LNG). The energy density of LNG is
2.4 times that of compressed natural gas which makes it an ideal solution for long-distance
transport and in situations where pipelines are not available. The liquid form of gas also
makes it possible to store the natural gas [73], usually in underground storage facilities;
however, leakages in natural gas storage tanks (for example, the Aliso Canyon incident)
are still one of the main concerns [74]. Despite natural gas being regarded as one of the
greener energies, the losses of up to nine percent of stored methane in storage tanks have
a considerable environmental impact, not to mention wasted resources. The issue is not
limited to storage facilities and can be witnessed even in urban areas.

2.8. Nuclear

In nuclear power, exothermic nuclear processes create heat which generates electricity.
In 2016, nuclear fission powered roughly 10 percent of the world’s electricity as well as
numerous naval vessels [75]. France and the United States are the leading producers of
nuclear power in the world, with the Netherlands and Armenia following as the countries
least reliant on nuclear energy [76]. In the southeast US, the state of South Carolina is the
main user of nuclear power and the home to four nuclear plants with the Virgil C. Summer
Nuclear Station being the most important one. This is partly due to the fact that South
Carolina suffers from a lack of gas pipeline infrastructure. Oddly enough, Australia despite
being one of the largest producers of uranium in the world, has no nuclear power plants
in service.

Most conventional nuclear plants are either of the Boiling Water Reactor (BWR) or
Pressurized Water Reactor (PWR) types [77]. In older PWR types, the coolant water also acts
as a moderator and goes past the control rods. Therefore, the water becomes contaminated,
and in case of leaks, the leaking steam will be dangerous. To remedy this, in newer PWR
reactors, boron and control rods are used to maintain system temperature, but the water
that goes through the turbine is not directly in contact with nuclear materials and will not
be radioactive.

With increased awareness towards probable nuclear catastrophes, Germany and Japan
are among countries trying to decommission their nuclear plants [78]. In addition to the
direct catastrophes that may be caused by nuclear plants, disposal of nuclear waste is
another direct issue of nuclear power as it requires the provision of land and specialized
storage grounds and cooling pods.

More optimistically, nuclear energy is rather affordable, with the total fuel costs
(including the fuel itself, enrichment, manufacturing, and disposal) being about 5 to
10 cents per kilowatt-hour [79]. Fuel contributes to about 10 percent of this price, so the
changes in the price of fuel have minimal impact on the final cost of energy.

2.9. Geothermal

Geothermal energy is the energy stored in the Earth’s core in the form of heat. This
thermal energy manifests itself in the form of steam and hot water and has been used
as a source of electricity for decades. Based on [80], the total geothermal capacity of the
Earth has been estimated at 7974 MWe, but as of year 2000, only 0.3% of this amount was
exploited. Extraction of geothermal energy occurs by drilling a hole in the Earth’s crust in
regions where the geothermal gradient is higher than the average of 30 ◦C/km in depth.
The heat is transferred from the sub-surface regions to the surface via conduction and
convection processes through geothermal fluids in underground aquifers. These hot fluids
(or steam) are then extracted, and depending on their pressure and temperature, they can
be used for electricity generation or heating.

The shortcoming of geothermal energy is the need for three conditions: a thermal
anomaly, a productive geothermal source, and a closed reservoir in an accessible depth
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that is not covered by impenetrable rocks. This greatly limits the viability of geothermal
energy despite its potential. On the positive side, when all the aforementioned conditions
are met, extraction of geothermal energy can be achieved using conventional technologies.
Geothermal energy is generally cleaner than fossil fuels in terms of carbon emissions, but
in reality, its use is dependent on the cost of fossil fuels and carbon taxes.

3. Electricity Generation Footprint and Impact

More often than not, studies focus only on one aspect of electricity generation or on
many aspects of one technology which does not provide the bigger picture for comparing
different electricity generation types [81]. There is more to the concept of sustainability
than carbon emissions and costs. Sustainability is looking at the Earth as a whole and using
its resources efficiently while considering the limitations. Therefore, not all green energies
are necessarily sustainable.

As pictured in Figure 1 based on the data by [82], the current electricity portfolios in
the southeast United States are mostly based on hydrocarbon and nuclear sources with
renewable sources only contributing a negligible amount to total electricity production. To
overcome this shortcoming, some states have incorporated renewable portfolio standards
with the goal of improving the sustainability of electricity generation. However, firstly,
not all states have such standards in place with the states of North and South Carolina
being the only examples with renewable portfolio goals in the southeast United States [83].
Secondly, these portfolios are almost exclusively based on increasing the share of renewable
energies and whether said energies are actually green is not mentioned. This shows that
the states are mostly concerned with lowering their carbon footprints, and other criteria are
not a major deciding factor of their definition of sustainability.

Figure 1. Current energy portfolios in the southeast United States.

As such, the energy impact indexes in the literature are bound by the factors included
in them and may not be all-inclusive. These indexes are usually custom-tailored to consider
one or a few aspects of electricity production in a very detailed manner. Instead, our
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paper tries to include more factors to obtain a more coherent look at benefits and draw-
backs of electricity generation methods and their sustainability. The considered factors
are categorized in four groups of environmental, economic, social, and technical, thus
enhancing the traditional way of viewing only the environmental and economic properties
of energies. Figure 2 shows the conceptual framework of how sustainability is defined,
and the major factors that play a role in defining and measuring sustainability, and form-
ing the energy portfolio. Some of these criteria had been suggested before in the works
of [84–86], but a broader range of possible metrics are collected in Figure 2. This enhances
the view on sustainability which was based on environmental and economic factors in
the past. Since different experts have different priorities in terms of factors they deem
important, additional criteria and factors can be added or removed to the list presented here.
In addition, different weights can be specified for each criteria to consider the importance
of each one based on the experts’ opinions.
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Figure 2. The four main criteria for sustainability: environmental, economic, social, and technical
sustainability. The inner layer shows the sustainability factors, while the outer layers depict the
corresponding regional and portfolio factors.

To describe the sustainability of each electricity generation technology, the main chosen
indicator groups (hereafter referred to as criteria) represent the environmental, economic,
social and technical aspects involved in each electricity generation option. Furthermore,
special care was taken to make certain each of these criteria are described by using life
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cycle indicators whenever possible, as these are the most inclusive and therefore capture a
better picture of what is involved in electricity production. Of course, as mentioned, all the
criteria and indicators presented here can be replaced by other factors or removed entirely
based on the discretion of the user.

To complement previous research, in addition to the usual environmental and eco-
nomic criteria, the social and technological aspects of electricity sources are considered here.
For each criteria, an exhaustive list of factors mentioned in the literature was collected, and
those that were measurable with available databases were chosen. When studying energy
impact, it is important to consider both sustainability and regional factors together. This
helps put the numbers in perspective and helps with the decision-making process. Aside
from the inherent advantages and disadvantages of each electricity generation technology
that dictates their performance, the use of each technology is also dependent on the avail-
ability of required resources in a given area. These resources range from the availability
of the fuel source (from sunshine to fossil fuels), to the availability of water, land, social
acceptance, and many more. For example, even if one generation method is identified as
the absolute best choice, as long as the technology for its implementation or the required
fuel is not available in a region, that technology will be rendered ineffective.

Some of the most important of these factors are introduced in this paper, each of
which is directly related to one of the sustainability factors discussed before. Therefore, the
resource availability along with the resource requirements of each electricity generation
technology in a location defines the weight of each criteria in that location. As such, the
chosen factors are a mix of variables that are directly a result of electricity generation
(impact or footprint variables) as well as variables that describe the state of the location
where the electricity generation will take place (resource availability or state variables).
Special care has been taken to make certain that for each footprint variable, there exists a
corresponding variable. These factors are discussed here in more detail.

3.1. Environmental Impact

When studying the environmental factors, the most defining of the factors is the level
of life cycle greenhouse gas emissions. Aside from the direct and indirect greenhouse gas
emissions caused by the operation and construction of power plants, auxiliary emissions
are caused due to opportunity losses (i.e., the emissions caused by older technologies that
could have been circumvented had a greener energy been used instead) and also because
of damages caused to the power plants as a result of accidents or wars. Water and land
footprints are also the staples of environmental sustainability analysis. When analyzing
the water footprint, aside form the quantity of water needed, the changes in the quality
should also be kept in mind. These quality factors include chemical, radioactive, and
thermal pollutants. Emitting greenhouse gases also has adverse effects on the air quality
and increases the air-pollution-related mortality rates. Another source of contamination
is the leakages of fuel from the storage depots or transportation pipelines. Finally, it is
important for the effects of each technology on wildlife and the environment to be taken
into consideration. Unfortunately, not all these factors can be quantified, and of the ones
that can, few have usable databases. As a result, what we describe below is a list of factors
that have the potential to be part of the sustainability analysis.

3.1.1. Life Cycle Greenhouse Gas Emissions

Due to the different nature of electricity generation methods, different types of green-
house gases are emitted. To better quantify the effects of all these greenhouse gases, the
CO2-equivalent (CO2e) values for emissions are used in this study. This is the sum of the
amounts of each greenhouse gas emitted in the process multiplied by the global warming
potential of each. In addition to the greenhouse gas emissions from the process of electricity
generation, emissions due to the planning, construction, and decommissioning phases are
also accounted for in the data. The data used in this research are in terms of gCO2eq/kWh
for all electricity generation methods. The data for life cycle analysis of greenhouse gas
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(GHG) emissions have been presented before in the works of [53,85]. This study suggests
the data by [72] as they seem to be the most comprehensive in terms of including most of
the processes.

The data show that renewable energies generally emit less greenhouse gases, with the
exception of nuclear energy which is on a par with its non- renewable counterparts. The
lowest and highest emissions both belong to hydropower which stresses the importance of
the scale of the power plant.

3.1.2. Carbon Emissions due to Opportunity Losses

As suggested by [85], some electricity generation methods require a rather short time
between their planning and implementation phases, while the same period for others can
take much longer. In the meantime, the existing power plants that are assumed to be
generating more GHGs are still in operation, and the longer the time before newer tech-
nologies are implemented, the longer older technologies generate more GHGs. Therefore,
the technologies with lower implementation times are preferable to their counterparts with
longer implementation times. The delays in this period are caused by the time it takes for
the site permit to be issued, financial sources to be found, permits to be issued, and the
construction phase to be completed In addition, retrofitting a plan after its lifetime ends
can further add to the delays and emissions resulting from them.

This time is actually not a constant number as plants of the same type are expected
to take less time to reach their operational phases. Furthermore, the more cleaner energy
sources are in operation, the lower the emissions of GHGs will be over time. This makes
the calculation of this metric a complicated matter. The data in this research come from [85],
where opportunity losses are defined as the subtraction of the downtime emissions of
each technology from the downtime emissions of the technology with the least emissions.
Taking into account the emissions in the downtime rather than the actual downtime, is a
more reliable method to account for how clean the current systems of electricity production
are. Since the available data only give the minimum and maximum values, the median is
calculated by taking the arithmetic mean of the two available numbers. In addition, it is
implied that the data for coal extend to other fossil fuels as well. Thus, unless otherwise
noted by [85], the same numbers are used for oil, natural gas, and coal. It should be noted,
however, that some fossil fuels such as natural gas are cleaner than the other ones, and the
approach mentioned above can be improved with better data. As shown in the data, the
opportunity cost emissions of most renewable energies are either zero or close to it, with
the exception once again being hydropower.

3.1.3. Emissions due to Natural Hazards, War, and Terrorism

Due to nuclear energy becoming more common, ref. [85] suggest considering the
damages caused in case of accidents, war, terrorist attacks, or even natural disasters
involving these facilitates. Depending on the priorities of decision makers, these adverse
effects can either be described by the potential casualties or by the carbon emissions due to
the destruction of facilities and the long-term warming that they cause, the former of which
is recommended by [85]. To estimate the carbon emissions, the countries with nuclear
capability and their nuclear facilities in the vicinity of habitable areas are first identified.
Then, the damages caused by the potential destruction of each of these facilities (which is
proportional to their size) is multiplied by a risk factor. The carbon content of the nearby
cities is finally used to estimate the total carbon emissions caused by a nuclear explosion.
The final results are reported as the grams of equivalent emitted CO2 per each kilowatt of
released energy.

3.1.4. Storage and Transmission Losses

The emissions caused by storage losses due to leakages has been studied by [85]
as well. However, he only considers the leakages associated with carbon capture and
sequestration (CCS) on coal plants. As mentioned by [74], leakage in natural gas storage
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facilities is another important source of emissions that is also considered in the estimations.
Leakage are defined as the amount of CO2 that escapes underground formations or storage
facilities due to earthquakes. From the given description, it is apparent that accidents,
storage tank malfunctions, and natural leakages from crevices in the structures are not
considered in this estimation (as is normally the case in natural gas storage tanks and
pipelines). For the estimation of this factor, ref. [85] first estimated the total amount of CO2
in a geological formation, and then multiplied it by the leakage rates 1% and 18% as lower
and higher estimates. He then compared the amount of leaked carbon with the amount
of emissions caused by the same mass of carbon in a power plant with CCS equipment to
estimate the mass of released carbon per each kilowatt of energy. While this method is not
flawless and fails to take into account other sources of leakages, its results are used in this
research mainly because more accurate data are not available.

3.1.5. Adjusted Carbon Footprint

To obtain a better and more generalized metric of the carbon footprint, the emissions
due to opportunity losses, war and terrorism, and storage losses were added to the life
cycle greenhouse gas emissions to adjust it for the aforementioned cases. The resulting
metric is named adjusted carbon footprint and will be the main metric in this research
for considering greenhouse gas emissions. Equation (2) shows how this new metric was
calculated. The result of Equation (2) offers a slight improvement to the general values of
carbon emissions often found in the literature and are given in the Appendix A as part of
Table A1.

Adjusted carbon footprint =life cycle carbon footprint+

Opportunity losses emissions+

War or terrorism emissions + Leakage emissions

(2)

3.1.6. Regional Carbon Emissions

The use of energies with a high carbon footprint is particularly undesirable if the
regional emission rates are already high. As such, carbon dioxide emissions in each location
were also considered as an additional factor to scale the carbon emissions of each technology.
As a measure of greenhouse gas emissions, the per capita carbon emissions (tons/cap)
within the area was selected. Higher values of this number usually indicate that an area is
more industrial and can benefit more from the addition of green energies. Other areas with
less emissions, on the other hand, are less sensitive to air-quality-related issues. [87] has
studied per capita carbon emissions in the US for different sectors. Total carbon dioxide
emissions on the state levels have been published by [88]. For carbon emissions to be
comparable over a variety of different locations, the emission numbers were divided by
the population of each state as given by the US Census Bureau to find the per capita
carbon emissions. Naturally, regions with higher carbon emissions find renewable energies
more desirable.

3.1.7. Water Footprint

Many parts of the world are currently struggling with water shortages, and with the
passing of time, providing safe water sources will become a more prominent issue as a
result of global warming. The water footprint of power plants comes from the water used to
process the fuels (irrigation of crops, mining operations, etc.), transportation, construction
of the facilities, evaporated water in the process of cooling, and, in the case of hydropower,
direct water usage.

The water footprint is one of the reliable metrics for quantifying water consumption
and is defined in the literature as the total volume of water required for a unit of energy
to be generated. Estimates for the water footprint of different electric technologies are
given in the works of [60,85,89,90], the latter of which is used in the current study where
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water consumption is given in units of m3/GJ. The data for biomass are from [91] as it was
missing from the previous study.

3.1.8. Regional Freshwater Withdrawal

To address the state of water availability, the percentage of freshwater withdrawal
over the total available fresh water was chosen. This index show how much each area is
stretching its available water resources. The lower the value of this index, the less of a
concern water supply would be. Regions with higher water availability are less sensitive to
energies with a higher water footprint, and it is important for current regional freshwater
availability, renewable water sources, freshwater withdrawal, and water demand to be
considered. While there are regional documents on water consumption that describe the
resources in detail, such as the report by [92], the more comprehensive but lower level
data given by [93] were used in this study. Using the available data, annual freshwater
withdrawal rates in each region were found. Available annual renewable water sources
in each region were also found. Finally, the percentage ratio of freshwater withdrawal to
freshwater availability was found for each location. Higher withdrawal numbers show
more stress on available water supplies, and such regions prefer technologies with lower
water footprints.

3.1.9. Land Use

One of the important factors in the sustainability of energy sources is their land
footprint (or sea and ocean usage for offshore technologies). The land used by power plants
could have been used more productively by other activities such as farming or building
accommodations. In many cases, the potential construction site for power plants used to
contain vegetation and various types of wildlife. Any construction work in these areas
disrupts the natural habitat. In addition, aside from the land directly occupied by the
power plant, the spacing required around it should also be considered in the figures. In the
literature, different methods of estimating the spacing for different electricity production
methods have been noted. One advantage of aquatic technologies over their terrestrial
counterparts is the fact that the turbines are usually spaced more closely together, reducing
the land footprint. Aside from the land directly used by the power plant, the additional
land that it renders inhabitable or otherwise unusable should be included in the land
footprint as well. For example, growing crops to be used as biofuels contributes to the food
crisis, and continuous cultivation of a similar crop can have adverse effects on soil health.
In the case of hydropower, the large areas behind the reservoir that are flooded become
uninhabitable. As another example, nuclear reactors require storage facilities, which add to
their land use. In [94], the authors found that although renewable energies may require
more direct land, their life cycle land footprint can be lower than their non-renewable
counterparts. The authors in [95] have also looked at land usage (in the unit of M2/GWh)
as part of their studies on the effects of climate policy on natural habitats. Since their data
have been measured firsthand, and they give the lower and higher bounds, their research
has been the basis of the land-use data used here. In addition, due to the unavailability
of data, it was assumed that the land usage of onshore and offshore wind turbines is the
same. In practice, offshore wind turbines are more efficient but require more elaborate
transmission lines. In addition, the median was once again assumed to be the arithmetic
mean of the minimum and maximum values. Land footprint is where renewable energies
fall short of fossil fuels as their impact on land is usually considerably larger.

3.1.10. Regional Available Land

The availability of land (km2) is also another environmental factor considered in
portfolio analysis. Usually, to find the available land to be utilized by power plants, first,
the total available land not occupied by cities and industries should be estimated. Next,
the smaller areas and the ones with inappropriate slopes should be eliminated for the total
usable land to be found. This is clearly not an easy task and providing the data can prove
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difficult. For this reason, in this study, the available land is defined as the total available
land, whether occupied or not, and land slope has not been accounted for.

The availability of land per region has been documented in many research projects
such as [96] where the land use has been reported per each US state. Based on this data,
the percentage of available land that can be used for construction of power plants was
calculated by subtracting the percentage of urban areas and croplands. This number
was then multiplied by the total land area of the region given in [97] to find the total
available land.

3.2. Economic Impact

When comparing the newer renewable energies to non-renewables, it should be noted
that renewable energies often have higher upfront costs, but their annual costs are cheaper.
For this reason, in addition to the capital cost of technologies, their annual operation and
maintenance costs should also be taken into account. In addition to these costs, the cost of
the power plant’s fuel should also be considered. Overall, to calculate the levelized cost
of energy, the overnight investment costs, recovery costs, tax rates, depreciation, capacity
factor of plants, operation and maintenance costs, discount rates, and operation times
should all be taken into consideration. Furthermore, the changes in the discount rates
should also be studied as some technologies might not be economically feasible in the
case of lower discount rates. Finally, the costs incurred because of delays in construction,
interruptions in the operation, and profit losses when the plant is non-operational is another
economic factor worthy of consideration. For the purpose of this study, the levelized cost
of energy (LCOE) was chosen as the main factor as it incorporates most of the items
described above.

3.2.1. Levelized Cost of Energy

In [59], the authors provide one of the most comprehensive publicly available databases
on levelized cost of energy (LCOE) in the US and is the main source of prices in this study.
However, not all the data in this database include every type of operation and maintenance
costs. Furthermore, the major limitation with this price database is the fact that its raw data
were obtained from multiple sources, and therefore, not all the assumptions are necessarily
consistent. Unless studies on levelized cost of energy become more transparent, these
issues will continue to persist in the databases.

In order for the LCOE to be calculated, first, the capital recovery factor (CRF) must be
calculated using Equation (3). CRF is the conversion factor of the capital expenditures to
annual payments and is dependent on the discount rate (D) and the lifetime of investment
(N), which are assumed to be 7% and 30 years, respectively.

CRF =
D(1 + D)N

(1 + D)N − 1
(3)

LCOE in $/kWh is next determined by Equation (4). Aside from the capital costs
($/kW) and the fixed and variable operation and maintenace costs ($/kW and $/MW),
LCOE depends on CRF, tax rate (τ = 39.2%), depreciation value of each technology
(DPV), fuel price ($/MMBtu), and heat rate ($/MMBtu) if applicable. Heat rate is defined
here as the efficiency of the power plant to generate energy from electricity. LCOE is
the minimum price that the electricity companies need to charge in order to cover all
their expenses.

LCOE =
Capital Cost × CRF × (1 − τDPV)

8760 × Capacity Factor × (1 − τ)
+

Fixed O&M
8760 × Capacity Factor

+
variable O&M

1000 kWh
MWh

+
Fuel Price × Heat Rate

1000000 BTU
mmBTU

(4)

164



Sustainability 2022, 14, 4506

3.2.2. Regional GDP

Economic factors are important to show if the location in question is capable of funding
the projects or not. GDP is the first and most comprehensive economic index that comes to
mind which includes factors such as income, imports, and exports. GDP also helps put the
cost of energy production into perspective. The use of GDP gives more insight about how
economically affordable each alternative may seem to each region based on their level of
economic power. Regions with higher GDPs will have more freedom in choosing energy
technologies regardless of the associated costs. The authors is [98] give the annual GDP by
state in millions of dollars in 2020 prices. When vastly different locations are compared, the
use of GDP alone can be misleading as larger states or countries are likely to have higher
GDPs. To eliminate the size, the index of economic power can also be defined as per capita
GDP ($/cap).

3.2.3. Average Age of Power Plant Before Retirement

Another important aspect in the economic analysis of a project is its lifespan. In [99],
the authors list the average age of power plants in years in the United States based on their
fuel type. Naturally, longer lifespans reduce the effects of initial costs over time and are
more desirable in terms of economics.

3.2.4. Regional APR Rates

Just like GDP for LCOE, the APR rate in each region makes it easier to decide about
the lifespan of each alternative. Regions with higher APRs indicate higher investment risks
and normally prefer shorter project time frames as a result. In [100], the authors offer a
comprehensive list of APR rates by state in the United States.

3.2.5. Additional Economic Factors

Aside from what was mentioned before, additional factors can also be considered to
better convey the stability of markets in a given region. Circularity of goods is one of these
factors that shows the percentage use of locally sourced commodities to total commodities
used in a certain industry. Higher circularities show higher levels of self-sufficiency and
can be important in sourcing fuel for power plants. Resilience of supply chains towards
disruption can be another potential factor. A region that relies on multiple supply providers
is more resilient, and the industries using those supplies will be more desirable. The
Shannon Diversity Index can be used to describe the level of resilience. The importance of
a state in the economic market can also be shown through the dependence of other regions
on that market. This can be shown by finding what percentage of the resources are being
supplied by each source. Likewise, the number of regions that supply a resource is the
perfect complement to the dependency. In the electricity market in particular, if a region is
the main supplier of electricity to the neighboring areas, the stakeholders are more likely
to prioritize production and economic, and technical factors over their environmental or
social counterparts. If closer analysis of market prices is needed, factors such as maximum
interest rates, average regional electricity prices, land value, minimum wage salary, and
the cost of fuel for different types of power plants can also be considered as additional
factors. This study however, has omitted these factors entirely for the benefit of an easier
data collection process.

3.3. Social Impact

When studying the sustainability of electricity sources, the social aspect is often over-
looked in favor of more mainstream issues such as emissions and finances. As a result, few
articles have considered the social factors. Even the best of technologies have to be accepted
in a society before being implemented, hence the importance of considering people’s beliefs
about certain electricity generation technologies, the urban myths and misconceptions
regarding them, and the biases. This level of preparedness in each community in case of a
hazardous event is partially determined by the social conditions governing that community,
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which itself is affected by the industries and technologies present in the region. Politically,
the use of some technologies might yield other long- or short-term advantages for certain
individuals or societies which can be one of the deciding factors in policy making and in
determining which electricity generation technologies are to be used. Finally, the operation
of power plants creates direct and indirect jobs which are an income source to the society.
However, at the same time, the operation of plants is inherently hazardous, causing injuries
or fatalities to workers at times. Since the opinion of people towards each electricity gener-
ation technology is not easy to scientifically quantify, the chosen social factors in this paper
are the ones that were easier to define and measure.

3.3.1. Fatalities

To calculate the fatalities associated with each electricity generation technology per
each GW of electricity, ref. [53] divided the yearly fatality rates given in [101] by the net-
rated power capacity given by [59] (TCD). Since TCD directly includes the fatality rates
per each GigaWatt of energy per year, instead of the method described in the literature,
this research uses the TCD data. However, the majority of this data is the average for all
OECD countries and using it for the US can be inaccurate. That said, the results are more
comprehensive than other similar research. This is the basis for the choice of using them in
the current article. The other area where this data fall short is that it does not consider sub-
technologies. As such, the results are more or less the average across all sub-technologies.
Furthermore, due to the lack of data, as suggested by [53], it was assumed that the fatality
rates of CSP are similar to that of geothermal. Just as before, the data for fuel cells are also
assumed to be similar to natural gas.

Overall, while the fatality rates of renewable energies are generally lower than the
other technologies, the overall fatality rates seem to be mainly directed to the size of the
power plant rather than the technology being used. In addition, the minimum and median
fatality rates for nuclear power are relatively small, making it look like a safe alternative,
but in the case of a nuclear catastrophe, the maximum mortality rate of nuclear energy is
higher than the other technologies by at least two orders of magnitude.

3.3.2. Regional Social Vulnerability Index (SVI)

The vulnerability of a community towards natural hazards and its ability to prevent
or subdue suffering in case of disasters is summarized in the Social Vulnerability Index
(SVI). Social vulnerability is also a measure of a community’s preparedness to respond to
a hazardous event such as outbreaks, droughts, chemical and nuclear spills, and power
plant failures. SVI can also be used to determine the amount of emergency supplies that
need to be allocated to a region after a disaster or to help plan evacuation routes. One of
the most well-known of these indexes, is the SVI index developed jointly by the Centers for
Disease Control and Prevention (CDC) and the Agency for Toxic Substances and Disease
Registry (ATSDR) based on 15 US Census variables such as income levels, education,
disability, housing types, vehicle access, race and age groups among other variables [102].
The data for the SVI index is available online for the US states on county and census tract
levels [103]. SVI is measured by ranking the performance of each location in each theme
and constructing its percentile rank [104]. To improve the index, ref. [105] expanded SVI
by considering more factors, using principal component analysis based on the influence
of each of the factors, and proposing the improved SoVI index at county levels. In this
study, the weighted average of these numbers as a function of county area was calculated
to construct the overall SoVI of a state. The numbers were then scaled to the 0 to 1 range
with higher numbers showing more social vulnerability. It must be noted that SoVI values
are comparative, and single values cannot be used on their own.

3.3.3. Jobs Created

Recently, the number of jobs created was listed in studies as a tangible social metric for
each technology. It is widely agreed that the technologies with a higher number of created
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jobs are more acceptable both socially and politically. In [106], the authors employ a model
proposed by NREL to estimate the ranges of full-time equivalent (FTE) employment rate of
each technology. The only exception to this was the employment rate of nuclear technology
that was taken from [107]. The employment rates account for direct jobs as the result of
construction and operation of facilities, as well as indirect jobs along the supply chain as
third-party individuals or companies produce services, goods, and resources beneficial
to the power plant. In addition, induced jobs as the result of the money from direct and
indirect jobs being spent locally are also considered in the data. The final numbers are
reported in terms of the number of jobs created per each GWh of generated electricity. Due
to the unavailability of data, the number of created jobs for oil and fuel cells was assumed
to be equal to that of natural gas.

3.3.4. Regional Unemployment Rate

The unemployment rate was chosen to put the job creation data in each region into
perspective as regions with a higher unemployment rate will be more concerned with the
social aspects of energy technologies and the number of new jobs they create rather than
the environmental aspects of power generation. The unemployment rate was found based
on the data reported by [103].

3.3.5. Regional Politics

While the social repercussions of electricity generation technologies are an important
factor in how attractive they are perceived to be, in the end the general policies involving
their utilization is set by the political parties in power. As such, the percentages of House
and Senate legislators belonging to each of the major political parties in each state as
reported by [108] were recorded. This has been included because each of these parties has
its own definition of sustainable energies which in turn will be reflected in the policies and
regulations they pass. Furthermore, the statewide comprehensive energy plans [109] and
the existing capacities of traditional and renewable electricity generation [110] were noted
as additional factors of social preference, and as additional evidence of regional electricity
generation preferences.

3.3.6. Additional Social Factors

Leakage risk can be considered by compiling a list of oil and gas leakage incidents in
the region. Additionally, a list of accidents related to power plants can provide a vision on
the overall safety of the technologies and the threat they pose to the society. Finally, the
pollution rate of the power plants can optionally be considered. This is important due to the
fact that in most studies, only the carbon emissions are considered which results in other
forms of pollution such as deterioration of water supplies, air pollution, or disfiguring
natural landscapes, being omitted. Of course, in these factors, the number of incidents and
their intensity, rather than the amount of pollution, are the main point.

3.4. Technical Impact

Technical factors are mainly concerned with the efficiency and reliability of each
technology to deliver electricity. One of the major technical disadvantages of renewable
energies as is discussed below is their intermittency and lack of ability to match generation
at the time of demand. The capacity factor of plants is another method of evaluating the
reliability of each technology. Other factors that can potentially be included in future
research when reliable data for them are released include the fluctuations in the fuel price
to show the distortions in the supplies, the lifetime of plants, the need for periodic repairs
and refurbishments, the time lag between planning and the operation of each plant, and the
safety of each technology. The efficiency of transmission lines (in addition to the efficiency
of the plant) is also another potential factor that can be considered in future studies.

To address the technical side of energy usage, the available resources in each location
were chosen as the most important factor in the analysis. In [111], the authors provide an
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excellent resource availability study that highlights the most vital factors determining the
potential of green energies in a region. Available regional technology is another factor that
has been considered through various tech and science indexes. In addition, for widespread
energies, the existing infrastructure was considered a resource as it can influence further
decision making about energy portfolios. While factors such as intermittency and capacity
are important, they are secondary issues if the technology or resources for energy generation
are not available in a region.

3.4.1. Resource Availability

When it comes to the resources required for electricity generation, due to inherent
differences of energy technologies, various variables need to be considered depending on
the electricity type.

• Solar PV and CSP: For solar energy, the availability of regional silicon, gold, copper,
and lithium reserves [112] were considered to show how reliant on raw materials a
region is in order to locally manufacture solar panels. In terms of generation potential,
average temperature [113], daily solar radiation [114] and annual sunshine hours,
and mean elevation were chosen. Finally, for the specific case of CSP, the number of
regional commercial and private airports [115] was also considered to account for the
possible blinding effect of the mirrors in these installations.

• Onshore and Offshore Wind: The potential of wind energy generation is mainly a
function of onshore and offshore wind speed [50,116]. The minimum and maximum
wind speeds that a wind turbine can capture effectively were also considered, and all
locations met these requirements. For the particular case of offshore wind, the length
of coastlines [117] were also considered.

• Geothermal: For the generation of geothermal energy, the main resources are the
earth’s crust’s temperature and the availability of a proper aquifer. For this reason, the
favorable range of geothermal reservoirs [118], regional freshwater withdrawals, and
available renewable water sources [93] were considered.

• Hydropower: Dam elevation, stream flow discharge, and land slope are the main
driving factors of hydropower. Aside from the size of the largest regional dams as well
as annual, and seasonal stream flows [119], the elevation range of the region was also
considered as a measure of the land slope. Elevation range was used since calculation
of slope needs to be carried out in a specific direction, whereas elevation is a relative
measure. Additionally, the number of notable prior dam failures [120] were recorded
as a measure of how safe hydropower can be in the face of natural disasters.

• Nuclear Power: For nuclear power, an inventory of regional uranium and plutonium
reserves was compiled [112]. However, none of the southeastern US states house any
of these repositories. In addition, the number of nuclear materials storage sites [121]
and spent fuel disposal sites [122] were also considered.

• Coal: With the technology of coal power plants being widely available, the main
restriction in their use is the availability of coal itself as the fuel. For this reason,
the actual recoverable reserves at production mines, estimated recoverable reserves,
and demonstrated potential reserve base [62] were taken into account as measures
of resources.

• Oil: With the southeast US deprived of oil reserves and near zero current pro-
duction rates, the undiscovered onshore and offshore technically recoverable oil
resources [123] were noted as the oil fuel resources.

• Natural Gas: Similar to oil, with the absence of prominent natural gas fields in the
southeast US, the discovered shale gas repositories, as well as existing natural gas
processing plants [124] were considered as available resources.

• Biomass: While technically a wide range of biofuels can be used in biomass plants, the
sources of energy were limited to wood and dead plants. Thus, the available regional
wood stocks as the percentage of forest cover [125], the percentage of land used for
plantation crops [96], as well as per capita waste generation and composition [126]
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were recorded. For a more in-depth study, Ref. [43] gives a comprehensive list of crops
that can be used for bioenergy generation and the level of emission abatement that
each one offers. On the other hand, Ref. [127] provides a list of acreage of each crop
per US state. As such, a metric of total potential emissions abatement can be found by
taking the weighted average of possible abatement with respect to the percentage of
each crop available to a specific region.

3.4.2. Science and Technology Index

Aside from the availability of fuel and resources, the availability of each technology
should also be considered. This has been achieved by documenting state technology and
science indexes and state research and development index, as well as the state technology
and science workforce indexes [128]. Additionally, the number of local colleges and universi-
ties [129] were also considered as institutions that work towards scientific advancement of
energy technologies.

3.4.3. Capacity Factor

In addition to the availability of resources and technologies needed for energy genera-
tion, the intermittency of the existing power network can potentially be considered. One
of the issues with green energies is that at a single location and at a given time, it is not
possible to guarantee their power production. Some green energy sources are more pre-
dictable than others. Tidal energy is more predictable than solar for instance. The higher the
intermittency of a technology, the more the need for backup generators or alternate sources
of energy. However, with all the green energies combined over a larger geographical
region, their intermittency drastically decreases as each energy can cover for the other ones.
Therefore, intermittency is dependent both on the energies being used and the electricity
mix in a power grid. Intermittency can be reduced by geographically dispersing energy
sources, load smoothing, energy storage, and reliable weather forecasting.

Since it is complicated to quantify intermittency, reliability or capacity factors of power
plants can be used instead. The capacity factor of each power plant is described as the ratio
of its actual power production to its nominal capacity. The capacity factor is dependent on
the down-time of the power plant due to reliability issues, maintenance, weather conditions,
fuel availability, and electricity conversion mechanisms. Since the capacity factor is not a
constant number, its annual average is usually reported. The capacity factors of different
power plants can range from 18% for solar PV up to 95% for geothermal and nuclear
energies. Generally, based on the data provided in [53], renewable energies have lower
capacity factors and as such they are not suitable for peak-time electricity generation and
need to be used along with non-renewable types.

3.5. Summary of Chosen Factors

Table 1 shows the summary of all the final quantifiable factors and their data sources
across different electricity generation technologies. Of all the mentioned criteria, some
had to be omitted due to lack of reliable data or subjectivity of the chosen criteria. For the
environmental criteria, the adjusted carbon footprint, water footprint, and land footprint
are chosen as the deciding factors. The levelized cost of energy, as well as the average
age of plant retirement, are candidates from the economics criteria. Additionally, for the
social criteria, factors such as fatality rates of each electricity generation technology and
jobs created by each energy were chosen. Finally, for the technical criteria, the capacity
factor of each technology was considered as the main factor. Example data for these factors
have been given in Appendix A.
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Table 1. Energy-related sustainability criteria.

Energy Factor Unit Criteria Data Source

Environmental

Adjusted carbon footprint gCO2eq/kWh L [72,85]
Water footprint m3/GJ L [60]
Land footprint m2/GWh L [95]

Economic

Levelized cost of energy $2019/kWh L [59]
Plant retirement age Yr H [99]

Social

Fatality rate #/GWeqYr L [59]
Job creation #/GWh H [106]

Technical

Capacity factor % H [53]
L: Lower is better, H: Higher is better.

Although the intrinsic properties of energy technologies are important, it is also
vital to consider the regional characteristics as well. Of all the criteria mentioned before,
those that can be expressed either in quantitative or qualitative ways are summarized in
Table 2. Since some of the qualitative data are essential in understanding the state of an
energy’s usage in a certain area, it is suggested that the regional factors be graded by the
experts in the field, rather than via mathematical means. Among the environmental factors,
carbon emissions, freshwater withdrawal, and available land were chosen. Regional GDP
and APR rates are the indicators for the economic criteria. In terms of social aspects, the
social vulnerability index and unemployment rate are the indicators of choice. In addition,
the political standing and the previous policies have been considered as well. Finally the
regional technical characteristics are captured by looking at the available regional resources,
as well as various science and technology indexes. Resource availability ranges from the
availability of raw materials and fuels, to the existing infrastructure.

Table 2. Location-Related Sustainability Criteria.

Energy Factor Unit Criteria Data Source

Environmental

Carbon emissions ton/cap L [88]
Freshwater withdrawal % L [93]
Available land km2 H [97]

Economic

Regional GDP M$ H [98]
Regional APR Yr L [100]

Social

Social Vulnerability - L [105]
Unemployment rate % L [103]

Technical

Regional resource avalability Varies Varies See Section 3.4
Tech and science index % H [128]
R&D index % H [128]
Technology workforce index % H [128]
Number of universities # H [129]

L: Lower is better, H: Higher is better.
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4. Conclusions

In this research, a collection of criteria was compiled to study the sustainability of
energy technologies. Previous research studies have only looked at a few of these criteria.
Thus, the concept of sustainability can still be improved by looking at energy technologies
more comprehensively. Still, the use of all the facets of the aforementioned criteria is not
possible in practice due to gaps in data availability, uncertainties in the quantification of
data, regional characteristics not being included in sustainability studies, and sustainability
indexes having been designed with only a few of the aforementioned criteria in mind. This
research aims to provide a list of the criteria that needs to be included in the definition of
sustainability to elevate it from the traditional carbon-based view. It also serves to identify
RAF as a solid basis for a sustainability index for definitions of sustainability.

4.1. Data Availability and Gaps

Upon studying the literature on the sustainability of energy sources, the first visible
issue with creating a more comprehensive sustainability index is the databases not sharing
the same assumptions. As such, in many occasions, further assumptions were made or
part of the data was estimated based on other technologies. Next, some of the parameters
mentioned in the studies are extremely difficult, if not impossible, to quantify. Variables
such as energy mix intermittency, biases, myths and misconceptions, and wildlife diversity
are examples of these that cannot be expressed in numbers due to their nature or the
ambiguity in their definition. Of course, the inclusion of such variables in sustainability
studies can be greatly beneficial.

Finally, the lack of a comprehensive index or framework for studying sustainability
is noticeable. Most sustainability indexes are concerned only with environmental and
economic aspects of electricity generation, and almost no framework considers other criteria
such as social and technical aspects. Even then, to date, only the RAF index [31] includes
regional resource availability. The omission of such important aspect from sustainability
studies is puzzling.

4.2. Future of Sustainability

Based on the review of sustainability factors presented in this paper, the need for
change in the future of sustainability studies is evident. The previous studies defined
sustainability using only a limited number of criteria that were chosen for their specific
case study. We argue that the definition of sustainability needs to be broader than confining
it to typical criteria such as emissions or cost. In this research, a review of the previous
methods was given, and the criteria presented in them was summarized under the main
four categories of environmental, economic, social, and technical criteria, improving the
previous viewpoint on sustainability as a result. In doing so, only the aspects that could
be quantified were kept. In addition, it was argued that most studies miss the regional
characteristics of the location in which electricity is to be generated. This step is important
as regional characteristics indicate the feasibility of each technology for the specific location
in which they are to be used. Thus, proper location-based factors were also given to
complement each of the electricity generation criteria. Finally, instead of creating a new
index, this study suggests using the RAF index as a basis to build a more comprehensive
definition of sustainability to keep the results relevant and comparable. To improve the
definition of energy sustainability, the following actions are suggested:

• Studies need to consider additional criteria aside from environmental and economic
factors. Even then, the definition of environmental factors can be enhanced by look-
ing beyond carbon emissions and considering other environmental factors such as
wildlife. Almost no global standards exist for the inclusion of additional criteria and
the variables that need to be considered in each. Thus, it is hoped that the information
provided in this paper is useful for other researchers.
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• Some of the variables can be placed in different categories depending on the point of
view. For example, damages caused due to natural hazards to the power plants can be
looked at from the point of view of environmental emissions, economic costs that arise
from the repairs or outages, or even the social consequences of them. It is inevitable to
include similar variables in each of the criteria; however, caution should be exercised
to keep these variables from skewing the final direction of the sustainability analysis.
Furthermore, it is suggested that a similar number of variables be used in each criteria
to make certain no aspect of electricity generation receives more attention that the
other parts.

• The same can be said about the technical resource availability of different energy
technologies. Some technologies share the same resources, thus duplicate items will
be present. Additionally, the researchers need to make certain that either the life-cycle
variables are used, or if not, the variables are not biased towards a certain technology
or a certain resource.

• To date, the most comprehensive sustainability indexes are based only on environmen-
tal and economic aspects. Ideally, a more comprehensive metric needs to be developed
that considers other aspects of electricity generation as well. The outdated view of
sustainability being analogous to carbon emissions is not the best approach, and a
better index can help change this mentality.

• Except for the RAF index, almost no other study takes into account the regional
characteristics of where the electricity technologies are to be used. Naturally, the
sustainability of energy sources are not static and can change based on the regional
and environmental status. As such, studying the concept of sustainability without
considering the regional aspects will not be realistic. The authors suggest treating the
regional values as weights that change the importance of each sustainability criteria.
However, other approaches can also be taken.

• Finally, with the plethora of sustainability indexes that are constantly being introduced
via the literature, it is vital for the new works to be based on previous studies. When
possible, they should augment and complete the current indexes, and when not
possible, they should be built based on one of the existing indexes. This way, recording
the assumptions of each method will become much easier, and the findings of each
method can be taken advantage of, while the shortcomings of a method are addressed.

Throughout this paper, a summary of different approaches towards capturing the
essence of energy sustainability was given. Still, no single study manages to present
an all-inclusive approach towards sustainability. It is evident that despite all the recent
studies, a better framework for defining sustainability needs to be developed. The change
in approach towards sustainability can help enhance the understanding of sustainability,
which in turn leads to the design of a better energy portfolio. The current sustainability
studies are limited in their scopes, and the authors hope the provided materials will be
beneficial in future policy- making and sustainability analysis endeavors. However, the
most important outcome of this comprehensive review of sustainability is perhaps to inform
the energy managers, planners, and stakeholders that a renewable energy is not always
green; a green energy is not always sustainable; one energy that may be sustainable in one
location may not necessarily be so in another location.
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The following abbreviations are used in this manuscript:

ATSDR Agency for Toxic Substances and Disease Registry
CCS Carbon Capture and Storage\Sequestration
CDC Center for Disease Control
CRF Capital Recovery Factor
FTE Full-Time Equivalent
GDP Gross Domestic Product
LCOE Levelized Cost of Energy
RAF Relative Aggregate Footprint
SVI Social Vulnerability Index
TCD Transparent Cost Dataset

Appendix A. Sustainability Criteria Values for Different Electricity

Generation Technologies

Tables A1 and A2 list the numeric values of environmental, economic, social, and
technical sustainability values as expressed in Section 3.5. These numbers describe the
inherent characteristics of electricity generation technologies under the aforementioned
four criteria. Of these, the environmental criteria has been broken down into three sub-
criteria. The values presented in Tables A1 and A2 can be used to calculate the RAF index.
It should be noted that in some criteria, smaller numbers indicate a better value, while
for others, larger numbers are preferable. RAF has the ability of using both of these data
types without further need for standardization. Of course, for a real case study, these
tables should be matched with a corresponding table of regional characteristics (criteria
presented in Table 2) for the weight and importance of each criteria to be determined. As
such, no general advisement can be given just by considering the inherent characteristics of
electricity generation technologies alone, and the results of regional RAF metrics should be
the main source of comparison.

Table A1. Environmental sustainability criteria values.

Technology

Carbon Footprint Land Footprint Water Footprint
gCO2eq/kWh m2/GWh m3/GJ

Lower Is Better Lower Is Better Lower Is Better
Min Median Max Min Median Max Min Median Max

Biomass 130 230 420 4433 13,116.5 21,800 20 42 64
Conc. Sol. P. 8.8 27 63 340 510 680 0.118 1.149 2.18
Solar PV 18 48 180 704 1232 1760 0.00064 0.1518 0.303
Wind: Onshore 7 11 56 2168 2404 2640 0.0002 0.0007 0.0012
Wind: Offshore 8 12 35 2168 2404 2640 0.0002 0.0007 0.0012
Hydropower 32 39.5 2200 538 1803 3068 0.3 425.15 850
Coal 792.8 910.9 1039 83 325 567 0.079 1.0895 2.1
Oil 708 831 953 1490 1490 1490 0.214 0.702 1.19
Natural Gas 461 559 737 623 623 623 0.076 0.658 1.24
Nuclear 62.7 96.55 220.1 63 78 93 0.018 0.734 1.45
Geothermal 7 41.5 85 33 248 463 0.0073 0.3832 0.759
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Table A2. Economic, Social, and Technical sustainability criteria values.

Technology

Economic Social Technical

LCOE Avg. Lifespan Job Creation Fatality Capacity Factor
$/kWh yr Jobs/GWh Fatality/GWeqyr %

L H H L H

Biomass 0.08 41 2.06 0.0149 84
Conc. Sol. P. 0.18 40 2.02 0.0017 50
Solar PV 0.27 10 1.47 0.0002 22
Wind: Onshore 0.07 15 0.33 0.0019 41
Wind: Offshore 0.13 15 0.62 0.0064 43

Hydropower 0.07 70 0.96 0.0027 87
Coal 0.07 54 0.66 0.1200 85
Oil 0.09 38 0.48 0.0932 85
Natural Gas 0.05 38 0.48 0.0721 85
Nuclear 0.08 35 0.47 0.0069 90
Geothermal 0.09 40 0.91 0.0017 90

H: Higher is better, L: Lower is better.

References

1. Wackernagel, M. The ecological footprint of Santiago de Chile. Local Environ. 1998, 3, 7–25. [CrossRef]
2. Wackernagel, M.; Onisto, L.; Bello, P.; Linares, A.C.; Falfán, I.S.L.; Garcıa, J.M.; Guerrero, A.I.S.; Guerrero, M.G.S. National natural

capital accounting with the ecological footprint concept. Ecol. Econ. 1999, 29, 375–390. [CrossRef]
3. Elliott, D. Renewable energy and sustainable futures. Futures 2000, 32, 261–274. [CrossRef]
4. Chini, C.M.; Stillwell, A.S. The state of US urban water: Data and the energy-water nexus. Water Resour. Res. 2018, 54, 1796–1811.

[CrossRef]
5. Torcellini, P.; Long, N.; Judkoff, R. Consumptive Water Use for US Power Production; Technical Report; National Renewable Energy

Lab.: Golden, CO, USA, 2003.
6. Macknick, J.; Newmark, R.; Heath, G.; Hallett, K. Review of Operational Water Consumption and Withdrawal Factors for Electricity

Generating Technologies; Technical Report; National Renewable Energy Lab.: Golden, CO, USA, 2011.
7. Macknick, J.; Newmark, R.; Heath, G.; Hallett, K.C. Operational water consumption and withdrawal factors for electricity

generating technologies: A review of existing literature. Environ. Res. Lett. 2012, 7, 045802. [CrossRef]
8. Ackerman, F.; Fisher, J. Is there a water–energy nexus in electricity generation? Long-term scenarios for the western United States.

Energy Policy 2013, 59, 235–241. [CrossRef]
9. Steinhurst, W.; White, D.; Roschelle, A.; Napoleon, A.; Hornby, R.; Biewald, B. Energy Portfolio Management: Tools & Resources for

State Public Utility Commissions; Synapse Energy Economics Inc.: Cambridge, MA, USA, 2006.
10. Cappers, P.; Goldman, C.; Kathan, D. Demand response in US electricity markets: Empirical evidence. Energy 2010, 35, 1526–1535.

[CrossRef]
11. Ervural, B.C.; Evren, R.; Delen, D. A multi-objective decision-making approach for sustainable energy investment planning.

Renew. Energy 2018, 126, 387–402. [CrossRef]
12. Espey, S. Renewables portfolio standard: A means for trade with electricity from renewable energy sources? Energy Policy 2001,

29, 557–566. [CrossRef]
13. Chatzimouratidis, A.I.; Pilavachi, P.A. Technological, economic and sustainability evaluation of power plants using the Analytic

Hierarchy Process. Energy Policy 2009, 37, 778–787. [CrossRef]
14. Jacobsson, S.; Johnson, A. The diffusion of renewable energy technology: An analytical framework and key issues for research.

Energy Policy 2000, 28, 625–640. [CrossRef]
15. Mai, T.; Mulcahy, D.; Hand, M.M.; Baldwin, S.F. Envisioning a renewable electricity future for the United States. Energy 2014,

65, 374–386. [CrossRef]
16. Khan, S.; Hanjra, M.A. Footprints of water and energy inputs in food production–Global perspectives. Food Policy 2009,

34, 130–140. [CrossRef]
17. Biggs, E.M.; Bruce, E.; Boruff, B.; Duncan, J.M.; Horsley, J.; Pauli, N.; McNeill, K.; Neef, A.; Van Ogtrop, F.; Curnow, J.; et al.

Sustainable development and the water–energy–food nexus: A perspective on livelihoods. Environ. Sci. Policy 2015, 54, 389–397.
[CrossRef]

18. Bazilian, M.; Rogner, H.; Howells, M.; Hermann, S.; Arent, D.; Gielen, D.; Steduto, P.; Mueller, A.; Komor, P.; Tol, R.S.; et al.
Considering the energy, water and food nexus: Towards an integrated modelling approach. Energy Policy 2011, 39, 7896–7906.
[CrossRef]

19. Memarzadeh, M.; Moura, S.; Horvath, A. Optimizing dynamics of integrated food–energy–water systems under the risk of
climate change. Environ. Res. Lett. 2019, 14, 074010. [CrossRef]

174



Sustainability 2022, 14, 4506

20. Payet-Burin, R.; Kromann, M.; Pereira-Cardenal, S.; Strzepek, K.M.; Bauer-Gottwein, P. WHAT-IF: An open-source decision
support tool for water infrastructure investment planning within the water–energy–food–climate nexus. Hydrol. Earth Syst. Sci.
2019, 23, 4129–4152. [CrossRef]

21. Ringler, C.; Bhaduri, A.; Lawford, R. The nexus across water, energy, land and food (WELF): Potential for improved resource use
efficiency? Curr. Opin. Environ. Sustain. 2013, 5, 617–624. [CrossRef]

22. Akella, A.; Saini, R.; Sharma, M.P. Social, economical and environmental impacts of renewable energy systems. Renew. Energy
2009, 34, 390–396. [CrossRef]

23. Angelis-Dimakis, A.; Biberacher, M.; Dominguez, J.; Fiorese, G.; Gadocha, S.; Gnansounou, E.; Guariso, G.; Kartalidis, A.;
Panichelli, L.; Pinedo, I.; et al. Methods and tools to evaluate the availability of renewable energy sources. Renew. Sustain. Energy
Rev. 2011, 15, 1182–1200. [CrossRef]

24. Arent, D.; Pless, J.; Mai, T.; Wiser, R.; Hand, M.; Baldwin, S.; Heath, G.; Macknick, J.; Bazilian, M.; Schlosser, A.; et al. Implications
of high renewable electricity penetration in the US for water use, greenhouse gas emissions, land-use, and materials supply. Appl.
Energy 2014, 123, 368–377. [CrossRef]

25. Thunberg, G. No One Is too Small to Make a Difference; Penguin: New York, NY, USA, 2019.
26. Elavarasan, R.M.; Pugazhendhi, R.; Irfan, M.; Mihet-Popa, L.; Campana, P.E.; Khan, I.A. A novel Sustainable Development Goal 7

composite index as the paradigm for energy sustainability assessment: A case study from Europe. Appl. Energy 2022, 307, 118173.
[CrossRef]

27. Silva, R.M.; Silva, A.R.; Lima, T.M.; Charrua-Santos, F.; Osório, G.J. Energy Sustainability Universal Index (ESUI): A proposed
framework applied to the decision-making evaluation in power system generation. J. Clean. Prod. 2020, 275, 124167. [CrossRef]

28. Marquez-Ballesteros, M.J.; Mora-López, L.; Lloret-Gallego, P.; Sumper, A.; Sidrach-de-Cardona, M. Measuring urban energy
sustainability and its application to two Spanish cities: Malaga and Barcelona. Sustain. Cities Soc. 2019, 45, 335–347. [CrossRef]

29. Shah, S.; Zhou, P.; Walasai, G.; Mohsin, M. Energy security and environmental sustainability index of South Asian countries: A
composite index approach. Ecol. Indic. 2019, 106, 105507. [CrossRef]

30. McLellan, B.; Zhang, Q.; Farzaneh, H.; Utama, N.A.; Ishihara, K.N. Resilience, sustainability and risk management: A focus on
energy. Challenges 2012, 3, 153–182. [CrossRef]

31. Ristic, B.; Mahlooji, M.; Gaudard, L.; Madani, K. The relative aggregate footprint of electricity generation technologies in the
European Union (EU): A system of systems approach. Resour. Conserv. Recycl. 2019, 143, 282–290. [CrossRef]

32. Ahi, P.; Searcy, C. A comparative literature analysis of definitions for green and sustainable supply chain management. J. Clean.
Prod. 2013, 52, 329–341. [CrossRef]

33. Hosseini, S.E.; Wahid, M.A. Hydrogen production from renewable and sustainable energy resources: Promising green energy
carrier for clean development. Renew. Sustain. Energy Rev. 2016, 57, 850–866. [CrossRef]

34. Environmental Protection Agency. What is Green power? 2021. Available online: https://www.epa.gov/greenpower/what-
green-power (accessed on 15 August 2021).

35. Kuhlman, T.; Farrington, J. What is sustainability? Sustainability 2010, 2, 3436–3448. [CrossRef]
36. Wiser, R.; Namovicz, C.; Gielecki, M.; Smith, R. The experience with renewable portfolio standards in the United States. Electr. J.

2007, 20, 8–20. [CrossRef]
37. Yin, H.; Powers, N. Do state renewable portfolio standards promote in-state renewable generation? Energy Policy 2010,

38, 1140–1149. [CrossRef]
38. Gupta, V.K.; Tuohy, M.G. Biofuel Technologies. Recent Developments; Springer: Berlin/Heidelberg, Germany, 2013.
39. Liew, W.H.; Hassim, M.H.; Ng, D.K. Review of evolution, technology and sustainability assessments of biofuel production. J.

Clean. Prod. 2014, 71, 11–29. [CrossRef]
40. Yuan, P.S.; Du, M.A.; Te Huang, I.; Liu, I.H.; Chang, E. Strategies on Implementation of Waste-to-Energy (WTE) Supply Chain for

Circular Economy System: A Review. J. Clean. Prod. 2015, 108, 409–421.
41. Habagil, M.; Keucken, A.; Sárvári Horváth, I. Biogas production from food residues—The role of trace metals and co-digestion

with primary sludge. Environments 2020, 7, 42. [CrossRef]
42. Searchinger, T.D. Biofuels and the need for additional carbon. Environ. Res. Lett. 2010, 5, 024007. [CrossRef]
43. Sims, R.E.; Mabee, W.; Saddler, J.N.; Taylor, M. An overview of second generation biofuel technologies. Bioresour. Technol. 2010,

101, 1570–1580. [CrossRef]
44. Efroymson, R.A.; Dale, V.H.; Kline, K.L.; McBride, A.C.; Bielicki, J.M.; Smith, R.L.; Parish, E.S.; Schweizer, P.E.; Shaw, D.M.

Environmental indicators of biofuel sustainability: What about context? Environ. Manag. 2013, 51, 291–306. [CrossRef]
45. Schmidt, T.; Mangold, D.; Müller-Steinhagen, H. Central solar heating plants with seasonal storage in Germany. Sol. Energy 2004,

76, 165–174. [CrossRef]
46. Sawin, J.L.; Sverrisson, F. Renewables 2014 Global Status Report; Renewable Energy Policy Network: Paris, France, 2015.
47. Tian, Y.; Zhao, C.Y. A review of solar collectors and thermal energy storage in solar thermal applications. Appl. Energy 2013,

104, 538–553. [CrossRef]
48. Hoogwijk, M.M. On the Global and Regional Potential of Renewable Energy Sources. Ph.D. Thesis, Utrecht University,

Utrecht, The Netherlands, 2004.
49. Mabel, M.C.; Fernandez, E. Growth and future trends of wind energy in India. Renew. Sustain. Energy Rev. 2008, 12, 1745–1757.

[CrossRef]

175



Sustainability 2022, 14, 4506

50. National Renewable Energy Laboratory. Eastern Wind Data Set. 2010. Available online: https://www.nrel.gov/grid/eastern-
wind-data.html (accessed on 3 April 2022).

51. Muljadi, E.; Butterfield, C.P. Pitch-controlled variable-speed wind turbine generation. IEEE Trans. Ind. Appl. 2001, 37, 240–246.
[CrossRef]

52. Esteban, M.D.; Diez, J.J.; López, J.S.; Negro, V. Why offshore wind energy? Renew. Energy 2011, 36, 444–450. [CrossRef]
53. Klein, S.J.; Whalley, S. Comparing the sustainability of US electricity options through multi-criteria decision analysis. Energy

Policy 2015, 79, 127–149. [CrossRef]
54. Gunkel, G. Hydropower–A green energy? Tropical reservoirs and greenhouse gas emissions. CLEAN Soil Air Water 2009,

37, 726–734. [CrossRef]
55. Gibson, L.; Wilman, E.N.; Laurance, W.F. How green is ‘green’ energy? Trends Ecol. Evol. 2017, 32, 922–935. [CrossRef] [PubMed]
56. Penghao, C.; Pingkuo, L.; Hua, P. Prospects of hydropower industry in the Yangtze River Basin: China’s green energy choice.

Renew. Energy 2019, 131, 1168–1185. [CrossRef]
57. Energy Information Administration. The World’S Nine Largest Operating Power Plants are Hydroelectric Facilities. 2016.

Available online: https://www.eia.gov/todayinenergy/detail.php?id=28392 (accessed on 3 April 2022).
58. Steinhurst, W.; Knight, P.; Schultz, M. Hydropower Greenhouse Gas Emissions; Synapse Energy Economics Inc.: Cambride, MA,

USA, 2012.
59. National Renewable Energy Laboratory. Transparent Cost Database. 2019. Available online: https://openei.org/wiki/

Transparent_Cost_Database (accessed on 3 April 2022).
60. Mekonnen, M.M.; Gerbens-Leenes, P.; Hoekstra, A.Y. The consumptive water footprint of electricity and heat: A global assessment.

Environ. Sci. Water Res. Technol. 2015, 1, 285–297. [CrossRef]
61. Jin-ke, L.; Feng-hua, W.; Hua-ling, S. Differences in coal consumption patterns and economic growth between developed and

developing countries. Procedia Earth Planet. Sci. 2009, 1, 1744–1750. [CrossRef]
62. Energy Information Administration. Recoverable Coal Reserves at Producing mines, Estimated Recoverable Reserves, and

Demonstrated Reserve Base by Mining Method. 2019. Available online: https://www.eia.gov/coal/annual/pdf/table15.pdf
(accessed on 3 April 2022).

63. Kolstad, C.D. What Is Killing the US Coal Industry? Stanford Institute for Economic Policy: Stanford, CA, USA, 2017; pp. 1–6.
64. Stanger, R.; Wall, T. Sulphur impacts during pulverised coal combustion in oxy-fuel technology for carbon capture and storage.

Prog. Energy Combust. Sci. 2011, 37, 69–88. [CrossRef]
65. Saarnio, K.; Frey, A.; Niemi, J.V.; Timonen, H.; Rönkkö, T.; Karjalainen, P.; Vestenius, M.; Teinilä, K.; Pirjola, L.; Niemelä, V.; et al.

Chemical composition and size of particles in emissions of a coal-fired power plant with flue gas desulfurization. J. Aerosol Sci.
2014, 73, 14–26. [CrossRef]

66. Zhu, H.; Chang, M.; Wang, H. Study on primal CO gas generation and emission of coal seam. Int. J. Min. Sci. Technol. 2017,
27, 973–979. [CrossRef]

67. Descamps, C.; Bouallou, C.; Kanniche, M. Efficiency of an Integrated Gasification Combined Cycle (IGCC) power plant including
CO2 removal. Energy 2008, 33, 874–881. [CrossRef]

68. Hubbert, M.K. Hubbert estimates from 1956 to 1974 of US oil and gas. In Methods and Models for Assessing Energy Resources;
Elsevier: Amsterdam, The Netherlands, 1979; pp. 370–383.

69. Grushevenko, E.; Grushevenko, D. Unconventional oil potential tends to change the world oil market. Energy Sci. Technol. 2012,
4, 68–74.

70. McKellar, J.M.; Charpentier, A.D.; Bergerson, J.A.; MacLean, H.L. A life cycle greenhouse gas emissions perspective on liquid
fuels from unconventional Canadian and US fossil sources. Int. J. Glob. Warm. 2009, 1, 160–178. [CrossRef]

71. Burnham, A.; Han, J.; Clark, C.E.; Wang, M.; Dunn, J.B.; Palou-Rivera, I. Life-cycle greenhouse gas emissions of shale gas, natural
gas, coal, and petroleum. Environ. Sci. Technol. 2012, 46, 619–627. [CrossRef]

72. Schlomer, S.; Bruckner, T.; Fulton, L.; Hertwich, E.; McKinnon, A.; Perczyk, D.; Roy, J.; Schaeffer, R.; Sims, R.; Smith, P.; et al.
Annex III: Technology-specific cost and performance parameters, climate change 2014: Mitigation of climate change. In Climate
Change 2014: Mitigation of Climate Change: Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2014.

73. Peng, X.; She, X.; Li, C.; Luo, Y.; Zhang, T.; Li, Y.; Ding, Y. Liquid air energy storage flexibly coupled with LNG regasification for
improving air liquefaction. Appl. Energy 2019, 250, 1190–1201. [CrossRef]

74. Weller, Z.D.; Roscioli, J.R.; Daube, W.C.; Lamb, B.K.; Ferrara, T.W.; Brewer, P.E.; von Fischer, J.C. Vehicle-based methane surveys
for finding natural gas leaks and estimating their size: Validation and uncertainty. Environ. Sci. Technol. 2018, 52, 11922–11930.
[CrossRef]

75. Michalski, M.Ł. Development of nuclear power as an alternative to fossil fuels. Acta Innov. 2019, 30, 38–47. [CrossRef]
76. Sadekin, S.; Zaman, S.; Mahfuz, M.; Sarkar, R. Nuclear power as foundation of a clean energy future: A review. Energy Procedia

2019, 160, 513–518. [CrossRef]
77. Aksan, N. An overview on thermal-hydraulic phenomena for water cooled nuclear reactors; part I: SETs, and ITFs of PWRs,

BWRs, VVERs. Nucl. Eng. Des. 2019, 354, 110212. [CrossRef]
78. Cherp, A.; Vinichenko, V.; Jewell, J.; Suzuki, M.; Antal, M. Comparing electricity transitions: A historical analysis of nuclear,

wind and solar power in Germany and Japan. Energy Policy 2017, 101, 612–628. [CrossRef]

176



Sustainability 2022, 14, 4506

79. Aminov, R.; Shkret, A.; Garievskii, M. Thermal and nuclear power plants: Competitiveness in the new economic conditions.
Therm. Eng. 2017, 64, 319–328. [CrossRef]

80. Barbier, E. Geothermal energy technology and current status: An overview. Renew. Sustain. Energy Rev. 2002, 6, 3–65. [CrossRef]
81. Singh, R.K.; Murty, H.R.; Gupta, S.K.; Dikshit, A.K. An overview of sustainability assessment methodologies. Ecol. Indic. 2009,

9, 189–212. [CrossRef]
82. Energy Information Administration. U.S. States—State Profiles and Energy Estimates. 2019. Available online: https://www.eia.

gov/state/ (accessed on 3 April 2022).
83. National Conference of State Legislatures. State Renewable Portfolio Standards and Goals. 2021. Available online: https:

//www.ncsl.org/research/energy/renewable-portfolio-standards.aspx (accessed on 3 April 2022).
84. Wang, J.J.; Jing, Y.Y.; Zhang, C.F.; Zhao, J.H. Review on multi-criteria decision analysis aid in sustainable energy decision-making.

Renew. Sustain. Energy Rev. 2009, 13, 2263–2278. [CrossRef]
85. Jacobson, M.Z. Review of solutions to global warming, air pollution, and energy security. Energy Environ. Sci. 2009, 2, 148–173.

[CrossRef]
86. Jacobson, M.Z.; Delucchi, M.A.; Bazouin, G.; Bauer, Z.A.; Heavey, C.C.; Fisher, E.; Morris, S.B.; Piekutowski, D.J.; Vencill, T.A.;

Yeskoo, T.W. 100% clean and renewable wind, water, and sunlight (WWS) all-sector energy roadmaps for the 50 United States.
Energy Environ. Sci. 2015, 8, 2093–2117. [CrossRef]

87. Apergis, N.; Payne, J.E. Per capita carbon dioxide emissions across US states by sector and fossil fuel source: Evidence from club
convergence tests. Energy Econ. 2017, 63, 365–372. [CrossRef]

88. Energy Information Administration. Rankings: Total Carbon Dioxide Emissions. 2018. Available online: https://www.eia.gov/
state/rankings/?sid=SC#/series/226 (accessed on 3 April 2022).

89. Hadian, S.; Madani, K. The water demand of energy: Implications for sustainable energy policy development. Sustainability 2013,
5, 4674–4687. [CrossRef]

90. Gleick, P.H. Water and energy. Annu. Rev. Energy Environ. 1994, 19, 267–299. [CrossRef]
91. Gerbens-Leenes, P.; Hoekstra, A.Y.; Van der Meer, T. The water footprint of energy from biomass: A quantitative assessment and

consequences of an increasing share of bio-energy in energy supply. Ecol. Econ. 2009, 68, 1052–1060. [CrossRef]
92. Wachob, A.; Park, A.; Newcome, R., Jr. South Carolina State Water Assessment; South Carolina Department of Natural Resources:

Columbia, SC, USA, 2009.
93. Dieter, C.A.; Maupin, M.A.; Caldwell, R.R.; Harris, M.A.; Ivahnenko, T.I.; Lovelace, J.K.; Barber, N.L.; Linsey, K.S. Estimated Use of

Water in the United States in 2015; Number 1441; US Geological Survey: Reston, VA, USA, 2018.
94. Fthenakis, V.; Kim, H.C. Land use and electricity generation: A life-cycle analysis. Renew. Sustain. Energy Rev. 2009, 13, 1465–1474.

[CrossRef]
95. McDonald, R.I.; Fargione, J.; Kiesecker, J.; Miller, W.M.; Powell, J. Energy sprawl or energy efficiency: Climate policy impacts on

natural habitat for the United States of America. PLoS ONE 2009, 4, e6802. [CrossRef] [PubMed]
96. Milesi, C.; Elvidge, C.D.; Nemani, R.R.; Running, S.W. Assessing the impact of urban land development on net primary

productivity in the southeastern United States. Remote Sens. Environ. 2003, 86, 401–410. [CrossRef]
97. United States Census Bureau. State Area Measurements and Internal Point Coordinates. 2010. Available online: https:

//www.census.gov/geographies/reference-files/2010/geo/state-area.html (accessed on 3 April 2022).
98. Bureau of Economic Analysis. GDP by State. 2020. Available online: https://www.bea.gov/data/gdp/gdp-state (accessed on 3

April 2022).
99. Sonnichsen, N. Average Age of Retired Power Plants in the United States between 2000 and 2015, by Fuel Type. 2018. Available

online: https://www.statista.com/statistics/828521/average-age-of-retired-power-plants-by-fuel-type-in-the-us/ (accessed
on 3 April 2022).

100. Findlaw. State Interest Rate Laws. 2016. Available online: https://statelaws.findlaw.com/consumer-laws/interest-rates.html
(accessed on 3 April 2022).

101. Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.; Seyboth, K.; Matschoss, P.; Kadner, S.; Zwickel, T.; Eickemeier, P.; Hansen, G.;
Schlömer, S.; et al. IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation; Prepared By Working Group III
of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2011.

102. Lehnert, E.A.; Wilt, G.; Flanagan, B.; Hallisey, E. Spatial exploration of the CDC’s Social Vulnerability Index and heat-related
health outcomes in Georgia. Int. J. Disaster Risk Reduct. 2020, 46, 101517. [CrossRef]

103. Center for Disease Control and Prevention. CDC’s Social Vulnerability Index (SVI): A Tool to Identify Socially Vulnerable
Communities. 2018. Available online: http://svi.cdc.gov/ (accessed on 3 April 2022).

104. Flanagan, B.E.; Gregory, E.W.; Hallisey, E.J.; Heitgerd, J.L.; Lewis, B. A social vulnerability index for disaster management. J.
Homel. Secur. Emerg. Manag. 2011, 8, 1–22. [CrossRef]

105. Cutter, S.L.; Boruff, B.J.; Shirley, W.L. Social Vulnerability to Environmental Hazards; Routledge: London, UK, 2012.
106. National Renewable Energy Laboratory. JEDI: Jobs & Economic Development Impact Models. 2014. Available online:

https://www.nrel.gov/analysis/jedi/ (accessed on 3 April 2022).
107. Kenley, C.; Klingler, R.; Plowman, C.; Soto, R.; Turk, R.; Baker, R.; Close, S.; McDonnell, V.; Paul, S.; Rabideau, L.; et al. Job

creation due to nuclear power resurgence in the United States. Energy Policy 2009, 37, 4894–4900. [CrossRef]

177



Sustainability 2022, 14, 4506

108. The New York Times. Senate Election Results: GOP Keeps Control. 2017. Available online: https://www.nytimes.com/elections/
2016/results/senate (accessed on 3 April 2022).

109. Missouri Energy Initiative. Implications of State Energy Plans. 2014. Available online: https://www.eenews.net/assets/2014/0
9/29/document_ew_02.pdf (accessed on 3 April 2022).

110. US Energy Information Administration. Total Energy Consumption, Price, and Expenditure Estimates, 2016. 2019. Available
online: http://www.eia.gov (accessed on 3 April 2022).

111. Lopez, A.; Roberts, B.; Heimiller, D.; Blair, N.; Porro, G. US Renewable Energy Technical Potentials: A GIS-Based Analysis; Technical
Report; National Renewable Energy Lab (NREL): Golden, CO, USA, 2012.

112. United States Geological Survey. Minerals. 2020. Available online: https://www.usgs.gov/products/maps/map-topics/
minerals (accessed on 15 June 2021).

113. National Oceanic and Atmospheric Administration. Data Snapshot Details: Average Monthly Temperature. 2021. Available online:
https://www.climate.gov/maps-data/data-snapshots/data-source-average-monthly-temperature (accessed on 7 April 2022).

114. National Renewable Energy Laboratory. Solar Resource Data, Tools, and Maps. 2018. Available online: https://www.nrel.gov/
gis/solar.html (accessed on 3 April 2022).

115. Global Aviation Navigator. United States Airports. 2020. Available online: https://www.globalair.com/airport/state.aspx
(accessed on 3 April 2022).

116. USA.com. U.S. Average Wind Speed State Rank. 2020. Available online: http://www.usa.com/rank/us--average-wind-speed-
-state-rank.htm (accessed on 3 April 2022).

117. National Oceanic and Atmospheric Administration. The Coastline of the United States; Number v.55 in the Coastline of the United
States; U.S. Department of Commerce, National Oceanic and Atmospheric Administration: Silver Spring, MA, USA, 1975.

118. National Renewable Energy Laboratory. Geothermal Resource Data, Tools, and Maps. 2018. Available online: https://www.nrel.
gov/gis/geothermal.html (accessed on 3 April 2022).

119. United States Geological Survey. Streamflow–Water Year. 2018. Available online: https://waterwatch.usgs.gov/publications/
wysummary/2018/ (accessed on 3 April 2022).

120. Association of State Dam Safety Officials. Dam Failures and Incidents. 2019. Available online: https://damsafety.org/dam-
failures (accessed on 3 April 2022).

121. Congressional Research Service. Nuclear Waste Storage Sites in the United States. 2020. Available online: https://fas.org/sgp/
crs/nuke/IF11201.pdf (accessed on 3 April 2022).

122. McMahon, J. New Map Shows Expanse of U.S. Nuclear Waste Sites. Forbes, 31 May 2019. Available online: https://www.forbes.
com/sites/jeffmcmahon/2019/05/31/new-map-shows-expanse-of-u-s-nuclear-waste-sites/?sh=aa5cb97c2cf7 (accessed on
3 April 2022).

123. Post, P.; Klazynski, R.; Klocek, E.; DeCort, T.; Riches, T.; Li, K.; Elliott, E.; Poling, R. Assessment of undiscovered technically
recoverable oil and gas resources of the Atlantic Outer Continental Shelf 2011 as of January 1, 2009. Bur. Ocean. Energy Manag.
BOEM 2012, 16, 39.

124. Energy Information Administration. Natural Gas. 2021. Available online: https://www.eia.gov/naturalgas/ (accessed on
3 April 2022).

125. Vogt, J.T.; Smith, W.B. Forest Inventory and Analysis Fiscal Year 2016 Business Report; USDA: Washington, DC, USA, 2017.
126. Center for Sustainable Systems. Municipal Solid Waste Factsheet. 2020. Available online: http://css.umich.edu/factsheets/

municipal-solid-waste-factsheet (accessed on 3 April 2022).
127. United States Department of Agriculture. Crop Production 2020 Summary; Technical Report; USDA: Washington, DC, USA, 2021.
128. Milken Institute. State Tech and Science Index. 2014. Available online: http://statetechandscience.org/state-ranking.html

(accessed on 3 April 2022).
129. US College and University Directory. Colleges and Universities in the United States of America (USA) by State/ Possession.

2013. Available online: http://univsearch.com/state.php (accessed on 3 April 2022).

178



Citation: Møller, H.B.; Sørensen, P.;

Olesen, J.E.; Petersen, S.O.; Nyord, T.;

Sommer, S.G. Agricultural Biogas

Production—Climate and

Environmental Impacts. Sustainability

2022, 14, 1849. https://doi.org/

10.3390/su14031849

Academic Editors: Ornella

Malandrino, Nicola Raimo,

Filippo Vitolla and

Benedetta Esposito

Received: 5 January 2022

Accepted: 3 February 2022

Published: 6 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Agricultural Biogas Production—Climate and
Environmental Impacts

Henrik B. Møller 1,*, Peter Sørensen 2, Jørgen E. Olesen 2, Søren O. Petersen 2, Tavs Nyord 3 and Sven G. Sommer 1

1 Department of Biological and Chemical Engineering, Aarhus University, Blichers Allé 20,
8830 Tjele, Denmark; sgs@bce.au.dk

2 Department of Agroecology, Aarhus University, Blichers Allé 20, 8830 Tjele, Denmark; ps@agro.au.dk (P.S.);
jeo@agro.au.dk (J.E.O.); sop@agro.au.dk (S.O.P.)

3 Concito, Læderstræde 20, 1201 København, Denmark; tn@concito.dk
* Correspondence: henrikb.moller@bce.au.dk

Abstract: Livestock manure is a major source of the greenhouse gases (GHGs) methane (CH4) and
nitrous oxide (N2O). The emissions can be mitigated by production of biogas through anaerobic
digestion (AD) of manure, mostly together with other biowastes, which can substitute fossil energy
and thereby reduce CO2 emissions and postdigestion GHG emissions. This paper presents GHG
balances for manure and biowaste management as affected by AD for five Danish biogas scenarios
in which pig and cattle slurry were codigested with one or more of the following biomasses: deep
litter, straw, energy crops, slaughterhouse waste, grass–clover green manure, and household waste.
The calculated effects of AD on the GHG balance of each scenario included fossil fuel substitution,
energy use for transport, leakage of CH4 from biogas production plants, CH4 emissions during
storage of animal manure and biowaste, N2O emissions from stored and field applied biomass,
N2O emissions related to nitrate (NO3

−) leaching and ammonia (NH3) losses, N2O emissions from
cultivation of energy crops, and soil C sequestration. All scenarios caused significant reductions in
GHG emissions. Most of the reductions resulted from fossil fuel substitution and reduced emissions
of CH4 during storage of codigestates. The total reductions in GHG emissions ranged from 65 to
105 kg CO2-eq ton−1 biomass. This wide range showed the importance of biomass composition.
Reductions were highest when straw and grass–clover were used as codigestates, whereas reductions
per unit energy produced were highest when deep litter or deep litter plus energy crops were used.
Potential effects of iLUC were ignored but may have a negative impact on the GHG balance when
using energy crops, and this may potentially exceed the calculated positive climate impacts of biogas
production. The ammonia emission potential of digestate applied in the field is higher than that from
cattle slurry and pig slurry because of the higher pH of the digestate. This effect, and the higher
content of TAN in digestate, resulted in increasing ammonia emissions at 0.14 to 0.3 kg NH3-N ton−1

biomass. Nitrate leaching was reduced in all scenarios and ranged from 0.04 to 0.45 kg NO3-N ton−1

biomass. In the scenario in which maize silage was introduced, the maize production increased
leaching and almost negated the effect of AD. Methane leakage caused a 7% reduction in the positive
climate impact for each percentage point of leakage in a manure-based biogas scenario.

Keywords: biogas; anaerobic digestion; manure; greenhouse gases; methane; nitrous oxide; environmental
impacts

1. Introduction

Emissions of nitrous oxide (N2O) and methane (CH4) from livestock manure man-
agement contribute around 10% of the total non-CO2 greenhouse gas (GHG) emissions
globally calculated as CO2 equivalents [1]. N2O and CH4 have global warming potentials
for time horizons of 100 years (GWP100) of 298 and 25 times, respectively, higher than
GWP100 per kg of carbon dioxide (CO2) [2]. Ammonia (NH3) emission and leaching losses
of nitrate (NO3

−) are important indirect sources of N2O [3,4].

Sustainability 2022, 14, 1849. https://doi.org/10.3390/su14031849 https://www.mdpi.com/journal/sustainability
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Globally, manure management contributes about 10% of agricultural CH4 emis-
sions [5], but in confined livestock production systems (e.g., dairies and piggeries) with
liquid manure management, this proportion can exceed 50% depending on climate [1].
Animal manure applied to soil contributes to maintenance of soil carbon (C) insofar as a
fraction of the manure C is sequestered. The Danish Energy Agency has calculated that of
the Danish GHG emissions from livestock production, manure management contributes
22%, manure and mineral fertilizers applied to soil contribute 39%, and enteric fermentation
contributes 39% to total agricultural GHG emissions [6].

Emissions of CH4 and N2O are regulated and accounted under the UNFCCC as part
of the Paris Agreement. The reduction target for the EU on GHG is 55% by 2030 with
reference to the year 1990 [7]. The Danish parliament has decided that GHG emissions
from Denmark must be reduced by 70% with reference to 1990 by 2030 [6], and agriculture
must contribute to this reduction. This calls for the implementation of technologies that
cost-effectively reduce GHG emissions from the livestock slurry management chain. Slurry
is in focus because 80% of Danish livestock manures are managed in the form of slurries [8].

GHG emissions from slurry management systems can be reduced by AD treatment,
frequent export of slurry from livestock buildings to colder outside stores, acidification, or
separation of slurry combined with incineration [9–13].

In Denmark, more than 25% (weight basis) of animal manure is today anaerobically
codigested on centralized biogas plants with organic wastes from the food industry, slaugh-
terhouses, dairies, and the fish industry with the aim to produce CH4 for bioenergy. The
residues from AD must be recycled as fertilizer and meet the requirements for content
of pathogens, heavy metals, and environmentally harmful substances. Biogas plants use
almost all industrial residues available in Denmark, and increasing amounts of straw, grass,
deep litter, etc. are used in the codigestion of slurry.

The economy is critical when making decisions about the introduction of technologies
in farming aiming to reduce GHG emissions, and socioeconomic impacts of different types
of biomass for AD have been calculated [14,15]. In scenarios with codigestion of slurry with
fibre fraction from slurry separation, maize silage, grass, and sugar beet, NO3

− leaching
was assessed, but the effects of the AD treatment on GHG emissions and NO3

− leaching
were not well documented [14]. More recently, a refined model of CH4 from manure
management that accounted for different storage conditions was used to calculate the
effects of biogas and frequent export of slurry from livestock housing to an outside storage
tank [16]. However, no biomasses other than slurry were accounted for, nor were any other
effects, such as energy and environmental impacts.

When assessing the effect of AD as a potential mitigation measure, a whole-farm
approach is needed to estimate GHG emissions from the pig or dairy farm, and calculations
must include evaluation of side effects in the form of increased NH3 emissions, reduced
C sequestration, leakage of CH4 from the biogas plant, etc. [17]. It is relevant to improve
estimates of the potential of AD to reduce the negative GHG balance of livestock farming.
Therefore, in the present study, the effect of AD on the GHG gas balance was calculated
using a “system analysis approach”, which included substituting CO2 emission from power
and heat production using fossil fuel; leakage of CH4 from biogas production plants; CH4
emissions during storage of animal manure and organic waste; N2O emissions from stored
and field applied manure, organic waste, and digestate; N2O emissions related to NO3

−
leaching and NH3 emission; N2O emission from cultivating energy crops; and effects on
soil C sequestration (Figure 1).
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Figure 1. Flow diagram depicting the transfer of biomass among the five compartments of the
biomass transfer continuum or system.

This quantification of the climate and environmental effects of biogas production
constitutes an important basis for designing and targeting future biogas subsidies to
optimize the climate and environmental benefits of production. In this study, assessments
are reported for five biomass scenarios in a Danish biogas context with different retention
times and biomass compositions. The assessment was based on the best technologies
currently used by the Danish biogas sector.

2. Materials and Methods

The calculated climate and environmental effects of introducing centralized codi-
gestion AD in the livestock sector were compared with typical reference management of
slurry and waste biomasses. Environmental impacts of introducing AD in five manure
management systems (Figure 1; Table 1) were calculated with a whole-system calculation
approach for each scenario using one ton of dry matter of biomass as the functional unit.
The calculations included CH4 and N2O emissions from each scenario (AD and reference
farm without AD), the effect on soil C storage, and AD effects on N2O emissions related
to NO3

− leaching and NH3 emission. GHG and environmental effects were calculated
using the models applied in the Danish national inventory. Global warming potentials for a
100-year time horizon (GWP100) of CH4 and N2O at 25 and 298 CO2-eq kg−1, respectively,
were used [18].

2.1. Slurry and Biowaste Management

In this study, the starting point was the collection of excreta and urine in slurry
channels. The retention time was set at 20 days for cattle and 19 days for pigs [16], and
the average slurry temperature was set at 13.8 ◦C for cattle and 18.6 ◦C for pigs. From the
channels, slurry was transferred to an outside store and subsequently applied to grassland
or arable land between March and August. In the outdoor storage tank, the temperature
of untreated slurry was calculated based on monthly mean temperatures [16]. Untreated
slurry and digestate must be stored according to national regulations to minimize ammonia
emissions [19]. About 80% of untreated slurry was covered by a floating layer of natural
crust, straw, or clay pebbles, and 20% was covered by a tent cover. Solid manure was stored
for an average of 5 months in heaps covered by a PVC sheet. The deep litter in the reference
system was covered with PVC and stored for an average of 5 months.
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Table 1. Model plants used in the five scenarios. Distribution of biomass input is given in weight
percentage. The slurry input was a mixture of 50% cattle slurry and 50% pig slurry, except in S5,
where only cattle slurry was used.

Scenario Input
Input g DM kg−1

Biomass
Reactor g DM kg−1

Biomass
Reference Scenario

1 Slurry (80%) + deep litter (20%) 112 95

Animal slurry is stored in a slurry tank
and then applied by injection or trailing

hose. Deep litter is stored in covered
stacks/manure piles for five months and

applied before sowing spring cereals.

2 Slurry (80%) + straw (20%) 220 95 Straw is cut and incorporated.

3 Slurry (80%) + deep litter (8%) +
energy crops (12%) 94 51 The land farmed with energy crops is

used for cereal crops.

4 Slurry (70%) + deep litter (10%) +
organic waste (20%) 141 53

The organic waste is stored as slurry and
then spread directly on the field

(slaughterhouse waste), incinerated
(glycerine), or composted and then

applied (biowaste).

5
Organic grass–clover (25%) +

cattle slurry (50%) + deep litter
(20%) + biowaste (5%)

97 95
At an organic farm without a biogas

plant, the grass–clover is managed as
green manure.

Slurries were applied by injection to bare soil and grassland and by trail hoses to
autumn-sown crops such as winter cereals, whereas deep litter had to be incorporated
within 4 h after application to soil.

In the reference system, slaughterhouse waste was stored together with livestock
slurry and then spread on fields in the growing season. Glycerine was used for energy
production by incineration, and source-separated household and industrial organic wastes
were composted and used as fertilizer. The maize grown for codigestion in S3 was assumed
to substitute a cereal crop in the reference system, and the grass–clover grown for codi-
gestion in the organic farming scenario (S5) was assumed to be cut and mulched in the
reference system.

In the AD concepts, liquid manure was transferred from livestock buildings to stores
on the farm, as in the reference system (Figure 1). Every 3–30 d, the slurry in the outside
store and slurry channels within the building were assumed to be emptied and transferred
to stores on the AD plant and covered according to regulations. Deep litter was assumed to
be transferred from the farms to biogas plants, where it was stored in covered heaps until
used for biogas production. Straw was used for biogas production, and in the organic farm
scenario, grass–clover crops were fed to the digester as silage. Organic waste in the form
of abattoir waste was fed to the biogas reactors after storage in concrete stores similar to
those used for animal slurry, and glycerine was assumed to be stored in containers until
use. Source-separated household waste and industrial organic waste were assumed to be
stored in covered heaps.

In the five scenarios examined in this study (Table 1), biomass was fed to centralized
biogas plants with 45 d hydraulic retention times (HRT) in primary thermophilic reactors
(53 ◦C) and an average retention time of 45 d. In newly built biogas plants in Denmark,
HRT tends to be longer, and therefore, the calculations included scenarios with retention
times of 60 and 90 days. Digestate was defined to be cooled by heat exchange to 25 ◦C and
then stored at the plant for 20 d in a storage tank with CH4 gas collection. In all model
plants, digestion took place by serial operation in two reactors with the same retention time
in each unit, and the biogas was assumed to be upgraded and transferred to the natural
gas distribution network by removal of CO2 in the biogas.

The digestate was transferred from the AD plant to farmer concrete stores, where 50%
of the digestate was assumed to be covered with a tent and the rest by a floating cover,
straw, or natural surface crust. The digestate was applied by injection to bare soil and grass
crops (mandatory in Denmark) and by trail hoses to other growing crops.
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2.2. Calculations

Greenhouse gases, NH3 emissions, and leaching of NO3
− from different farm compart-

ments in the reference and AD biomass management continuum are depicted in Figure 1.
An overview of the calculation of biogas production, emissions, leaching, and soil C storage
is given in the following. Short reviews about the algorithms used to calculate emissions,
transformation, and leaching losses are presented in Supplementary Materials, which also
contain tables with parameters for the algorithms and emission factors.

2.2.1. Biogas Production

The CH4 production from the different biomasses was estimated from our own experi-
ments and other studies (Supplementary Materials, Table S1). The ultimate CH4 yield in
terms of volatile solids (VS) is the yield achieved at a retention time of more than 90 days,
and to determine the yield at shorter retention times, the CH4 produced in the biogas reac-
tor was determined for each biomass through modelling using the Gompertz equation [20].
The gas potential at a given time was calculated as follows:

M(t) = B0 ·
(

1 − e−k·t
)

(1)

where M is the cumulative CH4 yield (mL g−1 (VS)), B0 is the theoretical CH4 yield
(mL g−1 (VS)), k is a first-order kinetic rate constant representing the hydrolysis constant,
and t is retention time (days). The biogas production was calculated from this equation
and thus determined by the amount and quality of biomasses and the retention time in the
biogas reactor.

2.2.2. Energy Production and Consumption

The calculations of CO2 substitution from energy production were based on the
displacement of natural gas, in which CH4 substituted CO2 corresponding to 0.057 kg
CO2-eq MJ−1 [21]. The electricity demand for agitators, pumps, etc. at the plant was
assumed to be covered by a mix of the Danish electricity production, which in 2019 was
estimated at 0.150 g CO2 kWh−1, as calculated using data from [22]. The volume of biomass
transported in one truckload to and from the biogas plant varied among the different
biomass types, and diesel consumption was given per kilometre driven. The distances
were calculated as the average additional transport of biomass compared to the reference
scenario without AD and varied from 0.8 kg CO2-eq ton−1 for grass and maize silage to
11.6 kg CO2-eq ton−1 for glycerol. The effect on GHGs of replacing mineral N fertilizer due
to higher N availability in the digestates was estimated by assuming that the long-term N
availability equivalent of total N was 5% higher in the treated than in untreated manure [23].
The potential reduction in N fertilizer use was assumed to give a reduction in GHGs of
5.6 kg CO2 kg−1 N [24], equivalent to 0.28 kg CO2 kg−1 treated N in the biogas plant.

2.2.3. Methane Emission from Slurry and Digestate

Daily methane emissions from slurry and digestate during storage were estimated
from the volumes of readily degradable (VSd, kg kg−1) and slowly degradable organic
matter (VSnd, kg kg−1) as proposed by Sommer et al. [9]:

Ft = (VSd + 0.01VSnd)e(lnA− Eα
RT ) (2)

where Ft is the methane production rate (g CH4 kg−1 VS h−1), Eα is the process activation
energy (J mol−1), lnA (g CH4 kg−1 VS h−1) represents the methanogenic potential of the
substrate, R is the universal gas constant (J K−1 mol−1), and T is the temperature (K).
Equation (1) assumes that the amount and degradability of biomass organic matter, and
storage temperature, are main controlling variables.

Eα was set to 81,000 J mol−1 [25]. The parameter lnA was highly variable and depended
on slurry origin, treatment, storage conditions, and age [4]. Petersen et al. [26] estimated
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lnA for slurry collected in pig and cattle barns by measuring CH4 production rates at the
storage temperature and calculating lnA from Equation (1) after rearrangement:

lnA = ln
[

Ft

(VSd + 0.01VSnd)

]
+

Eα

RT
(3)

The degradability of VS in slurry changes during storage, and no data were available
from outside storage tanks. Instead, a different approach was used in which lnA estimates
were related to total VS:

lnA′ = ln
[

Ft

VStotal

]
+

Eα

RT
(4)

Note that the parameter value derived from total VS is referred to as lnA′ to distinguish
from the original calculation of lnA with reference to degradable VS. A limited number of
studies were identified for which information about storage temperature and VS content
were available to allow estimation of lnA′ in pig and cattle slurry, as well as digestate
(Supplementary Materials, Table S4). For the present study, the lnA of pig and cattle slurry
in barns reported by Petersen et al. [26] were recalculated to lnA′; Table 2 summarizes the
values used.

Table 2. Values of the parameter lnA′ used in scenario analyses to represent methanogenic potential;
for derivation, see text. In the table, x ± s.e. refers to average and standard error.

Category Storage Period
lnA′

g CH4 kg−1 VS h−1 Reference

Cattle slurry
Barn 30.1 [20]

Outside store 29.2 ± 0.1 [25,27,28]

Pig slurry
Barn 30.6 [20]

Outside store 30.3 ± 0.4 [25,27,28]

Digestate Outside store 27.9 ± 0.4 [28,29]

Methane emissions were calculated separately for cattle and pig slurry in barns and
for untreated slurry, digestate, and other biomasses assumed to be stored in outside storage
tanks. Assumptions regarding retention time, storage temperatures, etc. are given in
Supplementary Materials.

After field application, manure environments are predominantly at a redox level at
which little, if any, CH4 is produced. Transient emissions have sometimes been reported;
these are probably due to release of dissolved methane produced during storage [30,31].

2.2.4. Methane Emission from Solid Manure

Methane may be emitted from solid manure (deep litter, fibre fraction from separated
slurry or digestate) during storage. The emission level is determined by VS degradability,
air- and water-filled porosity, and coverage, which in turn determine biological oxygen de-
mand, gas exchange rates, temperature, and anaerobic volume developing during storage.
The Danish emission inventory estimates this source with a model proposed in [4]:

EF = BMP ∗ MCF ∗ 0.67 (5)

where EF (kg CH4 kg−1(VS)) is the CH4 emission factor, BMP (m3 CH4 kg−1(VS)) is
the biochemical methane production potential, and MCF (%) is a country-specific CH4
conversion factor. For deep litter, an MCF of 3% is assumed if manure is exported at
1-month intervals or less, and an MCF of 17% is assumed if manure is removed at longer
intervals. With a BMP of 0.24 m3 kg−1(VS), the overall CH4 emission from barns and
during outside storage were as shown in Table 3.
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Table 3. Emission factors for CH4 and N2O from deep litter in housing and storage facilities (IPCC
2006) as well as emission factors used for the storage period in this report. BMP was 0.240 m3

(CH4) kg−1 (VS).

Categories Methane Nitrous Oxide

IPCC (housing and outside storage)

MCF (% of BMP) kg CH4 kg−1 (VS) N2O-N % of total N

<1 month in housing 3 0.005 1
>1 month in housing 17 0.027 1

This study (outside storage)

kg CH4 kg−1 (C) kg CH4 kg−1 (VS) % of total-N

Storage in covered heaps 0.015 0.0075 0.5
Composting 0.03 0.015 2.2

We assumed that half of these emissions would come from outside stores, corre-
sponding to 0.005 and 0.027 kg CH4 kg−1(VS) for short- and long-term storage periods,
respectively (Table 3). Recent studies have shown that emission of CH4 from uncovered
and uncompacted manure heaps are at a level of 0.027 kg CH4 kg−1(VS) [32–34], and we
therefore assumed that the emission factor was 0.03 kg CH4 kg−1(VS) for uncovered ma-
nure heaps and half as much for heaps with PVC tent covers (i.e., 0.015 kg CH4 kg−1(VS))
(Table 3) [34].

In organic farming, animal manure is often actively composted by turning the heap.
This reduces the development of anaerobic volumes in the heap and contributes to lower
CH4 emission compared to undisturbed heaps. Based on a CH4 emission from actively
composted organic waste corresponding to 3% C [32], and assuming the same C/VS ratio
in organic waste and deep litter, CH4 emissions from deep litter were estimated (Table 3).

2.2.5. Nitrous Oxide Emission

Nitrous oxide may be emitted from slurry and digestate, as well as solid manure,
during storage and after field application. Nitrous oxide emissions are associated with
nitrification and denitrification, two interdependent processes occurring under aerobic and
anaerobic conditions, respectively. Oxic–anoxic gradients occur in slurry storages with
surface crusts and in the outer layers of manure heaps.

Nitrous oxide emissions during storage of slurry or digestate depend on the devel-
opment of a floating crust where populations of nitrifying and denitrifying bacteria live.
The IPCC guidelines give a default emission factor for storage tanks with a surface crust of
0.5%, i.e., 0.5% of total N entering the storage tank is converted to N2O [4]. Danish pilot-
scale measurements indicated lower emissions, 0.2–0.4% [35], but the level of emissions is
influenced by climatic conditions, especially the water balance (rain and evaporation). The
emission factor of 0.5% of N in the total flow of slurry was used here even though only the
surface can be a source of N2O. Without a surface crust, the emission factor for N2O was
set to 0 for both untreated slurry and digestate.

For cattle deep litter, IPCC [4] recommends a N2O emission factor for barn and storage
of 1% regardless of retention time in the barn. Assuming half of these emissions occur
during outdoor storage, this effectively corresponded to 0.5% of total N. In a review by
Pardo et al. [32], N2O-N emissions from compost heaps with organic waste corresponded
to 2.2% of total N (Table 3).

The default emission factor for nitrous oxide emissions from N in field-applied liquid
and solid manure is 1% [4]. In soil with organic amendments, be they manure, digestate, or
crop residues, the balance between oxygen (O2) demand and O2 supply is an important
control of denitrification and N2O emissions [36]. While anaerobic digestion reduces the
availability of degradable VS, and hence O2 demand, the net effect on N2O emissions
depends on the interaction with specific soil conditions. A review of field studies [37]
reported mostly reductions in N2O emissions with AD, but increases have also been
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reported. In the present study, no effect of anaerobic digestion on N2O emissions was
assumed. Nitrous oxide emissions related to NH3 emissions and nitrate (NO3

−) leaching
were accounted for with emission factors of 1% and 0.75%, respectively, in accordance with
the national inventory of Denmark [18].

2.2.6. Ammonia Emission

The emissions of NH3 from slurry storage tanks and solid manure heaps were cal-
culated using emission factors estimated by [38]. These were within the ranges given
in the recent review by Kupper et al. [39]. The NH3 emission factor for composting of
source separated organic waste was taken from the review by Pardo et al. [32]. When
deposited, the emitted NH3 contributes to N2O emissions [4], and this indirect source of
N2O was included in the calculations. Ammonia emission factors for applied livestock
liquid manure given by [38] were used in this study, while emission factors for each month
were calculated with the ALFAM model [40] using average monthly weather conditions
and average slurry compositions for Denmark. Based on a review of recent studies, we
assumed that NH3 emission from digestate would be higher than emission from untreated
slurry (Supplementary Materials, Table S6).

Data from studies on emissions of NH3 from deep litter applied to soil were limited
in 2008 [38], and only one emission factor for application during different months was
given. The evidence about the effects of climatic conditions on emission of NH3 from solid
manure applied to soil is still limited, and emission factors cannot be assessed at a monthly
scale [41]. We therefore used the same emission factor for applied deep litter regardless of
whether the application took place in the spring or autumn. Deep litter must, in Denmark,
be incorporated into the soil within 4 h of application, and it was assumed that within this
timespan, 25% of total ammoniacal N (TAN) was emitted as NH3.

2.2.7. Crop Production and Nitrate Leaching

AD processing of animal slurry and biowaste affects NO3
− leaching from crop produc-

tion in both direct and indirect ways. The direct effects are through the effects of applied
N in both the first and following year after application of fertilizer or manure; here, AD
affects the quality and quantity of N applied. The indirect effects of AD on NO3

− leaching
occur through AD effects on NH3 volatilization, which affects the N available for plants
through both the N loss and the deposited N.

Nitrate leaching during the first year after fertilizer or manure application was as-
sumed to be proportional to the amount of total N (mineral N + organic N) applied [23,42,43].
Total N application was assumed to be similar before and after AD, in accordance with
Danish fertilizer regulations, despite more N being plant available after AD. This means
that more N is taken up in the first crop and less organic N is left in the soil from digestates.
In the scenario with an energy crop (S3), total N application increased by AD, as the energy
crop contributed with extra organic N to the system, and the N derived from the energy
crop was assumed to replace only mineral N fertilizers with an efficiency of 40% as in the
Danish legislation. In the other scenarios, total N application remained the same before
and after digestion.

The effect of AD on NO3
− leaching over a 10-year period was calculated using a

model based on the principles described by Sørensen et al. [23]. It was assumed that about
40% of the organic N input would be mineralized during years 2–10 after application, and
that 34% of the mineralized N would be leached as nitrate [23]. Because of the lower N
mineralization after AD, NO3

− leaching was also slightly reduced after digestion. The
model uses information on soil and climatic conditions, and it was assumed that 80% of
the manures were used on sandy soils with precipitation above average Danish levels [44].

The direct and indirect effects of increased NH3 volatilization after AD on NO3
−

leaching were calculated separately. It was assumed that increased NH3 emission caused
a net reduction in NO3

− leaching [8] as estimated with the following assumptions. The
empirical NLES5 model estimates an average marginal leaching of 17% during the first
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three years after mineral N application in spring under Danish conditions and at N rates
near the economic optimum [44]. In Denmark, 80% of livestock manure is applied to sandy
soils [45] with higher-than-average marginal leaching, and therefore, 20% of NH4

+-N in
applied manure/digestate was assumed to be lost by leaching over a 3-year time period.
Furthermore, NH4

+-N applied to soil contributes to organic N from plant residues that
may give an extra NO3

− N leaching equivalent to 2% of the N input in years 3–10 after
application [8]. The total reduction in NO3

− N leaching from NH4
+-N was therefore 22%

of the increase in NH4
+-N volatilization loss over a 10-year period. However, part of the

lost NH3 would be deposited on agricultural land where part of that pool is leached. It was
estimated that 10% the NH4

+-N lost by volatilization was land deposited and leached as
nitrate [8]. Thus, the net effect of increased NH3 loss on reduction in NO3

− N leaching was
set to 22% − 10% =12% of the increase in NH3-N loss over a 10-year period. This factor
was used to calculate the leaching reduction due to increased ammonia volatilization.

2.2.8. Soil Carbon Storage

The effect of biogas treatment of slurry and other livestock manure on soil C storage
is still relatively poorly quantified, but a study based on laboratory incubations mea-
sured slightly smaller soil C storage in connection with AD treatment [46]. Based on
Thomsen et al. [46], the amount of C digested in the biogas plant was assumed to have
contributed to C storage by 25% of the effect achieved when adding C in fresh plant material
and straw, i.e., 0.25 × 15% = 3.75% of the C transformed to CO2 and CH4 in biogas during
the digestion process would alternatively have been stored after a 20-year period, assuming
retention in the soil of 15% of the C added in plant material over 20 years [46].

3. Results

3.1. Biogas Production

The largest biogas production was achieved in the scenarios in which slurry was
codigested with straw or grass, which were the scenarios with largest energy output. In the
energy balances showing reduced CO2-eq emissions, it was assumed that the CH4 produced
substituted natural gas (Figure 2). Power is used in biogas plants for heating, pumping, and
mixing, which reduces the net energy production, but most Danish biogas plants limit the
energy consumption using heat exchangers, reducing the digestate temperature to 25 ◦C.
Without heat exchange, the digestate would be stored at higher temperatures and be a
significant source of CH4 emissions. In the calculations, the use of heat exchangers reduced
the need for process heat and thereby enhanced the CO2 balance by around 10% (Figure 2).

Figure 2. The energy (a) and GHG (b) balances of the energy production at model plants with heat
exchangers installed. Scenarios were (S1) slurry and deep litter; (S2) slurry and straw; (S3) slurry,
deep litter, and maize silage; (S4) slurry, deep litter, and organic waste; and (S5) slurry, deep litter,
organic waste, and organic grass–clover.
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The use of diesel for transport of biomass had little influence on GHG balances
(Figures 2 and 3) in the biogas plants and constituted less than 3% of the energy produced.

Figure 3. CO2 emissions from biomass transport in model plants in which slurry was codigested
with the following biomasses: (S1) deep litter, (S2) straw, (S3) deep litter and maize silage, (S4) deep
litter and organic waste, and (S5) deep litter, organic waste, and organic grass–clover.

3.2. Methane Emissions

Whereas experimental data were available for the estimation of daily CH4 emissions
from cattle and pig slurry in barns, parameters representing the methanogenic potential
during storage had to be extracted from published storage experiments. The lnA′ values
(Table 2) indicated that the methanogenic potential in stored digestate was around 70%
lower than that in cattle slurry and 90% lower than that in pig slurry. This was in accordance
with the assumption that anaerobic digestion would remove 90% of the degradable VS. With
these differences in methanogenic potential, the five biogas scenarios showed reductions in
CH4 emissions from barns and subsequent outside storage that varied between 41 and 56%
(Figure 4).
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Figure 4. Calculated CH4 emissions from barn and slurry storage tanks for the five reference and
biogas scenarios. The model plants included slurry codigestates as follows (S1): deep litter, (S2) straw,
(S3): deep litter and maize silage, (S4) deep litter and organic waste, and (S5): deep litter, organic
waste, and organic grass–clover.

In the model calculations, the relationship between VS degradation and CH4 produc-
tion depended on assumptions regarding the proportions of C in VS converted to CH4 and
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CO2, a ratio that is subject to large uncertainty (cf. Supplementary Materials). In the sce-
nario calculations, the CH4/CO2 ratio was set at 25:75 for untreated slurry and codigestates
stored anaerobically and 10:90 for digestates. The importance of these ratios was evaluated
in a sensitivity analysis calculating the effects of reducing by half, or doubling, the share of
CH4 produced in pig and cattle slurry (Table 4). Untreated pig slurry was sensitive to the
assumption regarding CH4 share, with 21% lower CH4 emissions if the assumed CH4 share
was reduced by half and 17% higher emissions if the assumed CH4 share was doubled. All
other relative changes were negligible. Experimental data on CH4 emissions from slurry
and digestate were the reference for model calculations, and as a consequence, a lower or
higher CH4/CO2 ratio would lead to less or more residual VS, respectively, being exported
and available as substrate for CH4 emissions from the outside storage. The limited effect
of changing the CH4/CO2 ratio for digested slurry was due to the fact that pretreatment
emissions in barns were identical, and the CH4 emissions following biogas treatment were
greatly reduced.

Table 4. Sensitivity analysis of the importance of the CH4/CO2 ratio in the gas produced from VS
degradation of untreated and digested slurry for the cumulated CH4 emissions from barn and outside
slurry storage (relative differences with scenario results as basis).

Untreated Slurry Digested Slurry

CH4/CO2 Cattle Pig CH4/CO2 Cattle Pig

12.5:87.5 0.99 0.79 5:95 0.98 0.99
25:75 1.00 1.00 10:90 1.00 1.00
50:50 1.01 1.17 20:80 1.01 1.00

For each scenario, the CH4 emissions were calculated using 45, 60, and 90 days of HRT
in the reactor, which may affect the predicted CH4 emissions during subsequent storage of
the digestate. This is exemplified in Figure 5b, which shows the sources of CH4 for scenario
S5 (organic biogas) with cattle slurry, deep litter, grass–clover silage, and biowaste, as well
as CH4 emissions without treatment (HRT 0 d) for reference. It was mainly the emission of
CH4 from cattle slurry that was affected by increasing HRT, the emission being 16% less at
90 than at 45 days HRT. The reduction for deep litter was 5–6%, and the changes for grass
silage and biowaste were <1%.

Figure 5. (a): Total GHG emissions in each of the five scenarios with 45, 60, and 90 d HRT calculated
as CO2-eq. (b): Methane emissions from stored biomasses without biogas treatment (HRT 0 d) or (S5)
with biogas treatment at increasing hydraulic retention time (HRT). In the biogas scenarios, livestock
slurry was codigested with (S1) deep litter, (S2) straw, (S3) deep litter and maize silage, (S4) deep
litter and organic waste, and (S5) deep litter, organic waste, and grass–clover.
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The total CH4 emissions for scenarios with HRT at 45, 60, or 90 d, expressed as CO2
equivalents, are shown in Figure 5a. All scenarios showed the same trend, with 2–3% lower
GHG emission at 90 than at 45 d HRT.

Overall GHG balances were calculated for biogenic CH4 and N2O emissions from
barns and outside storage, and after field application (Figure 6). While biogas treatment
gave a substantial reduction in CH4 emissions, ranging from 41% to 56%, as described
above, no effect on N2O emissions was assumed, and N2O emissions are therefore directly
proportional to the N content of the biomasses used in each scenario, which were identical
in reference and biogas scenarios. As a result, the overall GHG balances corresponded to
reductions through biogas treatment ranging between 21% and 40%.
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Figure 6. Total biogenic CH4 and N2O emissions, calculated as CO2-eq, from stored slurry and other
biomasses in the reference (Ref) and biogas scenarios (Biogas). The scenarios were (S1) slurry and
deep litter; (S2) slurry and straw; (S3) slurry, deep litter, and maize silage; (S4) slurry, deep litter, and
organic waste; and (S5) slurry, deep litter, organic waste, and organic grass–clover.

3.3. Ammonia Emission

The digestion of animal slurry, crops, and biowaste increases emission of NH3 because
of the higher emission potential of digestate due to its higher pH and TAN to N ratio.
Consequently, AD increased NH3 emission in all five scenarios. The highest increases were
in scenarios S3 and S5, in which slurry was codigested with maize silage and grass–clover,
which increased the N content in the digestate. This was, in the scenarios with deep litter,
to some extent counteracted by reduced emissions from the solid manure management,
as emissions were lower from the fraction of digested solid manure than from the solid
manure managed in the reference scenarios (Table 5).

Table 5. Changes in NO3
− leaching, NH3 emission, and NOx emission by introducing AD in manure

management. In the model plants, pig and cattle slurry was codigested with (S1) deep litter, (S2)
straw, (S3) deep litter and maize silage, (S4) deep litter and organic waste, and (S5) deep litter, organic
waste, and organic grass–clover.

Source Scenarios

S1 S2 S3 S4 S5

NO3
− (kg NO3

−-N ton−1 (biomass)) −0.19 −0.13 −0.04 −0.18 −0.45
NH3 (kg NH3-N ton−1 (biomass)) 0.19 0.18 0.21 0.14 0.30

NOx (g NOx ton−1 (biomass)) 2.49 2.48 2.30 3.97 2.13
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3.4. Crop Production and Nitrate Leaching

The change in NO3
− leaching by implementing AD was estimated for a mixture of

the most common crops in Denmark and calculated with and without the inclusion of NH3
emission after digestion. The increase in NH3 emission reduced NO3

− leaching by only
0.02–0.04 kg NO3

−-N ton−1 (biomass) (data not shown). In the reference scenario, slaugh-
terhouse waste was assumed to be applied to crops as untreated biofertilizer hygienized
and mixed with slurry. The source-separated organic household waste would in the refer-
ence system be composted and applied to a spring-sown crop as an alternative to digestion.
The reduction in NO3

− leaching by AD was 0.04–0.45 kg NO3
−-N ton−1 (biomass), with

the lowest reduction in the scenario with an energy crop (S3) and the largest in the organic
system with digestion of a grass–clover green manure crop that would alternatively be cut
and mulched in the field (S5). The reduction in NO3

− leaching was lowest in S3 because
the overall input of N increased in this scenario. We did not include the effect of a crop
change to maize in the leaching effect because of the uncertainty of which crop was being
replaced by maize, although it was expected to be mainly cereals. Nitrate leaching is higher
from maize than from most other crops [44], and if this effect had been accounted for, or if
a higher proportion of maize had been applied in S3, then an increase in NO3

− leaching
would be expected by AD [47].

3.5. Soil Carbon Storage

For the scenario including straw as a cosubstrate, the alternative was assumed to be
incorporation of straw into the soil. For one ton of straw with a dry matter content of 85%,
and 45% C in the dry matter, this corresponded to reduced soil C storage of 7.7 kg C, equal
to 28.1 kg CO2-eq. It was assumed that substituting cereals for silage maize would not
affect soil C storage [48] and that changes from mulching grass–clover to a cutting regime
with return of the digestate would also have little effect [49].

3.6. GHG Emissions

Introducing AD in the five different scenarios reduced the net GHG emissions of
livestock farming by 67–111 kg CO2-eq ton−1 of biomass at 60 d HRT (Table 6). The
corresponding effect in terms of DM was 479–613 kg CO2-eq ton−1 DM. Most of this
reduction was ascribed to substitution of fossil energy in energy production and avoided
CH4 emission during storage of biomass. The difference in biogas production in the five
scenarios was due to the different amounts of dry matter and biogas potentials in the
substrates supplied to the plants.

The biogas plants in scenarios S2 and S5 were supplied with biomasses with high dry
matter concentrations, which contributed to a high amount of energy produced per ton
of biomass and thus a considerable GHG reduction. If the comparison were to be made
independently of these differences in dry matter content, the assessment should be based
on the GHG effect per GJ or dry matter input. For example, scenario S2 with straw had a
significantly higher GHG effect per ton of biomass than S1 with deep litter. The reason is
that considerably more dry matter was supplied in the straw scenario. If the same amount
of dry matter had been supplied in the straw scenario as in the deep litter scenario, then the
straw scenario would have had a lower GHG effect. This was reflected in the lower GHG
effect per GJ of straw than of deep litter. The model plant with the greatest GHG reduction
per ton of biomass was the scenario in which 20% straw was added (S2). However, this
was also the scenario with the lowest GHG effect in terms of dry matter.
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Table 6. Calculated GHG emissions per ton of biomass and per kg of dry matter (DM) (values in
brackets) for five model plants at 60 d HRT and 1% methane leakage from the biogas plant. The
model plants were (S1) slurry and deep litter; (S2) slurry and straw; (S3) slurry, deep litter, and maize
silage; (S4) slurry, deep litter, and organic waste; and (S5): slurry, deep litter, organic waste, and
organic grass–clover. Positive values indicate lower emissions, and negative values indicate higher
emissions, from biogas.

Source Unit S1 S2 S3 S4 S5

Energy

kg CO2-eq ton−1 biomass or
kg CO2-eq ton−1 DM

50.44 (450.4) 117.05 (532.1) 57.84 (507.4) 71.83 (509.4) 105.30 (534.5)

Glycerol for heating −13.80 (−97.9)

Process energy −4.08 (−36.4) −4.08 (−18.5) −4.08 (−35.8) −4.08 (−28.9) −4.08 (−20.9)

Transport −1.21 (−10.8) −1.20 (−5.5) −1.15 (−10.1) −1.62 (−11.5) −1.20 (−6.1)

Fertilizer production, N 1.61 (14.4) 1.32 (6.0) 1.43 (12.5) 1.43 (10.1) 1.77 (9.0)

Methane leakage from
biogas plant −4.50 (−40.1) −10.3 (−46.9) −5.42 (−47.5) −6.34 (−44.9) −9.29 (−47.2)

Methane from storage * 29.91 (267.1) 15.75 (71.6) 24.50 (214.9) 21.04 (149.2) 11.54 (58.6)

Nitrous oxide from storage * 0.00 −1.26 (−5.7) 0.00 1.32 (9.3) 1.32 (6.7)

Nitrous oxide after application 0.00 0.00 0.00 0.00 0.00

Nitrous oxide from
nitrogen leaching 0.40 (3.6) 0.27 (1.3) 0.04 (0.8) 0.40 (2.8) 1.01 (4.9)

Nitrous oxide from
ammonia emission −0.69 (−6.2) −0.66 (−3.0) −0.76 (−6.6) −0.51 (−3.6) −1.11 (5.63)

Nitrous oxide from
maize cropping 0.00 0.00 −0.74 (−12.1) 0.00 0.00

Soil C storage
(digested biomass) −3.14 (−28.0) −6.16 (−28.0) −2.12 (−18.6) −2.11 (−15.0) −2.64 (13.4)

Total impact 68.8 (613) 110.7 (503) 69.6 (604) 67.6 (479) 102.6 (520)

Energy production GJ gross energy ton−1 biomass 0.90 2.07 1.02 1.27 1.86

Total impact kg CO2-eq GJ−1 gross energy 76.47 53.61 68.19 53.29 55.21

Nitrate leaching kg NO3-N ton−1 biomass 0.19 (1.7) 0.13 (0.6) 0.04 (0.4) 0.18 (1.3) 0.45 (2.3)

NH3 kg NH3-N ton−1 biomass −0.19 (−1.7) −0.18 (−0.8) −0.21 (−1.8) −0.14 (1.0) −0.30 (1.5)

NOx g NOx ton−1 biomass −2.49 (22.2) −2.48 (11.3) −2.30 (20.2) −3.97 (28.1) −2.13 (10.8)

* Methane and N2O from storage relate to emissions from storage of biomasses, especially slurry, deep litter, and
slaughterhouse waste.

4. Discussion

The analysis presented here showed that anaerobic codigestion of slurry with biowaste,
crop residues, and crops primarily reduced GHG emissions by substituting fossil fuel for
power and heat production and reducing CH4 emission during postdigestion storage. The
main environmental benefits from biogas energy systems compared to fossil fuel energy
systems occurred in terms of reduced GHG emissions and reduced resource consump-
tion [50]. The impact of utilizing animal manure for biogas production is important in
this respect, since avoided emissions from the reference system of conventional manure
management could be credited to the biogas system [50], which was not the case for energy
crops and straw that would not be sources of GHGs in a non-AD scenario.

In our study, AD was assumed not to affect N2O emissions, in contrast to calculations
presented in a previous study by Sommer et al. [9], in which the removal of degradable
organic matter during AD was assumed to reduce N2O emissions from digestate applied
to soil by reducing the potential for denitrification. However, experimental results on this
aspect have conflicted [37], and recent studies have made it clear that the amount and
composition of denitrification products depend on complex interactions between digestate
and soil properties. Thus, accounting for the effect of AD on N2O emissions would
probably require considering the composition of residual VS in digestates, as modified by
codigestates and soil gas exchange controlling the exchange of oxygen and denitrification
products [51]. The consideration of specific site and weather conditions was beyond the
scope of this study, but this should be investigated further.
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In our study, the total impact on GHG was 67–111 kg CO2-eq ton−1 of biomass at 60 d
HRT, which demonstrates that the biomass mix played an important role. In a study by
Poeschl et al. [52] the GHG impact was 75 kg CO2-eq ton−1 for a small-scale plant and
120 kg CO2-eq ton−1 for a large-scale plant. In this study, liquid manure accounted for
55% in the small-scale plant, while in the large-scale plant, only wastes from industry and
household were included [53]. Including corn silage had a high positive GHG impact,
while grass silage had a negative GHG impact. This was in contrast to our study, in which
the scenario with maize had the lowest GHG impact while the scenario with glass–clover
had significantly higher impact. However, in a study by Hijazi et al. [50], nonleguminous
perennial grass was used. In organic farming, leguminous perennial grass is used as a
source for N fertilizer because of its ability to fix atmospheric N [53]. This type of grass
might be better than nonleguminous perennial grass in terms of the savings of direct N2O
emission from N input in the form of mineral or organic fertilizers [53].

4.1. Biomass Sources for Biogas

The GHG impacts calculated in our study were based on a Danish territorial perspec-
tive; in general, only impacts on Danish national GHG emissions were included. However,
the production of commercial N fertilizer was taken into account with a minor climate
impact corresponding to 0.28 kg CO2-eq per kg biomass N, or about 1.5 kg CO2-eq per ton
of biomass. The fertilizer replacement value of biomass is increased after digestion. How-
ever, Danish legislation with quotas on mineral N fertilizer application does not account
for this, and it is uncertain whether farmers take the higher N availability into account.
Therefore, this effect is uncertain in practice but has potential to be utilized. Since there is no
fertilizer production in Denmark, such emissions are not included in Denmark’s national
GHG inventory and therefore were not considered. Neither were the possible effects of
changed land use elsewhere on the planet (iLUC) considered. This was relevant only for
scenario S2, in which the cultivation of maize as an energy crop was set to replace the
production of cereals and could, thus, potentially have iLUC impacts. The iLUC impacts
are uncertain, but they may potentially exceed the calculated positive climate impacts of
biogas production [53]. In the inventory of biofuels under the EU’s Renewable Energy
Directive (RED), iLUC impacts are included, although they are not included in the EU
requirements for compliance with the RED II [54]. For maize for biogas production, the
iLUC impact in a RED context was most recently calculated as 21 kg CO2-eq MJ−1 [55].

Besides livestock manure, the model plants used different types of biomasses from the
agricultural sector. Addition of 20% straw to the slurry (S2) gave the largest GHG reduction
per ton, but the smallest reduction in terms of DM. The Danish biogas sector is considered
a cornerstone in Danish green energy production, and there is increasing demand for more
biomass for codigestion with slurry. While there is plenty of unused straw available as
cosubstrate, the amount of straw added in scenario S2 cannot be managed with existing
biogas technology because of problems related to pumping and agitating the biomass.
However, the Danish biogas industry has projected that future technologies in form of
pretreatment, pumps, and agitators will be able to manage this amount of dry matter. The
calculations in this report assumed that the alternative to the use of straw for biogas was
incorporation in the field. If the alternative had been incineration for combined heat and
power, the climate impact would have been considerably lower. On the other hand, biogas
from straw has the advantage that plant nutrients and part of the slowly degradable C in
the straw is returned to the field.

Substituting some of the deep litter (S1) with maize silage (S3) improved the GHG
emission reduction per ton slightly. The high degradability of the organic matter in maize
contributes to high biogas production per ton of biomass, and energy production was
therefore higher for S3 than for S1. In a study from 2013 [14], the GHG emission by
codigestion of slurry and 10% maize was reduced by 72 kg CO2-eq ton−1 (wet basis),
which was about 10 kg CO2-eq ton−1 (wet basis) more than in our study. In the mentioned
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study [14], the fibre fraction from separation of slurry was included in the calculation, and
it was assumed that it had a higher CH4 emission potential during storage than deep litter.

Glycerol can be used for energy production in power plants and Otto engines [56], and
it is also a useful raw material for biogas production. When glycerol is used in conventional
heat and power (CHP) production, the CO2 reduction effect is 690 kg CO2 ton−1 when it
substitutes natural gas, and when producing biogas substituting natural gas, it reduces
GHG emissions with an equivalent of 558 kg CO2 per ton. When compared to incineration
in power plants, biogas is considered a high-value energy carrier that can be stored and
converted to electricity.

Among the biogas plants, the GHG effect was lowest in the plant with deep litter (S1),
since CH4 emissions during storage increased because of the higher CH4 emission from
digestate than from heaps of deep litter. In S4, with added glycerol, it was assumed that the
glycerol would otherwise have been used efficiently for heat and power production. This
assumption has not previously been used and is one of the reasons why the GHG reduction
potential of an “industrial waste plant” was lower than in the study by Nielsen et al. [57],
in which the total GHG effect was a reduction at 90 kg CO2-eq ton−1.

The organic farming biogas plant (S5) had, next to the deep litter and straw model
plant (S2), the largest GHG reduction potential per ton (102 CO2-eq ton−1), which may be
attributed to the high biogas yield as a result of the high proportion of grass, deep litter,
and biowaste. In a previous analysis from 2013, the GHG reduction calculated for the
introduction of AD in an organic farming system was 83 kg CO2-eq ton−1 [15], but lower
effects of both energy production and CH4 emission during storage was assumed. In our
study, the effect of substituting fossil fuels contributed more to the overall GHG impact
than in previous studies, in which the importance of reducing CH4 emissions was greater
and a reduction in N2O emissions was included in the calculations [57].

Energy crops, such as maize, are still a significant source of substrates used by Danish
biogas plants, but the amount that can be used is constrained by restrictions under subsidy
schemes. Compared with cereal crops such as wheat, there are only limited negative
effects of growing maize and other energy crops. However, grass and sugar beets have
better environmental and GHG profiles for biogas production than maize [58], and in the
future, cover crops are also expected to be used for biogas production. This may reduce
the N2O emissions currently seen after the incorporation of cover crops [59] while at the
same time maintaining and possibly improving soil C storage potential. Cover crops and
straw together provide a promising source of biogas while at the same time increasing
the recycling of nutrients in crop production [60]. Utilization of the expanding area with
cover crops as a source of biomass for biogas production would not have the negative iLUC
effects that are associated with the cultivation of energy crops for biogas.

4.2. Biogas Plant Configuration

Increasing the reactor size and hydraulic retention time (HRT) reduced net GHG
emissions via an increase in the production of biogas and a reduction in the amount
of degradable VS in digestate transferred for downstream storage, which will reduced
CH4 emissions from the digestate (Figure 7). The effect of increasing HRT was related to
the degradability of the organic matter in the biomass used, and the highest effect was
calculated when adding straw or deep litter, which feature high concentrations of slowly
degradable biomass. There were increases in the GHG reduction potential by increasing
HRT from 45 to 60 days in all scenarios, whereas the effect of extending HRT further was
positive only for scenarios S1 to S4, because the positive effect in S5 was outweighed by
greater consumption of process energy.
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Figure 7. Effect of hydraulic retention time in AD reactor on total GHG impact.

Methane leakage may have a significant effect on total climate impact, which would
mainly be due to the global warming potential of CH4 and, to a lesser extent, the unrealized
energy production (Figure 8). The total climate impact was almost linearly reduced with
increasing CH4 leakage (Figure 8). The total impact was reduced by about 5 kg CO2-eq per
ton of biomass from scenario S1 at a methane leakage of 1% to about 10 kg CO2-eq ton−1

of biomass at a methane leakage of 2%. This means that about 7% of the positive climate
impact of the plant was lost for each percentage point of leakage. For a leakage of 15%,
biogas no longer had a positive effect for scenario S1. Release and leakage of CH4 from
small, unheated digesters may, in a scenario in which biogas energy substitutes coal, negate
the GHG-reducing effect of biogas production if 40% of the biogas produced is emitted to
the atmosphere [61].
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Figure 8. Effect of methane leakage on the climate impact for model plant (S1) with 45 days HRT.
Methane and nitrous oxide emissions shown are from storage of livestock manure and biogas slurry.

195



Sustainability 2022, 14, 1849

Nielsen et al. [57] assumed that the organic waste used as codigestate would be stored
under anaerobic conditions in the reference scenario and therefore be a significant source
of CH4 emissions. Compared with [57], the biogas scenarios in the present study used
a greater diversity of biomasses as codigestates. The relevant alternative management
of these biomasses was incorporation (straw), ensiling (maize), storage in a heap (deep
litter), or composting (biowaste), and only the slaughterhouse waste included in scenario
S4 was assumed to be stored under anaerobic conditions if not digested. To the extent that
codigestates were not stored anaerobically in the reference scenarios, this reduced the CH4
mitigation potential of biogas treatment compared with that in the previous analyses.

4.3. Nitrogen Losses

The reduction in NO3
− leaching from the AD scenarios was lowest in the system

with energy crops (S3), because the overall N input increased in this system with the
introduction of more organic N from plant material. If 12% maize silage was used, the
effect of digestion on leaching was close to zero, in accordance with previous estimates by
Sørensen and Børgesen [23]. Nitrate leaching is typically greater for maize cultivation than
for most other crops [44], and if this effect could be included, or if a higher proportion of
energy crops were applied in S3, then an increase in NO3

− leaching would be expected
with AD compared with the corresponding reference scenario. However, since the effect is
much affected by the assumption about which crop would be replaced by maize, we did
not include the effect of a crop change to maize. On organic farms, AD of plant biomass
from green manure crops, as in S5, increased the average plant availability of N [60]. This
meant that less organic N was left in the soil to contribute to leaching by mineralization in
the following years, and the effect of AD in such a system was estimated to reduce NO3

−
leaching by 0.45 kg N ton−1 biomass.

The NH3 emission potential of digestate applied in the field was higher than that of
cattle slurry and pig slurry because of the higher pH of the digestate. This effect, and the
higher content of TAN in digestate, contributed to higher emission from the AD systems.
The effect of higher TAN concentration contributed 60–70% of the increase in NH3 emission
from AD systems, and most of this increase was due to higher emission from digestate
applied to soil. The relatively small increase in NH3 emission in scenario S3 was due to
the emissions from storage and application of deep litter and biowaste being large in the
reference system. Ammonia emission in the organic scenario, S5, was high because of the
increase in the TAN content of digestate originating from N in the codigested grass–clover
and the low NH3 emission from the reference system. This increase in NH3 can be avoided
if organic farms inject slurry into the soil, which is feasible because of the high share of
spring crops in organic crop rotations for which slurry can be injected prior to seeding or
on grassland during the growing season.

In Denmark, slurry acidification is an alternative to incorporation and injection, but
this technology is not suitable for digestates, because the high pH buffer capacity of the
digestate results in high demand for acid and thus high cost for this treatment; furthermore,
acidification with sulfuric acid is not allowed in organic farming.

4.4. Uncertainties

The calculations were based on the current knowledge about energy production in
the form of biogas from different types of biomasses and their related environmental
and GHG impacts. Biogas technology is constantly developing, and so is the alternative
use of biomasses. This leads to uncertainty with respect to the representativeness of the
biogas plants defined and their composition of biomasses. However, the model plants
analysed in this study represent the types of biomasses currently used for biogas production
in Denmark.

Other uncertainties are associated with the way in which impacts were quantified. The
study was based on the models and data used in Denmark’s inventories of environmental
and GHG impacts. These models are constantly being developed, particularly to better
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account for variation in environmental controls of the biological processes that determine
the impacts and in the properties of biomasses and how they are managed in practice. With
the current knowledge, it is not possible to quantify those uncertainties, but a qualitative
discussion follows.

The gas potentials of the different biomasses, and the rate at which the gas was
produced, are significant sources of uncertainty, especially in the assessment of the effect
of retention time in the biogas reactor. The degradation profiles used were, therefore,
essential for the estimates of gas yield with different retention times and for the assessment
of residual VS in the digestates. The degradation profiles further influenced the CH4
emissions during the subsequent storage. There is a considerable need for documentation
of the rate at which biogas is produced and identification of any interactions between
biomasses that may give rise to synergies and/or antagonism. Moreover, it is necessary
to provide better documentation of the correlation of CH4 production between batch tests
and continuous systems. These sources of uncertainty may have affected the reported
differences among the effects of 45, 60, and 90 d retention time.

Our study assumed that electricity for the process energy used in biogas production
was covered by a mix of Danish electricity production, which was estimated to be 0.150 g
CO2 kWh−1 in 2019. It may be argued that such emissions could have been 0 g kWh−1 if
only renewable energy had been used. If it were assumed that no CO2 was emitted from
the production of process energy, the total positive climate impact would increase by about
0.97 kg CO2 ton−1 of biomass at 45 d retention time, increasing the total climate effect by a
maximum of 1.7%. Hence, the emission factor assumed for electricity for process energy
was less important.

The estimation of CH4 emissions and the related degradation of organic matter dur-
ing storage of biomasses was based on simplified input data and assumptions. Firstly,
CH4 emissions were assumed to be a product of VS and temperature alone, but this does
not always well explain temporal dynamics [62], and the composition and growth of
methanogenic communities would probably be part of an improved model [63]. Further-
more, CH4 emissions were calculated from total VS and not degradable VS because of a
lack of relevant experimental data regarding VS composition. In the analysis presented
here, increasing the retention time in biogas reactors from 45 to 90 days showed only
a limited effect on CH4 emissions during subsequent storage, with a 15% reduction in
posttreatment emissions from cattle slurry being the most significant effect. A possible
reason for the limited sensitivity to HRT could be that CH4 emissions were estimated on
the based on total VS and using the same lnA′ value for digestate regardless of retention
time. This parameter also represents the slowly degradable parts of VS for which anaerobic
degradation was small whether HRT was 45, 60, or 90 days. It is likely that a model in
which the VS degradability of each biomass was defined would better capture differences
among digestates from the five scenarios with very different feedstocks.

Biogas treatment of pig and cattle slurry (and codigestates) reduces the availability
of easily degradable organic matter. All other factors being equal, the resulting decline
in demand for oxygen to degrade residual organic matter after field application should
reduce the extent and lifetime of anoxic conditions with a potential for N2O production in
well-drained soil. There are, however, confounding effects. For example, soil compaction
and periods with rainfall reduce soil oxygen status and change the conditions for N2O
production in untreated manure and digestates applied to soil [36]. Furthermore, fibre-rich
codigestates such as maize silage or deep litter may change the distribution of degradable
VS in the soil of digestates compared with that of untreated manure [64]. A systematic in-
vestigation is needed to elucidate interactions among manure and digestate properties, soil
conditions, and N2O emissions before the effect of anaerobic digestion on N2O emissions
can be included in biogas assessments.

The calculations included an assumption that digestion of slurry and biomasses
reduced soil C storage compared with direct field application of those biomasses. Only
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very limited documentation exists of this effect [46], which is very difficult to determine
experimentally. Therefore, the effect is also uncertain, and further studies are needed.

In our calculations, the higher content of TAN in the digestate caused a significant
increase in NH3 emissions in the scenario calculations, corresponding to 60–70% of the
higher NH3 emission. However, there is great uncertainty in these estimates due to a
lack of knowledge about how the different combinations of substrates and slurry in the
biogas scenarios would affect digestate physical characteristics and infiltration in the soil.
Ammonia emissions from slurry or digestates are reduced with faster infiltration, which is
a function of viscosity, dry matter content, and adhesiveness. It is poorly understood how
infiltration of digestate is affected by the substrates used for AD.

Regardless the types of biomasses used for biogas production, the following measures
are important to achieve the potential environmental and climate benefits:

- CH4 leaks from the biogas installation should be minimized.
- Digestate storage should be covered, and low-NH3-emission technology should be

used for field application.
- Heat exchangers should be employed to cool down the digestate to ambient temperature

before storage to improve the energy balance and reduce GHG and NH3 emissions.

5. Conclusions

Environmental and climate assessments were conducted for different biogas sce-
narios to evaluate the sustainability of this treatment technology and identify potential
improvements of environmental and climate impacts. The scenarios were analysed con-
sidering (i) biomass composition; (ii) process temperatures; (iii) hydraulic retention time;
(iv) methane leakage from biogas installations; and (v) digestate storage and field appli-
cation. With respect to energy production, only upgrading for the natural gas grid and
substitution of natural gas with biogas were considered.

On the basis of this study, the following conclusions were drawn:

(1) The scenarios investigated resulted in GHG mitigation ranging from 65 to 105 kg
CO2-eq ton−1 biomass. Reductions per ton of biomass were greatest when straw or
grass–clover was used for codigestion, whereas reductions per unit energy produced
were highest with deep litter and deep litter plus maize silage.

(2) The ammonia emission potential of digestate applied in the field was higher than that
from untreated cattle and pig slurry because of digestates’ higher pH, resulting in an
increase in ammonia emission of 0.14 to 0.3 kg NH3-N ton −1 biomass. The use of
low-emissions application technology for a larger share of the digestate should limit
these higher emissions.

(3) All scenarios reduced nitrate leaching (0.04 to 0.45 kg NO3-N ton−1 biomass). How-
ever, introducing maize silage almost eliminated this reduction.

(4) Increasing the hydraulic retention times led to higher climate impact via increased
energy production and lower amounts of volatile solids available for degradation and
subsequent CH4 emission during digestate storage.

(5) Methane leakages can have a significant effect on the total climate impact, with about
7% of the positive climate impact being lost for each percentage point of leakage in a
manure-based biogas scenario.

(6) The methodology used predicted significant reductions in CH4 emissions but assumed
there was no reduction in direct emissions of N2O from digestates, which is not always
true. Furthermore, iLUC, which was ignored which for bioenergy use, may have a
negative impact on the GHG balance.

These and other examples given above show the importance of the assumptions
chosen for this type of analysis. Still, it was concluded that biogas treatment of livestock
slurry and biowastes has the potential to reduce GHG emissions, improve N use efficiency,
and reduce nitrate leaching losses. However, the risks of higher ammonia emission and
CH4 leakage during AD need to be managed.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su14031849/su14031849/s1, Table S1: Assumptions on dry matter
content and gas potential of different biomasses used in biogas production. The ultimate CH4 yield
is the yield achieved at a retention time of more than 90 days. The CH4 yields after 45 and 60 days
and ultimate gas yield are based on data from tests at the Foulum biogas plant Aarhus University.
Sources; (1) Average of 50 analyses of slurry supplied to two biogas plants, (2) Olesen et al. (2018),
(3) Data from Foulum biogas plant, Aarhus University and (4) Data from tests at Foulum biogas plant,
Aarhus University; Table S2: Data used for the calculation of energy consumption on a standard
Danish biogas plant; Table S3: Energy use and CO2 emission due to transportation of biomass. CO2
emissions of 2.7 kg per litre of diesel is assumed; Table S4: The methane production potential values,
lnA′, for digestate, cattle slurry and pig slurry were calculated based on information extracted from
published studies about methane production rate, total VS and temperature. In the table, x ± s.e.
refers to average and standard errors, Table S5: Ammonia emission factors for stored liquid and solid
manure (Hansen et al. 2008) and organic food waste (Pardo et al. 2015); Table S6: Ammonia emission
factors for cattle and pig slurry applied to soil (Hansen et al. 2008), and the novel estimates emission
from digestate; Table S7: Assumptions about plant available N (NH4

+-N) in biomasses before and
after biogas treatment during the first crop growing season after application of manure, required N
use efficiency for manures and organic wastes (by Danish legislation), and calculated reduction in
NO3

− leaching due to AD of manure—not accounting for changed NH3 loss. The share of NH4
+-N

in manure is based on Sørensen and Børgesen (2015). Organic N expected to be transformed to NH4
+

within the first season is included in the NH4
+-N share of total N; Figure S1: Average cumulative net

N mineralisation from organic N applied in livestock manure over a 10-year period after application.
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Abstract: The objective of this study is to investigate the impact of exports, renewable energy, and
industrialization on the ecological footprint (EF) of India over the period spanning from 1970–2017 by
employing the newly developed augmented ARDL (A-ARDL) co-integration approach and the novel
dynamic ARDL (D-ARDL) technique. The empirical results demonstrate that exports and renewable
energy consumption reduce the EF, while industrialization intensifies the EF. More precisely, a 1%
increase in export (renewable energy consumption) reduces the EF by 0.05% (0.09%). In addition,
the short-run elasticity of the GDP is found to be larger than the long-run elasticity indicating the
possibility of the existence of the Environmental Kuznets Curve (EKC) of the EF for India. The study
indicates that the income effect and increased policy focus on renewable energy usage can be expected
to reduce India’s per capita EF in the long run. Moreover, India’s export sector has been traditionally
less energy intensive, which reflects in our findings of export growth leading to a reduction in EF.
Based on the empirical findings, this study recommends some policy insights that may assist India to
effectively reduce its ecological footprint.

Keywords: ecological footprint; renewable energy; augmented ARDL; dynamic ARDL; frequency
domain causality; export; India

1. Introduction

In the contemporary period, controlling greenhouse gas emissions and mitigating
climate change is the pivotal policy agenda around the globe and one of the pioneering
goals under the United Nations Sustainable Development Goals (SDG-13) [1–3]. While
global commitment is to reduce the world’s average increase of temperature below 1.5 ◦C,
India is not an exception, and is obligated toward net zero emissions by 2070. Moreover,
India, the second most populated country of more than 1.2 billion has emerged as one of
the most important markets in the world, with the third largest GDP in terms of purchasing
power parity. According to World Bank estimates, India is also expected to be one of the
fastest-growing economies, with a growth percentage of 6–7% in the coming decade. This
enormous amount of growth, however, comes with immense natural resource costs. The
natural resources available to a country take time to regenerate but can be used up in no
time, and hence, a country’s growth is unlikely to be sustainable for future generations if the
rate of its resource usage is much higher than the rate of the regeneration of those resources.
Thus, the balance between resource usage and the ecological capacity to replenish them,
i.e., biocapacity, is imperative for the sustainable development of any economy. The Global
Footprint Network pioneered the process of systematic measurement and accounting of
an ecological footprint in 2003, in order to trace anthropogenic usage of ecosystems in
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comparison to a renewal of those ecosystems. This is done every year to keep track of the
economy’s demand on the environment and to assess its sustainability.

The total demand of an economy from nature can be in the form of forests and fisheries
and cropping and grazing land that is either converted into various kinds of infrastructure
for people or can be used to absorb waste generated from various economic activities. The
total of these two usages represents an economy’s ecological footprint. If the economy’s
footprint exceeds its biocapacity, there is an “ecological overshoot”, which indicates an
unsustainable economic growth path [4]. As shown in Figure 1, the ecological deficit of
India has been widening since 1980, when the deficit was around 56% of the biocapacity of
the country. The gap increased to around 100% at the beginning of the new millennium
and was more than 170% in 2018. It needs to be noted here that the consistent overshoot
of ecological consumption in the 1990s coincided with economic liberalization and the
opening up of the economy, and the distinct widening of the gap in the 2000s, as evident
from Figure 1, coincided with the newfound economic prosperity of the country with the
worldwide boom in the IT sector.

Figure 1. Per capita biocapacity and ecological deficit of the Indian economy from 1980–2018.
Data source: Global Footprint Network, https://www.footprintnetwork.org/ (accessed on 10
September 2022).

Most of the climate literature in social sciences has, until date, focused primarily on
the nexus between economic growth, in the form of GDP, and carbon emissions, caused
primarily by the anthropogenic consumption of energy [5,6]. However, while carbon
emissions are an important GHG, the issue of climate change is too complex to just account
for anthropogenic carbon emissions in isolation. The dynamic change in the depletion of
the natural resource space in totality vis a vis the economic growth that it is contributing to,
the environment needs to be examined together to understand if an economy is moving
towards sustainability or away from it. Economic growth in turn is also not uniform, and
the various components of the GDP contribute in different ways to the various economic
activities that impose their demand on natural resources. One such important component is
exports, and this study attempts to find the impact of exports on the change in the ecological
footprint (EF) of India. India’s rapid economic growth, especially in the post-liberalization
era has been accompanied by substantial growth in exports, with the share of exports
in total GDP going up to 20.8% in 2021. The share of merchandise export in total GDP
increased from 11.4% in 2017 to 13.3% in 2021–2022 [7].

It is well established in the literature that exports not only contribute to a direct in-
crease in the GDP of a country but also contribute to the growth and development of a
country through specialization, productivity increase, improved technology and R&D,
economies of scale, the expansion of associated industries and service sections, and the
employment and income generation that leads to a better standard of living [8,9]. How-
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ever, this expansion in economic activity through production and consumption rise in a
country cannot be fulfilled without drawing from the environment and using up natural
resources, land area, and water bodies nor without the emission of pollutants that need
land cover for adequate absorption. Moreover, the extent of the export sector’s demand on
ecology would be dependent on the nature of the export goods. Hence, in the context of
the sustainability of export-led growth—or even growth leading to higher exports—it is
imperative to understand its impact on the ecological footprint.

While there are some studies on the impact of trade and export diversification on the
environment, as discussed in detail in the next section, there are not many studies that have
explored the link between exports as part of GDP and the environment. The export sector,
being the comparative advantage of an economy, can be assumed to be more efficient than
most other sectors of the economy and is likely to attract more investments and eventually
expand more. Hence, it is important to link exports, per se, with the EF of a country without
considering imports like in variables like trade openness, which may not have any direct
impact on the ecological balance of an economy.

It is also known that the industrialization of an economy raises the demand on the
ecology through increased energy and land, water, and natural resource consumption as
well as the higher production of pollutants. The higher penetration of renewable energy
usage in both production and consumption sectors is likely to impact biodiversity usage
also. India’s commitment to integrating the UN Sustainable Development Goals into its
economic growth path has led to a rapid expansion of its renewable energy sector. The
installed capacity of renewable energy grew by almost 286% over the past 7.5 years, and
today, India ranks fourth in overall renewable energy capacity in the world [10].

Consequently, a vast number of studies in the existing body of climate literature
provide immense attention to studying the influence of export and industrialization in
the pathway of environmental correction. While the sustainable growth of any economy
has been highly reliant on the expansion of export and industrial development, the extant
literature provides mixed outcomes while examining their influence on ecological corrosion.
While various studies in the existing body of knowledge articulate the beneficial impact
of exports in attaining ecological correction [11,12], Rahman et al. [13] and Gozgor and
Can [14] refuted the former argument and provided the detrimental association of exports in
attaining ecological fortification. In addition, while various studies investigate the influence
of industrialization in the carbon neutralization of India [15,16], such investigation on an
ecological footprint solely for India has been missing in the existing body of knowledge.

Against this milieu, this research has been expected to add novel contributions to the
existing body of knowledge in the following ways by utilizing 48 years of annual time
series data from 1970–2017: (i) in contrast to the earlier empirical investigations, this study
utilizes ecological footprint as a proxy of an environmental quality indicator for India and
investigates the dynamic association among the ecological footprint, exports, renewable
energy consumption, industrialization, and GDP. (ii) To the best of our knowledge, this is
the first study that investigates the impact of exports on the ecological footprint, specifically
for India. (iii) While the existing body of the Environmental Kuznets Curve (EKC) literature
available for India fails to provide any specific shape of the EKC for India, this study
finds evidence of the EKC of ecological footprints for India in the existing framework.
(iv) Employing an augmented ARDL (A-ARDL) co-integration technique to overcome the
degeneracy problems and shortcomings of the classical ARDL cointegration model in the
existing framework is a novel contribution. (v) Finally, the application of a dynamic ARDL
simulation and Breitung and Candelon’s (2006) spectral causality test is expected to provide
a robust policy-oriented outcome in the existing framework.

The paper is organized as follows—Section 2 provides a literature review on earlier
studies; Section 3 describes the data and methodology used in the study; Section 4 is
on results and their discussions; and Section 5 concludes with the policy implications of
inferences made from the empirical analyses.
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2. Literature Review

2.1. Renewable Energy and Environment

Most nations have been focusing on cleaner energy supplies in order to achieve
sustainable economic development while not harming the environment, as the substantial
usage of non-renewable energy is discovered to be more carbon-intensive [17]. It cannot
be refuted that using REC might worsen environmental degradation in this case [18].
However, the influence of REC on climate change is less destructive and more affordable
when compared to non-renewable energy [19,20]. Sharma et al. [21], Inglesi-Lotz and
Dogan [22], and Dogan and Seker [23] also found that using REC is substantially more
ecologically friendly over time.

The surveillance of air, water, and land conditions has also evolved, in addition to CO2
emissions, since it is impossible to ignore how negatively economic activity affects these
natural parameters [24]. In this sense, the EF has come into action and plays an important
role in terms of environmental quality measurement among academics and researchers.
Similar to the reasons that cause CO2 emissions, a number of economic, societal, and
political factors affect the EF. Researchers believe that cleaner technology and renewable
power sources cause environmental degradation to decline [25]. The impact of using fossil
fuels and renewable energy on the ecosystem has been examined by Sharif et al. [26]
for 74 economies between 1990 and 2015 and demonstrates that the use of green energy
does have a negative coefficient. Bello et al. [27] looked at the environmental impacts of
Malaysia’s hydroelectric energy consumption from 1971 to 2016. They discovered that
the usage of hydroelectric electricity decreased environmental damage. According to Ben
Jebli et al. [28], REC improves the environment in 22 nations in Central and South America
over the long term. In order to revisit the effects of REC and non-renewable energy usage
on Turkey’s EF, Sharif et al. [29] used the QARDL approach for the years 1965Q1–2017Q4.
The results revealed that REC has a long-term negative impact on each quantile of the EF.
Christoforidis and Katrakilidis [30] for OECD countries follow a similar line. Xue et al. [31]
have also concluded the favorable influence of adopting renewable energy penetration
on the EF of four South-Asian nations over the data period 1990–2014. Similar findings
has also been evidenced by Dogan and Shah [32] for GCC economies, and by Kim [33] for
South Korea.

A few studies have also been done in the instance of India regarding REC and environ-
mental quality; however, most of them use CO2 emissions as a stand-in for environmental
quality rather than EF. For instance, Akadiri and Adebayo [34] examined these correlations
utilizing annual data spanning from 1970 to 2018 using a variety of econometric techniques.
The findings showed that carbon emissions in India are decreased by favorable changes
in the REC. It is now even more crucial to look at the function of the REC for India, as
Rej and Nag [35] discovered evidence of an N-shaped EKC for CO2 emissions for India
with a potential policy divergence between capital generation and REC penetration in
the economy. As a result, there is a glaring research vacuum when it comes to evaluat-
ing the relationship between REC and the environment, while using EF as a stand-in for
environmental conditions in India.

2.2. Export and Environmental Quality

Trade openness, which is determined by the proportion of total exports to imports
in the GDP, is a typical way to depict international trade in previous empirical investiga-
tions [36]. However, in addition to trade openness, the international trade basket’s makeup
can have a significant impact on environmental quality [37]. As a result, subsequent studies
have evaluated the environmental effects of international trade by using the value of export
items (or concentration) as a percentage of the GDP to reflect the makeup of the global
trade portfolio. Conflicting views on how diversifying the export mix would affect the
environment have been supported by prior empirical studies. Export diversification has
been linked to increased environmental degradation in certain studies [38,39], but it has
also been shown to improve the quality of the environment [40,41]. In a similar vein, trade
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openness has also shown either positive or negative effects on the environmental quality,
depending on the industrialization and development level of a country [42]. For instance,
to examine the link between EF and trade openness in Qatar, Charfeddine [43] discovered
a two-way causal relationship between EF and total foreign trade. Alola et al. [44] found
that trade openness had a negative influence on the EF in the European region; as a result,
it had a positive effect on environmental quality.

In another view, Hu et al. [45] found that exports and imports have a positive effect
on the EF. According to Dogan et al. [46], urbanization promotes environmental pollution
at the upper quantiles, and so does export quality, based on the nations’ wealth levels.
Rahman [47] came to a similar conclusion on the negative linkage between exports and the
states of the environment. Contrarily, in their analysis of the relationship between export
product concentration and CO2 emissions in 19 industrialized economies, Apergis et al. [11]
came to the conclusion that greater levels of export product concentration result in reduced
CO2 emissions. There has not been consensus on this relationship, though, which gives
scholars more space to delve deeper into this area of environmental economics.

Scholars have underlined that the export content is just as pertinent as the export
volume [48]. Export attributes are influenced by structural change, particularly in nations
that are in the middle of their economic development [49]. The development of competitive
advantages through the production of higher-quality versions of existing items boosts
productivity and export earnings, which in turn encourages the export of environmentally
friendly goods. The diversification of new goods is a must for making significant progress
in quality improvement for developing nations like India. These show that increasing
exports is a crucial policy concern, and they are backed up by instances from developed
nations that have been successful in accomplishing structural improvements in terms
of both the economy and the environment through the improvement of export quality.
However, since its big export volume necessitates considerable resource exploitation, India,
a major exporter, has so far received less attention in the analysis of the environmental
effect of its export volume. As a result, there is still a significant knowledge gap regarding
the nexus between exports and the environment in India. This gap would be filled by this
research, as well as contribute to the body of existing literature.

2.3. Industrialization and Environmental Quality

The causality between industrialization and environmental quality has been inten-
sively studied in this era of industrialization development. Alam [50] looked at how
selected South Asian nations’ GDP value addition in the service, industrial, and agricul-
tural sectors affected their CO2 emissions. The results of this study revealed that whereas
industrial and service value-added have favorable significant impacts on CO2 emissions,
agricultural value-added has a negative influence on CO2 emissions. In the Chinese
economy, Huan et al. [51] look at the connection between industrial productivity and
environmental quality. The findings supported the existence of a long- and short-term
N-shaped relationship between these variables in China. The results also provide two
industrial output thresholds for environmental quality. The highest threshold point of
industrial output is 29.21%, at which the quality of the environment is getting worse off,
and the lower threshold point is 30.71%, at which the quality of the environment turns out
to be good in the long run in China. Using ARDL and VECM, Liu and Bae [52] examined
the impact of IVA on CO2 emissions in China. The study discovered that IVA increases
CO2 emissions while causality findings revealed that long-term feedback occurs between
them. In 69 nations, Liu and Hao [53] used the FMOLS and DOLS techniques to confirm
the existence of a positive association between IVA and CO2 emissions. Using the dynamic
ARDL simulation model, Hossain et al. [15] examined the relationship between IVA and
CO2 emission in India and found that when income and IVA grow, environmental quality
declines as a result of rising CO2 emissions.

In addition, a threshold regression model was used by Dong et al. [54] to assess
the effects of urbanization and industrialization on carbon emissions in 14 developed
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nations. Industrialization increases carbon emissions from the standpoint of income levels.
Industrialization progressively has a positive impact on carbon emissions, especially at low-
and middle-income levels. However, at the high-income level, this promotional impact
starts to wane. Using a nonlinear ARDL model, Ullah et al. [55] tried to establish the link
between industrialization and CO2 emissions in Pakistan over the years 1980–2018. The
findings show that industrialization raises emissions, whereas deindustrialization lowers
emissions over the long and short terms and subsequently improves the environmental
quality. In a sample of 44 Sub-Saharan African nations over the years from 2000–2015,
Mentel et al. [56] sought to investigate the connection between industrial value added,
renewable energy, and CO2 emissions. They discovered that the proportion of industry in
GDP has a considerable beneficial influence on CO2 emissions using a two-step system
GMM estimator. However, Appiah et al. [57] showed that over the long run, fossil fuel use,
industrialization, and urbanization had a non-significant beneficial effect on CO2 emissions
for SSA nations.

Interestingly, according to Yang and Khan’s [58] research, capital creation and in-
dustrial value-added (IVA) increase environmental sustainability in IEA member nations.
Similarly, IVA massively increases CO2 emissions over the short term while boosting the en-
vironmental quality in the long term, according to research by Abbasi et al. [59]. Khan [60]
asserts that despite China’s primary industries’ decreased CO2 emissions, the secondary
and tertiary sectors continue to have a beneficial relationship with one another. The discus-
sion above indicates that there is disagreement over the impact of IVA on the environment,
as there are diverse findings on this nexus reported by the researchers. However, the impact
of IVA on EF in the context of India is concerning. Thus, the focus of this study was on the
influence of IVA on the EF in the setting of India, where it is grave and requires in-depth
investigation.

2.4. Economic Development and Environmental Quality

Numerous studies have looked at the nexus between environmental quality and
economic growth (GDP) in light of the Environmental Kuznets Curve (EKC) hypothesis. As
the economy reaches a specific level of per-capita income and reaches economic maturity, it
is projected that the connection between the GDP and CO2 emissions would take the shape
of an inverted U. The EKC and curve shape utilizing CO2 emissions have been the subject
of extensive investigation and found diluted results. For instance, in their study, Shahbaz
et al. [61] examined the impact of the GDP on carbonization in Tunisia from 1971 to 2010,
when EKC was still operational in that country. They found that the connection between
carbonization and GDP was inverted U-shaped. Furuoka [62] investigated the relationship
between the GDP and CO2 emissions using the EKC model; however, there was no proof
of an EKC between the two. The association between environmental destruction and GDP
in EU countries was examined in the study of [63]. A one-way association between the
GDP and CO2 was discovered by the study. Gyamfi et al. [64] used data from 1995 to 2018
to create their N-shaped EKC research for the E7 countries.

In 35 OECD countries, between 2000 and 2014, Ozcan et al. [65] discovered that eco-
nomic development and energy consumption patterns improve countries’ environmental
performance levels. The EKC only exists in the long term, according to Shahbaz et al. [66],
who used a sample of Vietnam’s yearly data from 1974 to 2016 to make this discovery. The
link between long-term income and pollution is, however, best captured by the N-shape.
This suggests that, during a certain stage of economic expansion, Vietnam might anticipate
a brief decrease in CO2 emissions. However, after reaching another income tipping point,
this will be followed by an additional increase in CO2 emissions. In the long run, economic
growth and environmental deterioration are linked in the BRICS nations, according to
Naseem et al. [67]. On the other hand, Rahman et al. [68] discovered a high correlation
between environmental degradation and economic development, but were unable to detect
EKC in the BRICS region.
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Other researchers have also used the EF as a proxy of environmental pollution and
reported the shape of the relation between EF and GDP. According to Danish et al. [69], eco-
nomic expansion results in a larger ecological footprint, which exacerbates environmental
deterioration. The connections between natural resources, technical advancements, GDP,
and the consequent EF in rising nations were examined by Ahmad et al. [70]. Long-term
growth and the expansion of the EF are driven by natural resources and GDP, while tech-
nology advancements assist in slowing down environmental deterioration. Furthermore,
in the context of the EKC hypothesis, the quadric term of GDP had a negative influence on
the EF. Similar findings for other nations and the economic bloc have also been reported
in other research [71]. Additionally, some study on this connection was done in India [72].
In India, Ahmed and Wang [73] discovered an inverted U-shaped relationship between
the GDP and EF. According to Murshed et al. [74], it is essential to foster intra-regional
trade and hasten economic expansion if South Asian countries are to significantly reduce
their EFs. Additionally, for the South Asian panel, as well as for Bangladesh, Sri Lanka,
Nepal, and Bhutan, the results confirm the EKC hypothesis, but not for India and Pakistan.
Economic growth has a favorable long- and short-term impact on EF, according to Adebayo
et al. [75], who also supported the EKC theory in India.

3. Data Definition and Empirical Approach

This section entails the detailed data description and empirical strategy adopted for
obtaining robust policy-oriented outcomes.

3.1. Data Description

This research exploits 48 years of annual time series data from 1970–2017 to investigate
the influence of GDP, export, industrialization, and aggregate renewable energy deploy-
ment on the EF of India. For this multivariate time series analysis, we have included the
following variables: EF in global hectares/capita as the proxy of environmental decay,
real GDP per capita in constant 2015 USD as a proxy of economic prosperity, industry
value added (% of GDP) as a proxy of industrialization, export of goods and services (%
of GDP), and REC in tonnes of oil equivalent/capita. The data for GDP, exports, and
industrialization have been outsourced from World Development Indicator (WDI). EF data
has been outsourced from the Global Footprint Network. REC data has been taken from the
BP Statistical Review of World Energy. Further, the data sources with a detailed explanation
have been outlined in Table 1. The descriptive measures of the variables, as shown in
Table 2, say that all the variables except IVA are right-skewed. All the variables seem to
follow a normal distribution. EF seems to have a very strong positive association with
GDP and exports, a moderate association with IVA, and a very strong negative linkage
with REC.

Table 1. Variables Specification.

Variable Definition Source

EF
Ecological Footprint (global
hectares/capita) Global Footprint Network

GDP
Economic growth (real GDP per capita
constant 2015 US$) WDI

EXP Export of goods and services (% of GDP) WDI

IVA
Industry (including construction), value
added (% of GDP) WDI

REC
Renewable energy consumption (tonnes
of oil equivalent/capita) BP Statistical Review of World Energy
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Table 2. Descriptive statistics.

lnEF lnGDP lnEXP lnIVA lnREC

Mean −0.22 6.56 2.29 3.27 −3.97
Median −0.23 6.44 2.28 3.29 −4.05

Maximum 0.18 7.59 3.23 3.44 −3.24
Minimum −0.47 5.94 1.29 3.07 −4.39
Std. Dev. 0.19 0.51 0.59 0.09 0.31
Skewness 0.53 0.49 0.13 −0.59 0.85
Kurtosis 2.16 1.97 1.68 3.26 2.69

Jarque-Bera 3.67 4.05 3.61 3.01 2.78
Probability 0.16 0.13 0.17 0.22 0.48

Observations 48 48 48 48 48

Correlation

lnEF lnGDP lnEXP lnIVA lnREC

lnEF 1.00
lnGDP 0.99 1.00
lnEXP 0.93 0.95 1.00
lnIVA 0.69 0.71 0.81 1.00
lnREC −0.91 0.89 0.84 0.62 1.00

3.2. Empirical Strategy

Before beginning an econometric study, it is essential to look at the stationary qualities
of the time series variables to prevent unneeded regression problems. We have used the
traditional unit root tests, i.e., Augmented Dickey–Fuller (ADF) and the Phillips–Perron
(PP) tests to serve that purpose. However, traditional unit root tests have been criticized
for having low power to reject the null hypothesis in the presence of a structural break.
The second generation unit root test technique, i.e., Zivot and Andrews (1992) structural
break unit root test, has been done additionally to determine the break date. Traditional
co-integration techniques, i.e., Engle–Granger [76], and Johansen–Juselius [77] require all
the variables to be integrated into I(1). The frequently used ARDL bounds test of the co-
integration approach, developed by Pesaran et al. [78], requires the independent variables
to be integrated at I(1) or fractionally integrated to I(0)/I(1) under the assumptions that
the dependent variable needs to be stationary at first differenced form. McNown et al. [79]
and Sam et al. [80] counter-argued that in many of the research articles, one of the pre-
conditions of applying the ARDL bounds testing approach, i.e., the dependent variable
needs to be integrated at I(1) has not been followed. The augmented ARDL (A-ARDL)
bounds test co-integration approach, proposed by McNown et al. [79], overcomes the critics
of the ARDL bounds test co-integration approach, developed by Pesaran et al. [78]. This
model allows the variables to be integrated in any order other than integrated to I(2). The
augmented ARDL model under log-linear specification can be presented as follows:

ΔlnEFt = φ0 +γ1 DUt + φ1 lnEFt−1 + φ2 lnGDPt−1 + φ3 lnEXPt−1 + φ4 lnIVAt−1 + φ5 lnRECt−1

+∑k1
j=1 β1jΔlnEFt−j + ∑k2

j=0 β2j ΔlnGDPt−j + ∑k3
j=0 β3jΔlnEXPt−j + ∑k4

j=0 β4jΔlnIVAt−j

+∑k5
j=0 β5jΔlnRECt−j + ε1t

(1)

In Equation (1), the first difference operator has been denoted by Δ, γ1 is the coefficient
of the break dummy variable, the lag accompanied with each of the variables have been
represented by k1–k5, the nomenclature of the variables is the same as given in Table 1, ln
represents the logarithmic transformation of the variables, the summation term captures
the short run coefficients, and ε1t represents the white noise error term.

The bound F test has been performed by considering the optimal lag structure through
Akaike Information Criteria (AIC) statistics and setting the null hypothesis of the lagged
term of variables to zero (i.e., H0: φ1 = φ2 = φ3 = φ4 = φ5 = 0). The cointegrating situation
has arrived if the estimated Foverall surpasses the upper bound critical values designed by
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Narayana [81]. This model is also capable of eliminating the degeneracy problem that arises
in the case of the ARDL bounds testing approach. In the ARDL bounds testing approach,
two degeneracy cases may arise: (i) lagged explanatory variables are not statistically signif-
icant, and (ii) lagged level of the outcome variable is not statistically significant. In order
to address these degeneracy issues, McNown et al. [79] and Sam et al. [80] have proposed
two additional tests in the existing ARDL bounds testing framework: (i) examining the
significance level of the lagged dependent variable through a t-test (tDV) by setting the
null hypothesis, (H0: φ1 = 0) and a cointegration situation is feasible if the estimated tDV
is greater than the upper bound critical values computed by Pesaran et al. (2001); (ii)
investigating the significance level of the lagged independent variables through the F test
(FIDV) by setting null hypothesis H0: φ2 = φ3 = φ4 = φ5 = 0 and cointegration situation can
be reached if the estimated FIDV surpasses the upper bounds critical values designed by
Sam et al. [81].

After having the confirmation of long-run co-integration among the core variables,
the dynamic ARDL technique (D-ARDL), proposed by Jordan and Philips [68], has been
employed to compute the long and short-run coefficient estimates. The D-ARDL technique
can be considered as a superior technique over the classical ARDL model in case of low
convergence speed, and the variables can be integrated into any order except I(2) [82].
The DARDL can also construct graphs showing positive and negative counterfactual
adjustments in independent variables and their influence on dependent variables, which is
not facilitated in the classical ARDL approach [82–84]. The D-ARDL model in our present
study can be expressed as follows:

(lnEF)t = λ0 + θ0lnEFt−1 + β1ΔlnGDPt + θ1lnGDPt−1 + β2ΔlnEXPt + θ2lnEXPt−1+
β3ΔlnIVAt + θ3lnIVAt−1 + β4ΔlnRECt + θ4lnRECt−1 + ξECTt−1 + ut

(2)

The classical D-ARDL technique helps in the computation of the short and long-run
influence of the determinants on EF in the context of India, but in order to understand
the consequences for policy, it is also required to analyze the causal relationship between
the two variables. The causality between variables at different frequencies, i.e., short-
term (ωi = 2.50), medium-term (ωi = 1.50), and long-term (ωi = 0.05) can be explored
by augmenting the frequency-domain causality test, proposed by Breitung and Cande-
lon [85]. The null hypothesis of Breitung and Candelon [85] in a bivariate framework can
be demonstrated as follows:

The null hypothesis of My→x(ω) = 0 is represented as

H0 : R(ω)β = 0 (3)

where β =
(

β1, . . . , βp
)

and R(ω) =

(
cos(ω)cos(2ω) . . . .cos(pω)
sin(ω)sin(2ω) . . . .sin(pω)

)
.

In this approach, the long-run (short-run) causality has been explored through low
(high) frequency.

4. Results and Discussions

The outcomes of the entire econometric analysis have been portrayed through the
following Sections 4.1–4.6.

4.1. Unit Root Analysis Results

The empirical journey has been initiated by conducting the classical unit root test, i.e.,
Augmented Dickey–Fuller (ADF) and Phillips–Perron (PP) unit root test for the following
two reasons: (i) to test the stationary behavior (synonymous to not having unit root
complications) of the time series variables to get rid of the spurious outcomes, and (ii) to
determine the order of the integration of the variables to employ the A-ARDL bounds
test of co-integration and D-ARDL technique. The unit root test findings, as reported
in Table 3, say that all the core variables of our study are stationary in first difference
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form, which is suitable to apply both the A-ARDL bounds test of co-integration and the
D-ARDL technique.

Table 3. Unit Root test.

Variable Form

ADF (t-Statistics) PP (t-Statistics) Order of
Integra-

tionIntercept
Trend +

Intercept
Intercept

Trend +
Intercept

lnEF

Level 1.33
(0.998)

−2.13
(0.519)

1.71
(0.999)

−1.95
(0.612) I(1)

First
Difference

−8.43 ***
(0.000)

−9.22 ***
(0.000)

−8.28 ***
(0.000)

−9.17 ***
(0.000)

lnGDP

Level 4.19
(1.000)

−1.64
(0.761)

5.16
(1.000)

−1.87
(0.652) I(1)

First
Difference

−5.69 ***
(0.000)

−8.25 ***
(0.000)

−5.75 ***
(0.000)

−11.94 ***
(0.000)

lnEXP

Level −1.25
(0.643)

−2.26
(0.448)

−1.23
(0.654)

−1.69
(0.738) I(1)

First
Difference

−3.19 **
(0.027)

−3.27 **
(0.044)

−6.48 ***
(0.001)

−6.57 ***
(0.000)

lnIVA

Level −2.25
(0.194)

−1.59
(0.779)

−2.38
(0.152)

−1.17
(0.905) I(1)

First
Difference

−3.23 **
(0.025)

−3.66 **
(0.036)

−6.93 ***
(0.000)

−7.39 ***
(0.000)

lnREC

Level −0.04
(0.949)

−1.45
(0.832)

−0.04
(0.949)

−1.56
(0.792) I(1)

First
Difference

−6.27 ***
(0.000)

−6.34 ***
(0.000)

−6.27 ***
(0.000)

−6.34 ***
(0.000)

Note: In parentheses, the probability value is given. ***, ** and * denotes a 1%, 5% and 10% level of significance.

In this study, we have also employed the second generation unit root test, i.e., Zivot
and Andrews’s (1992) structural break unit root test to detect the structural break and
the order of integration of the variables under the presence of structural break. Table 4
outlines the outcomes of Zivot and Andrews’s (1992) structural break unit root test, and
essentially indicates that all the variables are stationary at levels, except the GDP, exports,
and renewable energy consumption. However, all the variables are found to be stationary
at the first difference form. These results ensure there are no stationarity issues in the series
of variables.

Table 4. Zivot and Andrews structural break test.

Variable
Level First Difference

t-Statistics Time Break t-Statistics Time Break

lnEF −4.31 *** 2000 −9.86 ** 2006
lnGDP −1.31 2003 −5.11 ** 1991
lnEXP −2.96 2002 −4.87 *** 1987
lnLIVA −3.04 ** 2006 −4.93 *** 2002
lnREC −3.65 2000 −4.37 ** 2004

Note: *** denotes a 1% level of significance, ** denotes a 5% level of significance, and * denotes a 10% level of
significance.

4.2. Augmented ARDL Co-Integration Analysis Results

After evidencing all the variables are I(1), the long-run co-integration among the core
variables of our study has been examined over the data period 1970–2017 by employing
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the augmented ARDL bounds test of the co-integration technique, proposed by McNown
et al. [79]. The empirical outcome of the A-ARDL co-integration technique, as shown in
Table 5 suggests that the overall F statistics exceed the upper bounds critical value designed
by Narayan (2005) at a 1% level of significance. Additionally, two new sets of tests,
proposed by McNown et al. [79] and Sam et al. [80], have been done in parallel to avoid the
degeneracy complications which may happen in the classical ARDL co-integration model.
Table 4 exhibits that tDV of the lagged dependent variable is negative and exceeds the upper
bounds critical value designed by Pesaran et al. (2001) at a 5% significance level. Moreover,
the FIDV of the lagged independent variables seems to surpass the upper bounds critical
value, designed by Sam et al. [81], at a 1% significance level. In all three cases, the null
hypothesis has been rejected and hereby confirmed the long-run co-integrating relationship
among the variables over the stipulated time period, as mentioned in this study.

Table 5. Augmented-ARDL Cointegration Results.

DV|LDV Lag-Length Test Statistics Results

LEFt|LGDP, LEXP, LIVA, LREC, Dummy 4, 1, 4, 1, 3, 2

FOverall: 6.95 ***
CointegratedtDV: −4.11 *

FIDV: 8.30 ***

Table CVs 1% 5% 10% For k = 5

Tests I(0) I(1) I(0) I(1) I(0) I(1) Sources

FOverall 3.41 4.68 2.62 3.79 2.26 3.35 Narayan (2005)

tDV −3.43 −4.79 −2.86 −4.19 −2.57 −3.86 Pesaran et al. [79]

FLDV 3.05 5.02 2.24 3.90 1.86 3.39 Sam et al. [81]

Note: *** denotes a 1% level of significance, ** denotes a 5% level of significance, and * denotes a 10% level of
significance.

It is worthwhile mentioning that the dummy variable associated with structural break
was found to be insignificant and the model’s coefficients were found to be stable in the
absence of a dummy variable. That is why we are not including the dummy variable in the
dynamic ARDL estimations. Adebayo et al. [75] have also not considered the break dummy
in the dynamic ARDL estimations while examining the impact of structural change, and
hydro and coal energy consumption on the ecological footprint of India; however, the
structural break persists in the ecological footprint data.

4.3. Long Run and Short Run Coefficient Estimates from D-ARDL Analysis

After establishing the co-integrating relationship among the variables studied in this
research, the accompanied short- and long-run coefficient of the EF determinants of India
can be computed through the D-ARDL technique (see Table 6). The results from the baseline
D-ARDL regression simulations say that both the long- and short-run coefficient of the
GDP is positive and significant at a 5% significance level. In the long run, a 1% upsurge
in the GDP enhances the EF by 0.14%, and similarly, a 1% upswing in the GDP intensifies
the EF by 0.33% in the short run. These results provide empirical evidence of holding the
EKC hypothesis in India through the lens of Narayan and Narayan [86], as the short-run
co-efficient of GDP is larger than the long-run co-efficient. Studies by Rej et al. [87], Kanjilal
and Ghosh [88], Hossain et al. [15], and Jayanthakumaran et al. [89] also conclude similar
findings for India while investigating the existence of the EKC hypothesis. This finding
does not support the empirical findings by Rej and Nag [35], Bandyopadhyay and Rej [90],
and Rej et al. [91], who fail to prove the existence of the EKC hypothesis in India. This
finding suggests that the present economic growth pattern acts as a stumbling block to
achieving environmental sustainability in India. One of the possible reasons for the higher
detrimental impact of the GDP in the short run, with respect to the long run, lies in the
absence of substitution possibility and reserved policy action.
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Table 6. Long- and short-run coefficients from the dynamic ARDL model.

Variables Co-Efficient t-Stat Prob.

lnGDP 0.14 ** 2.18 0.036
ΔlnGDP 0.33 ** 2.17 0.037
lnEXP −0.05 ** −1.62 0.048
ΔlnEXP 0.06 1.21 0.234
lnIVA 0.26 *** 3.71 0.001
ΔlnIVA 0.16 0.98 0.331
lnREC −0.09 ** −1.9 0.045
ΔlnREC −0.06 ** −2.08 0.041
Cons. −1.51 *** −3.09 0.004
ECT (-1) −0.37 *** −5.56 0.000
R2 0.99 Adjusted R2 0.98
F- Statistics [Prob.] 364.37 [0.000] Simulation 5000

Note: ***, **, and * denotes a 1%, 5%, and 10% level of significance.

The long-run coefficient of exports seems to be negative and significant in the long
run but not significant in the short run. Precisely, a 1% upsurge in exports corroborates
to a corresponding 0.05% decrease in the EF in the long run. This finding supports the
empirical findings by Apergis et al. [11] for 19 developed economies, Haug and Ucal [12]
for Turkey, but refutes the findings of previous studies by Rahman et al. [13] for Newly
Industrialized Countries (NIC), and Gozgor and Can [14] for China. Our results illustrate
that India’s present export basket consists of relatively fewer carbon-intensive goods that
stimulate the lower EF of India. In other words, Indian firms may produce relatively fewer
carbon-intensive goods to manage the environmental quality but may engage in importing
the carbon-intensive goods.

Industry value added also corresponds to an increase in the ecological footprint of
India. As found, a 1% increase in the IVA appears to stimulate the EF by 0.26% in the
long run but carries insignificant influence in the short run. Our finding is consistent with
the previous empirical findings by Li and Lin [16] for 73 nations, Liu and Bae [52] for
China, Shahbaz et al. [61] for Bangladesh, and Hossain et al. [15] for India. Our findings
suggest that India’s current policy focuses on accelerating carbon-intensive home-grown
manufacturing as an integral part of “Make in India” initiatives which stimulates the
ecological footprint of India.

The coefficient of REC illustrates placate the EF of India in both the short and long
run. Precisely, a 1% increase in REC corresponds to a shrinking 0.09% (0.06%) of the EF of
India in the long run (short run). Our finding is in line with the previous findings by Rej
and Nag [35], Bandyopadhyay et al. [92], and Rej et al. [93], who have studied the same in
the pathway of environmental sustainability for India. This finding further stimulates the
fact of accelerating the acceptance of renewable energy usage in the Indian economy as a
source of prime fuel that not only can safeguard the environment but also can secure the
24 × 7 electricity availability of the Indian economy.

4.4. Visualization of Counterfactual Changes

Figure 2 illustrates the impulse response plot between the export and the ecological
footprint. The graph shows how changes in exports impact the ecological footprint in
India. The anticipated value is shown by the dots in the figure, while the deep blue line
represents the 75 percent confidence interval, and the light blue to lightest blue lines reflect
the 90 percent and 95 percent confidence intervals, respectively. Figure 2 unveils that
every 10% increase in exports is associated with a corresponding decrease in the ecological
footprint of India. In contrast, a 10% decrease in exports corroborates to the corresponding
increase in the ecological footprint of India. Figure 2 also uncovers that both the positive
and negative shock of exports have almost the same impact on the ecological footprint
of India. Figure 3 depicts the impulse response plot between the industry value added
and the ecological footprint. This figure tells that every 10% increase in IVA deepens the
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ecological footprint of India, while every 10% decrease in IVA plummets the environmental
dilapidation. Furthermore, the impulse response plot between the GDP and the ecological
footprint, as shown in Figure 4, illustrates that every 10% increase in the GDP soars the
environmental decrepitude, while every 10% decrease in the GDP contributes towards
the environmental correction. Moreover, the impulse response plot between renewable
energy consumption and the ecological footprint, as depicted in Figure 5, says that every
10% increase in renewable energy consumption contributes to the pathway of ecological
footprint neutralization, while every 10% decrease in renewable energy consumption
intensifies the ecological footprint of India.

Figure 2. The above figure signifies a 10% increase or decrease in export and their effect on the
ecological footprint in India. Note: Years are used as the unit of time in the figure’s horizontal axis.

Figure 3. The above figure signifies a 10% increase or decrease in industry value added and their
effect on the ecological footprint in India. Note: Years are used as the unit of time in the figure’s
horizontal axis.
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Figure 4. The above figure signifies a 10% increase or decrease in GDP and their effect on the
ecological footprint in India.

Figure 5. The above figure signifies a 10% increase or decrease in renewable energy consumption
and their effect on the ecological footprint in India.

4.5. Model Diagnostics and Robustness Test

The credibility of our model and outcomes have been further verified through some
post-diagnostic tests and by applying ARDL, FMOLS, and DOLS, respectively. The out-
comes of the post-diagnostics tests, as shown in Table 7, unveils that our estimated model
has passed the Jarque–Bera test of normality, Breusch–Godfrey serial correlation LM test,
Breusch–Pagan–Godfrey test of heteroscedasticity, and the specification test. The outcomes
of the stability test, as depicted in Figure 6, certify that the estimated D-ARDL model has
passed the stability test, as the plots of both CUSUM and CUSUMQ are well within the
95% critical limit.
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Table 7. Diagnostic tests for the D-ARDL model.

Diagnostic Test Statistics Decision

Breusch–Godfrey serial
correlation LM test

F-stat: 0.13
Prob: 0.879 No serial correlation

Jarque–Bera test
χ2: 1.13

Prob: 0.569
Error terms are normally distributed

Breusch–Pagan–Godfrey test
F-stat: 1.07
Prob: 0.414 No heteroskedasticity

Ramsey RESET test
F-stat: 2.59
Prob: 0.117 Model is correctly specified

Figure 6. The plot of CUSUM and CUSUM of square test.

The essence of augmenting the ARDL, FMOLS, and CCR approaches is to cross-
validate the outcomes of the D-ARDL estimations. The outcomes of the long-run coefficient
estimates, as given in Table 8, seem to be consistent with the D-ARDL estimations, as
given in Table 6. This further certifies the usability of the D-ARDL outcomes for further
policy inferences.

Table 8. Results of ARDL, FMOLS, and CCR.

Variable
ARDL FMOLS CCR

Coefficient t-Stat. Coefficient t-Stat. Coefficient t-Stat.

lnGDP 0.29 *** 4.05 0.37 *** 9.87 0.38 *** 10.31

lnEXP −0.11 ** −1.56 −0.06 ** −1.87 −0.06 ** −2.05

lnIVA 0.42 ** 1.94 0.12 * 1.25 0.09 * 1.12

lnREC −0.19 ** −2.61 −0.11 *** −2.66 −0.09 ** −2.62
Note: *** denotes a 1% level of significance, ** denotes a 5% level of significance, and * denotes a 10% level
of significance.

4.6. Analysis of Causality

The pairwise causality analysis has also been done by augmenting the Breitung and
Candelon [85] frequency domain causality test (Table 9). The results of this test have
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provided empirical evidence of (i) unidirectional causality from the GDP to the ecological
footprint in long run, (ii) unidirectional causality from the industry value added to the
ecological footprint in long run, and (iii) a short-run causality from renewable energy
consumption to the ecological footprint. This could be because of the comparatively larger
land requirement for setting up renewable energy plants, which possibly get compensated
in long run through clean energy consumption in the economy.

Table 9. Spectral causality test analysis.

Long Term
ωi = 0.05

Medium Term
ωi = 1.50

Short Term
ωi = 2.50

GDP→EF
6.672 **
(0.036)

1.148
(0.563)

2.581
(0.275)

EXP→EF
2.594

(0.273)
2.821

(0.244)
0.079

(0.961)

IVA→EF
2.799 *
(0.087)

0.143
(0.931)

0.659
(0.719)

REC→EF
0.081

(0.961)
1.655

(0.437)
3.899 **
(0.042)

Note: The probability value has been given in parentheses. *** denotes a 1% level of significance, ** denotes a 5%
level of significance, and * denotes a 10% level of significance.

5. Conclusions and Policy Recommendations

5.1. Conclusions

The main theme of this study is to empirically examine the influence of exports,
the GDP, industry value added, and renewable energy consumption on the EF of India,
during the period spanning from 1970–2017. For this purpose, the recently developed
augmented ARDL (A-ARDL) bounds test, by McNown et al. [79], has been employed to
explore the long-run co-integration among the variables. The dynamic ARDL (D-ARDL)
simulations model has also been adopted to estimate the short- and long-run coefficient
estimates of the EF determinants for India. The outcomes of the D-ARDL approach provide
some fresh insights. This study not only confirms the existence of long-run dynamics
among the core variables of this study but also confirms the EKC hypothesis for India.
While export and renewable energy consumption seem to improve the environmental
quality, industry value added seems to be accompanied by the corresponding obliteration
of environmental well-being. Further, the association of industrialization with negative
environmental externalities heightens the conflict between two seemingly ambitious goals
of India, i.e., “Make in India” by achieving higher economic growth through enriching
indigenous manufacturing, and “INDC” by reducing the targeted carbon emissions. In
addition, the spectral causality test has also been used to predict the pairwise causality
among the variables. The findings of this approach reveal unidirectional long-run causality
from both the GDP and the industry value added to EF. However, the short-run causality
from renewable energy consumption to the ecological footprint shows that renewable
energy penetration may impact the ecological footprint in the short run.

5.2. Policy Recommendations

The results of this study can have implications for some significant policy decisions.
As we found that renewable energy has a significant beneficial impact on the environmental
conditions in India, policy emphasis is needed to prompt greater renewable energy use,
from household consumption to the industry level. The use of renewable energy at the
household level may be encouraged by raising environmental awareness among people,
offering subsidies, and securing tax exemptions from the state and federal governments.
However, at the industry level, the necessary funds, credit facilities, and tax incentives
are needed to promote the use of clean energy sources at the industrial level. Conversely,
the legislation of the Pigouvian tax can be applied to industries that utilize non-renewable
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energy more frequently. These policy measures can be beneficial in reducing the ecological
footprint of industrialization as well.

According to our empirical results, India may be able to reduce its ecological footprint
and achieve sustainable growth through the expansion of the export sector. The Indian
government must develop long-term plans to increase the country’s trading basket in order
to reap the benefits of exports. The government must consider the cost-effectiveness of
producing exportable goods, the use of cutting-edge technology in the manufacturing
process, the adoption of energy-efficient equipment, the reliable supply of raw materials,
and the political stability of the nation when developing a long-term strategy for the green
export sector. In this context, it is essential to increase the export mix of the nation’s
knowledge-based products, which are typically less harmful to environmental quality. In
2021, India witnessed an 18.7% growth in exports from the services sector as compared to a
4.82% increase in merchandise exports in 2020. Although this could be an outcome of a two-
year pandemic, India still needs to plan for similar growth trends in exports. The results
of this study also indicate that India’s export basket possibly represents its comparative
advantage in terms of its ecological footprint as well. In addition, more sustainable growth
through exports can be possible if there is policy emphasis on improving the efficiency
of production in this sector, reducing energy intensity, and reducing resource intensity
through technology and innovation. Close monitoring, data collection, and political will are,
however, needed to channel trade instruments, such as subsidies, to boost the export sector
and ensure that the resource intensity of exports is not just maintained but reduced through
strong efficiency norms and environmental standards of production that can additionally
make Indian exports more attractive to the world market.

Given that the strategies proposed in this study only took a few aggregated economic
elements into account, further studies can consider demographic factors to increase the
robustness of the policy formation. However, the policies outlined in this study can still
serve as a baseline report that can be developed further. Future research on this topic
can take into account the geographical aspects of demographic disparities, as this can
provide a number of fresh perspectives on the pattern of changes in the ecological footprint.
Therefore, more research may be done by considering a larger economic area or group of
nations, as well as other crucial factors such as export diversification, R&D spending, green
innovation, etc.
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Abstract: The Slovak Republic does not meet the targets of the waste economy in the long run. In
order to meet these objectives, it is necessary to make changes to the current system of municipal
waste management. Building on an empirical analysis, this paper focuses on the evaluation of
the production of municipal waste and the factors that influence the level of municipal waste
sorting as a prerequisite for the maximal re-use, recovery, or recycling of municipal waste. The
type of fee for municipal waste was confirmed as the most significant factor for the higher rate of
municipal waste sorting, and pertinent recommendations were suggested according to the needs of
Slovak municipalities.

Keywords: municipal waste; waste sorting; waste management; waste recovery; municipal waste
charging; waste disposal

1. Introduction

The highest priority of the sophisticated waste economy is to prevent waste genera-
tion [1]. The binding waste management hierarchy is the cornerstone of European policies
and waste legislation. It is key for the transition to the circular economy. The basic goal of
the waste management hierarchy is to minimize the adverse effects on the environment
and increase, as well as optimize, the efficiency of waste management resources [2,3].

The European Commission (EC) adopted a European Union (EU) action plan for
the circular economy in 2015. The circular economy (CE) considers waste as a usable
resource. The banning prohibition increases the waste recovery rate. Countries with
limited municipal landfills, as well as recyclable and reusable waste, have a higher rate
of utilization and packaging of municipal waste [4]. The circular economy does not arise
as an isolated European project because, in particular, Asian countries have applied this
concept for several years. The importance of these changes also recognizes North America
and some South American countries. Adoption of a circuit concept in most countries, or
optimally worldwide, is a basic condition for the success of its application [5].

Analysis of waste separating for recycling in households is crucial, particularly at a
global scale [6]. According to Eurostat data, 221,610 thousand tons of municipal waste (MW)
were produced in 2018 in 27 EU countries [7]—i.e., 496 kg per capita. Compared to other
EU countries, the production of MW in Slovakia is relatively low. In fact, the production of
MW per capita in Slovakia is lower than the EU’s average.

According to the Report on the State of the Environment of the Slovak Republic, over
13,478 million tons of waste was produced in Slovakia in 2018. Almost 2325 million tons of
this amount was made up of municipal waste, which means 427 kg of MW per capita. The
total amount of MW, as well as the MW per capita, has mainly, in the last several years, had
the tendency to annually grow [8,9]—especially during the period from 2013–2018 where
this amount increased at an annual average of 5.24%.

The Slovak Republic has set objectives in the area of waste management based on
the objectives adopted by the EU [2]. One of these goals was to achieve a 50% recycling
rate of municipal waste by 2020 [10]. In 2018, the EC sent a warning note, wherein the
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EC perceived a risk that in Slovakia in 2020 the re-use/recycling rate of MW would not
increase to 50% [11]. However, we can already know that the given objective was not
fulfilled since the rate of recycling in 2020 was 43.67% [9].

The actual objective of the Slovak Republic by 2025 is to increase the rate of separated
MW to 60% and the rate of preparation for reuse and recycling of MW to 55%. To achieve
this goal, it is necessary to increase the level of separation of recyclable parts of MW.
Since collected and sorted MW constituents are not fully recyclable, targets for sorted MW
collections exceed the recycling objective itself. The targets for the sorted collection rate
were increasing gradually from 20% in 2016 to 65% in 2020, with 60% as the target for the
recycling rate in 2025 [10,12].

The EU considers the area of MW management very important. The European Par-
liament approved ambitious objectives in April 2018, namely that by 2025 the rate of
municipal waste recycling would increase to 55% and then to 65% by 2035. Another ambi-
tious goal is to achieve that, by the year 2035, more than 10% of waste does not end up in
landfills [13].

In order to meet these objectives, it is necessary to make changes to the current system
of MW management in individual cities, boroughs, and villages in Slovakia (as there
has, for a long time, been a high proportion of landfilled total waste). It is striking that,
despite this fact, in 2017 more than 61% of MW in Slovakia was landfilled (5% year-to-year
decrease). The EU average amount of landfilled waste is below 25%, and is gradually
decreasing. The aim of the Slovak Republic is therefore to reduce the amount of waste
disposal in such a way, and thus achieve a gradual transition to more appropriate forms
of MW management. In 2017, 29% of the total processed MW, including composting, was
recycled in Slovakia [14,15].

Waste recycling is largely affected by policy, recycling program and social norm
variables as they influence incentives and intentions for recycling.

The level of waste recycling is largely influenced by the policy and objectives of
recycling and social standards because these initiate incentives and recycling efforts [16,17].
Some of the important success factors in implementing preventive measures for municipal
waste production and increasing municipal waste recycling rates are the attitudes of the
residents on the issues of municipal waste management, the perception of the consequences
of environmental contamination, and the legislative measures [18].

Waste segregation at the source (i.e., at the household level) plays a very important
role in effectively managing municipal waste [19]. There are various research findings
about the influence of incentives to increase the ratio of separated parts of MW. For
example, the positive impact of motivation factors were documented by studies in the
Czech Republic [20,21], as well as other countries [22]. Research in Italy has shown
that the motivation of individuals does not correlate with an increase in behavior that
affects the proportion of a recyclable part of MW, while the behavior responsible for
minimizing the quantity of the MW depends only on the internal conviction [23,24]. The
more knowledge citizens have about the impact of MW on the environment and, at the
same time, believing in the meaning of the measures in increasing recycling rates, the more
they are willing to cooperate and sort waste [25,26]. Of course, ultimately, for recycling
and overall waste management, a multidimensional approach is decisive when in addition
to the motivation of citizens, as well as when legislative, financial, and logistical aspects
are considered [27,28]. The use of waste gases and waste within the circular economy
can also contribute to the matter [29]. Several studies were concerned at the influence
of the mean, and the size of the individual expenses, related to the MW production and
its management (for example [17,30,31]). The study by [32] analyzed the choice of the
method for calculating charges for waste disposal and discussed the consequences of the
introduction of the different options—for example, according to the water consumption.
The focus on finance, legislation, and information stems from traditional economic models
based on rational choices, which assume that consumers make choices by calculating the
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costs and benefits to them in each situation, optimizing their own personal gains [33].
Study [34] proves the role of environmental awareness in waste sorting.

The linear economy must be changed to the functional CE. Successful initiatives in the
field of CE reduce societal dependence on natural resources, and, at the same time, create
a value for society. The portal of World Business Council for Sustainable Development
estimates that worldwide there is a yet exploited potential for CE of $4.5 trillion [35].

In recent years, the EC adopted from member states several legislative proposals to
support the transition from the linear model of production and consumption (“take-make-
consume-throw away”) to a new model of CE—leading to the conclusion of the imaginary
material flow. The aim is to prevent waste generation, emphasize eco-design, and reuse,
amongst other similar measures. According to estimates, it could bring net savings of
€600 billion, while reducing total year-old greenhouse gas emissions by 2–4%. The CE
also has a positive impact in reducing unemployment in Europe—it is estimated to create
580,000 new waste processing jobs [36].

The EU Action Plan for CE was created by the EC as a tool to achieve the objectives
of the Sustainable Development Agenda by 2020, and, in particular, focus on step no. 12
for “sustainable consumption and production”. It dealt with topics such as production,
consumption, waste management (i.e., prevention, preparation for reuse, recycling, energy
recovery, and disposal), market support with secondary raw materials, and others [37].

The above-mentioned aim was not fulfilled at last, but although recycling level in
Slovakia is continuously low, and despite the growing volume of communal waste, a
positive development was recorded in waste recycling [38]. Since the aims were known
and measures for both the public and private sector, as well as the efforts of respective
organizations for producer responsibility, were not fully successful, it is necessary to
continuously try to improve the Slovak MW management system. In such, situation
countries could strive to replicate “success stories” of high-income countries, but it must
not be conducted without paying particular attention to the respective costs, required skills,
education, and technical expertise [39], as well as without appropriate analyses and tests.

2. The Aim, Materials, and Methods

2.1. The Aim

Slovakia and its municipalities entering the route of purposefulness, efficiency, effec-
tiveness, and sustainability in solid MW management are still relatively at the beginning,
therefore different adequate analyses based on a sufficient amount of relevant data are
necessary for the decision-making and determining of the assumptions and parameters for
the MW management system. Scientific projects conducted by a university team aimed at
the aspects of MW management in the Slovak Republic are the means for gaining useful
systematic analytical information.

The aim of this article, as a partial output of the project started in 2018 in Slovakia, is to
assess key determinants of MW management and to draft measures that would contribute
to improvement in the area.

2.2. Specification of Research Areas and Research Methodology

Concerning the purposeful managing of waste management issues at rural and urban
authorities, we expect that we obtained relevant information from the relevant respondents.
In the analyses, we did not evaluate the data applicable in the population of Slovak citi-
zens, only that within the population of municipal employees and municipal authorities
competent in municipal waste, from which we obtained a sufficiently large representative
sample of data. The representation of other citizens participating in our project is statisti-
cally unrepresentative, but within the project we were interested in more-or-less relatively
significant differences in the compared groups. The results of the statistical tests, as well as
conclusions of our experiences and the personal opinions of the professionals participating
in the survey, were finally summarized as the recommendations in connection with the
improvement of the situation in Slovak waste management.
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Our main research hypothesis results from our experiences (for example [40–44]) in
the studied area and from literature review (noted not only above in the introduction).
We suppose that there exists one or more fac9tors influencing the ratio of the sorted
MW in municipalities. The main research hypothesis was examined through the partial
statistical hypotheses concerning particular examined areas using appropriate statistical
tests. Statistically-confirmed results were fundamental for relevant suggestions for the
legislative changes.

In the analysis of data from the questionnaire described below, we focused on a
simplified illustrative classification of factors of the degree of sorting of municipal waste
and its prediction of the level of sorting. For automatic determination of factors influencing
the level of municipal waste sorting, or classification of data according to whether they
belong to the particular level of MW classification, we used the method of classification
(decision) tree. Then we used cluster analysis to assess the classification tendencies of the
selected variables.

These targeted data analyses were preceded by a statistical verification of the proper-
ties of the questionnaire.

2.3. Source of Data

In order to assess key aspects of municipal waste management in the Slovak Republic,
we conducted a systemic analysis from 2018–2019. For the analysis, we used the data
collected through the questionnaire survey of citizens’ views for whom communal waste
management issues are part of their responsibilities and labor powers. That is to say,
we have systematically asked self-government staff or representatives of business waste
management companies. These citizens were considered proper respondents given their
knowledge of the relevant information from the area in question. At the same time, they
should actively pay attention and consider the time of their workload in this matter. Their
awareness should be largely based on knowledge, and not only on feelings, intuition, or
random experiences. In the case of the creation decisions by these citizens, such decisions
are verified in practice or at least tested, and the need for changes in the problem of
these issues should be accompanied by previous experience, solutions, considerations,
discussions, and team evaluations, and should be carried out by more responsible self-
government officers.

Questions in the survey were focused on personal opinions, attitudes, the behav-
ior of citizens, and, if the citizen was a representative of the municipal office (i.e., vil-
lage/town/local in the city), the questionnaire was also extended with a part in which the
respondent, no longer as a citizen but on behalf of the self-government, was asked for answers
specifically regarding quantification issues on the state of municipal waste management.

In the first section, personal part respondents were asked to answer questions related
to their place of residence (I.e., permanent or transient), where they pay municipal waste
charges, and where they live during most of the year. If the respondent worked in a munic-
ipal office that was not the same municipality in which he lived, we gained information
from one respondent about two different locations. If the respondent had an identical
location of residence and workplace, we have gained a view of the citizen and officer, and
we estimated that such citizens would show more frequent characteristics supporting waste
management optimization as conventional citizens due to their conventional behavior with
labor knowledge, responsibility, and purposefulness.

The general part of the survey form about the respondents and their residence data
are used for stratifying responses and finding relevant relationships, and subsequently for
finding improvement solutions—at least in the field of municipal waste sorting in Slovakia.
In the questionnaire, above-mentioned factors of the condition and development of ecology
and waste management were captured directly or indirectly. In the questionnaire, the
questions made up several planes representing the environmental and waste management
status, and whose responses could be evaluated alone, but they were also used as stratifica-
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tion variables—or as variables that assigned relevant weight to other variables—and they
should have the roles of causality, effect, or bonds.

Due to the breadth of topics, we could not devote attention to each field extensively
enough, so the accuracy and reliability of the questionnaire was measured particularly by a
group of four questions—no. 9, 10, 11 and 12—adopted from a similar foreign survey [45].
These issues also confirmed the validity of the survey. Areas covered within the questions
in the questionnaire are summarized in Table 1. In the article, we retain the questions with
the numbering used in their original version. Not all questions from the survey have been
used in this article.

Table 1. Areas of the survey.

Survey Areas

A. Perception and attitude towards environmental issues—expecting that pro-environmental
orientation is a prerequisite for the spontaneous purposeful approach of citizens to
minimize waste production. (Question 1)

B. Involvement in environmental protection—like attitudes, actions in favor of environmental
sustainability should be an even stronger argument in favor of the optimization of waste
production. (Questions 2, 3)

C. Perceptions, knowledge, their application, and declared behavior on municipal waste
issues—are the basis for a purposeful conduct towards improving waste management.
(Questions 4–12)

D. Levels in the sorting of municipal waste components—as an objective indicator of the status
and performance indicator of MW management targets. (Questions 13–21)

E. Motivation, internal or external, in sorting or generally in municipal waste
management—assuming that personal motivation of citizens is in addition to the legislative
measures and influential factors on the level of MW management (Questions 22–27)

F. Improvement proposals—suggestions for dealing with the MW management. (Question 28)

G. Basic categorization of respondents to self-government workers and other citizens.
(Question 29–33)

H. For municipal representatives, questions related to MW management in their municipality,
including specifications of quantity. (Questions 34–66)

I. General demographic data designed for categorization of responses and voluntary insights,
feedback. (Questions 67–80)

J. Significant relationships and dependencies related to the perception of the environment,
with the production, prevention, sorting, motivation, and other aspects of municipal waste
management that will be determined by using statistical methods.

Source: primary data.

2.4. Data File Characteristics

The questionnaire was distributed electronically using a form tool from Google. All
towns/cities (in the case of Bratislava and Košice all urban parts) and villages in Slovakia
(hereinafter referred to as the municipalities) with the available email addresses were
addressed during several weeks—the total selection method was used. We requested
municipalities to cooperate in acquiring information on the ways of MW management and
sorting, and the further distribution of questionnaires.

229



Sustainability 2021, 13, 13723

Overall, in the first stage, following the pilot testing of the questionnaire, the 2927 unique
e-mails on the mostly publicly available addresses of Slovak municipalities, cities, and
urban parts (a few tens of addresses came from private sources of project team members)
were used. The email addresses of two municipalities were not traceable.

We also distributed messages to the alternative email addresses of employees of the
self-government who were called by phone when we found that the email was undeliver-
able to any known address, or when the email was deleted without reading and submitting
responses about the municipality in the Google form table. In the second stage, we again
sent emails to the addresses of the offices from which we did not receive the answers in an
adequate time.

Thus, in the first May–June stage, we addressed all 2927 [46] offices (total number of
municipalities without urban parts, including Bratislava and Košice as a whole: 2890, total
number of urban parts: Bratislava (17), Košice (22), Total number of towns/cities: 140, total
number of rural municipalities: 2750 (including 3 military circuits)) (Figure 1).

Figure 1. Dot map of the municipalities of the Slovak Republic (red-villages, blue-towns, green-urban
parts). They were all addressed in the survey. Source: http://www.sodbtn.sk/obce/obce_body.php
(accessed on 15 September 2020). Reprinted with permission from [46]. © Vladimír Bačík.

In the stage conducted during July, in which return rate was higher, we sent again
2438 requests to municipalities with functioning e-mail addresses (44 offices were not
addressed due to non-working or unfindable e-mail address.

The specific Slovak population sample was a group of citizens and employees of the
self-government, relevant by its quantity, who represented not only themselves but the
office agenda of other citizens in the municipality, as well as executives of the municipality.
This is why we can consider them as the indicator and the catalyzer for the municipal waste
management, and particularly, the locality’s ecological state and development (Figure 2).

Another group of survey respondents consisted of randomly addressed citizens,
although they were partly included from chain-addressing by other respondents. The
randomly addressed citizens were used as a contrast to the target group since they were
not professionally included in the MW issues. In this group, citizens were not working
in the relevant positions, and given this, the group represented ordinary citizens without
the responsibility for meeting the objectives and did not have the expected knowledge in
the area of MW management. The intention of collecting data from this group of citizens
was to obtain a control sample as well as awareness and feedback on the existing reality
in the area of municipal waste management from the ordinary citizens’ circuit, given that
they were not involved in the creation, securing, controlling, or recording of the municipal
waste measures. In the analysis of this supplementary group of respondents, unlike the
target group of municipal respondents, the conclusions must be presented prudently with
regard to the possible shift of results due to the absence in randomness of selection of the
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respondents coming from the surroundings of the self-government staff, as well as readers
of selected periodicals, general newspapers, and so on (Figure 3).

Figure 2. Municipalities involved in the survey with the response of one or more employees of the
self-government office. Source: Map of the MS Excel, own data processing.

 

Figure 3. Residence places of the respondents that were not employed by the self-government that
were involved in the survey, based on their response to the questionnaire. Source: Maps MS Excel,
own data processing.

During the whole survey period, we had gained 1439 relevant responses from all
respondents, but replays from the non-repeated localities of municipal representatives
with the knowledge of municipal waste management were from 947 villages, towns/cities,
which is a 32.23% proportion of all self-government offices of the municipalities. Two re-
spondents from the self-government offices did not indicate the particular location of their
office, along with some other demographic data.

Two cases were deleted from the database due to the identity of values with another
two observations (except the observation time track that varied within several seconds).
These dual observations could have been sent repeatedly and been double recorded in the
result table due to an unstable internet connection of the respondents. From among the
citizens, another response was further excluded since the respondent’s answers on open
issues were empty or without meaning.

Respondents from the municipalities included in the survey multiple times were
corrected by weights so in the analysis they were counted only once. If various answers
for a respective municipality entered the analysis in different categories with the quantity
expressed as a decimal number, this was rounded.
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2.5. Characteristics of Data Set of Respondents Working at the Self-Government Office

Since we addressed all municipalities, we are not conducting a random sampling. Our
municipalities samples are all authorities that expressed their willingness to participate
in the questionnaire survey. Potential distortion we will verify by comparing some of
the acquired information with known published statistical facts. By addressing all mu-
nicipalities, we expected the representation of respondents to not be shifted with respect
to the demographic data, which was confirmed by the comparison of the ratios of the
counts of municipalities that participated in the survey with the actual distribution of
the municipalities in the individual areas, regions, districts, and urban/rural locations
(–4). The actual proportion of women versus men working in the relevant positions of
self-government offices, as well as representations of other social characteristics, are not
known, so we did not verify this detail.

In the case of an unbiased data sample, conclusions are estimated with the statistical
error for estimating the proportion of the examined characteristics for the entire data file,
which is maximally equal to 3.2% (Equation (2) according to the formula for determining
the minimum size of the sample of respondents [47] (Equation (1), which we used when
conducting the survey based on the random selection:

n = Z2 · p · (1 − p)
C2 (1)

C =

√
Z2 · p · (1 − p)

n
=

√
1.962 · 0.5 · (1 − 0.5)

n
.
= 0.03185 (2)

where:
Z—statistical table value. For statistical significance equal to 95%, value Z equals to 1.96,

for significance 99%, Z = 2.58;
n—sample size (population size is not taken into account);
p—proportion of the examined characteristic (if the proportion is not known then p is thus

replaced with the value of the sample size without considering the population size
0.5, which leads to the highest sample size estimation;

C—acceptable error interval.
To ensure the basic representativeness of our sample, we verified the relative represen-

tation of the participating municipalities/districts/regions/counties/country, correspond-
ing approximately to the actual proportional representation of all the municipalities in the
relevant territorial units. In the case of comparing the relative proportions of municipalities
in Western, Central and Eastern Slovakia, in reality and in our survey, the differences were
+0.1, −1.9% and +1.8%, respectively (Table 2).

Table 2. Proportional representation of municipalities participating in the survey in comparison with the actual proportional
representation of municipalities in individual areas of Slovakia.

Counties in
Slovakia

Municipalities
Municipalities

Proportion
Municipalities in

the Survey

Municipalities
Proportion in the

Survey

Difference
between the
Proportions

Western Slovakia 694 23.7% 223 23.6% 0.1%
Central Slovakia 1107 37.8% 375 39.7% −1.9%
Eastern Slovakia 1126 38.5% 347 36.7% 1.8%

Unspecified
location 2 not considered

Total 2927 100% 945(+2) 100% 0%

Source: www.sodbtn.sk (accessed on 15 September 2020) and own data processing. Reprinted with permission from [46]. © Vladimír Bačík.

The representations of the municipalities in individual regions, in reality and in the
survey, and the differences in representations are summarized in Table 3. The largest
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differences are lower in representation in the survey when compared to reality by −5.6%
in the Prešov region and higher by 3.9% in the Košice region, which is negligible.

Table 3. Proportional representation of municipalities in individual regions of Slovakia.

Region
Number of

Municipalities
in Regions

Proportion of
Municipalities

in Regions

Number of
Individual

Municipalities in
Regions

Participating in
the Survey

Proportion of
Individual

Municipalities in
Regions Participating

in the Survey

Difference between
Proportions of

Individual
Municipalities in

Regions in Reality and
in the Survey

Bratislava 89 3.0% 27 2.9% −0.1%
Trnava 251 8.6% 53 5.6% −3.0%
Trenčín 276 9.4% 90 9.5% 0.1%
Nitria 354 12.1% 143 15.1% 3.0%
Žilina 315 10.8% 108 11.4% 0.6%

Banská Bystrica 516 17.6% 177 18.7% 1.1%
Prešov 665 22.7% 162 17.1% −5.6%
Košice 461 15.7% 185 19.6% 3.9%

Unspecified
location - - 2 not considered

Total 2927 100.0% 945(+2) 100.0% 0%

Source: www.sodbtn.sk (accessed on 19 September 2020) and own data processing. Reprinted with permission from [46]. © Vladimír Bačík.

Verification of the representation of the urban or rural municipalities is summarized
in Table 4. The differences in the representation of the urban and rural municipalities
are maximally ±4.6%, whereby in the survey there is a slightly higher ratio of urban
municipalities and a slightly lower representation of rural municipalities.

Table 4. Proportional representation of Slovak municipalities and their representation in the survey.

Type of
Municipality

Number of
Municipalities

Proportion of
Municipalities

in Slovakia

Number of Individual
Municipalities in the

Survey

Proportion of Individual
Municipalities in the

Survey

Difference
between

Proportions

Towns/Cities 140 4.8% 89 9.4% 4.6%
Villages 2750 95.2% 858 90.6% −4.6%

Total 2890 100.0% 947 100.0%

Source: www.sodbtn.sk (accessed on 15 September 2020) and own data processing. Reprinted with permission from [46]. © Vladimír Bačík.

The representativeness of the sample of respondents among local self-government
employees by gender, age, education, number of household members, and other char-
acteristics has not been verified due to the unknown distribution in the population of
local self-government employees, but we do not anticipate bias due to the availability of a
sufficiently large research sample.

2.6. Survey Items (Questions)

The questionnaire consisted of a relatively large number of open, closed, and most
often semi-closed questions, with the possibility of commenting or further specification
of the answer. The questionnaire was branched and not all questions were displayed
to each respondent. The answers to the questions on the questionnaire, and their analy-
sis, should help in specifying the situation in the field of municipal waste management,
the perception of environmental issues, waste sorting, and the proposals for optimizing
waste management.

Although the sample of respondents among citizens not working at self-government
offices is not representative, and we cannot apply all the conclusions of the survey automat-
ically to all citizens, the sample size of the self-government staff and its representativeness,
at least with respect to all self-government staff, allows us to apply the found results and
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statistically significant relationships, but also the individual opinions of the respondents,
to expanding the knowledge base on which it will be possible to design a more efficient
waste management system.

The items of the questionnaire cover 10 areas of interest, and studies and analyses are
listed in Section 2.3. Most of the questions are for determining the attitudes, perceptions,
and activities, which were conceived using a 6-point Likert scale. This allows us, if the
sample size is sufficient, to more accurately determine the intensity of the perception,
interest, severity, and relationships of the question. Questions with a Likert scale were also
used to analyze the properties of the questionnaire. In case of an insufficient representation
of answers at the individual levels of the scale, we can combine these into a smaller
number of levels. In order to clarify the content of more complex questions, we left open
the possibility of specifying the answer. The six-point scale remained in use. As such,
additionally specified answers were attached to the basic scale with the possibility for
additional consideration in the discussion on the analysis of the questionnaire.

2.7. Statistical Tools Used in Data Analyses

In the analyses of the questionnaire data, the statistical tools summarized below
are used using the software MS Excel [48], IBM SPSS Statistics [49], or Gretl [50]. The
analyses’ quantitative conclusions are based on statistically verified results using methods
briefly characterized below.

2.8. Significance Level

The significance level is an estimated likelihood for rejection of a null hypothesis,
assuming it was right (probability of error of the first type), and to determine it each
time before calculating the test criterion (i.e., before the test). The p-value is the lowest
possible level of significance, designed based on the test criterion, where we can also reject
the null hypothesis. It is one of the options for which we decide whether the result is
statistically significant. In our analyses, we consider it a statistically significant result when
the p-value ≤ 0.05.

2.9. Factor Analysis in Assessing the Validity of the Questionnaire

Validity is an important indicator of the questionnaire’s quality as a measurement
tool. The degree of validity indicates how the test/questionnaire measures the concept
(i.e., phenomenon or construct) on which the questionnaire is focused. There are more types
of validity and more methods of its destination. The statistical test of the questionnaire
is a factor analysis that identifies those that are related to each other between multiple
variables. Analyzing those that are closely linked to the so-called factors thereby reduces
the number of variables to a smaller number of factors and confirms the eligibility of the
measuring tool.

2.10. Questionnaire Reliability Analysis

The reliability index evaluates the accuracy of such measurements. If measuring tools
are not valid and reliable, there is an incorrect interpretation of the phenomena and the
application of incorrectly-related decisions. A reliable measuring tool provides the same
results by repeating the evaluation.

2.11. Decision Trees

Decision trees are used for classification or prediction of categorical or continuous
values. They are most commonly used as a non-parametric and non-linear alternative
to a linear model. They are not affected by extreme or missing values. For analysis
of relations between target and input variables, we used a method of a full chi-square
automatic interactive detection, or so-called Exhaustive CHAID (Chi-Square Automatic
Interaction Detector) that identifies the file’s explanatory variables to classify/predict the
target variable.
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A CHAID Classification tree divides a tree node only if the statistical significance
criterion is met. CHAID tries to prevent this from the beginning of the so-called overfitting.

In our work, we will use the decision tree to specify (i.e., predict) the level of sorting
of the municipal waste based on the relevant input variables.

2.12. Cluster Analysis

Cluster Analysis was used for searching in the empirical data and grouping similar
objects–types [51]. We used it to find characters for generating object classification assump-
tions. In the paper, a two-step cluster was used by IBM SPSS software that automates and
solves some problems of standard cluster techniques.

By means of the cluster method, we specify the characteristic clusters for the municipal
waste sorting levels corresponding to the individual levels of the considered input variables.

3. Results

3.1. Verification of the Properties of the Questionnaire

One of the fundamental conditions for the questionnaire’s research is the use of
valid and reliable research instruments. By determining the questionnaire’s validity, we
verify whether the questionnaire measures what we intended to detect. The instrument
validation is important when the respondents provide, in essence, inaccurate, subjective,
or opinion-based characteristics. In addition to the confirmation of the construct validity
(i.e., measurement of a certain feature of a man) questionnaire in its further processing, it is
then possible to replace multiple variables by one factor representing the construct examined.

Several variables are substitutable by one latent variable, a factor, and arise if we
determine the characteristics of the respondents, their attitudes, tendencies, and other
features. It is not sufficient to ask the relevant specificity directly with a single question
because the respondent may either unconsciously or consciously distort the reality of the
assessment for that feature under investigation. For example, a respondent may state
the subjectively or objectively desired state of affairs, while even to himself/herself may
not admit the fact. Several more specifically focused questions related to the examined
characteristics forming the so-called manifest variables can more reliably characterize
the respondent, concerning the examined feature, than only his own answer could. The
more the questions are aimed at identifying the investigated feature, the more objective
the resulting findings are in terms of the concomitant treatment of the counterproductive
redundancy of the number of questions. Statistical methods, and other ways of assessing
the properties of the questionnaire as a measuring tool in its preliminary verification or its
subsequent evaluation, help in deciding on the appropriateness of including the question in
the structure of the measuring tool and form a picture of the extent to which the examined
property manifests itself in the respondent.

In our research, the area for determining the respondents’ environmental orientation
was more closely represented by the questions, which was also the subject of the assessment
of validity and reliability, and for which we singled out four questions taken from similarly
focused foreign research [45]. Our questionnaire was based on the objectives of a large
project covering a wide area and mapping the issues of municipal waste management
from the perspective of citizens and municipalities (see Section 2.3). Given this, it was not
possible to include enough questions for each area to create a comprehensive, statistically
valid, and reliable questionnaire without negatively influencing perceptions and some
of the respondents not completing the questionnaire. Therefore, other areas were not
confirmed by multiple inquiries, which could lead to incorrect categorization/evaluation
of the respondent in individual cases. However, due to the purpose of the questionnaire,
which was not to evaluate individual respondents or individual municipalities, the lower
overall variability is sufficient. As a priority, we focused on obtaining answers to a greater
number of questions, which enabled us to cover and analyze more areas with regard to the
state of municipal waste management in the Slovak Republic.
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3.1.1. Validity of the Research Instrument

In this article, we will not use the FA analysis results with any other examination or
modeling, and only for the purpose of confirming the questionnaire’s validity.

The validity of the questionnaire and its reliability were analyzed in a pre-survey
among students with the expected results being similar to the survey in the target group
of respondents. There was agreement of a significant result in defining the factors for the
questionnaire, which focused on the environmental self-perception of the respondent.

The application of a factor analysis (FA) is indicated by the Kaiser-Meyer-Olkin (KMO)
test statistics, which express the extent to which each variable can be predicted without
errors through other variables, the definition of the unambiguous and reliable factors in our
case that represent the investigated areas (i.e., constructs and factors) of the environmental
profile of respondents, and with a recommended minimum test statistic value of 0.6. The
higher the value of the KMO statistics, the more reliable the individual factors that are
defined. The significance of the Barlett sphericity test confirms the existence of interrelationships
between variables, which also justifies the use of a factor analysis [52] (Table 5).

Table 5. KMO a Bartlettov Test.

Kaiser-Meyer-Olkin Measure of Sampling Adequacy 0.854

Bartlett’s Test of Sphericity

Approx. Chi-Square 4173.901

df 105

Sig. 0
Source: primary data, IBM SPSS Statistics analysis.

For the implementation of an FA, the minimum number of observations is 10 per vari-
able, which in our survey of respondents included in the factor analysis is 1260. This far
exceeds the minimum number, even after subtracting those who, in one of the analyzed
variables in the open part of the answer, stated “I do not know”; “?”; or left an empty value
or answer that could not be included in any of the offered categories.

For the FA, the principal components method was used to define the factors (Principal
Component Analysis—PCA), and for better interpretability of factors Varimax orthogonal
rotation for uncorrelated factors was used.

Initial communalities (i.e., the number of extracted factors) was defined by the number
of eigenvalues from the analysis—the so-called eigenvalues were greater than 1. These
values represent the extracted factors involved in explaining the variability of the original
variables in order from the factor with the largest proportion of variability to the extracted
factor with the lowest increment of the proportion of the explained variability (Table 6).

Table 6. Communalities of factor analysis of questionnaire items.

Communalities (Questionnaire Issues) Initial Extracted

26. Can the municipality/city impose a fine for non-compliance
with the basic principles of municipal waste management? 1.000 0.897

11. I consider myself a consumer who cares about the protection of
natural resources. 1.000 0.773

12. Protecting the environment is part of my lifestyle. 1.000 0.761
2. Do you buy energy-efficient electrical appliances? 1.000 0.743
4. How do you see the quality of the environment in your
city/town? 1.000 0.708

13. Is separate municipal waste collection organized in your
city/municipality? 1.000 0.668

9. I organize my daily life so that I use as few natural resources as
possible (I save water, heat, energy). 1.000 0.659

21. According to you, the fee for municipal waste is ... 1.000 0.602
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Table 6. Cont.

Communalities (Questionnaire Issues) Initial Extracted

3. In case of product failure (electrical appliances/clothing/toys/
means of transport), if the product is repairable ... 1.000 0.584

18. Do you know what fee you pay for municipal waste per person
in your town/village? 1.000 0.552

1. Are you interested in the current state and future of the environment? 1.000 0.549
10. I try to use as few natural resources as possible, even if it
requires additional costs and effort (instead of a car I use a bus or
bicycle or walk; I buy more expensive organic food and just enough
to use everything without waste, I use reusable packaging).

1.000 0.538

7. To what extent do you care to minimize the amount of produced
municipal waste? 1.000 0.504

14. Are you involved in the separate collection of municipal waste? 1.000 0.471
22. Are you motivated enough to sort waste? 1.000 0.449

Extraction Method: Principal Component Analysis.
Source: primary data, IBM SPSS Statistics analysis.

The cumulative proportion of the variability of the 15 questions examined by the part
of the questionnaire (Table 6), which can be explained by the defined factors, adds up to
only 50% due to the above-mentioned lack of room for the inclusion of additional variables
representing individual factors and many original unrelated variables (Table 7).

Table 7. Total explained variability in factor analysis.

Total Variance Explained

Component

Initial Eigenvalues
Extraction Sums of Squared

Loadings
Rotation Sums of Squared

Loadings

Total
% of

Variance
Cumulative % Total

% of
Variance

Cumulative % Total
% of

Variance
Cumulative %

1 3.955 26.367 26.367 3.955 26.367 26.367 3.372 22.478 22.478
2 1.560 10.403 36.770 1.560 10.403 36.770 1.555 10.364 32.842
3 1.062 7.080 43.850 1.062 7.080 43.850 1.464 9.758 42.600
4 1.043 6.952 50.803 1.043 6.952 50.803 1.230 8.202 50.803
5 0.949 6.324 57.126
6 0.888 5.923 63.049
7 0.854 5.693 68.742
8 0.849 5.658 74.400
9 0.774 5.163 79.563
10 0.729 4.862 84.425
11 0.645 4.298 88.722
12 0.609 4.062 92.784
13 0.470 3.130 95.914
14 0.414 2.762 98.676
15 0.199 1.324 100.000

Extraction Method: Principal Component Analysis.

Source: primary data, IBM SPSS Statistics analysis.

The number of extracted factors was defined by the number of eigenvalues from the
analysis, which were greater than 1. These values represent the extracted factors involved
in explaining the variability of the original variables in order from the factor with the
largest proportion of variability to the extracted factor with the lowest increment of the
proportion of variability.

In (Table 7), there are the squares of multiple correlations for individual variables with
all other variables. In the case of the PCA method, all are equal to 1, as the variables are
standardized with a variance of 1. The extracted communities are parts of the variability
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(i.e., variance estimates) of the variables explained by all extracted factors. Small commu-
nality values mean that variables are not sufficiently explained by the extracted factors and
should be excluded from the analysis if possible. The extracted communities in our case
are acceptable, although values lower than 0.5 for two questions indicate that they do not
correspond to the extracted factors as well as the other variables.

The cumulative proportion of the variability of the 15 items of the questionnaire,
which can be explained by defined factors, adds up to only 50%, which is due to the above-
mentioned insufficient space for inclusion of additional variables representing individual
factors and many original unrelated (non-correlated) variables (Table 7). Graphically, this is
the variance that is associated with each factor shown by a scree plot in Figure 4. Typically,
the plot shows a distinct break between the steep slope of the large factors and the gradual
trailing of the rest (the scree).

Figure 4. Scree Plot. Source: primary data, IBM SPSS Statistics analysis.

The extracted factors created dimensions/constructs, to which the individual variables
after rotation were bound by the highest load, i.e., the so-called loadings, for the selected
method of rotation. The values are both regression coefficients for the linear combination
of the relevant factors explaining the manifest original variable, as well as correlations of
the variables with the relevant factors. The factors form the highlighted row groups in the
table with the highest numeric values in both the rows and the columns.

As can be seen, the variables from questions no. 9, 10, 11 and 12, representing the
environmental self-perception of respondents included in the questionnaire based on other
similar research to verify the validity and reliability of our questionnaire, as well as for
comparison with the relevant research, [45] are bound by a high number indicating a high
proportion of variability in the observed variable, which is explained by the extracted factor.

The best-covered latent variable (extracted factor) is a factor called “self-perception”,
which correlates with questions 9 to 12 (the above-mentioned questions taken from the
foreign survey [45]) and for which the proportion of variability explained by the extracted
factors is calculated to be 0.682 to 0.857. In the rotated matrix of components (Table 8),
these variables are correlated with a defined factor and a significant force of 0.721 to 0.857.

In the table of the rotated matrix of components, in the column of the factor of the
environmental self-perception, we can see that the factor was linked to the variable in
question number 7 from our questionnaire to determine the extent to which the respondent
cares to minimize the amount of municipal waste produced. It is not related to any other
factor and it is indeed a variable from the category of self-perception, and not from the
category of proven behavior as originally defined. Given this, we left the question for
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analysis in a new group and can replace the five original variables from the questionnaire
with a single new latent variable, called the respondent’s environmental “self-perception”.

Table 8. Rotated a factor analysis matrix.

Manifest Variables
(Observations)

Components
(Factors, Dimensions, Constructs)
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11. I consider myself a consumer who cares about the protection of natural resources. 0.857
12. Protecting the environment is part of my lifestyle. 0.839
9. I organize my daily life so that I use as few natural resources as possible (I save
water, heat, energy). 0.784

10. I try to use as few natural resources as possible, even if it requires additional costs
and effort (instead of a car I use a bus or bicycle or walk; I buy more expensive organic
food and just enough to use everything without waste, I use reusable packaging).

0.721

7. To what extent do you care to minimize the amount of produced municipal waste? 0.682
13. Is separate municipal waste collection organized in your city/municipality? 0.650
4. How do you see the quality of the environment in your city/town? 0.577
22. You are motivated enough to sort waste? 0.202 0.538
14. Are you involved in separate municipal waste collection? 0.228 0.512 0.311
21. According to you, the fee for municipal waste is ... −0.669 0.350
1. Are you interested in the current state and future of the environment? 0.389 0.575 0.236
18. Do you know what fee you pay for municipal waste per person in your
town/village? 0.320 0.515

2. Do you buy energy-efficient electrical appliances? −0.221 0.478 0.385
3. In case of product failure (electrical appliances/clothing/toys/means of transport),
if the product is repairable ... 0.698

26. Can the municipality/city impose a fine for non-compliance with the basic
principles of municipal waste management? 0.523

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.

Source: primary data, IBM SPSS Statistics analysis. a. Rotation converged in 6 iterations.

The other second most important extracted factor also has a relatively high load with
the four original variables (questions no. 4, 13, 14, 22). Three of the questions are from
category F on the classification, and specifically, question 4 asks about the quality of the
environment in the city/municipality concerned. By identifying the common features
of the variables, we decided to name the factor “The preconditions for sorting”, because
most of the variables are dedicated to the sorting of municipal waste, namely: “Is separate
collection organized in your municipality?”, “Are you motivated enough to sort waste?”,
and “Are you involved in the separate collection of municipal waste?”. The correlation of
the perception of the quality of the environment with the conditions for sorting is caused by
the lack of other relevant questions about the quality of the environment, but there is also a
clear connection, or vice versa, if the quality of the environment is taken into account in the
municipality—of which it is assumed that measures will be introduced to support sorting.

The other two questions in the group “The preconditions for separate collection” are
also weakly linked to another factor for known reasons. At the same time, however, the
connection with another factor is justified, because many respondents stated that they do
not need external motivation and that they sort out their own belief that it is right. Even the
question, “whether people are involved in the separate collection of waste?”, is justified in
the group of preconditions for sorting since knowing the answers of the respondents that
are not involved is important. This is because they may only have a mixed waste container
at the house, or only a certain type of sorted waste is collected, or waste collection takes
longer time intervals, between which the containers are filled in such a way that they no
longer fit into them, and sorting is thus prevented.

The third factor to be extracted will be the matters of interest for the future, from
Group A. Although the second question on purchasing energy-efficient appliances was
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theoretically categorized in group B (real demonstration of interest in environmental
sustainability) when designing the questionnaire, the FA revealed that it has to do with a
focus on the future when we know that input costs of more energy-intensive equipment
are higher, and therefore, such products are uninteresting for people who do not calculate
with the future in mind.

Question no. 21 in the group about the perception of the fee includes a variant of
the answer that the fee could be higher in order to solve as many waste problems as
possible, resp. that it is insufficient. These insufficient fee responses are on the opposite
side of the scale, i.e., dissatisfaction with the high fee was in positions 1 and 2, and complete
dissatisfaction with the amount, in the sense that it is insufficient, is at 5 and 6. The question,
therefore, follows the factor with a negative coefficient, i.e., those who are interested in the
future also advocate the need for a higher fee and at the same time have an overview of the
fee (question no. 18). In this group, too, the questions are linked to other factors that are
more or less interpretable.

The last extracted factor is related to the financial burden of the respondent, which can
be avoided. The strong correlation of questions 3 and 26 with the financial burden factor
explains the connection between the answers, and that when the respondent is aware that
it is possible to obtain a fine for acting in violation of the municipality’s regulation, he
prefers to avoid it, and similarly, repairs a repairable product not to save the environment,
but because the FA suggests that it is to save money—since a repair, especially with one’s
own hands, is more financially advantageous than buying a new product.

The last three factors, mainly due to the weak explanation of the percentage variability
of the original variables and the multiple links of the questions to several factors, will not
be applied to the analyses but will remain with the original assumption and proof that only
the environmental self-perception factor is sufficiently valid and usable.

Next we also verify the reliability of the defined factor/construct/new latent variable.

3.1.2. Reliability of a Research Tool

A good research tool is not a mixture of different items; on the contrary, the items are
designed to detect the same construct/property. In this case, the research tool then has a
good internal consistency. Cronbach’s Alpha is used to detect it in polytomy items with a
larger scoring range (in our case 1 to 6). It is this coefficient that is used in questionnaires
where the items are scaled (all items in the questionnaire have scales of the same value and
length) [53]. We used IBM SPSS Statistics software to calculate it.

We evaluated the reliability of the questionnaire with variables identical to those
we applied in the factor analysis (see the list in Table 8). The expected result with lower
reliability in the inclusion of all questions due to a larger number of inconsistent constructs
is shown in Table 9. The value of Cronbach’s Alpha is greater than 0.7, which is in line
with the recommendation for the value of Cronbach’s Alpha evaluated in the social and
economic sciences [54]. In the pre-survey, the same questionnaire answered by students
similarly showed the reliability of the 15 components of the several inconsistent constructs
at the level of 0.779.

Due to further analysis, we can use a valid dimension named “Environmental self-
perception”, which will also evaluate its internal consistency separately (Table 9). The
five-component construct provides a quantified reliability greater than 0.831 (the student
pre-survey had a higher reliability of 0.858). 119 respondents participated in the student
survey, of which 96 fully completed answers were valid for the 15-component construct
and 97 for the 5-component construct.

In conclusion, the analysis of the data representativeness, and the structure and re-
liability of the questionnaire confirms more than 30% representation and geographical
representativeness of the target group of respondents—employees of the local authorities,
the applicability of data from citizens outside the target group of respondents, and envi-
ronmental self-perception verifying the non-randomness of the answers and, in turn, the
entire questionnaire.
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Table 9. Analysis of the internal consistency of the questionnaire (reliability) with all 15 polyatomic
questions and only with five questions representing the construct of environmental self-perception.

Reliability Statistics

Cronbach‘s Alpha Items Number of Respondents with Non-Empty Answers

0.707 15 1260
0.831 5 1426

Source: primary data, IBM SPSS Statistics analysis.

3.2. Data Analysis

The questionnaire represented a wide area of the municipal waste management issues
related to the opinions, perceptions, declared behaviors, justifications, or recommendations
that are accountable to all the respondents. The aim of the survey and its analysis was to
evaluate the situation in Slovakia’s waste management through anonymous data from local
government documents, but also through the attitudes and perceptions of the environmen-
tal and municipal waste issues by citizens with a focus on competent local government
representatives as an influencing factor of the level of municipal waste management. Based
on the part of the questionnaire survey conducted within local governments in Slovakia,
using two classification methods, we present partial results and the recommendations
that could contribute to the gradual reduction of waste disposal in landfills, allow more
intensive sorting of waste, and their material recovery.

3.2.1. Classification of Explanatory Variables and Prediction of Classification Level

Based on the data of the questionnaire (with the verified validity and reliability on a
selected part of the questions), the target dependent variable for the decision tree technique
was set as the “Sorted municipal waste ratio to the total quantity per inhabitant”. For this
variable, we would need to obtain the greatest possible value—the largest proportion of
sorted waste. As the independent variables were used, all possible variables in the dataset
were used as well. Missing values in this analysis were included in the tree-growing
process as a floating category that was allowed to merge with other categories in the
tree nodes. Together with the missing values, we processed 811 observations, which were
randomly divided into test subgroups by the method of cross-validation [55] of the decision
tree. The result of the cross-validation is an estimate of how well the tree generalizes the
entire data population. The risk of our tree is, according to the cross-validation based on
five subsets, calculating the average risk and the risk of resubstitution of 0.016 and 0.017,
respectively, with a standard error of 0.001. For multiple comparisons, significance values
for the merging and splitting of criteria are adjusted using the Bonferroni method.

The generated decision tree consists of seven nodes and five final leaves of the tree. It
consists of three automatically created levels (Figure 5).

The root node consists of 100 % of all the values with the current value of the target
variable at the level of 0.173 (17.3% level of sorting of municipal waste). The value should
roughly correspond to the average proportion of the recyclable waste in Slovakia in 2017.
The difference of 5.7% is caused by the aiming of the survey while conducting on and
determining the factors for the higher rate of sorting that is not estimating the representative
population’s parameter as it is stated at the end of the introduction part of the paper.

Several main classification/explanatory variables classifying/predicting the level of
the ratio of the sorted waste in the total amount of municipal waste were identified and
included in the decision tree model. In order to simplify and present more potential factors
of the rate of sorting, we defined three intervals for maximally branching the continuous
variables with a minimum node size of 70 observations, and on the level of the final
nodes—the tree leaves—at least 35 observations.
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Figure 5. Decision tree for the rate of sorted waste in the total amount of MW produced in the
municipality. Source: primary data, IBM SPSS Statistics analysis.

The most important statistically significant factor of the MW sorting that was iden-
tified by the decision tree is the categorical variable: Type of paid fee for municipal waste.
The decision tree technique thus split all the data into two branches, unbalanced by abun-
dance (89% versus 11 %) but informatively relevant. This criterion distinguishes the data
according to the type of paid fee for the data of the flat-rate fee and the data of the fee paid
according to the MW amount. On the basis of the available data, the nodes are statistically
significantly (p-value = 0.001; F = 10.234; df1 = 1, df2 = 809) characterizing or predicting the
municipal waste sorting level of 16.8% in the case of a node with a flat-rate charging, and
for the sorting joined with a fee for 1 L or 1 kg of waste at the higher sorting degree of 21.4%.
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The first branch’s node in the current model is next broken down according to another
binomial categorical variable, Character of residence locality, and again into another two
branches (p-value = 0.006). The tree identified that the urban character of a municipality
has less probability of a higher level of sorting than the smaller municipalities. Cities with
the flat-rate fee, according to the model, are capable of sorting waste at the average level of
12.9% and rural villages at the average level of 17.3%.

The next significant factor that split node no. 3 into three automatically (set up
to 10 intervals) created intervals. The most numerous group (530 respondents) for the
production of MW per inhabitants was from 84.8 to 322.5 kg, who are not possible to be
split to the next level, even with the manual settings. No other statistically significant
subgroups can be created using selected factors. That big group remains similarly in
the Cluster analysis the average group with the level of sorting 16.3%, which is slightly
under the whole average level of sorting. However, there is a group (Node 5) with an
annual municipal waste per inhabitant on a level under 84.8 kg, which consisted of rural
municipalities with a population under 1000 where they can manage a higher rate of sorting
compared with the average rate. At the opposite end, with the largest annual municipal
waste per inhabitant (over 322.5 kg), we can conclude according to the additional data
analysis that 81.7% of all respondents live in the economically strongest district of Slovakia,
with the highest average charging for MW corresponding with the highest sorting level.

Other variables have not been specified as relevant by the decision tree with the given
data set.

3.2.2. Clustering of Variables into Relatively Homogeneous Groups

The method by which we can identify the groups that are the most similar to each
other within a cluster with the relevant properties, and at the same time differ from
each other as much as possible, is through cluster analysis. The clusters thus identified
(i.e., the municipalities with the relevant characteristics defined within them) can then
be the object of the appropriately selected tools and procedures, in order to contribute to
the optimization in the decision-making aimed at increasing the level of municipal waste
sorting or minimizing the total amount of solid non-recyclable waste.

We used the IBM SPSS Statistics’ two-step clustering method to identify such groups,
which combines the benefits of other clustering methods with both the categorical and
continuous variables, and applies a hierarchical clustering algorithm to the larger amounts
of data. We did not treat the missing data in the variables; respondents who did not
provide data on the amounts of waste components produced were excluded from this
analysis. About 5% of the extreme data were also excluded from the analysis so as not
to affect the results in the clusters formed, or to form separate clusters. Thus, a total of
735 respondents from the local government representatives were included in the analysis
who then provided the necessary data.

The results of the analysis are shown in Figure 6 with a good degree of consistency
within the clusters versus a degree of difference between the clusters of 0.6. The result table
in the fields graphically shows the relative distribution of data. The clusters are arranged
according to the waste sorting ratio from the highest sorting ratio to the lowest. Clusters are
defined by three selected categorical variables and by three continuous variables of concern.
Categorical variables with the highest degree of predictive importance in the classification
of respondents into clusters from 77% to 100% are the Type of the fee, Character of residence
locality, and Perception of the fee. The three continuous variables, and thus possess a lower
predictor’s importance, are the Sorted municipal waste ratio to the total quantity per inhabitant,
Annual municipal waste per inhabitant in kilograms, and the Fee per inhabitant per year for MW,
which is paid by the respondents. Continuous variables were standardized as part of the
application of the method.
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Figure 6. Clusters of respondents with externally different, internally similar properties for the purpose of defining the
determinants of the ratio of sorted waste and the total amount of municipal waste (cells show relative distributions).
Source: primary data, IBM SPSS Statistics analysis.

The characteristics of the clusters are shown directly in the figure. We can state that
the largest group is formed by cluster no. 5, called C. It is the third in the order according to
the ratio of the sorted waste per citizen of the municipality. It groups 421 respondents from
rural municipalities with the MW flat-rate fee. Compared to other respondents in other
clusters, it has a low-to-average level of waste production and level of sorting, and a low-
to-average fee (median of the annual fee for the MW per year per capita is €13.05), which is
perceived by 100% of cluster’s respondents as appropriate. This is the most widespread
example of smaller municipalities in particular, which are essentially minimally active.
The minimum size of the fee (at the level of neighboring municipalities in the form of a
flat-rate fee) does not irritate or motivate any to change either in the production of mixed
municipal waste or a higher level of sorting. These are mainly municipalities with a lower
standard of living, which is reflected in the lower waste production (median of total MW
per capita—183.2 kg) as well as the lower level of waste sorting (median of sorted waste
rate—15%).

The second-largest group of rural municipalities (115 respondents) with a flat-rate
fee has a lower level of waste sorting, but also a lower level of MW production. This
cluster is the one with the lowest fee. It is the cluster no. 1, called D. Even the respondents
themselves (100% of the cluster) state that the fee is low. Objectively, the median of the
MW fee is the lowest one—€11.94. The annual amount of the total MW per capita and the
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rate of sorted MW is lower than the average, but not the lowest. Precisely because of the
perception of the low fee, the cluster is set aside separately, but to solve the optimization of
waste management it is appropriate to assess and manage the situation in the same way as
in cluster C.

Other clusters are relatively small (10.2%; 9.4%; 7.5% of the dataset). At the unfavorable
end of the spectrum of the sorting level are cities (100% in cluster 5, named E) where the
perception of the level of the flat fee is irrelevant, or in other words, there are all options
represented, but numerically the fee is mostly perceived as reasonable (69.3% of cluster’s
respondents). Cities are characterized by the lowest level of waste sorting (11 %) and the
highest median level of total annual waste production per capita (276.54 kg/person/year),
and by almost the highest median annual fee (€18.9) (arithmetical average €20.94, which is
the highest among the clusters with the flat-rate fee).

A little smaller cluster, already with at least a higher proportion of sorted waste
identified in cluster no. 4, is called B (17% of all respondents). Its characteristic feature
is the type of fee being estimated by the amount of the produced unsorted MW applied
in the rural municipalities. The median of the fee size is the highest one, as well as the
unweighted informative arithmetic average. The high sorting rate is probably supported by
that high fee. Controversially, most of the respondents don’t consider the fees as too high.
About 84.1% of them marked their fee as reasonable. Finally, the highest fees led to the
lowest amount in the median annual total waste per inhabitant (143.07 kg/person/year),
which aimed at reducing the final paid fee through the higher degree of sorting. Sorted
municipal waste (median of data is 17 % of the total MW) financially does not burden the
waste producers, but rather the companies responsible for the collection, recovery, and
recycling of municipal waste.

The highest proportion of the sorted MW out of all, even with a flat type fee (100%), has
the smallest cluster, named A (Cluster 2—7.5% of all respondents). The annual flat-rate fee
(€16.85) is higher than the overall median annual fee (€14.1), but not the highest one. More
than half of respondents of the cluster (54.5%) deem that the fee is too high. Representatives
of these rural municipalities in this cluster might constitute some of the richest municipali-
ties because they possess the largest amount of total MW (median = 272.8 kg/person/year
versus 191.4 kg/person/year of the whole dataset—similar to the amount in the urban
municipalities). Fortunately, relatively tons of waste can be collected for the recycling—33%
(still a low number, but the highest ratio among clusters). Thus, not the fee size alone
can be responsible for the sorted MW ratio, but also the socio-economic situation of the
inhabitants. This cluster is the only one with a mixed type of municipalities—given that
29.7% of them are from urban municipalities.

4. Discussion

As we can simplistically conclude, our decision tree analysis confirmed that the
strongest determinant of the sorted MW rate is the financial factor represented by the
variable, Type of paid fee for municipal waste (Type of fee). The type of paid fee determining its
size, mainly the higher fee for MW paid for the weighted amount of the unsorted MW, is
the way that can lead to minimizing the total waste and maximizing the ratio of the sorted
recyclable or recoverable waste. Our results are in accordance with the statements of other
studies, for example [56], where authors state that separation of solid waste is mostly done
for a financial motive among households. Similarly to [57], we can also conclude that the
urban and wealthier households, headed by older and more literate individuals, are more
likely to use municipal waste collection arrangements.

We expected also that a motivation and positive attitude towards nature and the
environment could increase the MW sorting level, but since we have not tested the in-
dividual measure of sorting, but rather the sorting level of a whole village/town, the
pro-environmental status of the municipality representative was not recognized as relevant.
Other studies, like [24,45], confirmed that, although the individuals have a positive attitude
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towards recycling, they have not been able to practice such positive behavior that could
improve the quality of their natural environment and the MW sorting rate.

From 1 January 2010, Slovak towns and municipalities were obliged to introduce a
sorted waste collection of four components of municipal waste: paper, plastics, glass, and
metals [58]. Despite this measure regulated by the older Waste Act, the results of our survey
point to the fact that 1.7% of respondents stated that separate municipal waste collection
was not introduced in their municipality, even in 2018. This situation is also confirmed by
the findings of the Slovak Statistical Office, according to which, in 2017, not all but only
99.48% of municipalities were participating in municipal waste recovering [15].

It is important to introduce the right motivation system in individual municipalities.
Also, experience from the Czech Republic presents a large difference in the waste sorting
between households and municipalities for which the PAYT (Pay-As-You-Throw) system is
in place, as well as among those for which this system is not in place. In the municipalities
and households that have the PAYT system in place, citizens sort more waste and produce
less residual waste. Conversely, in municipalities and households where they do not have
this system, citizens sort less, which confirms our survey analysis, as well as that of other
publications—for example [17,30,31]. In Slovakia, by the Waste Act, collection of municipal
waste by its amount has been introduced in many municipalities, as was allowed by § 81(10)
of the Waste Act as amended [59,60]. They are also aware of the seriousness of municipal
waste management in the Czech Republic, where the current Waste Act stipulates that from
2024 on, it is prohibited to landfill mixed municipal waste and recyclable and usable waste
provided by implementing legislation, although the EU plans to ban landfilling in 2030.

It is important to respond to this promptly and to provide an efficient and capacity-
friendly infrastructure for the treatment of landfill waste, which will attract potential
investors and should be acceptable to both professionals and the public [4]. At the end of
2015, the Ministry of the Environment of the Slovak Republic warned that Slovakia would
not meet the valid recycling target for 2020 i.e., 50% of municipal waste. In 2015, despite
the Ministry’s efforts, only 14.9% of municipal waste was recycled. In the following years,
we can observe only a slight improvement. On the basis of the assessment underlying the
early warning, the Commission concludes that:

• Separate collection of recyclable materials, including bio-waste, is not yet efficient;
• There is a lack of economic incentives for households to sort waste;
• Extended producer responsibility schemes in Slovakia do not fully cover the costs of

separate collection, and;
• More investment is needed in higher level waste hierarchy projects (such as recycling)

that go beyond the treatment of residual waste.

Summary Recommendations Resulting from the Analysis of the Questionnaire Survey

Our analyses of the conclusions are based on the analyses performed, as well as
the more-or-less subjective opinions of the local government representatives acquired
during the the conducting of the survey. Based on the questionnaire survey and the results
obtained, we propose the following recommendations, which, if applied, will help to
increase interest in the sorting of municipal waste and reduce the production of mixed
municipal waste:

1. To prefer the introduction of a collection by the amount of municipal waste and sorted
components of municipal waste in municipalities and cities, or their parts;

2. Adjust the fee for the export of MW so that those who sort the municipal waste pay
less or have other benefits from the sorting;

3. To improve the organization of waste management so that citizens have enough bags
for the sorted components of municipal waste in family houses and enough containers
next to the residential blocks. As well, ensure the regular collection of these sorted
components to avoid overfilling of the collection containers;

4. To introduce municipal waste sorting in those cities and municipalities where this
collection has not yet been introduced or has not been implemented effectively;
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5. To apply restrictive measures following the valid regulations and legislation, in case
of their violation by citizens not sorting their municipal waste (i.e., a warning, non-
export of unsorted mixed municipal waste or contaminated sorted waste, as well as
the application of fines if necessary);

6. To increase awareness and promotion among citizens about the importance of munic-
ipal waste sorting.

5. Conclusions

Based on the performed quantitative analyses, the following variables appear as
significant factors of the level of municipal waste sorting in Slovak municipalities: 1. Type of
paid fee (flat-rate charging versus charging by the amount of municipal waste), 2. Character
of residence locality (urban or rural character of the seat of residence), and 3. Municipal waste
per inhabitant. Together with the other analyzed variables (4. Perception of the fee, 5. Sorted
municipal waste ratio, and 6. Fee per inhabitant), they confirm the municipality positions
in MW sorting, and indicate the direction in which the municipalities should go. Since
some of the factors are not influenceable by human decisions and actions, the others can
be regulated directly or indirectly by governmental/municipal measures, as well as by
motivational factors for human activities and their consequences.

Our research focused on the analysis and solutions supporting the fulfillment of the
objectives of the EU and the Slovak Republic, regarding the reduction of landfill use for
municipal waste and increasing the level of sorting and material recovery of municipal
waste, which represents a variation of the current and still partial solution to global waste
problems. However, for the sustainability of the state of the environment, it is necessary
to ensure at the same time a reliable and stable solution for the sale and processing of
sorted components.

The need to increase the ratio of sorting and recovery of municipal waste is indis-
putable. This can be achieved mainly by increased activity in the area of separate collection
directly at the producers of the individual waste components. Despite clear environmental,
economic, and social benefits, high-quality and efficient separate collection systems are still
not widespread in Slovakia. For this reason, it is necessary to make changes that are in line
with the objectives and legislation of the Slovak Republic and the European Union. The
need for these changes, especially in the area of motivating citizens, also emerged from
our survey.
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Abstract: Reasonable allocation of carbon emission rights aids in the realization of the goal of carbon
emission reduction. The purpose of this paper is to examine how carbon emission rights in the
power sector in the Yangtze River Economic Belt (the YREB) are distributed. The YREB spans China’s
eastern, central, and western areas. The levels of development and resource endowment differ
significantly across regions, resulting in great heterogeneity in the YREB provinces’ carbon emission
rights distribution in the power sector. The ZSG–DEA model is used in this paper to re-adjust the
power sector’s carbon emission quotas in each province to achieve optimal efficiency under the
country’s overall carbon emission reduction target. The results show that: (1) In most provinces, the
power sector’s initial distribution efficiency is inefficient. Only Zhejiang and Yunnan have reached
the production frontier, with Jiangxi and Chongqing having the lowest distribution efficiency. In the
future, we should concentrate our efforts on them for conserving energy and lowering emissions;
(2) The initial distribution efficiency of the power sector in the YREB’s upstream, midstream, and
downstream regions is considerably different. Most upstream and downstream provinces have higher
carbon emission quotas, while most midstream provinces have less, implying that the power sector
in the midstream provinces faces greater emission reduction challenges; (3) The carbon emission
quotas of the power industry varies greatly between provinces and shows different spatial features
over time. In the early stage (2021–2027), the carbon emission quota varies substantially, while for
the later stage (2027–2030), it is rather balanced. Zhejiang, Jiangsu, Sichuan, and Yunnan are more
likely to turn into sellers in the market for carbon emission trading with larger carbon emission
quotas. While Jiangxi and Chongqing are more likely to turn into buyers in the market for carbon
emission trading with fewer carbon emission quotas. Other provinces’ carbon emission quotas are
more evenly distributed. To successfully achieve China’s emission reduction target by 2030, the YREB
should promote regional collaboration, optimize industrial structure, accelerate technical innovation,
establish emission reduction regulations, and provide financial support based on local conditions.

Keywords: carbon emission rights allocation; ZSG-DEA; China’s power sector; YREB; spatiotempo-
ral differentiation

1. Introduction

Since the reform and opening up of China, its economy has been rapidly expanding
and has grown to become the world’s second largest (Ma and Cai) [1]. As a result, massive
amounts of energy, especially fossil fuels, are consumed. The source of most carbon emis-
sions is fossil fuels. In 2017, carbon emissions in China were responsible for 28 percent of
total global emissions, far outnumbering the second-largest emitter, the United States (15%)
(BP2018) [2]. China presented the dual carbon goal of “striving to peak carbon dioxide
emissions by 2030 and achieve carbon neutrality by 2060” at the 75th United Nations Gen-
eral Assembly to promote global decarbonization, which not only brought huge pressure
on achieving carbon emission reductions to China, but also made higher requirements for
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China’s power industry to develop in a low-carbon manner. As a pillar industry in China
(Zhou et al.) [3], the power industry needs to meet the demand for electricity generated by
daily economic development, industrial production, and urbanization. However, China’s
current power generation mode is primarily thermal (Li et al.) [4], and the amount of power
generated by clean power generation methods is far from meeting society’s needs, resulting
in a large amount of CO2. Nearly 40% of China’s carbon emissions are attributed to the
power sector (Yu et al.) [5], which has put enormous pressure on energy conservation
and environmental protection. Therefore, reducing carbon emissions in the power sector
is critical to achieve China’s goal of reducing carbon emissions. Different regions and
industries have different emission reduction targets under the overall goal of “dual carbon”
because different regions have varying levels of technological development and are at
various stages of development. To achieve maximum efficiency, the ZSG-DEA model can
adjust each province’s carbon emission allowances in accordance with the country’s overall
carbon reduction targets.

The YREB connects 11 Chinese provinces, with a population and economic aggregate
that exceeds 40% of the country’s total (Li et al.) [6], having a significant influence on China’s
overall social and economic development. However, the YREB has faced severe resource
and environmental problems because of long-term high-intensity industrial economic
development, particularly the increasingly serious carbon emission problem. The YREB
is rich in hydropower and mineral resources. It is an important hydropower and pithead
thermal power supply area in China, as well as a major transmission source for “West-East
Power Transmission”. According to statistics data [7], its power generation accounts for
37.8 percent of China’s total, producing a significant amount of carbon emissions, making
it a key area for reduction of carbon emissions. The YREB connects China’s eastern, central,
and western regions. The level of industrial development and resource endowment varies
greatly across these regions. However, does the allocation of carbon emission rights in
the YREB’s power sector also show significant differences? This is an important issue that
needs to be addressed.

The remainder of this paper is laid out as follows. Section 2 examines the relevant stud-
ies on carbon emission rights allocation. The research methods and data are described in
Section 3. And the results of the study are listed in Section 4. Finally, Section 5 summarizes
the research and presents implications for policy.

2. Literature Review

Low-carbon development has grown in importance as a research topic in academic
circles of various countries in the recent past. The allocation of carbon emissions has also
attracted increasing attention from scholars. The main point of contention in existing
research is the selection of principles and methods for allocating carbon emissions rights.
Most scholars recognize the principles of fairness and efficiency at the level of distribution.
The United Nations Framework Convention on Climate Change (UNFCCC) [8] identified
the principle of fairness and proposed “shared but distinct responsibilities” in addressing
changes in the climate. Fairness, as a relatively broad concept, encompasses not only egali-
tarianism and historical emission responsibility, but also the ability to reduce emissions. As
a result, when allocating carbon emission rights, scholars typically consider population, his-
torical carbon emissions, and economic level. Pan et al. [9] proposed a distribution scheme
based on per capita cumulative emissions to create a global carbon emission space that is
fair. Zhu et al. [10] proposed that the development performance of various industries be
considered to reflect the fairness of carbon emission rights allocation. In addition, scholars
frequently use multiple indicators to allocate carbon emissions, because the principle of
fairness necessitates the use of multiple indicators. To simulate carbon allowance allocation
in the Beijing-Tianjin-Hebei region, Han et al. [11] created a comprehensive index and
used a comprehensive weighting method: GDP per capita, cumulative CO2 emissions, and
energy consumption per unit of industrial added value were chosen to represent carbon
emission reduction capability, potential, and responsibility. Fang et al. [12] discussed the
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optimal allocation of carbon emission rights based on energy equity, as well as the method
for optimizing the allocation scheme under GDP constraints, population, fossil energy, and
ecological production land. According to their findings, the importance of fossil energy
resources and ecological production land was greater. Furthermore, as a widely used indi-
cator for evaluating fairness, the Gini coefficient is frequently used to ensure that carbon
emission allocation results are equitable (Fang et al. [12], Guo et al. [13], He et al. [14]).
Through the above research, it is found that the carbon emission allocation principle is
more concerned with absolute fairness and ignores the perspective of efficiency, which is
not conducive to a reasonable and effective distribution of carbon emissions.

People are becoming more aware, as research into the distribution of carbon emis-
sion rights advances, that the so-called “absolutely fair” distribution of carbon emission
rights does not benefit all countries and regions (He and Zhang [14], Kong et al. [15], He
et al. [16]). The principle of equity considers differences in low-carbon development levels
across provinces, but they were not practical. It cannot effectively motivate provinces with
better low-carbon development while restricting provinces with backward low-carbon
development, and it cannot improve overall efficiency. Another important principle to
consider when allocating carbon emission rights is the efficiency principle of profit maxi-
mization (Du et al.) [17], which according to Zhou et al. [18], is the highest economic return
for the least amount of resources. Carbon emission rights can help a country’s economy
grow as a valuable resource, but they are restricted and should be distributed in a scientific
and rational manner. Therefore, Zhou [19], Qin et al. [20] and Liu et al. [21] studied the
optimal allocation of carbon dioxide emissions by the DEA method, cooperative game
model and nonlinear programming method respectively.

Scholars have studied the method of allocating carbon emission rights based on the
principles of fairness and efficiency extensively. Methods for allocating carbon emission
rights in the past have included the grandfather method (Schmidt and Heizig) [22], the
benchmark method (Sartor et al. [23], Zhang et al. [24]), the auction method (Burtraw
and McCormack) [25], the indicator method (He and Zhang [14], Zhao et al. [26]) and
others. These methods, to some extent, ensure the fairness of the distribution of car-
bon emission rights among decision-making units, but they ignore another distribution
principle—efficiency. They considered differences in low-carbon development levels across
provinces, but they were not practical. It cannot effectively motivate provinces with better
low-carbon development while restricting provinces with backward low-carbon devel-
opment, and it cannot improve overall efficiency. In contrast, data envelopment analysis
(DEA), an optimization method aimed at improving overall system efficiency, has been
introduced into the study of carbon emission rights allocation. Because countries and
regions often set carbon emission targets, the total amount of carbon emissions should be
limited within a certain range when allocating carbon emission rights. In this situation,
how can you achieve maximum efficiency? The zero sum gains DEA (ZSG–DEA) model
was proposed by Lins et al. [27] as a viable solution to this problem. It has since become
a widely used method for allocating carbon emission rights. Gomes and Lins et al. [28]
and Chiu et al. [29] used the ZSG–DEA model to investigate the distribution of carbon
emission rights. Furthermore, the ZSG–DEA model has been used by some researchers in
China to examine carbon emission allowances at the provincial level (Cai and Ye [30], Yang
et al. [31], Cui et al. [32]) and at the industry level (Chen et al. [33]). However, there has
been little research done on the distribution of carbon emission rights across a large part
of China. Zhuang et al. [34] also mentioned that future research in different geographic
clusters in China could be conducted to build a more appropriate carbon dioxide emission
allocation mechanism.

In response to the aforementioned issues, this paper achieves breakthroughs in two
aspects. Firstly, the power sector is the leading source of carbon emissions, but few
academics have been concerned about its issue of carbon emission quotas. Therefore, the
allocation of carbon emission rights in the YREB’s power industry is the subject of this paper.
The analysis of its carbon emission rights allocation can provide more precise information
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for the rational allocation of carbon emission quotas in the power sector. Secondly, few
studies have focused on the temporal and spatial differentiation of carbon emission rights
allocation in the power industry, whereas this paper does. Paying attention to this will aid
in resolving the problem of heterogeneity in the distribution of carbon emission rights in
the power sector in the provinces of the YREB, as well as assisting provinces in formulating
accurate carbon emission reduction targets.

This paper first forecasts the input-output variables of the power industry in the YREB
from 2021 to 2030. The ZSG–DEA model is then used to calculate the carbon emission rights
distribution efficiency in the YREB power industry, iterate carbon emission allowances,
optimize carbon emission allowances, and establish a reasonable allocation scheme. Unlike
previous research, which has focused solely on carbon emission allocation in 2030, this
paper examines carbon emission allocation in each year. After that, the temporal and
spatial evolution characteristics of carbon quotas are analysed to compare differences in
carbon emission reduction responsibilities and emission reduction paths among provinces
over the last decade. The results can then enable recommendations for achieving the
YREB’s low-carbon development as well as improvements to the power carbon market
trading system.

3. Materials and Methods

3.1. ZSG–DEA Model

Data Envelope Analysis (DEA) was proposed in 1978 by American operations re-
searcher Charnes et al. [35] and is a widely used method in academia to assess the relative
efficiency of homogeneous decision-making units. The conventional DEA model assumes
that each decision-making unit’s inputs and outputs are independent of one another. When
the DEA model is used in the distribution field, however, it is constrained by the require-
ment that a certain input indicator (or output indicator) keeps the total amount unchanged.
The traditional DEA model will fail in this case. Lins and Gomes et al. [28] proposed a zero-
sum gains DEA model, which we call the ZSG–DEA model, in response to this problem.
The ZSG–DEA model places all decision-making units on a new aim while keeping the sum
of the changed variables constant, because the inputs (or outputs) of decision-making units
that were previously technically ineffective under traditional DEA have been reconfigured.
The allocation of quotas among provinces in China is competitive, based on the premise of
a certain amount of carbon emission quotas. In other words, an increase in emissions in
some provinces results in a decrease in emissions in others, reflecting the zero-sum gains
concept of constant total emissions. When the zero-sum income concept is applied to the
power industry, the total carbon emissions of the power industry are limited. Adjust the
distribution of power carbon emission rights in all provinces on a regular basis to achieve
the optimal distribution, which will also promote more benign economic development.

Since the ZSG–DEA model was proposed, its application in carbon emission rights
allocation has been continuously improved. The focus of the debate is on the treatment of
input and output values. Scholars have proposed ZSG–DEA models with competitive input
(Cui et al. [32], Yang et al. [31], Fang et al. [36]) or competitive output (Zhuang et al. [34]).
Because there are, in reality, both competitive and non-competitive inputs and outputs,
the ZSG–DEA model considering the goal of maximizing global efficiency was proposed.
Based on the model setting of Wu et al. [37], this paper also considers the expansion (or
reduction) of non-competitive output or input based on the distribution of output or input
with competitive relationship and proposes an improved ZSG–DEA model. Assuming that
there are n decision making units (DMUj) (j = 1, . . . , n). Each decision making unit has
m competitive input, s non-competitive inputs and q outputs, respectively denoted by xij
(i = 1, . . . , m), yrj (r = 1, . . . , s), and zpj (p = 1, . . . , q). where λj represents the weight of
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DMUj and the specific decision-making unit is represented by j0. For the ZSG–DEA model
with competitive relationships between inputs, it can be expressed as Equation (1).

minhj0

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

n
∑

j=1
λixij[1 +

xij0(1−hj0)

∑
j �=j0

xij
] ≤ hj0xij0

n
∑

j=1
λjyrj ≤ hj0xrj0,

n
∑

j=1
λjzpj ≥ zpj0

n
∑

j=1
λj = 1

λj ≥ 0, j = 1, . . . , n

(1)

Among them, hj0 represents the efficiency value of the DMU0. If DMU0 is an inefficient
DEA unit, in order to achieve DEA effectiveness, it must reduce the use of i-th input by
u0 = xij0(1 − hj0) and share this amount of input proportionally to other decision-making

unit by
xij0(1−hj0)

∑
j �=j0

xij
. The quantity obtained by the other decision-making unit is

xij0(1−hj0)

∑
j �=j0

xij
xij.

As all DMUs are reducing the proportion of input at the same time, the reallocation of i-th
input to DMU j is:

x′ij = ∑
j �=j0

[
xij0(1 − hj0)

∑
j �=j0

xij
xij]− xij(1 − hj) (2)

3.2. Data Source and Processing
3.2.1. Input-Output Indicators

Labour, capital, and energy consumption are all common inputs in the industrial pro-
duction function. Output indicators include output value and various industrial pollutants.
The power sector of the 11 YREB provinces was the basic decision-making unit in the
construction of the model to measure the distribution efficiency of carbon emission rights
in China’s power industry. This study was based on the indicator settings of Zhou et al. [19]
and Zhuang et al. [34], with power labour input, power capital, and power energy as input
variables, power output value as the desired output, and power carbon emissions as the
undesired output. The differences in resources and economic levels between provinces
were considered in these indicators. At the same time, they strived for the highest power
output value and the least amount of pollution with the least amount of labour, capital,
and energy, reflecting the fairness and efficiency principle of carbon emission rights. The
data were derived from the China Statistical Yearbook [7], China Energy Statistical Year-
book [38], and China Provincial Statistical Yearbook. Table 1 shows an explanation for each
input-output variable.

Table 1. Input-output variables of power carbon emission rights allocation efficiency.

Variable Classification Specific Variable Variable Explanation

Input variable

Power labour input Employment of power, thermal and
supply sectors

Power capital Actual capital stock of power, thermal
and supply sectors based on 2005

Power energy Power consumption

Output variable
Power output value Sales value of power, thermal and supply

sectors based on 2005

Power carbon emissions Estimated power CO2 emissions by
regions

(1) Power labour force: Employment is often used to represent labour force indicators.
Because there are no special statistics on human resource investment in the power industry.
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This paper replaced the number of employees in the power industry with the number of
employees in the power, thermal and supply sectors, and the data in 2020 was obtained by
the moving average method. The average annual population growth rate was calculated
for the period 2011–2020. Assuming that the population growth rate remained unchanged
from 2021 to 2030, and the proportion of provinces was consistent with 2020, the population
of China‘s power industry from 2021 to 2030 was predicted.

(2) Power capital: This paper, like many previous studies such as Zhuang et al. [34],
adopted power capital stock to measure power capital. For the initial capital stock, this
paper used the method of Hall et al. [39]. The formula is Ki0 = Ii0/(δ + gi), where Ii0
represents the total fixed capital; δ represents the depreciation rate, taking 9.6% in this
paper; gi represents the average GDP growth rate in each province. The “perpetual
inventory method” was used to calculate the capital stock of each province every year. The
calculation formula is Ki,t = Ii.t + (1 − δ)Ki,t−1, where Ki,t is the capital stock of the i-th
province during the t-th period and Ii,t is the investment of i-th province in t-th period.
Then the capital stock should be adjusted to a constant price of 2005. The capital stock for
2021–2030 was predicted by the average growth rate for 2011–2022.

(3) Power energy: Energy was represented by power consumption, and we predicted
power consumption from 2021 to 2030 from the average growth rate.

(4) Power output value: Power output value is the “good” output brought by the
power production process. The expected output in this study is the industrial sales output
value of the power industry in each province after deflator, with 2005 as the base period. In
addition, the output data from 2021 to 2030 was forecast based on the power industry’s
average output growth rate from 2011 to 2020. Due to the lack of special statistics on the
output value of the power industry, this paper replaced the output value of the power
industry with the sales value of power, thermal and supply, and the data from 2017 to 2020
was obtained by using the moving average method.

(5) Power CO2 emissions: This paper focused on the distribution of carbon emission
rights, so carbon emission rights were included as an undesirable output in the distribution
efficiency model. The main methods of the DEA model in dealing with undesirable output
include undesirable output as an input method, hyperbolic method, reciprocal conversion
method, conversion vector method, directional distance function method and SBM model
method, etc. Other methods may be confronted with the problem of ineffective solutions, so
this paper adopted the CCR model with undesired output as an input to deal with the issue
of carbon emissions. The calculation methods of CO2 emissions and energy consumption
of each province in China over the years are as in Equation (3). This paper employed the
reference method based on terminal consumption in the energy balance table of various
regions, which was listed in the 2007 IPCC Guideline on National GHG Inventories (IPCC,
2007) [40]. Each energy type was calculated based on their individual carbon dioxide
emission coefficients, which eliminates the calculation error caused by rough classification.

CO2i = ∑
j

Eij × EFj × Oj (3)

where CO2i epresents the total CO2 emissions from the i-th province in Mt (100 million
tons); Eij is the physical consumption of the j-th energy in the i-th province, measured
in tons (t) or cubic meters (M3); EFj denotes the carbon emission coefficient of the j-th
energy, expressed in t CO2/t or t CO2/M3. The coefficient of the j-th energy converted into
standard coal is represented by Oj. Tables 2 and 3 show the carbon emission coefficients of
various energy sources as well as the reference coefficients of standard coal. The data came
from the China Statistical Yearbook [7].

Table 2. Carbon emission coefficients of various energy sources (t carbon/t standard coal).

Energy Type Raw Coal Coke Crude Oil Fuel Oil Gasoline Kerosene Diesel Fuel Natural Gas Electricity

Carbon emission coefficients 0.7476 0.1128 0.5854 0.6176 0.5532 0.3416 0.5913 0.448 2.2132
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Table 3. Reference coefficients of standard coal for various energy sources.

Energy Type Raw Coal Coke Crude Fuel Oil Gasoline Kerosene Diesel Fuel Natural Gas Electricity

Standard coal
coefficient

0.7143
tce/t

0.9714
tce/t

1.4286
tce/t

1.4286
tce/t

1.4714
tce/t

1.4714
tce/t

1.4571
tce/t

13.30
tce/104 m3

1.229
tce/104 kwh

3.2.2. Calculation of Initial Carbon Emissions Allowance

Because of the large differences in economic performance, natural resources, and
historical carbon emissions among provinces, focusing solely on distribution efficiency
will result in an imbalance of provinces’ carbon emission reduction responsibilities. As a
result, we used historical cumulative carbon emissions as the initial distribution standard
to ensure the fairness of carbon emission right distribution. The exact calculation procedure
was as follows.

To begin, national total carbon emissions and GDP were used to calculate the carbon
emission intensity per unit of GDP from 2011 to 2020. Second, from 2021 to 2030, the
carbon emission intensity target value was calculated using the goal of “reducing national
carbon emission intensity by 65 percent (compared to 2005) by 2030”. Finally, the historical
cumulative proportion of carbon emissions from 2011 to 2020 in each province was used as
the basis for the allocation of carbon emission rights from 2021 to 2030 in the power industry.

4. Results and Discussion

Based on Equation (1), we used DEA to calculate the initial value of the power sector
in each province in the YREB from 2021 to 2030. Table 4 shows the initial efficiency of
carbon emission rights allocation. The initial allocation efficiency of carbon emission rights
in each province was low, as shown in Table 4, and there were significant differences
between provinces.

Table 4. Efficiency of carbon emission rights allocation in the power sector in the YREB from 2021
to 2030.

Province 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Shanghai 0.7829 0.7675 0.7519 0.7783 0.7803 0.7794 0.6917 0.6879 0.6869 0.6841

Jiangsu 0.8605 0.8571 0.8515 0.8401 0.8497 0.8576 0.8639 0.8687 0.8718 0.8734

Zhejiang 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Anhui 0.8317 0.7960 0.7643 0.7332 0.7028 0.6733 0.6446 0.6168 0.5898 0.5638

Jiangxi 0.4840 0.4464 0.4117 0.3796 0.3499 0.3251 0.3032 0.2834 0.2654 0.2489

Hubei 0.7435 0.7355 0.7042 0.6685 0.6346 0.6024 0.5719 0.5429 0.5154 0.4892

Hunan 0.7276 0.7242 0.7034 0.6783 0.6540 0.6307 0.6082 0.5864 0.6333 0.5453

Chongqing 0.6788 0.6674 0.6523 0.6382 0.6258 0.6150 0.6071 0.6002 0.5940 0.5886

Sichuan 0.8422 0.8097 0.7784 0.7482 0.7191 0.6707 0.6640 0.6379 0.6128 0.5887

Guizhou 0.7942 0.7819 0.7548 0.7256 0.6976 0.6976 0.6448 0.6199 0.5960 0.5730

Yunnan 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Figure 1 depicts the agglomeration characteristics of the initial distribution efficiency of
each province, showing the differences in each province’s initial distribution efficiency. The
initial distribution efficiency for most provinces were inefficient, and only two provinces,
Zhejiang and Yunnan, had an efficiency of 1, reaching the DEA frontier. Because Zhejiang
is a frontier region for efficient energy production and Yunnan is an environmentally sound
region, during the first carbon emission rights allocation scheme, these two provinces
achieved high levels of energy efficiency. Although the efficiency of Jiangsu province had
not reached the effective frontier, it had risen above 0.8, implying that there was still room

257



Sustainability 2022, 14, 5201

for growth. The remaining provinces had efficiencies ranging from 0.3 to 0.8, implying
that the initial allocation of carbon emission rights to the power sector was inefficient in
these provinces. Among them, Jiangxi had the lowest efficiency value, which was lower
than 0.5, followed by Chongqing, which was lower than 0.7. We should concentrate our
efforts in these two areas on conserving energy and lowering emissions in the future. In
addition, the efficiency of carbon emission rights allocation showed a downward trend in
most provinces over time (see Table 1), indicating that allocating carbon emission quotas
using the historical method not only made the allocation efficiency low, but also decreased
the allocation efficiency over time. As a result, carbon quotas must be recalculated to
achieve maximum efficiency.

Figure 1. The initial carbon emission rights efficiency of the power sector in the provinces in the
YREB from 2021 to 2030.

According to their geographical locations, the YREB can be divided into three regions:
upper, middle, and lower reaches (Xing et al.) [41]. The lower reaches consist of Shanghai,
Zhejiang, Jiangsu, and Anhui; the middle reaches consist of Hubei, Hunan and Jiangxi
provinces; the upper reaches are made up of Chongqing, Sichuan, Guizhou, and Yunnan.
Figure 2 depicts the trend of initial carbon emission allocation efficiency in the YREB’s
upper, middle, and lower reaches from 2021 to 2030. Overall, the initial carbon emission
rights distribution efficiency in these three regions showed a downward trend, and there
were significant differences. The YREB’s downstream had the highest power efficiency,
followed by the upstream, and the efficiency in the middle reaches was the lowest. This is
because that most downstream provinces have advanced economic development and the
power industry’s technology is relatively advanced. These provinces were early adopters
of new energy power generation technology, laying a good foundation for low-carbon
development. The high efficiency of the upstream provinces lies in their good ecological
environment. At the same time, with the strong support of national policies, the low-carbon
economy of these provinces has been well developed. The provinces in the Yangtze River’s
middle reaches have developed power generation technology late, and have accumulated
more carbon emissions, limiting the low-carbon development of these provinces.

The results of the research into the efficiency of initial allocation rights to carbon
emissions show that DEA efficiency cannot be achieved with an initial allocation based
on historical emissions, so the initial allocation must be adjusted iteratively employing
the ZSG–DEA model. We scaled the allocation using Equation (2) until each province had
an efficiency value close to 1, and the total carbon emissions remained constant as each
iteration progresses. The basic principle was to keep total carbon emissions constant, adjust
initial carbon emissions correctly, keep other input-output variables constant, and iterate
continuously until the carbon emission allocation efficiency approaches 1. We only show

258



Sustainability 2022, 14, 5201

the adjustment process in 2021 due to space constraints, see Table 5. The carbon emission
rights for the provincial power sector changed dramatically in the first two iterations, and
the carbon emission adjustments varied widely across provinces. However, in the third
iteration process, the adjustment amount of each province’s carbon emission rights for the
power sector were typically zero, which means that the final carbon emission quotas for
the power sector in each province gradually tended to stabilise as the iteration progressed.

Figure 2. The initial carbon emission rights efficiency of the power sector in the upper, middle, and
lower reaches of the YREB from 2021 to 2030.

Table 5. Optimization of allocation efficiency of carbon emission rights of power sector in the YREB
in 2021.

Province

Initial
Quota

(Million
Tons)

Initial
Efficiency

The First
Iteration

Value

First
Iteration

DEA Score

The
Second

Iteration
Value

Second
Iteration

DEA Score

Final
Quota

(Million
Tons)

Final
Efficiency

Shanghai 48.0822 0.7829 45.9293 0.8235 39.9394 0.9881 39.5591 0.9998

Jiangsu 176.7200 0.8476 174.6755 0.9314 169.1400 0.9966 168.9275 1.0000

Zhejiang 127.2981 1.0000 151.1066 1.0000 159.7891 1.0000 160.2785 1.0000

Anhui 65.4445 0.8317 65. 6307 0.9647 66.8642 0.9973 66.8731 0.9999

Jiangxi 38.3796 0.4840 24.6997 0.8726 22.8662 0.9927 22.7640 1.0000

Hubei 58.7681 0.7435 53.4204 0.9186 51.8097 0.9957 51.7297 1.0000

Hunan 50.9007 0.7276 45.5586 0.9374 45.1416 0.9966 45. 1183 1.0000

Chongqing 30.4770 0.6788 25.9780 0.9301 25.5896 0.9961 25.5648 1.0000

Sichuan 71.1966 0.8422 72.1122 0.9738 74.1675 0.9986 74.2807 1.0000

Guizhou 41.4484 0.7942 40. 1791 0.9542 40.5458 0.9975 40.5637 1.0000

Yunnan 50.3941 1.0000 59.8190 1.0000 63.2562 1.0000 63.4499 1.0000

Figure 3 shows the efficiency after each iteration. It is clear that more provinces were
approaching the DEA frontier as the iterative process continued. In particular, only two
provinces, Zhejiang and Yunnan reached the production frontier in the initial distribution.
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In the first iteration, the distribution efficiency of most provinces exceeded 0.9, and after
three iterations, almost all provinces had reached the production frontier. All the efficiency
values were 1, indicating that all provinces’ reallocated carbon allowances were nearly
optimal after the third iteration.

Figure 3. Distribution efficiency of the power sector in each province after each iteration in 2021.

Figure 4 depicts the adjusted amount of carbon emission allowances after three iter-
ations. Carbon emission quotas must be increased in some provinces, while others must
decrease quotas to achieve maximum efficiency. Provinces with higher initial efficiency had
the largest increases in carbon emission quotas, including Zhejiang and Yunnan. Carbon
emission allowances must be lowered in most provinces, with Jiangxi experiencing the
greatest reduction. Because the adjustment equals zero, high-performing provinces should
receive more carbon allowances from other provinces, whereas less efficient provinces
should further reduce their carbon allowances, which means tightening CO2 controls and
setting higher emission reduction targets.

Figure 4. Quota adjustment of the power sector in each province after each iteration in 2021.

To clarify the power sector’s pressure to reduce emissions in the provinces of the YREB,
we used the iterative amount to achieve the optimal efficiency as the carbon emission quota
that each province needs to be assigned. The amount of carbon emission quota means
the carbon emission reduction pressure faced by each province. Four representative years
were chosen, 2021, 2024, 2027, and 2030, and the spatial distribution of carbon emission
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allowances in the YREB’s power industry from 2021 to 2030 was obtained using the ArcGIS
10.2, as shown in Figure 5. Power carbon emission quotas are colour-coded and divided
into six levels ranging from low to high. Overall, there were significant differences in power
industry’s carbon emission quotas across provinces, and they showed different spatial
characteristics over time. During the previous period (2021–2027), the proportion of carbon
emission quotas in Yunnan, Guizhou, and Hunan increased over time; the later period
(2027–2030) was relatively balanced, and each province’s carbon emission quotas reached a
relatively stable state.

 
(a) (b) 

 
(c) (d) 

Figure 5. Spatial distribution of carbon emission quotas in the YREB’s power sector. (a) Carbon
emission quota of the power sector in each province in 2021 (Mt); (b) Carbon emission quota of the
power sector in each province in 2024 (Mt); (c) Carbon emission quota of the power sector in each
province in 2027 (Mt); (d) Carbon emission quota of the power sector in each province in 2030 (Mt).

Specifically, most provinces in the YREB’s upper and lower reaches were distributed
more carbon emission rights, and most provinces in the middle reaches were distributed
less. This means that the power sector in the middle reaches of the province faces a greater
challenge in emission reduction, because of the large number of thermal power generation
tasks in the YREB’s middle reaches and the excessive accumulation of carbon emissions.

Specific to each province, Zhejiang and Jiangsu were distributed the highest carbon
emission quotas in these four times. On the one hand, Zhejiang and Jiangsu have strong
emission reduction capabilities due to the economy’s rapid growth and the use of technolo-
gies for advanced power generation. On the other hand, their economic development is not
dependent on energy supply because of their relatively well-developed industrial structure
and primarily high-tech industries. Following completion of their own emission-reduction
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tasks, the two provinces can sell excess carbon emission rights to provinces with low-carbon
emission rights, as well as provide technical assistance and financial subsidies. Followed
by Zhejiang and Jiangsu, Sichuan and Yunnan were also allocated high carbon emission
quotas. Their economies are not as developed, but their environment is better. Furthermore,
the proportion of thermal power generation in Sichuan and Yunnan is small, as is the
burden of carbon emissions. Jiangxi and Chongqing were allocated the fewest carbon
emission quotas. These two provinces are under greater pressure to reduce emissions and
should implement a variety of emission-control measures. The main feature of energy
consumption structure in Jiangxi is coal-based, which is the main reason for increasing the
pressure on Jiangxi to reduce emissions. At the same time, the power generation technology
adopted in Jiangxi is still relatively backward, and it is strongly dependent on high-energy
energy. Chongqing’s pressure to reduce emissions stems primarily from its high-emission
industrial structure. The industrial economy is the backbone of Chongqing’s development
as a city dominated by heavy industry, but it also brings high energy consumption and
emissions. These two provinces should take stronger emission reduction measures, in-
cluding optimization of energy structure and industrial structure, as well as technological
innovation. The remaining provinces were allocated carbon emission quotas that were
relatively balanced and low. This means they face stricter carbon emission restrictions. To
meet their 2030 emission reduction targets, these provinces should implement a variety of
emission-cutting measures. Based on the above analysis, Zhejiang, Jiangsu, Sichuan and
Yunnan are more likely to be sellers in the carbon emissions trading market, while Jiangxi
and Chongqing are more likely to be buyers in the carbon emissions trading mar

5. Conclusions and Policy Recommendations

In this paper, the carbon emission allocation efficiency of the power industry in
11 provinces of the YREB was calculated using the ZSG–DEA model from 2021 to 2030.
Each province’s carbon emissions quotas were redistributed to achieve maximum efficiency.
The results show that:

(1) The power sector’s initial distribution efficiency was inefficient in most provinces,
only Zhejiang and Yunnan had reached the production frontier. Jiangxi had the lowest
distribution efficiency, which was less than 0.5, and Chongqing’s efficiency was less than
0.7. In these two provinces, we should concentrate on energy conservation and emission
reduction. The efficiency of carbon emission rights allocation in most provinces showed a
downward trend from 2021 to 2030, indicating that allocating carbon emission quotas using
the historical method not only reduced allocation efficiency, but also decreased over time.

(2) The initial distribution efficiency of the power sector varied greatly between the
YREB’s upper, middle, and lower reaches. The downstream region had the highest power
efficiency, followed by the upstream, and the middle region had the lowest. Because of the
redistribution of carbon emission rights, most provinces in the upper and lower reaches
had more carbon emission rights than middle reaches, implying that the power sector in
the middle reaches faces greater emission reduction challenges.

(3) The carbon emission rights of the power industry varied greatly across provinces,
and it exhibited different spatial characteristics over time. The early stage’s carbon emission
quota (2021–2027) varied greatly, while the later stage (2027–2030) was relatively balanced.
Carbon emission quotas were higher in Zhejiang, Jiangsu, Sichuan, and Yunnan, which are
more likely to become carbon trading market sellers. Jiangxi and Chongqing had lower car-
bon emission quotas and are thus more likely to participate in the carbon emission trading
market as buyers. Other provinces’ carbon emission quotas were relatively balanced.

This paper makes the following policy recommendations based on the research find-
ings to help the YREB’s power sector meet the 2030 emission reduction target.

(1) Differentiated carbon emission reduction goals and strategies must be established
by local governments. Different targets should be set based on the different emission
reduction pressures in each province. Provinces with a developed economy and a reason-
able energy structure can set loose emission reduction targets, whereas provinces with a
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developing economy and a heavy reliance on energy should set strict emission reduction
targets. Furthermore, provincial power departments should fully exploit their own resource
advantages and develop their own emission reduction strategies.

(2) The government should increase its investment in science and technology, as well
as speed up the development of new power generation technologies such as clean energy
and a reduction in thermal power generation. Provincial power departments should be
encouraged to implement appropriate advanced power generation technologies, and the
government can provide technical assistance to some provinces with weak economies and
slow technological development.

(3) The industrial structure should be adjusted to speed up industrial upgrading. The
unreasonable industrial structure seriously restricts the low-carbon development of various
provinces. Further adjustments and optimization of the industrial structure are required,
as well as the avoidance of energy-intensive industries and the active encouragement of
the development of strategic emerging industries.

(4) The government can create fiscal policies to lower technology-related costs and
provide financial assistance to provinces that are having difficulty reducing emissions.

(5) Regional cooperation should be strengthened, and carbon emission trading market
should be improved. Most provinces are eligible to join the carbon emissions trading
market. Through formulating reasonable market policies and regulating carbon emissions
quota trading effectively, it is possible to achieve a coordinated economic and environmen-
tal development.
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Abstract: Implementing climate policy goals, such as achieving climate neutrality by 2050, requires
significant transformation of the mining sector—which for some countries and regions where mining
is still the basis of the economy and part of the identity is very difficult and results in significant
social and economic costs. Focusing on regional aspects and characteristics of the mining sector in
Poland and its impact on energy security, the paper provides insight into the noticeable process of
mining modernization in the globalized world economy through its transition from the industrial
era to a knowledge-based economy and the impact of these changes on regional development. The
described process is directly related to implementation of innovative and new technical concepts and
technological solutions for the mining industry. The indicated changes imply the need to redefine
operating principles and organizational models in the mining industry in order to build responsive
solutions based on innovations—shaping modern (intelligent) mining of the future—while at the
same time being part of the transformation of (post-)mining regions into a multi-industry region.
All the described elements are proposed as supporting elements of the transformation process—to
ensure full use of the technological and infrastructural potential during the energy transition process.

Keywords: energy transition; knowledge economy (knowledge-based economy); Industry 4.0;
transformation of mining in Poland

1. Introduction

The ongoing changes in energy systems—resulting from, among other things, the
move towards climate neutrality, especially noticeable in Europe—poses a huge challenge
for the mining sector. One of the critical challenges for global mining is need for a skillful
and innovative promotion of modern attitudes and persuading both decision makers
and miners that innovation and the resulting changes are necessary. Additionally, most
importantly, that departure from the mindset prevailing in the industrial era is purposeful
and inevitable, because only turning to the future—by caring for self-development and the
environment—can guarantee success [1]. The primary determinant in shaping this thesis is
the paradigm shift in the development of the current model of the global economy as a
result of its dynamic transition from the era of the Industrial Revolution to a knowledge-
based economy, determined in its development by a new process called Revolution 4.0 [2].
From the content of the above thesis emerges the image of the future, in which humans,
industry and digitization and automation processes developing with hitherto unknown
dynamics will shape the surrounding reality. They can lead to the disappearance of the
world dominated by the era of the Industrial Revolution and the transition to a new era
shaped by technologies determined by data flow and their analysis. Given the indicated
megatrends and transformation driven by the change in the meaning and role of knowledge,
the term “knowledge society” emerged [3], in which creation and utilization of competitive
and innovative solutions have become an essential capital. It seems that the automation
process, together with the deepening phenomenon of demographic depression in the
context of increasing competitiveness of economies, which is particularly noticeable in the
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depopulation of cities and regions that are post-mining or in transition, will determine
the need to permanently raise the level of education, competences and to create and
master new knowledge. Although modern institutions and their global reach provide
people with incomparably higher chances of experiencing a safe and satisfying life than
in any of the pre-modern systems, modernity has also a dark side which is the loss of the
individual between the global aspirations of modernity and the local dimension of human
existence, the breakdown of space–time relationships, the reorganization of social relations
within the network society or the constant struggle with the processes of marginalization,
differentiation and exclusion [4].

In this light, the future of mining industry is determined by a few trends, the most
important being energy transition. The article presents the current state and possibilities
of technological changes in the mining sector in Poland. In the context of trends in the
EU climate policy, the Polish energy economy, based on the generation of electricity from
solid fuels, requires a deep transformation. In order to successfully implement an energy
transition system, engineering, technological and social approaches need to be considered
simultaneously and on different levels—individuals, occupational groups, regions and
nations, as well as political, economic and energy security aspects. On the one hand,
there are the necessary changes implemented for gradual phasing out of coal mines with
the application of social safeguards, ensuring that the welfare of the individual does not
become a victim of technological development promoting alternative energy sources. At
the same time, the social contract for energy transformation must go beyond a single
interest group, encompassing not only workers of the mining sector, but also many other
stakeholders from mining and post-mining regions. On the other hand, the transition
should also take into account the opportunities to build on existing knowledge held in
enterprises and technological infrastructure for the effective change of power generation
mix [5].

The paper analyzes the history and possible future of mining sector transformation
with the view of the “Green Deal” and transformations in the energy sector. The influence
of driving forces caused by the pandemic situation are considered. The possible perspective
and chances for the mining, and particularly coal mining, sector are targeted. To the authors’
best knowledge, this is the first attempt to address this topic in the presented context.

2. Materials and Methods

In order to achieve the main goal of the article, which is to analyze the meaning of the
future of mining, the phenomenon of a knowledge-based economy and the assumptions,
theses and megatrends adopted in the introduction to the article, various research methods
were used. The indicated research methods focus on available cognitive methods, aspects
of the knowledge economy and Industry 4.0 in the context of mining corresponding to
contemporary challenges.

Critical analysis of the literature covered numerous complementary works and fo-
cused mainly on processes and megatrends crucial for energy transition determined by
the mentioned globalization, knowledge-based economy and Industry 4.0, shaping the
state and development perspectives of the mining industry. The critical analysis covered
both professional and scientific literature, including theoretical publications as well as
publications discussing research results and forecasts in numerous cognitive sections. The
conclusions and recommendations resulting from them are aimed at strengthening the
utilitarian part of the conducted analyses.

The study also used studies devoted to the development perspectives of the studied ar-
eas in the light of analyses of strategic documents regarding their future. These documents
were, in particular, the multi-annual development strategies for Europe, the country and
the voivodship, in various quality sections. In addition to formal and legal issues related
to the development perspectives of the studied areas—including, among others in appli-
cable law—the studies referred to European and national documents in which medium-
and long-term goals and tasks in the field of economic and social policies were outlined,
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especially in the context of ongoing and forecast mining transition processes. Scenario
forecasts in the perspective of the knowledge-based economy focus on predictions of both
future internal and external development conditions in order to achieve the desired target
state, i.e., the justified need and vision of the mining industry responding to contemporary
challenges. When presenting forecasts, it is assumed ex ante that the specificity of the
area under study sets preferences outlining organizational and systemic solutions directly
related to the future education, development and transition models. It is also assumed that
the current state of the coronavirus epidemic in the territory of the Republic of Poland will
accelerate the implementation—as an unfavorable circumstance—of numerous elements of
the anticipated forecasts.

The implementation of climate policy is also a technological challenge. However, the
term “technology” has a very broad meaning, so it is hardly possible to give a simple
answer for technological readiness for upcoming changes. The problem arises where
the used hardware machinery is concerned. Though the mining sector puts great effort
into continuous exchange of its equipment and exchanging it with up to date, technically
fluent solutions, the process is costly and requires both time and well-qualified staff.
Despite the anticipated necessity of dramatic changes in the methods of raw material
excavation and processing, one seems undebatable: the increasing role of digitalization and
information science. Poland has more than satisfactory capabilities in preparing numerous,
well-educated staff in areas such as IT, electronics and telecommunications. The same
is true for mechanical engineering and geoscience. However, the problem which has to
be solved is the relatively poor competitiveness of the Polish labor market. Many highly
qualified specialists are able to find better opportunities for professional development
abroad. Despite that, it should be noticed that there is a suitable and satisfactory potential
both in technology and human resources already present. It is possible to lean on it for the
upcoming necessary transformations. However, the implementation of such a scenario
requires appropriate policy and incentives on the part of the state.

The unexpected outbreak of the pandemic dramatically affected many areas of life.
It is difficult to find an area of life that would not experience perturbation related to the
actions taken to reduce the health effects of the pathogen. The mining industry is no
exception here. The pandemic has shifted the focus from working in plants and offices to
working over telecommunications lines. The shift is not only technical. In fact, it changed
the perception of work: it does not matter where and how the work is provided, what
matters is the result delivered to the employer. It allowed focusing on the delivered value,
limiting controlling the conditions, which is less important. There is natural way for such a
movement in many occupations and services, but at a first glance it may seem impossible
for mining industry to organize the work this way. Though it is still difficult to limit the
necessity of personal engagement of workers in the mining activities, it can be noticed
that development of remote control, remote sensing and autonomous machinery makes
personal engagement in the excavation process less and less required. The use of machines
allows people to be withdrawn from the most safety-critical areas of operation. It becomes
possible to supervise the production first by the use of remote control and finally by the
autonomous execution of work by the devices. However, this does not mean withdrawing
people from the mining process completely. However, their role, scope of duties and
required competences are changing. In this light, the COVID-19 pandemic appears as
a factor that accelerated and catalyzed the ongoing process of digitization and the next
level of production automation. Forcing the necessity to protect health and life made it
possible to see the possibilities of development based on IT solutions of underground
mining. The presented conditions allow one more regularity to be observed: even in the
mining industry, dominated for many years by work consisting mainly in physical effort,
there is a re-evaluation. In automated, computerized mining, it is not muscle strength,
but knowledge and competences, that play and will play a fundamental role. However,
these processes would take place regardless of the epidemic threat, although its role in
their intensification cannot be overestimated.
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3. Discussion

3.1. Polish Hard Coal Mining—An Overview of State and Perspectives in Light of Energy
Security Needs

The mining industry is still one of the most significant sectors in shaping the global
economic situation. In countries with low and medium economic efficiency, it ensures
the creation of new jobs, reduces poverty phenomena and improves the conditions for
economic development [6]. Despite ongoing changes in approach and efforts to achieve
climate neutrality, in Poland both hard coal and lignite are still very important parts of de-
velopment, as Poland has significant coal resources that may serve as an essential stabilizer
of the country’s energy security, which is of particular importance to the dependence of
the Polish economy on gas imports (over 70%) and crude oil (over 95%). More precisely,
in terms of hard coal mining, Poland ranks 10th in the global rankings and first in the
European Union. The Polish energy mix is unique in Europe because it is heavily based on
domestic solid energy resources (hard coal and lignite) [7] and, for Poland, hard coal is a
guarantee of energy security, still being the primary source of energy [8]. Therefore, for
many years one of primary objectives of Polish energy policy, in the field of security of fuel
and energy supplies, has been rational and effective management of coal deposits located
in the territory of the Republic of Poland [8].

Additionally, as noted by P. Czaja (2014), it should be remembered that mining in
Poland is not only about coal. Polish mining is primarily mineral resources—almost
430 million tons of mining per nation with 38 million inhabitants is more than the European
average per citizen. Most of the raw materials, without which modern technology cannot
function, such as critical or rare earth elements, come from mining [9]. The global com-
parison of the share of hard coal and lignite in global reserves of energy resources (64%),
crude oil (18%) and natural gas (18%) also shows that coal is the largest carrier of primary
and electric energy [10]. According to forecasts by the International Energy Agency, the
demand for electricity is still increasing, especially in Asia, and coal remains the largest
source of generated electricity [11]. Not only will the demand for energy resources increase,
but also—according to global forecasts—demand for other mineral resources [12]. Due to a
forecasted increase in the global demand for electricity, it is necessary to develop energy
production from all fossil fuels as well as renewable and atomic energy. Although the de-
cline of coal-based energy production is an ongoing reality in Europe, it is highly probable
that, globally, hard coal will remain the most critical fuel in the next few decades, mainly
for the production of electricity with the simultaneous development of new combustion
technologies and reducing the costs of mining and emissions to the atmosphere [10]. From
the Polish government’s point of view, “the most important in this dimension is to cover the
growing demand for fuels and energy in connection with the forecasted economic growth,
while ensuring uninterrupted energy supplies. It is important to maintain a high index
of energy independence, increase diversification of the energy mix and diversification of
directions of supplies of imported fuels” [13], guaranteeing appropriate quality parameters.
This is especially important in light of the paradox noticeable in the Polish domestic coal
market. On the one hand, the share of coal in electricity generation in 2019 was nearly five
percentage points lower than the year before. The trend of decreasing hard coal output in
domestic mines, which has been visible for years, also continues—last year it decreased
by 2 million tons. Other hand, the demand for steam coal remains high. A large part
of it, almost 20% of On the domestic consumption, is supplemented with imported coal.
Ten million tons originate from Russia, and the remaining 3 million tons come from such
countries as Colombia, the USA or Kazakhstan [5].

On one hand, many experts, in their opinion about the best approach to the energy
transition process and generally the best decisions for the future of Polish mining sector,
agree with Lisowski (2016), who—in his thesis concerning a recovery program for Polish
hard coal mining—referred to the Polish raison d’état, noting that further country develop-
ment requires a base of strategic areas of the economy and energy security of the country
on its own substantial reserves of hard coal and lignite, and on the labor resources offered
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by society and not only on imports of oil, gas, nuclear technologies and fuels or renewable
energy technologies [14]. This is particularly important given the fact that, under Polish
conditions, development of gas sources means the need to increase imports. Domestic
natural gas production, i.e., 143.3 PJ in both 2018 and 2019, accounts for less than 20% of the
total consumption of this raw material in the economy of the country (19.8% in 2018 and
18.9% in 2019, respectively), whereas the rest needs to be imported, mainly from the east.
The high import prices of this raw material limit the effectiveness of its use in the power
sector, and the relatively little supplier diversification poses a threat to their reliability [7].

On the other hand, due to the changes in the global, and especially European, coal
market, as well as changing conditions—including those resulting from the European
Green Deal [15] and Energy Roadmap 2050 [16]—transformation of the mining sector is
essential. Although, with the development of carbon capture and storage (CCS) and other
emerging clean technologies, coal could continue to play an important role in a sustainable
and secure supply in the future, there is a need for investments to enable technological
transformation. Additionally, in light of the fact that Polish hard coal reserves suitable
for economically and technically efficient production are diminishing [17] and some used
technologies are outdated and impacting the environment, there is a growing need for
effective and sustainable management of resources and utilization of new technologies
and eco-innovations necessary to eliminate or minimize the negative effects of mining
processes [12,18].

In the light of the theses outlined above, it seems that the mining industry, in line with
the issue of energy security, should manage its own resources and transition to cleaner
forms of energy based on reliable information on its impact on the regional socio-economic
environment and on the global environment and climate. As the information is treated as
the third most fundamental quantity, next to energy and matter, with a decisive impact
on society, its forms of intercourse and cooperation [19] and adequately shaped system of
obtaining and transmitting information between the mining enterprise and its surroundings
can create a kind of mechanism of coexistence and relations between these entities. Changes
in the environment have a key impact on the organization, especially because they occur
quickly and are hardly predictable or even unpredictable. These include, among others:

� globalization processes and, consequently, the need for enterprises to operate on the
international market;

� intensifying competition, leading to a focus on customer needs and the relationship:
results—outlays;

� the disappearance of many existing markets and creation of new ones;
� the emergence of new organizational forms, being a consequence of networking,

numerous mergers and alliances, which result in organizing work in the form of
multi-task, interdisciplinary teams;

� the fast pace of development and implementation of new technologies and operating
techniques, which result in shortening of product implementation cycles and product
life cycles [19].

These changes concern all aspects of business operations, taking place in the civi-
lization, cultural and socio-economic area, leading to a turbulent environment, which
shapes the decision-making processes. Therefore, the coexistence mechanism should fit
into the indicated dimensions and make the relations between the mining enterprise and
the environment dependent on these dimensions.

The question that arises in this context is what information should be the key content
shaping the indicated mechanism? It seems that the factors characteristic for creative
thinking about the relations between the mining company and its social and economic
environment, especially in terms of regional development, will be an appropriate level of
information aggregation consistent with the expectations of the mining company and its
environment and ensuring, through information, growth of knowledge and the ability to
respond effectively to the challenges facing the mining company and the region.
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At the same time, for the smooth transition of the region, the information obtained
should have a deeper meaning in the decision-making process, especially in the context of
the accuracy of the phenomena and processes diagnosed. Acquired, collected, ordered and
aggregated information should guarantee its practical application, allowing the identifi-
cation and analysis of trends, forces, events and phenomena that may be of fundamental
importance for building and functioning of the coexistence mechanism and relationships
between the mining enterprise and its environment [20].

The general information-specific features and formulated theses and forecasts above—
concerning the mining restructuring process—should create premises guaranteeing the
desire to stimulate and maintain harmony and balance between the goals of the mining
enterprise and its environment—in the social, economic, environmental and infrastruc-
tural dimension. Anticipating the broad spectrum of the impact of hard coal mining on
its surroundings—taking into account the previously indicated areas: society, economy,
environment and infrastructure—it seems that developing a model for gathering informa-
tion on the relationship between a mining enterprise and its environment will require an
alternative to the existing solutions’ interdisciplinary approach. It seems that this function
can be considered as crucial and horizontal—apart from energy security—and a challenge
for the future of global and Polish mining in the knowledge-based economy.

3.2. Polish Mining at the End of Industrial Revolution Era—Selected Aspects

The term “Industrial Era” is derived from the worldwide process of “Industrial Revo-
lution”, which can be defined by its division into three periods called the First, Second and
Third Industrial Revolutions. The first Industrial Revolution developed in the period from
the late 18th to the second half of the 19th century. This period was characterized above all
by the dynamic development of inventions, including that of a steam engine in 1769, which
determined the industrialization process [21]. The beginning of the Second Industrial
Revolution was the turn of the 19th and 20th century, when humankind became acquainted
with further inventions (e.g., the method of oil refining, the internal combustion engine or
the light bulb), which determined further development and modernization of copper and
aluminum in metallurgy and the chemical industry—including crude oil processing—and
limited the use of low-calorific coal in transport [22]. Two critical indicators of the Third
Industrial Revolution that occurred in the last three decades of the 20th century are au-
tomation and computerization. This period was characterized by subsequent inventions
leading to the high-technology industry and the production of atomic energy. In this phase
of the Industrial Revolution, natural resources and their convenient location started losing
importance as the key factors determining the allocation of industrial centers [23].

In Poland, the 19th and 20th centuries—that is, the Second and Third Industrial
Revolution—were the period of dynamic development of the mining industry, which
determined the flourishing of other industries, including railways and metallurgy [24].
The beginnings of the first mines were characterized by numerous unfavorable actions
related to improper management, focused mainly on maximizing profits from production
with irrational management of deposits. The technical condition of the mines in this
period caused a very low level of occupational safety. This was the result of a lack of
investments, which, with the vast supply of cheap labor, became unprofitable [25]. A
radical change in Polish mining took place after the end of the Second World War. In the
former political and economic system of the socialist state, the development of mining
became even more decisive for the development of other strategic industrial areas. The
discovery, investigation and documentation of hard coal deposits determined the formation
of new mining areas and mines. Poland in the 1970s was in the fifth position in the world
and the third in Europe in terms of hard coal mining. This is also the period in which
the extraction of the raw material was maximized at the expense of work safety, even
while attempts to modernize the mining industry were made. The time of change in the
political and economic system of the country, i.e., the period after 1989, brought a new
paradigm for the development of Polish mining. As a result, the more than 20-year period
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of permanent restructuring of the Polish hard coal mining industry led to the increase in
rationalization and efficiency of managing coal deposits, so that these resources would
serve the next generations of Poles. Activities related to the diversification of energy
sources and the search for new opportunities to obtain energy, including from hard coal,
have been undertaken at the national policy level. The vision of the development of the
Polish hard coal mining industry was based on the assumption that, after 2015, mining
will be a competitive sector and successfully operate in the realities of the market economy,
characterized by a high degree of occupational safety, modernity and innovation of the
production process and low degree of negative impact on the environment [26]. Although
measures to meet environmental and safety standards are becoming increasingly important
for the hard coal mining sector in Poland in the context of social and economic development
of the whole country [18], the government’s forecasts, assuming development rather than
a decrease in output, turned out to be overly optimistic [27]. Although coal will remain
the basic fuel in the power sector until 2030, it is planned to reduce its share in electricity
generation to 56–60% coal. Therefore, it is necessary to ensure optimization of extraction
and use of the raw material [13]. Currently (October 2020), a new plan for the mining
industry is being developed, which will contain solutions acceptable to the social side
and at the same time give a chance to continue extraction of coal by those mines that are
profitable and necessary to provide the minimum of energy security.

At the same time, mining companies, striving to implement the policy of sustainable
development—combining activities for economic success with care for the natural and so-
cial environment—more and more often exceed the minimum legal requirements, into those
resulting directly from the implementation of corporate social responsibility (CSR) [28].
These, combined with the stability and flexibility of employment and work systems, can
foster the scientific and technological development of mining regions, minimizing the
social costs of energy transition process.

3.3. Polish Mining in the Context of Changes Resulting from Revolution 4.0 and the
Knowledge-Based Economy

As has already been noted, along with the end of the Industrial Revolution, Polish
hard coal mining entered the era of the knowledge-based economy in a state of profound
organizational and technical changes. The described condition of the Polish mining indus-
try is still evolving, determined by two processes—already mentioned several times—the
Industrial Revolution 4.0 and a dynamically developing knowledge economy. The terms
“knowledge economy” and “knowledge-based economy” (KBE) were introduced at the
end of 20th century and a significant reorientation from a material-consumption economy
to an economy based on information and knowledge has started [29–32]. According to
the basic definition of this term, economic development is correlated with the appropriate
use of knowledge [33], whereas its sub-dimensions cover aspects of economic and institu-
tional regime, education and skills, information and communication infrastructure and the
innovation system [34,35].

From this perspective, it is worth noting that the phenomena and processes related
to automation cause transformations within companies and other institutions, related
to areas of employment, human resource management and education [36]. As noted in
numerous works [37–41], automation is a huge challenge for whole societies, because
it forces changes in companies in terms of production processes, as well as operating
principles, organizational models and information methods to build sensitive solutions
based on innovation. This results in the need to adapt the entire labor market and education
systems [36] in order to minimize the negative social impact of automation [42], improve
skills [43] and professional flexibility [44] and build and support the competitiveness of
emerging smart businesses of the future [45,46].

The described condition and development perspectives increasingly determine the
disappearance of the impact on the development of economies of factors such as capital
and labor resources in the areas of productivity, competitiveness and efficiency in favor of
the increase in impact on the abovementioned areas of knowledge in the field of technical
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sciences, economics, organization and management. As indicated in the literature, relations
shaped in this way enable the competitiveness of economies to increase, which additionally
determines the following vital factors: innovative technologies and products as well as
efficient management [47,48]. In the context of the aforementioned factors—especially
focusing on the future of mining in the knowledge-based economy—it is worth anticipating
a dynamically progressing process of increasing significance of the phenomenon of digiti-
zation in the economic processes, changing the way the society operates and accelerating
development of the digital society [49,50]. Digital knowledge becomes the foundation of
the power of the global economy and technological possibilities empower individuals and
their ability to contribute to and participate in decision making processes [51].

According to the results of research on the artificial intelligence of scientists from
the universities of Oxford and Yale, in 45 years machines will outperform people in all
aspects of intelligence, and in 120 years all work will be automated [52]. As already
mentioned, in the area of the labor market, digitization determines the disappearance
and emergence of new professions. The 2016 study of the American Pew Research Center
showed that 65% of Americans are convinced that in 50 years robots will do most of the
work that people currently do, but at the same time 80% believe that their own profession
in five decades will still exist [53]. In Poland, within the study developed by DELab
University of Warsaw, 54% of the surveyed Poles acknowledged that in the future they
will have to work in a few occupations in order to survive [54]. Based on the results of
reports by the Organization for Economic Co-operation and Development (OECD), which
analyzed 39 countries participating in the survey of adults skills (PIAAC) [55,56], it has
been estimated that the average percentage of work susceptible to automation is about
48%, and 52% in Poland [57] and, importantly, even specialties which are the basis for the
development of the modern business services sector may be at risk [58]. At the same time, in
a PwC international analysis of the potential long-term impact of automation, the average
for Poland is less than 35%, but 49% for people with a low education level [59]. In this
light, it is clear that the future belongs to so-called smart enterprises (intelligent systems)
whose strategic resources combine access to (and ability to use) data and information,
broad knowledge and creativity [30,60]. However, enterprise intelligence is complicated
to measure and even more challenging to manage [61]. One of the interrelated elements,
the basis for effective knowledge management, is importing/extracting knowledge from
the environment.

This condition determines the decline in the influence of such factors as capital and
labor resources in the areas of productivity, competitiveness and efficiency on increasing
the impact on the areas mentioned above of knowledge in the field of technical sciences,
economics, organization and management. As the literature shows, relationships formed
in this way enable the growth of competitiveness of economies, which is additionally
determined by the following key factors: innovative technologies and products as well as
efficient management. In conclusion, the dynamics of changes taking place in globalized
economies are determined by the resources and accuracy of people’s knowledge, the
quality of work, education and training, the ability to think quickly and innovatively and to
implement new solutions in production, distribution and services [62,63]. Knowledge also
becomes a critical potential assigned to a better-educated unit that serves as an animator of
the development of a knowledge-based society. In parallel with the process of developing
a knowledge-based economy, the paradigm shaping the organizational and technical
functionality of hard coal mining follows [64]. The primary determinant of the process is
the change referring to the already mentioned concept of the Fourth Industrial Revolution
commonly known as Industrial Revolution 4.0 or Industry 4.0 [65,66]. Although the concept
is variously defined, it can briefly be defined as an advanced stage of business development
triggered by digital transformation [67], in which value chains, products, services and
business models change [68,69].

The Industry 4.0 focuses on combining IT models to strengthen their impact [70]. At
the same time, it aims to involve people in the work of digitally controlled machines and the
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universal introduction of practical wireless networks and information and communication
technologies. The described process is directly related to the implementation of innovative
and new technical concepts and technological solutions in industry, with simultaneous
and wider than before ICT instruments, and a new concept of business management. Due
to the need to redefine the production management model, the company moves away
from mass production, responding to the needs of a precisely defined group of recipients
for personalized production and focusing on the needs of a precisely specified customer.
As a result of these activities, the enterprise diversifies production and transitions to the
method of production management related to so-called agile production, i.e., permanent
improvement, immediate reaction, a cyclical increase in quality, social responsibility and
focusing on the needs of the recipient [71]. The indicated method of management implies
many new terms in the environment relating to technical and technological solutions, such
as the Industrial Internet of Things (IIoT) [72,73], incremental technologies and augmented
reality and simulation and information techniques using large databases and systems for
their processing, which in reality redefine the previously binding processes and concepts,
shaping the directions of progress and civilization’s development based on the knowledge
society. Along with these processes, the importance of cyber-physical systems, which
correctly connect the computational area with physical processes, is growing dynamically.
These are, in particular, forms of complex systems and models for monitoring and con-
trolling physical processes operating in a feedback loop, where physical processes are the
source of data for calculating the object control signal [74].

The processes mentioned above and trends based on them determine a new quality
in the perception and understanding of the future of Polish mining. As there are four
pillars in the knowledge economy: education and training, IT infrastructure, economic and
institutional conditions and potential for innovation, therefore, the analysis of activities
in the mining industry also took into account the above aspects. New IT solutions bring
with them a whole new range of cost-saving possibilities [75]. Currently, more and more
often, assumptions are being formulated that lead to plans to build smart mines in Poland,
i.e., e-mines, in which system solutions connected with remote control of machines from
the surface will be applied. Intelligent mines imply the possibility of effective control
and monitoring of machines based on information and communication solutions. Remote
and local control, aggregation, transmission, visualization, archiving and data analysis, as
well as generating reports, are critical tasks in the area of application of information and
communication technologies. The effect of these activities (in the e-mine) will primarily be
an increase in the quantitative and qualitative safety of work. This will result from the fact
that the staffing is far away from areas threatening safety and human life, in which only
machines will be present. Therefore, the main goal of an intelligent mine is to optimize unit
production costs through high technical and economic efficiency of technological processes,
while striving to reduce the negative impact on the natural environment. The concept of
an intelligent mine is dominated by the belief in the increase in human safety, resulting
from the reduction in participation in the production process, which will be dominated
by analytical skills. People will focus on controlling machines and monitoring them in
subsequent phases. Thus, the highest priority in the e-mine vision was assigned to the
knowledge and competences of future mining staff, whose work will focus mainly on
remote control centers as well as underground and surface monitoring of machinery and
equipment [76]. The process described above is becoming realistic in the real conditions
of the organizational and technical functionality of the Polish hard coal mining industry.
Strategic plans of KGHM Polska Miedź S.A. (hereinafter referred to as KGHM S.A.) foresee
that new “intelligent” technologies and production management systems based on online
communication between elements of the production process and advanced data analysis
are the key factors determining success or failure in business [77]. The scope of tasks related
to information management at KGHM includes the following issues: analysis and stan-
dardization of the needs reported by process owners, standardization of technical solutions
(process sensing), optimization of resource use (hardware, programming), data quality
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management (verification, interference elimination) and supervision over the processes of
generating and distributing information. Against this background, critical directions of
activities at KGHM S.A. will be broadband data transmission in underground excavations,
media monitoring power supply, ventilation, drainage, systems for locating and identifying
machines and people underground, robotization of production and auxiliary processes
and multi-dimensional analysis of data from production processes [78]. Therefore, the
main objectives of the mine of the future’s vision are: the improvement of operational
and investment efficiency, cost effectiveness and safety, whereas the overriding goal in the
mine of the future remains to ensure the highest possible level of safety. The adoption of
pioneering innovations, accompanied by extensive use of data analytics with the use of the
latest solutions in the area of business intelligence and big data, should enable a complete
redesign of the traditional mining process [79].

Similarly, Jastrzebska Spółka Weglowa S.A. (hereinafter referred to as JSW S.A.) has
as its future undertaking the goal “Towards JSW 4.0”. According to the assumptions
adopted by JSW Innowacje S.A., the essential tool determining the achievement of the
leading business goal, which is optimization of efficiency, is the technological enhancement
of the entire production process from coal to coke, including coal deposit exploration,
analytics of the extraction process, online knowledge about extracted coal, optimal increase
in underground work safety, inclusion of all production stages in one model subject to a
continuous supply of real-time source data and the construction of analytical and data-
mining models [80].

In this context, it is essential to ensure constant development of the competences and
qualifications of mining sector employees by a high level and availability of continuous
vocational training, also aimed at improving knowledge and skills in using the latest
technologies available, in order to fully use arising opportunities [76]. One of the important
elements is all kinds of cooperation between universities and research units and mining
companies, to the benefit of all parties. In Poland, these are often agreements aimed at long-
term cooperation in the field of education, training, joint work on innovations [81] or joint
implementation of research projects. In the Silesian voivodeship these included, among
others, projects implemented as part of Horizon 2020 aimed at technological development
and the introduction of IT innovations (such as IlluMINEation, SIMS, RockVader) and
projects implemented under the Research Fund for Coal and Steel, aimed at improving en-
vironmental results (such as MERIDA, RECOVERY, TEXMIN, STRATEGY CCUS, STAMS,
MapROC), occupational safety and health using modern technologies (such as ROCD and
INDIRES) and improving economic efficiency (such as INESI, COMEX, Coal2GAS).

The aforementioned approaches and solutions clearly show that, in the mining sector,
globalization and the knowledge economy also caused material capital, natural resources
or labor force to lose their primacy as the leading economic resources and were replaced by
knowledge accumulated in person. Human capital is currently a key economic resource
that is recognized as a development determinant for all other factors, most fully shaping
global development [82]. Its size will determine the current and future situation of national
economies and inequalities between them [83]. Therefore, the view that increasing human
capital resources through a proper education system should become the imperative of
modern times can be considered as fully legitimate. In this approach, education, shaping
ethical values and prevailing cultural norms reduce the costs of business activity, including
by minimizing wasting resources and increasing the importance of responsibility for the
work performed. It implies a more dynamic and stable economic development. Secondly,
well-developed social capital, social norms and trust imply more effective anticipation
of human behavior and minimize the behavior of interest groups [84], limiting the un-
predictability of socio-economic processes and transaction costs. It allows the society to
manage the occurring phenomena more correctly and confidently, and the exchange of
resources, skills and information becomes more efficient [85].

In this context—from the perspective of investing in the development of human
resources—it can be said that the knowledge economy and the Industrial Revolution 4.0 are
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key determinants shaping the future of Polish mining, in which knowledge accumulated
by humans will dominate.

3.4. Space Mining—The Way for the Future

The development of technology is constantly accompanied by an increase in the
demand for mineral resources. Both the growing demand for consumer goods and the
increased demand for energy put pressure on the mining industry. It is necessary to
supply ever greater amounts, but also more and more diversified mineral resources. The
development of mining techniques, the progressive automation and digitization of mining,
continuous improvement and also the continuous increase in the requirements for staff
competences, referred to in the previous paragraphs, allow for a significant increase in the
efficiency of the mining process and thus meeting the growing demand. In the long run,
even despite further technological development, it does not seem possible to maintain this
state of affairs. Natural resources that can be obtained relatively easily are limited. The very
process of obtaining them is always associated with some form of interference with the
environment. Therefore, it is necessary to try to solve this problem early. It seems that the
right direction of exploration is to consider the possibility of acquiring mineral resources
beyond the terrestrial globe, i.e., the development of space mining [86–88]. Although the
goal set in this way seems abstract and far from practical, it should be noted that for many
years space has been perceived as an area of potential mining exploitation. The process to
start the economically viable exploitation of celestial resources has therefore basically begun.
Space mining can also be seen not only as a way to avoid the inevitably impending crisis
related to the possibilities of extracting minerals on Earth, but also as a natural consequence
and the culmination of the technology development and staff competences presented in the
previous paragraphs. In space mining, one finds the culmination of technology developed
for the needs of traditional (on Earth) forms of deposit exploitation. Here, first of all, digital
technologies are directly translated. The exploitation of resources identified on both larger
(the Moon, Mars) and smaller (asteroids) celestial bodies will require advanced automation
of processes. In unfavorable conditions, with delays in signal transmission resulting from
the fundamental laws of physics, the use of autonomous devices capable of carrying out
independent work and independently solving at least typical problems that arise during
it acquires special importance. This area is a special opportunity for the Polish economy.
The creation of conditions and incentives conducive to the development of methods and
tools of artificial intelligence seems to be one of the key actions that should be taken and, in
fact, already is being taken. Although most of the research and research and development
works undertaken in these areas do not refer directly to space mining, they nevertheless
develop solutions that can be relatively easily adapted to this area of application.

Another aspect that will require undertaking development works is the technologies
of mining the material and enriching the obtained output. These technologies must be
adapted to the conditions of the exploited celestial body. It seems, however, that the
presence of the atmosphere and significant gravity, as in the case of Mars, will allow the use
of solutions structurally similar to those currently used on Earth. However, the challenge
will be the lack of an atmosphere and the virtually no gravity found on asteroids. It seems,
however, that the competences obtained during the development of devices intended
for use in terrestrial conditions can be used to develop innovative solutions dedicated
to space mining. It will be necessary to solve the problem of the economically efficient
transport of excavated material to the vicinity of the Earth, development of a technology for
enrichment of minerals in space conditions and ensuring proper service of the machinery
and equipment used, so that it is possible to maintain the continuity of production.

Meeting many of the technological and organizational challenges listed here is beyond
the capabilities of the vast majority of countries or enterprises. It is therefore necessary
to promote far-reaching cooperation in this area. The Luxembourg Space Agency, the
European Space Agency and the National Aeronautics and Space Administration are par-
ticularly active in this field. Poland is also involved in the initiatives of these organizations,

277



Sustainability 2021, 13, 13649

especially the LSA. Regardless, the current transition from fossil fuels creates specific
conditions in countries such as Poland that can and should be used as a lever to accelerate
space-oriented development. The transformation that we are already witnessing should
be directed with a vision of long-term actions, and not only solving problems that arise
on a regular basis. Only this approach will allow for the redirection and appropriate
training of staff and the creation of the potential to gain a leadership position in the newly
emerging space mining market. This is an opportunity that, in particular, Poland must
not miss. Although the transformation of Polish mining towards space mining, as has
already been mentioned, will not be possible without extensive international cooperation,
it is worth defining the areas in which Poland can be at the forefront of countries providing
key solutions for space mining. Achieving such a goal will allow the use of the wealth of
experience and many years of mining tradition, on the one hand, and obtaining a stable
and inalienable role of a key state in the newly emerging industry.

4. Conclusions

Based on the theses presented in the article, conducted literature research and de-
scribed megatrends related to the knowledge-based economy and the Industrial Revolution
4.0, it can be assumed that traditional hard coal mining determined by industrialization
will diminish. The process of digitization and automation of the mining industry is in-
evitable and necessary to maintain any efficiency in the mining sector. At the same time, it
leads to the departure from a world based on work and traditional industry, as mentioned
earlier, and to the transition to a time when work, progress and prosperity are built on
the basis of innovation and technological development. The changes taking place focus
on selected social and economic aspects and on enhancing of entrepreneurial skills and
thus enabling mining regions to become multi-industry regions [89]. For example, in
the Silesian voivodeship, the development strategy and an established list of priorities
for the region’s pro-technological development shape the convergence process between
technologies for the energy and mining industry with biological environmental protection
technologies, nanotechnologies, production and processing of materials and information
technologies as well as cognitive sciences [90]. These also should enable the full use of the
diversified potential of different companies and institutions to ensure energy security of the
country and the development of innovation in the mining and energy sector, in line with
the knowledge economy principles. All these aspects have to be taken into consideration
when preparing regional transition plans to minimize negative social and economic costs.

According to the above thesis, a considerable role should be attributed to education,
not only as a tool for transferring knowledge and skills, but also a key determinant for shap-
ing social attitudes and behavior. In this light, processes related to the knowledge-based
economy, the Industrial Revolution 4.0 and the automation of the economy may determine,
to an increasing extent, the unexpected and previously unknown phenomena and processes
in the social, environmental and economic sphere. The vision of the future of hard coal
mining fits in with the above theses. It seems that a breakthrough factor shaping the future
of this industry—coherent with the knowledge-based economy and Industry 4.0 logic—is
the implementation of principles of intelligent mining. As an example, the assumptions
and work in progress on “e-mines” are described in this article. At the same time, intel-
ligent mining is a broader organizational transformation, not just a “digital mine”. This
process also involves incorporating new solutions into all aspects of a mining company’s
operations, affecting the way decisions are made, the way employees are involved and the
range of necessary skills of employees [91]. Achieving the goal of an intelligent mine can be
comprehensively defined by the available model for the development of the mining offer
in the direction of moving away from the traditional “miner shift” to permanent develop-
ment based on the most modern and integrated solutions supporting the automation of
extraction of raw material. In this process, knowledge and appropriately profiled qualified
staff must form the most valuable resource shaping the future of hard coal mining [80]. A
decisive role in creating the development of intelligent mining may be played by overcom-
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ing mental barriers to the implementation of the principles of a knowledge-based economy
and the Industrial Revolution 4.0. As many sources mentioned in this article prove, the
pursuit of development determined by the abovementioned processes leads directly to
economic growth in the dimension of companies, regions, state and local communities,
favoring social inclusion and strengthening people’s sense of full life [92]. Therefore, it is
worth integrating existing and innovative solutions already implemented in the mining
sector to decrease its carbon emissions as part of a long-term transformation plan.
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25. Kotarba, W. Historia górnictwa jako historia wypadków na przykładzie kopalni Flora w Dąbrowie Górniczej. Hered. Minariorum
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Poland, 1998.
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54. Aktywni+ Przyszłość Rynku Pracy 2017; Raport na Podstawie Badania Przeprowadzonego Przez DELab UW na Zlecenie Gumtree
Polska w Ramach Programu Gumtree.pl Start do Kariery; Uniwersytet Warszawski: Warszawa, Poland, 2017.

55. OECD. Skills Outlook 2013: First Results from the Survey of Adult Skills; OECD Publishing: Paris, France, 2013. [CrossRef]
56. OECD. Skills Matter: Additional Results from the Survey of Adult Skills; OECD Skills Studies; OECD Publishing: Paris, France, 2019.

[CrossRef]
57. Nedelkoska, L.; Quintini, G. Automation, Skills Use and Training, OECD Social, Employment and Migration Working Papers; OECD

Publishing: Paris, France, 2018. [CrossRef]
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edu.pl/artykul/index/numer/14/id/275 (accessed on 3 December 2020).
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90. Urząd Marszałkowski Województwa Śląskiego. Technology Development Program of the Silesian Voivodeship for 2019–2030; Urząd
Marszałkowski Województwa Śląskiego: Katowice, Poland, 2018.

91. Jacobs, R.; Nel, J.; Plessis, J.; Vawda, Y.; Snyman, F.; Arnd, R. Intelligent Mining Delivering Real Value, Deloitte. 2018. Available
online: https://www2.deloitte.com/global/en/pages/energy-and-resources/articles/intelligent-mining-deloitte.html (accessed
on 5 October 2020).
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Abstract: Economy and ecology are two main aspects of human sustainable development. However,
a comprehensive analysis of the status and trends of economic and ecological cognition is still
lacking. Here, we defined economic and ecological concepts as cultural traits that constitute a
complex system representing sustainability ideas. Adopting a linguistic ecology perspective, we
analysed the frequency distribution, turnover and innovation rates of 3713 concepts appearing
in China’s mainstream newspaper, People’s Daily, from 1946 to 2015. Results reveal that: (1) In
the whole historical period, there were more economic concepts than ecological concepts both in
amount and category. Economic concepts experienced stronger cultural drift than ecological concepts
tested by the neutral model of cultural evolution; (2) popular economic concepts became more
diversified, but popular ecological concepts became more uniform; (3) both economic concepts
and ecological concepts attained more variation in their own disciplinary domains than in cross-
disciplinary domains; and (4) as a platform of both giving information and opinion, a newspaper
is subjected to cultural selection, especially reflected in the change in ecological concepts under the
context of Chinese ecological civilization construction. We concluded with a discussion of promoting
vibrant and resilient ecological knowledge in fostering sustainability activities and behaviours.

Keywords: cultural evolution; linguistic ecology; neutral model; selection and drift; economic
concepts; ecological concepts

1. Introduction

A core aim of sustainability science is to link sustainability knowledge with actions
and behaviours that lead to real sustainability [1–3]. While over 30 years have passed since
the Brundtland report [4], unsustainable behaviours and collective actions have resulted
in ever-worsening environmental challenges, and practical actions are urgently needed.
Recent studies on sustainability knowledge and concepts have found that, despite incre-
mental progress in studies of sustainability science, the role of sustainability knowledge
and concepts in affecting societal change remains uncertain [5]. Economy and ecology are
two main dimensions in sustainable development. Despite the increasing understanding
and improvement of the concept of sustainable development, a comprehensive analysis
of the status and trends of economic and ecological cognition is still lacking [6]. In the
discipline of human ecology, cultural evolutionary studies [7–12] have used concepts, tools
and methods from evolutionary biology to interpret massive quantitative data by explor-
ing the interaction between genes and cultures to explain human behaviours and have
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succeeded in offering insights into behaviour–culture–societal change [13,14]. Linguistic
ecology is deeply rooted in human ecology and focuses on ‘the interactions between any
given language and its environment’ [15]. Based on Darwin’s Selection analogies between
language and species evolution [16], examining word creation and extinction in a lan-
guage system [17,18] and analysing language transmission bias [19–21] could unravel the
underlying forces and changing patterns of cultural evolution.

In the last two decades, the random-copying model of the neutral theory of population
genetics [22,23] has been used as a null hypothesis and model in testing value-neutral
cultural traits [24–28], cultural drift and selection forces. This model has already been
applied to various cultural domains in tracking social change, such as baby names, dog
breeds, music, commonly used words and public media in popular culture [25,29–33],
and academic terminology, technological patents, cryptocurrency and colour terms in
academic culture [32,34–37]. However, this approach has not been applied to the analysis
of sustainable cultural dynamics.

Concepts, cultural behaviours, or artefacts in cultural evolution are regarded as cul-
tural replicators [38]. Cultural selection is most likely to operate in the semantic dimension
of language organization [39]. Concepts are ‘simple’ noun phrases composed of a deter-
miner and head noun that represent human recognition and construction of the world [40].
Different concepts may occupy a specific niche, which may influence the frequency change
and dynamics of concepts related to social identity [41]. Therefore, economic concepts
reflect the fundamental activities of human survival and the essence of the Anthropocene.
Ecological concepts emphasize well-being and sustainable development. The conflict be-
tween economic growth and ecological preservation has long existed in both developed
and developing countries. Through an evolutionary analysis of ecological and economic
concepts, we attempt to answer the following research questions (RQ): RQ 1, how have
ecological and economic concepts changed throughout China’s different development
phases? RQ 2, what changes have occurred in mainstream sustainability ideas? RQ 3, what
is the underlying evolutionary force of sustainability ideas? and RQ 4, what approaches
to policy and management might better transmit sustainability ideas to advance the role
of sustainability?

In this paper, we tracked the dynamics of sustainable concepts for the past 70 years,
covering the duration from the foundation of PR China to its establishment as the world’s
second-largest economy. We used culturomics analysis to detect the drift and selection in
ecological and economic concept usage in China. The concepts were drawn from the People’s
Daily, the largest newspaper group (with a circulation of over 3 million) and mainstream
media in China. The aim of this study is to determine the interactions among governmental
policy and strategy, public opinion, and personal decisions at the population level, in
dealing with the trade-off among ecological restoration, environmental protection, and
economic growth.

2. Materials and Methods

2.1. Data Collection

Public media, as a transmitter [7], mirrors the shift in public attention and preferences,
and accelerates the transmission of concepts. Assuming that no concept is intrinsically
more valuable than another and envisioning the copying of concepts as ‘replication’ and
the invention of new concepts as ‘mutation’, this process is analogous to the population-
genetics mechanism of random drift [22,42,43] and transmission biases would indicate
cultural selection [7,8,11]. If random copying is used as the null hypothesis, frequencies
should exhibit a right-skewed distribution in which a few traits are very popular, and
most traits remain rare [32,33,36]. In contrast to random copying, frequency-dependent
copying generates an exponential decay distribution, or conformist bias, copying popular
or rare traits. Frequency trimming or anti-conformist bias will produce irregular ‘humped’
distribution, avoiding the copying of popular traits or rare traits [44]. The latter becomes
indistinguishable from random copying when trimming is applied to common traits [45].
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As another neutral model, the turnover rate model can differentiate selection types and
determine when cultural transmission is biased [32]. In addition, the diachronic dynamics
of cultural variants can be analysed by coefficient of variation.

Public media has a close relationship with public opinion and governmental actions.
A change in concepts might account for news attention being a ‘threshold event’ or ‘tipping
point’ [43]. In this analysis, concepts were taken from the People’s Daily of China. This
newspaper provides information on the policies and viewpoints of China and is also the
best representation of the Chinese ecological philosophy and sociocultural tradition. A total
of 3713 concepts and their frequency data were retrieved from the BLCU Corpus Center
(BCC), representing a time span of 70 years, from 1946 to 2015 [46]. The BCC corpus is a
large, full-text retrieval corpus with approximately 15 billion words, including 2 billion
words from the People’s Daily. The query function in diachronic retrieval provides concepts’
occurrences data from the newspaper. A Boolean query of ‘Ecological + Noun’ AND
‘Noun + Ecology’ AND ‘Economic + Noun’ AND ‘Noun + Economy’, where N has the
same function as Noun, was applied to all years from 1946 to 2015.

2.2. Caculations and Analysis

In this paper, we used both the progeny distribution and the turnover rate models.
The progeny distribution model focuses on frequency and probability and, in our case, is
defined as the cumulative fraction. In the calculation of the concept cumulative fraction,
we first chose a single-year segment and calculated the concept frequency (Pi) of that year,

Pi =
ni
N

(1)

where ni is the occurrence of the concept, and N is the total occurrences of all concepts. The
cumulative fraction (Pci) is given by

Pci = ∑sm
i=s Pi (2)

where s is the series number, which is ordered from low to high frequency (Pi). For
example, s1 is series one, with the lowest frequency; s2 is series two, with the second lowest
frequency; . . . and sm is the series maximum with the highest frequency.

Turnover model: We followed the previous work by Evans and Giometto [38] in
defining turnover z in the top y chart. The list of the y most-popular concepts is defined
as the sum of the number of concepts existing in the top chart plus the number of new
concepts entering the top chart at the same time step. The y list in this research varies from
14 to 35 (depending on the sufficiency of data).

The turnover can be described by generic function (3),

z = ayb (3)

where a is constant value and b is turnover exponent. Exponent b = 0.86 is the judgment
criteria of the neutral model [38].

Concept diachronic change: The least square method was used to carry out linear
regression. Yearly concept frequency was calculated by dividing the concept occurrence
with total number of phrases of the newspaper. Here, slope k serves as an indicator of
growth rate in a certain time slice.

Concept mutation: Any concepts that did not appear in the previous year were
considered new concepts, and the total number of phrases was retrieved from BCC [46]. The
calculation began in 1975, with a time span of 5 years (data before 1975 were insufficient).

Concept coefficient of variation: Concepts with structures such as ‘noun + ecology’,
‘ecological + noun’, ‘noun + economy’, ‘economic + noun’ (semantically parallel to Chinese
concepts) were retrieved from the British National corpus (BNC). To use BNC concept
results as a reference for the international recognition of sustainability ideas, the most
popular concepts in ecological and economic domains were selected based on their total
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occurrences across 70 years. By taking the overlapping concepts with BNC as a selection
criterion, a hot-concept list of 5 concepts for each category (the above four conceptual
structures) was formed respectively. The standard deviations σ of each concept occurrence
from 2008 to 2013 was calculated by using the following equation,

σ =

√
∑n

i=1

(v − v)2

n − 1
(4)

where v is the occurrence of a concept from 2008 to 2013, v is the average occurrence of the
concept from 2008 to 2013, and n is the observation year segment from 2008 to 2013. Using
σ from Equation (4), the coefficient of variation (CV) of a concept was then calculated by

CV =
σ

v
(5)

3. Results

3.1. Diachronically Change of Economic and Ecological Concepts

The diachronic frequency dynamics of concepts in the mainstream newspaper, People’s
Daily, show that the popularity of China’s economic activities increased rapidly, with an
average occurrence of 1689 concepts annually in the past 70 years, but with considerable
changes (Figure 1a). From 1946 to 1953, the frequency of economic concepts showed a
rapid growth trend, with an average annual growth of 4211 occurrences. The peak of
word frequency in 1953 (55,566 occurrences) may relate to the first Five-Year Plan of the
national economy. After that, from 1954 to 1967, the frequency of word use decreased
by 1217 occurrences a year and fell to the bottom of the valley in 1966. This decline
may be the consequences of economic downturn and the severe damage to economic
development from natural disasters, such as droughts, floods and typhoons, in China from
1958 to 1961. The Four Modernization Goals strategy and the third Five-Year Plan boosted
economic development and the word frequency increased again. It reached a peak in 1992
(185,942 occurrences), when China established the reform goal of the market economy
system. In addition, from 1992 to 2004, it declined rapidly with a frequency decrease of
4345 occurrences a year. From 2005, it underwent a rapid growth, of 5233 occurrences a year
(from 2005 to 2015), and finally reached 163,847 occurrences in 2010 before declining again.

For the dynamics of ecological concepts, the growth rate in ecological word frequency
was very low in the early stage (Figure 1b). Within the 30 years after 1946, the average
word frequency increased by only three occurrences a year. Since China’s reform and
opening up in 1978, it increased slowly, at a rate of 120 occurrences a year from 1978 to 1992.
After China’s attendance at the United Nations Conference on Environment and Devel-
opment in 1992, the concept frequency began to rise rapidly again and had an increase of
2834 occurrences on average a year (from 1993 to 2006), then reached a peak (28,610 occur-
rences) in 2007. Ecological civilization was first written into the Report of 17th National
Congress of the Communist Party of China (CPC) in 2007, which might account for the large
amount of concept usage. In 2009, Ecological Civilization became an integral part of the
national strategy and the frequency of ecological concepts increased again, by an average
rate of 858 occurrences a year from 2010 to 2015. In 2015, it reached 26,105 occurrences.
Overall, the growth rate of ecological concepts was only 1/6 of that of economic concepts.
China’s economic activities were always hotter than its ecological activities.
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Figure 1. Changes in the frequency of economic concepts and ecological concepts from 1946 to 2015
in People’s Daily. (a) Economy-related concepts, (b) ecology-related concepts. Dotted line: China’s
reform and opening up in 1978; Arrow: historical events (from left to right), the first Five-Year Plan in
1953 (1a), the third Five-Year Plan in 1966 (1a), the reform goal of the market economic system in 1992
(1a), United Nations Conference on Environment and Development in 1992 (1b), The 17th National
Congress of the CPC in 2007 (1b). k-slope value.

3.2. Dynamics of Hot Economic and Ecological Concepts

The top five high-frequency concepts show the differences in China’s economic and
ecological concerns (Figure 2). In the economic field, the frequency of all popular concepts
is higher than 10,000 occurrences. Economic policy and the economic situation (the blue
line in Figure 2a) were essentially parallel in the first seven years. The occurrences of the
economic structure (the black line with a white circle in Figure 2a) and economic system
(the black line with a grey circle in Figure 2a) fluctuate by an order of magnitude. The
concepts in Figure 2b show clear groupings: world economy, rural economy, collective
economy and China economy in one group, and commodity economy (the red line in
Figure 2b) in another, lower-frequency group. The CV value of commodity economy
ranks the highest among all the hot economic concepts (Table 1). These popular concepts
also reflect different foci in the economic field. Economic structure, economic policy,
economic system and economic situation are elements of economic development, while
world economy, rural economy, collective economy and China economy are concepts with
different scales of economic observation. The fifth concepts in the two categories are cash
crops and commodity economy, respectively. Cash crops (in Chinese, the concept cash
crops shares the same characters with economic crop; however, the meanings of these
two concepts are different. To avoid misunderstanding of the concept connotation, we
use cash crops instead of economic crop in the analysis) are agricultural products with
economic value and commodity economy is a sub-type of economy.

In contrast with the economic field, the ecological field shows stronger sensitivity to
policies, such as ecological environment and ecological civilization, as well as to ecological
problems that are people-oriented and affect human survival and development, such as
agricultural ecology, marine ecology and forest ecology. In terms of historical changes,
the frequency of the ecological environment (the red line in Figure 2c) is one order of
magnitude higher than that of other concepts. Ecological environment first appeared in the
1960s and gradually increased since then. In 1981, it became the most popular concept and
continued to rank first for the next almost 35 years (except for the years of 2012 and 2013).
In contrast, ecological civilization did not exist before 1995 but increased significantly since
2005. After 2007, it experienced a four-year stable period and ranked first in 2012 and 2013
with yearly occurrences reaching 931 and 1023, respectively. The frequency of ecological
civilization increased by two orders of magnitude in 10 years and resulted in high values
of CV (Table 1). Despite such increases, no other concept attained a frequency as high as
ecological environment. When ecology is the central term of the concept, the frequency
fluctuation is varied. Concepts such as marine ecology (the blue line in Figure 2d) showed a
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stable and periodic increase in frequency and agricultural ecology (the red line in Figure 2d)
declined continuously and periodically, with both resulting in high values of CV (Table 1).

Figure 2. Frequency of the top 5 concepts from 2003 to 2013. Shown are the four structures for the
concepts: (a). Econ (economic) + Noun, (b) Noun + Econ (economy), (c) Ecol (ecological) + Noun,
and (d) Noun + Ecol (ecology). Y axes are logarithmic. C in parentheses stands for concept.

Table 1. Coefficient of variation of the top-five concepts during 2008–2013, tracked in Figure 2.

Category Concept 1 Concept 2 Concept 3 Concept 4 Concept 5

Econ-N 0.45 0.32 0.43 0.26 0.40
N-Econ 0.28 0.48 0.29 0.29 0.61
Ecol-N 0.20 0.30 0.33 0.20 0.61
N-Ecol 0.25 0.72 0.36 0.81 0.68

Concepts 1 to 5 can be identified in their respective category.

3.3. Mutation Rate of Economic and Ecological Concepts

New-concept mutation or concept innovation has an impact on turnover. Before
proceeding to turnover, we calculated the concept mutation rate (μ) as a measurement
of innovation. The mutation rate of concepts is always higher for the economy than
for ecology, which indicates that new phenomena or new elements appear faster in the
economic field (Table 2).

From 1975 to 2015, the mutation rate of both economic and ecological concepts in-
creased as a whole. The mutation rates of both concepts reached the highest value in 2015,
with 54 economic concepts and 38 ecological concepts per 100,000 phrases. After 2000,
the difference between economic concepts and ecological concepts decreased. In 2000, the
mutation rate of economic concepts (approximately 0.4 × 10−3) was twice that of ecological
concepts (approximately 0.15 × 10−3) but decreased to only a 1.1-fold difference between
these concepts in 2005. Before 2000, the number of mutations of the economic concepts
increased rapidly and then decreased afterwards until 2015. The growth rate of economic
concepts was the largest (309%) from 1980 to 1985. The mutation rate of ecological concepts
changed unnoticeably before 1995 and increased rapidly thereafter, but then levelled off.
The significant growths in ecological concepts from 1980 to 1985 (354%) and from 1995 to
2000 (232%) finally brought the ecological concepts’ usage to equal to economic concepts.
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Table 2. The mutation of economic concepts and ecological concepts in People’s Daily, from 1975 to 2015.

Year
Nμ

(Econ)
Nμ

(Ecol)
N

(All Phrases)
μ

(Econ)
μ

(Ecol)

1975 1187 20 36,589,803 0.00% 0.00%
1980 3117 437 45,310,424 0.01% 0.00%
1985 12,763 1985 60,402,011 0.02% 0.00%
1990 15,717 3043 63,133,238 0.02% 0.01%
1995 22,982 3630 63,236,892 0.04% 0.01%
2000 33,410 12,038 76,579,938 0.04% 0.02%
2005 25,313 21,145 70,794,106 0.04% 0.03%
2010 19,961 16,029 43,465,357 0.05% 0.04%
2015 22,983 16,425 42,318,024 0.05% 0.04%

Econ denotes econ-N and N-econ, Ecol denotes ecol-N and N-ecol, Nμ is the number of new concepts, N is the
total number of concepts of the year, and μ is mutation rate.

3.4. Cumulative Frequency Distribution of Economic and Ecological Concepts

From 1980 to 2010, the cumulative frequency distribution of economic concepts and
ecological concepts in China was observed by fitting a power-law distribution over time
in four time segments (Figure 3). In 1980, the power β of economic concepts was −0.46,
showing a long tail distribution (Figure 3a); only a few economic concepts are highly
popular (in frequencies approaching 10%), whereas most concepts are presented at low-
and medium-frequencies (at or below 1%). High-frequency ecological concepts account
for the large proportion of the cumulative frequency, which resembles a “winner-take-all”
distribution. In 1990, the β of economic concepts decreased to −0.5 and further changed
to −0.6 by 2000 (Figure 3b,c) with an decrease in both the frequency and proportion
distribution of high-frequency concepts. However, the β of ecological concepts changed
to −0.08 in both 1990 and 2000, indicating that the word-usage process was becoming
increasingly closer to power-law distribution. By 2010, the power β of economic concepts
increased to −0.26 (Figure 3d). The growth in both the number and frequency of economic
popular concepts (in frequencies approaching 10%) and their reduction in cumulative
frequency distribution show an increasing evenness in economic concepts’ usage, which
may indicate a stronger neutral force of random copying. As for ecological concepts, the
β value decreased to −0.09. Although there is a slight tendency toward a more even
cumulative frequency distribution, more-segmented usage frequency implies that the
selection of popular ecological concepts became stronger.

Figure 3. Cumulative frequency distribution of all economic and ecological concepts in People’s Daily.
Double logarithmic axes. The filled circle represents the distribution of economic concepts and the
open circle represents the distribution of ecological concepts. (a) 1980, (b) 1990, (c) 2000, and (d) 2010.
β-power exponent.
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3.5. Turnover of Economic and Ecological Concepts

From 1946 to 1978, the turnover exponent of economic concepts was 0.73. The curve is
below the theoretical line of the neutral model. At this stage, the change in high-frequency
concepts was faster than that in medium- and low-frequency concepts (Figure 4a). In
other words, the change in economic concepts was very active, and popular economic
concepts were not ‘fixed’. Economic concepts were subjected to anti-conformist selection.
There was no significant difference between the turnover profile of economic concepts
and the neutral prediction value after the reform and opening-up in 1978 (Figure 4b).
At this stage, the turnover profile of economic concepts was close to neutral. Notably,
compared with the period prior to the year of reform and opening-up, the turnover
of economic concepts decreased as a whole following the reform. The turnover expo-
nent value of economic concepts in People’s Daily was lower than the neutral expectation
(b = 0.86). The turnover exponent of ecological concepts before the reform and opening-up
policy was 0.92 (Figure 4c). After the reform and opening-up, the b value of ecological
concepts remained higher than the neutral value of 0.86 and increased to 1.25 (Figure 4d).
In these two stages, the change in high-frequency ecological concepts was slower than that
in medium- and low-frequency concepts. In other words, concepts with a high frequency,
or popular ecological concepts, were ‘fixed’. The transmission of ecological concepts was
affected by conformist bias.

Figure 4. Turnover in the popularity of ecology-related and economy-related concepts. The dashed
lines represent b = 0.86, and solid lines are fit lines to the data. (a) Economy-related concepts (including
both Econ-N and N-Econ concepts) from 1946 to 1978, (b) economy-related concepts from 1979 to
2015, (c) ecology-related concepts (including both Ecol-N and N-Ecol concepts) from 1946 to 1978,
and (d) ecology-related concepts from 1979 to 2015.

4. Discussion

The frequency of ecological and economic concepts reflects social recognition and
populational behaviour about sustainability. From a linguistic ecology perspective, a
connection between China’s economic development and language usage can be established.
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From formal governmental documents and administrative policies to daily expressions
about people’s livelihoods and social lives, developing the economy appears to be the top
priority [47]. One phenomenon observed in this study was the ‘emergence’ of economic
concepts within a short period, which manifests the vigour and creativity of China’s
economy. The cultural dynamics underlying the usage of early economic concepts may
be best described as anti-conformist bias and concepts maintained a high proportion of
innovation rates since the foundation of PR China. With the further development of China’s
economy and its gradual integration into the international market and world economic
system, the innovation rate remained high but the entry and loss of concepts within a
certain frequency range may imply the stabilization of concept niches. Although the overall
average frequency did not appear to be maintained at a similar level, the turnover rate
of popular concepts continued to move closer to the expected value of the neutral model,
which indicates a stronger random copying process in economic-concept transmission.
This finding does not nullify the intrinsic value of concepts but emphasizes the weakness
of the selection intensity involved, which is caused by the mixed forces of national and
international economic development and new understanding of economic growth. As
in the neutral theory of population genetics, most evolutionary changes are caused by
the random genetic drift of mutant alleles that are selectively nearly equivalent [23]. The
evolutionary analysis of economic concepts demonstrated in these findings implies that
these concepts have also experienced cultural drift and a neutral evolutionary process.

The blossoming of ecological ideas started four decades (around the 1980s) after the
founding of PR China. Sustainable development ideas have emerged across the interna-
tional community since the 1980s, and China has taken a series of actions to protect the
environment and has brought forth a series of policies and regulations to strengthen its
ecological civilization-construction strategy. Public media quickly responded in reporting
governmental decisions and resonated with social preference and public attention. The
growth rate of innovation in ecological concepts surpassed that of economic concepts in
a short period and may potentially incubate a more-vigorous language-meaning system
of ecological ideas than economic ideas. Despite the beneficial political environment and
policies incentives, a slight downward trend appeared during 2007 to 2009 in ecological
concepts (which also appeared from 1992 to 2003 in economic concepts) which may need a
more in-depth observation in the future. Cumulative frequency distribution implies that
the prevalent selection force underlining ecological concepts’ transmission dynamics is
primarily conformity bias, which indicates the selection of a few popular concepts and
a lower degree of diversity compared with economic ideas. These popular ecological
concepts are directly derived from national strategic slogans and ecological construction
priorities, and the frequencies of popular concepts are significantly higher than those of
other concepts, resulting in a ‘winner-takes-all’ distribution [25,34]. The turnover rate in the
later period indicates that the force of the frequency-dependent copying bias was stronger
than in the earlier period, which means that more focused attention was being directed to a
certain specific area year after year in the process of constructing an ecological civilization.

When ecology and economy serve as the head noun (N-ecol or N-econ), the CV values
are substantially higher than when they function as the modifier (ecol-N or econ-N). This
result indicates that concepts rooted in ecological and economic disciplines might have
experienced greater ups and downs due to a stronger selection force. In the past 70 years,
the higher CV value in the ecological domain than in the economic domain implies a
stronger cultural selection force underlying ecological ideas’ development when taking the
dynamic change into consideration (Figure 1). Combining with the result of the ecological
turnover profile, a relation can be built between concept structure and context/content
bias transmission. The higher value of the CV in Noun-ecology suggests content bias may
account more for the transmission bias in ecological concepts than context bias, which
reminds us to think of the influence that ecological science might have on public language
usage and the understanding of sustainability.
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The diachronic changes in popular concepts also differ in the top list of concepts.
The government’s strategy and strong will to improve China’s ecology are expressed
by concepts such as ecological environment and ecological civilization. The diversity
and dynamics of economic concepts tend to experience negative frequency selection. In
addition, popular concepts and their dynamics reflect that domestic culture exerts a stronger
centripetal force, which leads to distinctive language-usage preferences, than the centrifugal
. . . force from overseas in ideas’ convergence. The low level of overlapping among high-
frequency popular concepts fully demonstrates the unique nationality, regionalism, and
sociality features of China. Meanwhile, different changing processes in concepts also reveal
the evolution direction towards protecting the environment and developing the economy.
Moreover, the evolutionary process of concept usage can lead to a new perspective on
the social understanding of the trade-off between economy and ecology. In our case, both
domains were strongly affected by the governmental policies, but ecological concepts
appeared to experience conformity bias, which means that popular concepts might be
copied from the governmental sphere to society and into public daily use. In contrast,
economic concepts seemed to experience anti-conformist bias and neutral processes in the
recent data, which indicates an abundance of innovation and unbiased transmission from
all sectors of society and in people’s daily language usage.

5. Conclusions

In China, the dynamics of both economic and ecological concepts in mainstream news-
papers reflect governmental and social activity hotspots for sustainability. The reform and
opening-up policy profoundly changed the structure of the Chinese economy and incen-
tivized a more diversified and vigorous economic-development system. The periodical and
consistent emergence of abundant economy-related concepts after the reform and opening-
up reflects an increasingly healthier and more resilient economic development pattern. The
shifting of popular economic concepts reveals the mobility of the system and a greater
innovation potential in economic areas. In comparison with economic concepts, the popular
ecological concepts reveal a stronger conformist tendency and more force from political
decisions than independent social forces in shaping their dynamics. A governmental ini-
tiative in ecological construction and protection accelerated the transmission of ecological
concepts and enhanced the recognition of sustainability concepts in a much shorter period
than that of economic concepts. However, the lower level of innovative and creative new
concepts in ecological areas implies a shortage of vitality in developing ecological ideas.
Nonetheless, we also assert that, if the data were expanded to include today, the result
might be different due to the ecological restoration achievements that China has made in
the intervening years. With the approaching of 2030 Agenda of Sustainable Development
and China’s entry into a new phase of ecological civilization, stimulating and incubating
more diversified and resilient ecological knowledge and ideas, and transferring them into
daily usage, will facilitate the linkage between knowledge, action and will, and foster the
transition to a sustainable society and the attainment of sustainable development goals.
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Abstract: The global climate is showing altered temperatures and precipitation levels. Forests can be
a stabilizing force in climate change. They regulate the nutrient cycle, protect species and diversity,
and support livelihoods that drive holistic growth. Presently, the forest ecosystem’s capacity to
withstand change is being undermined by the rate of change, along with anthropogenic pressures
and the specificities of mountainous regions. Here, we attempted to design a ‘forest vulnerability
index’ using field measurements and household surveys. A total of 71 quadrants were laid out, and
545 respondents were interviewed in 91 villages along the altitudinal gradient (altitude < 1200 m asl
(Zone A), 1200–1800 m asl (Zone B), and >1800 m asl (Zone C)) of the Pauri district of Uttarakhand,
India. The village-level data were normalized and combined to represent climate change impacts and
the dimension of vulnerability. The IPCC (2014) protocol was used to assess forest vulnerability. The
highest vulnerability was recorded in Zone ‘B’, and higher sensitivity, higher climate change impacts,
and lower adaptive capacities were recorded in Zone ‘B’ and ‘C’. The approach is comparable within
the district and between the states. In enhancing our shared understanding of forest degradation, the
results are of value to policy/decision-makers, implementers, and adaptation funding agencies, who
can use them to assess the scale, cause, and actions for adaptation.

Keywords: climate change; forest vulnerability; indicators; Himalaya

1. Introduction

The Himalayas are an ecologically rich range of mountains range that serve humans
with a wide range of goods and services (Rasul 2014 [1]; Badola et al., 2015 [2]). The ecosys-
tem hosts various natural resources and diverse habitats, with a considerable altitudinal
variation. The naturally rich repository nourishes more than seven countries (Government
of Uttarakhand, 2014 [3]), and is associated with social and economic benefits within rural
Himalayan communities (Hoy et al., 2016 [4]). Overall, the Himalayas provide a plethora
of goods and services to mountain communities and millions of downstream inhabitants.
The ecosystem has become critical in contributing to the continuous flow of services.

Himalaya is projected to be extremely sensitive to climate change (Indian Network
for Climate Change Assessment, 2010 [5]; Chaturvedi et al., 2011 [6]; Singh and Hietala
2014 [7]), as the changes are likely to alter the regulation of terrestrial biogeochemical
processes, such as litter decomposition, nitrification, denitrification, nitrogen mineralization,
nutrient uptake, fine root dynamics, and soil respiration and productivity (Jha 2020 [8]).
Historical patterns have had the following effects: glaciers receding (Kumar et al., 2015 [9]),
deterioration in water resources (Li et al., 2016 [10]), drying out of traditional water sources
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(Palazzoli et al., 2015 [11]), forest degradation (Jha 2020 [8]), biodiversity loss (Jha 2020 [8]),
alteration of agricultural systems (Jethi et al., 2016 [12]), reduction in crop yields (Jethi et al.,
2016 [12]), an upward shift of apple orchards, increased vulnerability of winter cropping
(ADB, 2010 [13]), loss of tree species (Wani et al., 2013) [14], changes in bird types and
populations, and migration (Jha 2020 [8]). Climate-driven changes in ecosystem structure,
function, and species distributions negatively affect Himalayan forests (Lewis 2006 [15];
IPCC, 2007 [16]). Some studies claim that elevated atmospheric CO2 concentration, increased
temperature, and altered precipitation has, at least to some extent, had a positive impact
(productivity and diversity) on the forest ecosystem. This varies, however, according to
species’ tolerance (Das 2004) [17] and the availability of water and nutrients.

For a long time, Himalayan forests have been exposed to severe, natural, and anthro-
pogenic catastrophes, such as landslides, forest fires, earthquakes, and flash floods (Kala,
2014) [18]. Anthropogenic interventions such as deforestation, infrastructure development,
and urbanization have further aggravated environmental degradation, which has affected
the quantity and quality of ecosystem services (Ahmed et al., 1990) [19]. The degradation
of ecosystem services has severe repercussions and is likely to be exacerbated by climate
change (Ravindranath et al., 2006 [20]).

For survival throughout the Himalayan range, communities rely on forests and forest-
based resources (fodder, fuelwood, medicinal plants, fruits, and other associated items)
(Jadin et al., 2016 [21]; Jha et al., 2018 [22]). In the last few years, increased anthropogenic
activities have put pressure on the Himalayan ecosystems, causing changes in forest ecosys-
tems (Jha et al., 2018 [22]; Jha 2020 [8]). As populations continue to expand, together with
their reliance on forest products, forest ecosystems are now experiencing decreased density
and diversity (Sharma and Vetaas 2015 [23]; Bruggeman et al., 2016 [24]) and changes in
distribution (Upgupta et al., 2015 [25]; Chakraborty et al., 2016 [26]), biodiversity (Giam
2017 [27]), productivity (Alekhya et al., 2015 [28]), and forest degradation (Jha 2020 [8]).
Further, the reliance on forest resources and the requirement for a life support system in
the Himalayas varies with altitude; for example, the quantum of fodder is required more at
low- and mid-altitude, and fuelwood is needed at high altitudes irrespective of the adminis-
trative boundary. Similarly, agriculture and allied activities are less extensive and beneficial
at lower altitudes. At the same time, constraints increase with altitude. The challenges for
water, even for drinking purposes, also increase with altitude. It is comparatively easy to
manage water supply even in scarce seasons at lower altitudes because of the distance to
headquarters, institutional set-up, and other facilities.

Forest degradation is exacerbated by climate change, natural and manmade disasters,
and resource utilization patterns, implying the need for sustainable forest management
in the Himalayan area. Given the importance of forests in sustaining local communities,
several studies have conducted evaluations of forest-based goods and services in the
Himalayan region. However, limited research has been undertaken to evaluate forest
degradation using altitude-specific data. Studies have assessed the status of the forest
using primary productivity (Upgupta et al., 2015 [25]; Sharma et al., 2018 [29]; Kumar
et al., 2019 [30]), forest fire index (Jha et al., 2018 [22]), biomass and carbon stock (Jha
2020 [8]), factors that are highly specific and which, to a certain extent, limit and confine
the assessment. These approaches could be strengthened by integrating multiple factors,
enabling a clear identification of the actual status of the forest. Adequate knowledge
of the determinants of forest degradation through time and space is critical for forest
management and creating policies to improve local livelihoods and strengthen community
disaster preparedness, particularly in the face of climate change.

The vulnerability assessment uses a bottom-indicator-based approach from national
to even local levels. The national-level indexes for vulnerability assessment, such as HDI,
HWI, PVI, etc., use different parameters, such as life expectancy, sustainability, and quality
of life for defining vulnerability at a larger scale (state or nation) (Table 1). The number of
variables in this category is relatively few. However, it compares the relative position of
a state or country. Country rankings provide helpful information on the relative level of
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sustainability. Contrastingly, a single value is used for comparing vulnerability on a national
level. Moreover, a county has considerable variability regarding exposure, susceptibility,
impact, and other developmental parameters (Cutter and Finch 2008) [31]. However, the
data used may not adequately represent the processes determining vulnerability (Eriksen
and Kelly 2007 [32]); generally, it results in a restricted vulnerability measure.

Table 1. Indexes used for the assessment of vulnerability and adaptive capacity.

S. No. Indexes Brief Description

1 Environmental Vulnerability Index
(Kaly et al., 1999) [33]

This index is based on three aspects of vulnerability: risks to the
environment (natural and anthropogenic), the innate ability of the

environment to cope with the risks (resilience), and ecosystem integrity
(the health or condition of the environment as a result of past impacts).

2 Index of Human Insecurity
(Lonergan et al., 2000) [34]

IHI was developed as a classification system that distinguishes the
perception of vulnerability and insecurity of different countries, indicators

from environment, economy, society, and institutions were used to
calculate overall vulnerability.

3 Human Well-being Index
(Prescott-Allen 2001) [35]

HWI measures the community (political rights, crime, internet users,
peace and order) and social equity (gender and income). The index

incorporates development/sustainability goals in five categories ranging
from ‘good’ to ‘bad’.

4 Environmental Sustainability Index
(World Economic Forum, 2002) [36]

This index measures progress towards environmental sustainability of
142 countries through 20 indicators.

5 Water Vulnerability Index
(Sullivan 2002 [37])

An interdisciplinary approach that produces an integrated assessment of
water stress and scarcity, linking physical estimates of water availability

with socioeconomic variables that reflect poverty.

6 Country-level Risk (Brooks and
Adger 2003) [38]

Includes several proxies for risk associated with climate variability and
change, based on numbers killed and affected by climate-related disasters.

7 Predictive Indicators of Vulnerability
(Adger et al., 2004) [39] The PIV link social vulnerability with climate adaptation.

8 Social Vulnerability Index
(Vincent 2004) [40]

SVI is an index of five composite sub-indices: economic well-being and
stability (20%), demographic structure (20%), institutional stability and

strength of public infrastructure (40%), global interconnectivity (10%) and
dependence on natural resources (10%)

9
Index of Social Vulnerability to

Climate Change (Adger and
Vincent 2005) [41]

A social vulnerability index with emphasis on water availability.

10 Environmental Sustainability Index
(Esty et al., 2005) [42]

A composite index using 76 indicators to assess 146 nations’ sustainability
trajectory based on five major categories: environmental system,

environmental stresses, human vulnerability to environmental stresses, the
human capacity to respond to environmental change, and global stewardship.

11 Prevalent Vulnerability Index
(Cardona 2005) [43]

Focuses on social, economic, institutional, and infrastructural capacity to
recover from natural hazards or the lack thereof.

12 Disaster Risk Index (ISDR 2004) [44]

One of the United Nations’ three global initiatives to raise awareness for
integrated disaster mitigation. Aims to ‘improve understanding of the

relationship between development and disaster risk’, ‘enable the
measurement and comparison of relative levels of physical exposure to

hazard, vulnerability and risk’, identify vulnerability indicators’, and map
international patterns of risk.

13 Human Development Index
(UNDP, 2008) [45]

Includes life expectancy, health, education, and standard of living
indicators for an overall assessment of well-being and human development

on a country scale.
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Table 1. Cont.

S. No. Indexes Brief Description

14 Livelihood Vulnerability Index
(Hahn 2009 [46])

Combines seven components or indicators for vulnerability: livelihoods,
socio-demographics, social networks, health, natural disasters and

climate variability, food, and water security assimilated into the
dimension of vulnerability.

15 Household Social Vulnerability
Index (Vincent and Cull 2010) [47]

An index of household-level social vulnerability to climate change, based
on the multiple dimensions of the vulnerability identified in the

sustainable livelihood framework.

16
Livelihood Vulnerability Index and

the Livelihood Effect Index
(Urothody and Larsen 2010 [48])

Both indexes reflect the relative differences between the two VDCs in terms
of vulnerability to climate change impacts and factors contributing to it.

17 Climate Vulnerability Index
(Pandey and Jha 2011 [49])

These indicators were assimilated into indices to the dimension of
vulnerability and the IPCC (2007) protocol was used for

vulnerability assessment.

18 Poverty and Vulnerability
Assessment (Gerlitz et al., 2014) [50]

Combines general poverty predictors with relevant indicators
in mountain contexts.

19 Climate Vulnerability Index
(Aryal et al., 2014) [51]

An index used to assess and compare the vulnerability of transhumant
communities in Nepal.

20
Multidimensional Livelihood

Vulnerability Index
(Gerlitz et al., 2016 [52])

A measure used to explore and describe livelihood vulnerability to
climatic, environmental, and socio-economic change in the HKH region.

21 Adaptation Capability Index
(Pandey et al., 2016 [53])

An approach to recognizing social and natural factors contributing to
successful adaptation that addresses several household functions, such as

social networking, livelihood strategies, resource availability, and accessibility.

22 Climate Vulnerability Index for
Water (Pandey et al., 2015 [54])

An index to assess the climate-related water vulnerability of households in
rural and urban settings, comprising three components—exposure,

sensitivity, and adaptive capacity, and 14 sub-components.

23 Future Vulnerability Index
(Upgupta et al., 2015 [25])

Index to assess forest ecosystem vulnerability to climate change across
Himachal Pradesh under ‘current climate’ and ‘future climate’ scenarios.

24 Inherent Vulnerability
(Shukla et al., 2016 [55])

Indices to assess the inherent vulnerability (internal) of agricultural
communities at the village level based on sensitivity and adaptive capacity.

25
Climate Vulnerability Index, and
Current Adaptive Capacity Index,

(Pandey et al., 2017 [56])

These indices assess vulnerability using five forms of capital, i.e., human,
natural, financial, social, and physical capital.

26 Forest Vulnerability Index
(Thakur et al., 2020 [57])

An index for forest vulnerability using field-based observations with an
integrated approach of multiple indicators.

27 Socio-ecological Vulnerability Index
(Jha et al., 2021 [58]) An index to estimate socio-ecological vulnerability.

28 Climate Vulnerability Index
(Jha 2020 [8])

An index used to calculate the vulnerability of sectors (socio-economic,
agriculture, forest, and water), and the contribution of sectors

to the overall vulnerability.

29 Vulnerability Index (DST, 2020 [59]) This index identifies the most vulnerable states and districts in India
concerning current climate risk and the main drivers of vulnerability.

30 Vulnerability Index and Resilience
Index (Jha et al., 2021) [58]

The indices assess the socio-ecological vulnerability and resilience of
mountain communities residing in capital-constrained environments.
Site-specific indicators were integrated into a sustainable livelihood

framework in an attempt to calculate vulnerability and resilience jointly.

31 Ecosystem Services Index
(Jha et al., 2022) [60] This index quantifies ecosystem services.
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Vulnerability indicators at the regional and local levels are also used in impact as-
sessment. They are also instrumental in identifying threats or threatened systems, raising
awareness, and prioritizing vulnerable sectors (Harley et al., 2008 [61]). The vulnerability
indicators are further used to compare the relative vulnerability of places (Pandey and
Jha, 2011 [49]), groups or communities (Sinha and Jha, 2017) [62], and sectors (Jha et al.,
2018 [22]). Moreover, vulnerability indicators are widely used to prioritize vulnerable sec-
tors and formulate adaptation options. Jha et al. (2017) [63] utilized vulnerability indicators
to assess government-sponsored adaptation programs. The changes in household-level
indicators of agriculture, water, and economic status due to Government-sponsored adap-
tation programs, i.e., MGNREGA, are aggregated and assessed.

Generally, the regional indicators-based assessment such as the Livelihood Vulnerabil-
ity Index (Hahn et al., 2009 [46]); Livelihood Vulnerability Index and Livelihood Effect Index
(Urothody and Larsen 2010 [48]); Climate Vulnerability Index (Pandey and Jha 2011 [49]);
Poverty and Vulnerability Assessment (Gerlitz et al., 2014 [50]); Inherent Vulnerability
(Shukla et al., 2016 [55]); Forest Vulnerability Index (Thakur et al., 2020 [57]); Vulnerability
Index (DST, 2020 [59]); Vulnerability Index and Resilience Index (Jha et al., 2021) [58]; etc.,
identify and analyze the indicators with higher significance in related sectors and then
normalize them into indices or components or sub-components or sectors (Table 1). Finally,
these indices were assimilated into the dimension of vulnerability. The details on vulner-
ability indices are comprehensively discussed in Table 1, and vulnerability is discussed
in Table 2. The tools for understanding forest degradation in the Himalayas are limited,
and the available literature analyzed the degradation with minimal inclusion of ground
surveys and issues that emphasize the needs of locals. Furthermore, several districts in the
study state, Uttarakhand, have a wide range of altitudes. The study district is spread over
5400-km squared and has an altitudinal range of 300 to 3000 m above sea level. Therefore,
understanding the present state of forest degradation along the altitude becomes critical.
Our study explores forest degradation in the context of altitude and dependency. The
study’s primary aim was to examine forest vulnerability along the altitudinal gradient in
the Pauri District, Uttarakhand, India. We addressed the following objectives based on
broad themes: (i) to identify indicators contributing to forest degradation, (ii) to assess
forest vulnerability along the altitudinal gradient, and (iii) to identify altitude-specific
indicators for adaptation actions under impending forest degradation.

Table 2. Definitions of vulnerability.

S. No. Author(s) Definitions

1 Gabor and Griffith (1980) [64]
Threats (including chemical agents and the ecological situation of the

communities, and their level of emergency preparedness) to which
people are exposed.

2 Timmerman (1981) [65] The degree to which a system acts adversely to the occurrence of a
hazardous event.

3 UNDRO (1982) [66] The degree of loss to a given element or set of elements at risk resulting
from the occurrence of a natural phenomenon of a given magnitude.

4 Susman et al. (1984) [67] The degree to which different social classes are at different risk.

5 Pijawka and Radwan (1985) [68]
The degree to which hazardous materials threaten a particular

population (risk) and the capacity of the community to reduce the risk
or adverse consequences of hazardous materials releases.

6 Kates et al. (1985) [69] The capacity to be wounded.

7 Bogard (1988) [70] The inability to take effective measures to insure against losses.

8 Mitchell (1989) [71] Vulnerability is the potential for loss.

9 Liverman (1990) [72]
Distinguishes between vulnerability as a biophysical condition and

vulnerability as defined by society’s political, social,
and economic conditions.
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Table 2. Cont.

S. No. Author(s) Definitions

10 Downing (1991) [73]

It refers to a consequence (e.g., famine) rather than a cause (e.g., are
vulnerable to hunger); it is a relative term that differentiates among
socioeconomic groups or regions rather than an absolute measure

of deprivation.

11 Dow (1992) [74] The differential capacity of groups and individuals to deal with
hazards based on their positions within physical and social worlds.

12 Smith (1992) [75]
The risk from a specific hazard varies through time and according to

changes in physical exposure and/or human vulnerability (the breadth
of social and economic tolerance available).

13 Alexander (1993) [76] A function of the costs and benefits of inhabited areas at risk from
natural disasters.

14 Cutter (1993) [77] The likelihood that an individual or group will be exposed to and
adversely affected by a hazard.

15 Watts and Bohle (1993) [78] Exposure, capacity, and potentiality.

16 Blaikie et al. (1994) [79]
The characteristics of a person or group in terms of their capacity to

anticipate, cope with, resist, and recover from the impact of
a natural hazard.

17 Bohle et al. (1994) [80]
The aggregate measure of human welfare that integrates

environmental, social, economic, and political exposure to a range of
potentially harmful perturbations.

18 Dow and Downing (1995) [81]
Biophysical, demographic, economic, social, and technological factors

such as population ages, economic dependency, racism, and age of
infrastructure in association with natural hazards.

19 Eakin and Luers (2006) [82] The lack of human capacity to avoid or reduce such adverse situations.

20 Gilard and Givone (1997) [83] The sensitivity of land use to the hazard phenomenon.

21 Comfort et al. (1999) [84] The circumstances that place people at risk while reducing their means
of response or denying them available protection.

22 Weichselgartner and Bertens (2000) [85]
The condition of a given area concerning hazard, exposure,

preparedness, prevention, and response characteristics to cope with
specific natural hazards.

23 Adger (2006) [86]
The state of susceptibility to harm from exposure to stresses associated
with environmental and social change and from the absence of capacity

to adapt.

24 Ciurean et al. (2013) [87] The inability to withstand the effects of a hostile environment.

25 Wolf et al. (2013) [88] A measure of possible future harm.

26 IPCC (2014) [89]
The degree to which a system is susceptible to and unable to cope with

adverse effects of climate change, including climate variability
and extremes.

27 Hong et al. (2016) [90]
A weak resistance and low resilience of ecosystems in response to

external interference including natural and artificial factors at
a specific spatial scale.

28 Jha et al. (2022) [60]
A suite of human-ecological factors reflects exposure (climate stress on
households), sensitivity (the degree to which a system is exposed), and

adaptive capacity (internal or external capacity to cope).

Source: Adapted from Cutter (1996) [91], Weichselgartner (2001) [92], Hogan and Marandola (2005) [93], Adger
(2006) [86], Wolf et al. (2013) [88], Paul (2013) [94], Berrouet et al. (2018) [95].
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Forest Degradation Indicators: Selection and Definition

An indicator constitutes information that is either readily available or easily obtained
pragmatically. It is a variable and a measure of system behavior in the context of essential
and perceptible attributes (Holling et al., 1978 [96]). Indicators have been used in several
ways by authors: Marcus (1983) [97] described a sign as ’defined as something which
stands for something to somebody in some respect or capacity‘; as a proxy—a function
from an observable variable (McQueen and Noak 1988 [98]); a statistical measure (Tunstall
1992 [99]); a parameter—provides information on the state of the phenomenon and defines
it as a value that is measured or observed (OECD, 1993 [100]); a piece of information
(Bakkes et al., 1994 [101]); an index (Hammond et al., 1995 [102]); and a sub-index or
component of an index (Ott 1978 [103]; Hahn et al., 2009 [46]; Pandey and Jha, 2011 [49]).
In this study, an indicator is a perceptible local variable or piece of information chosen for
its importance to livelihoods, the local economy, conservation, and resource management
(availability, accessibility, and usability). Table 3 has more details on the indicators.

Table 3. Indices and indicators for climate change impacts and dimension of vulnerability (sensitivity
and adaptive capacity) along the altitudinal gradient in Pauri District, Uttarakhan.

Indices Indicators Explanation Zone A Zone B Zone C

Climate Change
Impacts

Temperature
index

Increased summer
temperature

Alters the phenology of
forest tree species and also
increases the probability of

forest fire

0.760 0.100 0.900

Increased
February-March

temperature

Alters phenology of forest
tree species, agricultural and

horticultural production
0.750 0.800 0.830

Rainfall Index

Decreased number of
rainy days

Lesser rainy days distress
forest tree species and water

availability
0.230 0.540 0.710

Delayed monsoon
rain

Results in water scarcity and
alters the physiological
character of the forest

0.110 0.290 0.340

Extreme Event
Index

Increased
temperature

resulting in forest fire

Increased temperature
strengthens forest fire. It
drives forest degradation

and limits forest
productivity

0.500 0.730 0.860

Increased
temperature and

drought incidence

Water scarcity and restricted
long-term water availability
for agriculture and related

activities

0.120 0.670 0.890

Increased intensity
and decreased

frequency of rainfall
Increases runoff and erosion 0.990 0.920 0.770

Uncertain extreme
climatic events

These cause structural
degradation and functional

deterioration of forests
0.850 0.960 0.960
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Table 3. Cont.

Indices Indicators Explanation Zone A Zone B Zone C

Dimension of Vulnerability

Sensitivity

Natural Resource
Degradation

Index

Frequency of forest
fire (increased or

decreased)

One of the major drivers of
forest degradation, limits
forest productivity, and
restricts access to forest

0.480 0.950 0.870

The intensity of
forest fire (increased

or decreased)

One of the major drivers of
forest degradation, limits
forest productivity, and
restricts access to forest

0.430 0.900 1.000

Lopped trees
(Number/Hectare)

The higher number of lopped
trees shows higher

anthropogenic interference
0.651 0.609 0.477

Grazing (%)

Reflects higher
anthropogenic interferences,

limits alter the ecological
balance and affect the health

of the forest

0.667 0.667 0.667

Time spent on
collection of forest

resources

Shows that the distance
between village and forest is

increasing because of
anthropogenic interference

0.500 0.900 0.960

Distance travelled for
collection of forest

resources

A distant forest reflects
more time spent on
resource collection

0.490 0.910 0.910

Resource
susceptibility

index

Concentration of
dominance 0.373 0.633 0.545

Evenness
Represents health, vigor and

functioning of forest
ecosystem

0.512 0.458 0.533

Susceptible species Susceptible species more
prone to fire 0.620 0.560 0.170

Regeneration rate Higher regeneration
represents better health 0.870 0.900 0.540

Pure forest and
dominant species

Pure forests are susceptible
to change, and the

fire-susceptible dominant
species result in the

loss of forest

0.420 0.870 0.590

Age of the nearby
forest (even or odd)

Even-aged forests are more
susceptible to change 0.500 0.500 0.400

Dependency on the
natural water source

Natural water sources are
susceptible to forest

degradation and
climate change

0.140 0.290 0.370
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Table 3. Cont.

Indices Indicators Explanation Zone A Zone B Zone C

Adaptive
Capacity

Resource
collection index

Fodder and
fuelwood collection

The natural support system
is more susceptible to

climate change and higher
dependency (% respondents)

on susceptible ecosystems
results in vulnerability

0.430 0.400 0.450

Collection of NTFP

NTFP (apart from fodder
and fuelwood) is an

additional income source
and is also considered a food

supplement

0.350 0.290 0.270

Resource
availability index

Sufficient fodder and
fuelwood

Availability of and
accessibility to sufficient

fodder and fuelwood
sources strengthen capacity

to withstand change

0.430 0.600 0.780

Strategy index

Individuals
(Number/Hectare)

The higher the number of
individuals, the higher the
productivity of the forest

0.488 0.447 0.396

Biodiversity (H) Maintains structure and
function of an ecosystem 0.593 0.389 0.350

Species Richness
Supports species’ ecological

interactions and
geographical ranges

0.557 0.482 0.389

Biomass
(Tons/Hectare)

Absolute reflection of forests’
health; the higher the

biomass, the better
the health

0.505 0.447 0.412

Alternatives to fodder
during fodder scarce
season (Summer and
monsoon) (cultivation

of fodder, use of
previously stored

fodder, or increased
use of straw)

The availability of
alternatives represents the

self-sufficiency of
a household

0.330 0.370 0.330

Strategies during
fuelwood scarcity

(shifting to
energy-efficient
techniques like

improved stoves,
LPG, etc.)

Strategies reduce
dependency and strengthen

households’
adaptive capacity

0.320 0.490 0.520

The term ‘vulnerability’ has scientific origins in geography and natural disaster studies.
However, this concept has become crucial in fields such as natural hazard and disaster
management, ecology, public health, poverty and development, secure livelihoods and
famine, sustainability science, land change, and climate effects and adaptation. Several
studies (Table 2) characterized vulnerability based on their research appropriateness. A
simple, concise meaning derived from its Latin origins is frequently employed in the
literature. The root of vulnerability is ‘vulnerare’, meaning ‘to wound’; thus, Kates et al.
(1985) [69] defined vulnerability as ‘the capacity to be wounded’. Amartya Sen (1981) [104]
emphasized the cause of the vulnerability. Defining it as a ‘lack of entitlement (food
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security, sustainable livelihoods, social structures, etc.) due to restricted access to resources
(institutional, political, and technological)’.

The IPCC defines vulnerability in its Second Assessment Report as ‘the extent to which
climate change may damage or disrupt a system’, and states that system vulnerability
‘depends not only on a system’s sensitivity but also on its ability to adapt to changing
climatic settings’ (Watson et al., 1996 [105]). According to the report, socioeconomic
systems are ‘usually more vulnerable in developing nations with less favorable economic
and institutional circumstances’. The existence of an inter-relationship between wealth
(strengthens adaptive capacity) and poverty (begets vulnerability) in a region discussed
deliberately in the Regional Impacts of Climate Change: An Assessment of Vulnerability
(IPCC, 1997 [106]). The location and context specificity of vulnerability with uncertainty was
highlighted by Handmer (1999) [107]. He underlined that uncertainty might be addressed
by bold policy initiatives that address social and economic concerns while taking into
account human behavior, culture, and the institutional capabilities of affected communities.
At COP-6, Watson defined vulnerability as ’the amount to which a natural or social system
is vulnerable to suffering damage from climate change’, and it is a result of climate change
magnitude, sensitivity, and adaptability (IPCC, 2000) [108].

Several definitions of vulnerability have been offered since 1980. It is generally defined
as the ability to anticipate, resist, cope with, and respond to a hazard (Blaikie et al., 1994) [79].
It occurs due to various factors including disaster management, public health, poverty, food
security, ecology, and climate change, including climate variability, change, and extremes
(Fussel 2007 [109]). Goulden (2010) [110] defines the natural perspective of vulnerability
as ‘a function of the character, magnitude, and rate of climate variation to which a system
is exposed, its sensitivity and adaptive capacity’. The potential implications of climatic
fluctuation and change are referred to as exposure; sensitivity is the extent to which the
exposure affects rural communities; and adaptive capacity is the system’s ability to adapt,
tolerate, or recover from the effects of the exposure (Ebi et al., 2006 [111]). However, the
definition does not precisely define the relationship among dimensions of vulnerability
(Schauser et al., 2010 [112]). Sometimes researchers describe vulnerability as an exposure
susceptibility–resilience complex when they view sensitivity as susceptibility and adaptive
capability as resilience (Balica et al., 2012 [113]). Vulnerability measures a system’s (a
community’s) defenselessness or propensity to be injured or hurt by climate change. The
IPCC defines vulnerability as ’the propensity or predisposition to be negatively affected’.
Vulnerability includes several factors, such as sensitivity or susceptibility to injury and a lack
of ability to cope and adapt (IPCC, 2014 [89]). The IPCC 2014 report defines vulnerability as
a characteristic, intrinsic system attribute. The exterior property, i.e., exposure, is inherent.
Thus, it is not taken into consideration for the assessment. Exposure is an external element
that increases vulnerability and is regarded as an inseparable component of vulnerability
assessment, driving sensitivity and adaptive capacity.

There have been few vulnerability assessment studies based on the IPCC 2014 frame-
work, with most using the IPCC 2007 framework and measuring exposure as an inseparable
component of vulnerability (Simane et al., 2016 [114], Kumar et al., 2016 [115], Jha et al.,
2017 [63], Jha et al., 2018 [22], Pandey et al., 2018 [116], Jha 2020 [8]). The indicators
used for vulnerability assessment are shown in Table 1. These investigations are based
on the queries ‘who is vulnerable?’, ‘what is vulnerability?’, and ‘vulnerability to what?’
(Malone and Engle 2011 [117]), whereas new vulnerability assessment paradigms strive
to answer the question ‘vulnerability to what?’ Updated assessments are not related to
exposure and are a system’s distinguishing feature, demonstrating its current internal con-
dition (Sharma et al., 2013 [118]). Vulnerability, in this construct, is regarded as an inherent
attribute of the system, consisting of sensitivity and adaptive capability.

The current study evaluates vulnerability as a pre-existing, system-specific attribute.
We measured vulnerability using hazard-specific indicators for sensitivity and adaptive
capability after identifying likely and prospective dangers. Climate change is currently re-
garded as a hazard, and factors that directly or indirectly affect and/or influence sensitivity
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and adaptation ability were considered for the evaluation. The indications were aggregated
into indices, which were then categorized as ‘possible repercussions of climate change’.

2. Methodology

2.1. Study Area

The research was carried out in the Pauri district of Uttarakhand, India. The district
(29◦20′–30◦15′ N; 78◦10′–79◦20′ E) has an average elevation of 1800 m above sea level (m asl)
(range 210–7817 m asl) and occupies a land area of 5230 km2 (FSI, 2019 [119]). The district’s
population is 686,527, with a density of 129 persons per km2, and the sex ratio is 1103 females
per 1000 males. The district has reported a negative population growth rate (−1.51%). The
district has an 82.59 percent literacy rate (males 93.18 percent, females 73.26 percent), compared
to 74.04 percent in India (males 82.14 percent, females 65.46 percent) (Census of India, 2011 [120]).
With a mean annual temperature of 25–30 ◦C (45 ◦C in June and 1.3 ◦C in January) and a mean
annual rainfall of 2180 mm, the area has a sub-temperate to temperate climate, with over 90% of
precipitation falling during the monsoon season (July–September).

The district has a hilly topography. The fluvial valleys have a convex shape, with
steep valleys, interlocking spurs descending the main river, and terraced agricultural fields
on the valley sides’ moderate slopes. The people, who stay in the area, are primarily
involved in agriculture, rely on forest resources for their survival, and are locally known
as Garhwali. Tourism and animal husbandry are supplementary income sources in the
region. The Garhwal region is predominantly rural, with scattered housing patterns and a
mixed economy. The landholding is scattered and small, and per capita land availability
is 0.68 ha in the hilly districts and 1.77 ha in the plain districts. Out of the total reported
land, only 14.02% is under cultivation, and more than 55% is rainfed. The existence of
different topographical and orographic elements has resulted in exceptional biodiversity in
the region. The state is well-forested and consists of about 34,652 square kilometers (64.78%)
of forest cover; the study district has 3269 square kilometers (61.34 %) of forested area.
Out of the total, 519 km square (15.87%) is very dense forest; 1954 km square (59.77%) is
moderately dense forest; and 672 km square (24.35%) is open forest. The district contributes
13.48% of forest area to the state, and its share in national forest cover is 03.45%. The per
capita forest area in the district is 0.0047 km square per person, much higher than the
state’s per capita forest area, i.e., 0.0024 km2 per person (ISFR, 2021) [121]. The forest type
(Figure 1b) in the district shows a considerable higher difference. The forest of the study
district is differentiated into moist Shivalik sal forest, deciduous forest, and ban-oak forest.

 
(a) 

Figure 1. Cont.
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(b) 

 
(c) 

Figure 1. (a) Study site location district and state, (b) land use and land cover map depicting forest
type along the contour map of the study district, (c) contour and elevation map of the study district.

The moist Shivalik sal forest, i.e., Zone A, comprises the Tarai–Bhabar area of the
adjacent Gangetic plain, and outer and sub-Himalayan tract up to 1200 m asl. The for-
est types of these zones consist of (a) Shorea robusta forest, (b) Acacia-Dalbergia forest,
(c) Acacia-Shorea robusta forest, (d) Holoptelea forest, (e) Bamboo (Dendroclamus) brakes, and
(f) Anogeissus latifolia-Spondias pinnata forest and scrubs, associated with various evergreen
and deciduous tree species. Zone B, 1200–1800 m asl has mountainous topography and the
forest type is a deciduous forest comprising of (a) Pine forest, (b) Oak forest, (c) Pine-Oak
forest, (d) Oak-Lyonia forest, (e) Deodar Forest, (f) Deodar-Pine forest, and (g) mixed forest.
Zone C, i.e., more than 1800 m asl usually known as the sub-Himalayan peaks, has a
ban-oak forest type consisting of (a) oak forest, (b) deodar forest, (c) rhododendron forest,
(d) spruce forest, and (e) mixed forest.

2.2. Sampling Strategies

Inter- and intra-structural indicators of forest degradation were examined over an
altitudinal gradient for vulnerability assessment. The patterns of land use and resource
utilization were explored in detail. As basic requirements differ with altitude in the
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mountains, the present investigation divided the district into three zones (A–C) based on
altitude and forest distribution. The zones were defined as altitude < 1200 m asl (zone A),
altitude 1200–1800 m asl (zone B), and altitude > 1800 m asl (zone C) (Figure 1c).

Questionnaires and face-to-face interviews, ideally with the head of the household,
were used to gather information on households in randomly selected villages in each zone.
Multiple villages in each zone were chosen to retain the villages’ variability. Large samples
are difficult to gather in mountainous areas, since households are sparsely scattered and
typically engage in their livelihood throughout the day. In the study district, 91 villages
(30 in Zone A, 32 in Zone B, and 29 in Zone C) were surveyed. The villages were chosen
because of the inhabitants’ reliance on the forest. A minimum of five and a maximum of
ten respondents from each participating village were chosen for the interview to avoid
similarities in responses. For data collection, 545 respondents were questioned from the
three designated altitudinal zones (182 in Zone A, 187 in Zone B, and 176 in Zone C).

With the help of a local person, the interviews were conducted in Hindi and the local
language. The questionnaire addressed topics and concerns regarding the forest and its abil-
ity to provide a livelihood. A phytosociological study was also conducted to determine the
forest’s condition in density, regeneration, species richness, variety, lopped branches/trees,
and biomass. Along the altitudinal gradient, the investigation was conducted in the open
(OF), moderately dense (MDF), and dense forests (DF). To prevent uniformity and cover
more area in each zone, a total of 71 quadrants (19 in Zone A (OF 5, MDF 9, DF 5), 22 in Zone
B (OF 8, MDF 10, DF 4), and 30 in Zone C (OF 19, MDF 5, DF 6)) of 500 m2 each (20 m × 25 m)
were set out at intervals of 500 m elevation. The primary data and field measurements were
transformed into indicators and incorporated into the forest vulnerability indices.

2.3. Analytical Framework

A bottom-up, indicator-based approach was used in the study (Hahn et al., 2009 [46]).
The underlying assumption was that local knowledge and advice are essential to identifying
drivers of vulnerability and indicators that may help the forest ecosystem become less
vulnerable. These indicators are sympatric, indicating susceptibility at a local level (Jha et al.,
2017 [63]). Multidimensional Vulnerability (Sullivan and Meigh 2005 [122]), Livelihood
Vulnerability Index (Hahn et al., 2009 [46]), Livelihood Effect Index (Urothody et al.,
2010 [48]), Climate Vulnerability Index (Pandey and Jha 2011 [49]), Capacity Assessment
Index (Jha et al., 2017 [63]), and Vulnerability and Capacity Assessment (Sinha and Jha,
2017 [62]) are two vulnerability assessment methodologies that include indications from
several components to show both sectoral and overall vulnerability. The current study
integrated field measurements with primary data (household questionnaires) to develop a
method for assessing forest vulnerability. Most indicator-based techniques employ balance-
weighted averages, assuming that each indicator contributes equally to the aggregate index
(Sullivan 2002 [37]; Pandey and Jha 2011 [49]; Jha et al., 2017 [63]) and are thus comparable
and relevant.

Our approach was designed to assess the vulnerability of forests that provide abun-
dant goods and services to communities. Household dependency on the forest was studied
through resource degradation, susceptibility in terms of sensitivity, forest resource availabil-
ity, collection, and strategies as adaptive capacities. Previous studies on forest degradation
in the Himalayas are limited. The vulnerability of natural systems can be attributed to
multidimensional factors (Jha 2020 [8]), with each dimension associated either positively or
negatively (Jha et al., 2017 [63]). Change or variation in a single dimension may or may
not influence others and a change in the dimension of vulnerability can impact households
differently depending on their existing endowments (Pandey and Jha, 2011 [49]).

The present study employed a participatory evaluation technique that included par-
ticipatory assessment (household surveys, participatory rural appraisals, focus group
discussions) and field measurements (phytosociological analysis) (Table 3). Diversity was
studied along with richness, regeneration, individuals, evenness, the concentration of
dominance (CD), and biomass to represent the forest ecosystem’s long-term health, vigor,
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and functioning (Solbrig 1991 [123]; Lee and Chun 2016 [124]). These variables are also
important ecological characteristics, strongly correlated with environmental and anthro-
pogenic variables (Gairola et al., 2008 [125]; Rawat and Chandra 2012 [126]). Indicators
were created through primary qualitative and quantitative data. These indicators were
identified through a combination of literature specific to the area or similar regions (e.g.,
Sharma et al., 2009 [127]; Urothody et al., 2010 [48]; Pandey and Jha 2011 [49]; Tse-ring et al.,
2012 [128]; Sandhu and Sandhu 2014 [129]; Pandey et al., 2015 [54]; Gerlitz et al., 2016 [52];
Pandey et al., 2016, 2017 [53,56]; Jha et al., 2017 [63]) and through expert consultation. The
indicators were originally in different units or scales, and they were standardized depend-
ing on their functional relationship with vulnerability, e.g., whether vulnerability increased
with an increase in the value of the indicator (positive relationship; Equation (1)) or de-
creased with an increase in the value of the indicator (negative relationship, Equation (2)).
The current state of the forest ecosystem was then described in terms of vulnerability using
the IPCC vulnerability assessment technique (IPCC, 2014 [89]), which consists of eight
indices and 30 site-specific indicators. The higher the indicator’s value, the bigger the
vulnerability, it was thought.

Indexsv =
Sv − Smin

Smax − Smin
(1)

Indexsv =
Smax − Sv

Smax − Smin
(2)

where SV is the average value of the indicator at the village level, and Smin and Smax are the
minimum and maximum values of the indicator.

The indicators were averaged after standardization using Equation (3) to calculate the
score for the indexes:

MV =
∑n

i=1 Index
n

(3)

where, MV is one of the indices for the dimension, Index is the value of the ith indicator,
and n is the number of indicators for the dimension.

Dimensions of vulnerability (sensitivity (Se) and adaptive capacity (Ac)) are calculated
separately by taking a simple average of indexes using Equation (4):

Nv =
∑n

i=1 Dimension o f Vulnerability
n

(4)

where NV is one of the dimensions of vulnerability, the dimension of vulnerability is the
value of the ith indexes, and n is the number of indexes for the dimension.

The overall vulnerability is calculated with sensitivity and adaptive capacity, consisting
of site-specific indicators in the context of climate change using Equation (5). Here the
data for indicators were gathered through household surveys which capture opinions or
perceptions of the communities and field measurements in the nearby forest.

Vulnerability = Sensitivity − Adaptive Capacity (5)

3. Results and Discussion

A detailed analysis of the historical climate trend (1951–2018) using INRM multi-model
ensembles, along with communities’ perception of climate, and forest vulnerability based
on a bottom-up indicator-based approach using IPCC assessment protocol was employed
in this investigation. The result is presented in two sections, the first section discusses
the historical climate trend and communities’ perceptions while forest vulnerability is
discussed in the second section.
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3.1. Historical Climate Trends

According to INRM multi-model ensembles (RCP 4.5), from 1951 to 2018, the average
rainfall of the district decreased with low confidence for pre-monsoon, post-monsoon,
and winter months, while the decrease was more significant in monsoon months. In
contrast, very heavy precipitation and simple rainfall intensity index have been increased.
The minimum temperature for winter, pre-monsoon, and monsoon seasons indicated an
increasing trend with low confidence. At the same time, the post-monsoon minimum
temperature is rising with high confidence. The average maximum temperature for winter
and monsoon decreased with low confidence, while the pre- and post-monsoon maximum
temperature increased. The district’s maximum and minimum daytime temperatures
indicated increasing trends (Figure 2).

 

Figure 2. Climate trend in Uttarakhand highlighting study district in a box (district number 06).
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3.1.1. Climate Perception

Further, communities’ perception was also studied with the help of indicators. The
indicators or set of information were normalized and converted into indices and finally
assimilated into components of climate. Climate perception was recorded with the help of
changes in the indicators of maximum and minimum temperature, rainfall, and extreme
events over the previous 15–20 years.

3.1.2. Temperature Perception (Maximum and Minimum)

The local communities confirmed the variation in the district’s climate. They noted that
the climate was changing, with temperature increases and variations in rainfall (frequency
and intensity). These were analyzed using a temperature index (A—0.76; B—0.45; C—0.87),
rainfall index (A—0.17; B—0.42; C—0.53), and extreme event index (A—0.62; B—0.82;
C—0.87). Each of the indices consisted of a set of indicators, with the temperature index
consisting of ‘increased summer temperature’ and ‘increased February-March temperature’.
The most significant increases in summer temperature were reported in Zone C (0.90),
followed by Zone A (0.76) and Zone B (0.10). Official data for India (MoEF, 2012 [130])
have also reported substantial increases in temperature in the Himalayan region. The
study district’s mean, minimum and maximum temperatures, both annually and during
the summer, indicate increasing trends (Jha et al., 2020 [131]). Furthermore, this increasing
trend has been highlighted above 4000 m asl. in eastern Nepal and Tibet (Shrestha and
Devkota 2010 [132]). The overall temperature in the Himalayan area is expected to rise at a
pace of 0.06 degrees Celsius every year (Shrestha et al., 2012 [133]).

The most significant increases in February-March temperature were reported in Zone
C (0.83), followed by Zone B (0.80) and Zone A (0.75). Indeed, a previous study has similarly
found an increase in January-March temperatures in the Eastern Himalayan area (Sharma
2012 [134]). Jha et al. (2020) [131] reported that winter temperatures in the Pauri district
are also increasing aside from the annual average. Increased winter temperatures in the
Himalayas directly influence the permafrost cover and snow melting rate. Accelerated
melting will likely increase river discharge, indirectly affecting water availability (Nepal
and Shrestha 2015 [135]). Based on the current warming and GHG emission rates (ICIMOD,
2019 [136]), the Himalayas could lose two-thirds of its glaciers by 2100.

3.1.3. Rainfall Perception

The rainfall index, comprising a decreased number of rainy days and delayed monsoon
rain, reflected the most significant overall variation in rainfall in Zone C (0.53), followed
by Zone B (0.42), and Zone A (0.17), indicating an increasing trend from Zone A to C. The
scores for decreased number of rainy days and delayed monsoon rain were 0.23 and 0.11
(Zone A), 0.54 and 0.29 (Zone B), and 0.71 and 0.34 (Zone C).

The World Bank (2012) [137] has reported a decline in monsoon rainfall and an increase
in the frequency of severe rainfall events since the 1950s. Several studies in the Indian
Himalayan region suggest temperature increases, more seasonal variations, milder winters,
and variations in the magnitude, intensity, and duration of precipitation (Goswami et al.,
2006 [138]; Sharma et al., 2009 [127]; Xu et al., 2009 [139]; Pandey and Jha, 2011 [49]; Pandey
et al., 2017 [56]; Jha 2020 [8], Jha et al., 2020 [131]).

3.1.4. Extreme Events Perception

Meanwhile, the extreme event index was composed of increasing temperatures that
triggered forest fires, increased temperature and drought incidence, increased rainfall
intensity and frequency, and unexpected, extreme climatic events. Previous research
reporting climatic data (Jha et al., 2020 [131]) and residents’ perceptions of climate variance
in the district have verified this (Rao et al., 2018 [140]; Jha et al., 2020 [131]). Furthermore,
official statistics from India (MoEF, 2012 [130]) have revealed visible alterations in the
Himalayan climate pattern.
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Scores were reported in direct proportion to the altitude (Zone A—0.62; B—0.82;
C—0.87). The first two indicators, higher incidence of forest fire and drought owing to
increasing temperature, followed a similar pattern, with higher scores in Zone C (0.86 and
0.89) than in Zone B (0.73 and 0.67) and Zone A (0.50 and 0.12). Zone A (0.99) had higher
scores for increased rainfall intensity and decreased rainfall frequency than Zone B (0.92)
and Zone C (0.92). (0.77). Finally, extreme climatic event uncertainty was found to be
almost equivalent in Zone B (0.96) and C (0.96) but greater in Zone A. (0.85) (Table 3).

With increasing altitude, the overall impact increased (Zone A—0.51; B—0.56; C—0.75).
The increased effect in Zone C might likely be attributed to its closeness to and reliance on
the climate-sensitive natural support system. IPCC (2014) [89] clearly states that natural
support systems are relatively more vulnerable to climate change, making those dependent
on vulnerable ecosystems more susceptible. Moreover, variation in climate parameters and
its uncertainty also alters composition and structure (Gaire et al., 2017 [141]), phenology
(Bajpai et al., 2016 [142]), budburst and flowering (Amano et al., 2010 [143]), and forest
productivity (Alekhya et al., 2015 [28]).

3.2. Forest Vulnerability

The forest vulnerability index, which includes characteristics or dimensions of vulner-
ability such as sensitivity and adaptive capacity, was employed in this investigation.

3.2.1. Sensitivity

Sensitivity along the altitudinal gradient in the Pauri district was assessed using the
natural resource degradation index and resource susceptibility index (Figure 3). Natural
resource degradation was reported to be very similar in Zone B (0.82) and C (0.81) and
comparatively less in Zone A (0.54). This index consists of grazing (%), time spent collecting
fodder and fuelwood, distance travelled for resource collection, especially fodder and
fuelwood, forest fire frequency and intensity, and lopped trees (number/hectare). Grazing
was a significant cause of degradation and was found in similar volumes (0.667) in all
three zones (A to C). Furthermore, forest degradation reduced services and impacted
hydrological functioning by contributing to rainfall interception, infiltration, purification,
evapotranspiration, and groundwater recharge (Locatelli, 2016 [144]).

Figure 3. Indices of climate change impacts, sensitivity, and adaptive capacity along the altitudinal
gradient in the Pauri district.
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The increasing demand for resources and their extensive harvest undermines the forest
in the designated zones. Zone C (5 to 6 h/day, up from 2 to 3 h/day) experienced the largest
increase in average time spent collecting fodder and fuelwood compared to Zone B (3 to
4 h/day, up from 1.5 to 3 h/day) and A (1 to 1.5 h/day, up from 0.5 to 1.2 h/day). Indeed, it
is probable that the time spent on collection (fodder and fuelwood) has increased due to the
increased travel distance required. In the past, respondents traveled around 3–5 km/day
to collect resources, but the distance has grown to 0–4 km/day. Zone C (7–10 km/day, up
from 3–5 km/day) had the largest increase, and overall, the normalized values for time
spent and distance traveled were highest in Zone C (0.96 and 0.91), followed by Zone B
(0.90 and 0.91) and Zone A (0.50 and 0.49) (Table 3).

Zone B (0.95) had the most increased frequency of forest fires, followed by Zone
C (0.87) and Zone A (0.48), whereas Zone C (1.00) had the highest increased intensity,
followed by Zone B (0.90) and Zone A (0.48). Pauri is among the districts most affected by
these fires, with approximately 38% of the state’s forest fires reported to have occurred here.
The Kotdwar block of the district had the highest number of forest fires (712) (Hussain,
2018) [145], the bulk of which were human-caused for reasons such as encouraging fodder
gathering (Jha et al., 2018 [22]).

The number of lopped trees was determined along an altitudinal gradient, with Zone
A (0.65) being the most, followed by Zone B (0.61) and Zone C (0.48). Forest degradation is
said to be exacerbated by the livelihood concerns of millions of impoverished people living
in and around the forest (Maikhuri et al., 2001 [146]; Davidar et al., 2010 [147]), which is
believed to be highest in Zone C due to greater dependency.

Zone B (0.60) has the highest score for the resource susceptibility index, followed by
Zone A (0.49) and Zone C (0.45). This index was composed of seven indicators: concentra-
tion of dominance (CD), evenness, fire-susceptible species, regeneration, dominant species,
forest age, and reliance on natural water resources. CD was found to be greater in Zone B
(0.63) than in Zone C (0.54) and A (0.37), while evenness was found to be quite comparable
in Zone A (0.51) and C (0.53), and lower in Zone B (0.45). Fire-susceptible species decreased
with altitude; the maximum number was recorded in Zone A (0.620). The dominant forest
tree species in Zone A and B were susceptible to fire, as demonstrated by Jha et al. (2018,
2020) [22,131]. Indeed, the significance of forest composition to fire occurrences has been
studied previously and was initially highlighted by Shank and Noorie (1950) [148]. The
Himalayan area has seen a 90 percent rise in forest fires and increased numbers of fires
started intentionally (Levine et al., 1999) [149].

The area under forest was recorded highest in Zone B (0.87), followed by Zone C
(0.59) and Zone A (0.42). Regeneration was limited in Zone A (0.87) and B (0.90) due
to the dominance of Pinus roxburghii, while more effective regeneration was reported in
the oak forests of Zone C (0.54). The forests of Zone A (0.50) and B (0.50) were evenly
aged, and slight variation was recorded in Zone C (0.40). Other significant determinants of
vulnerability can be found in water availability, accessibility (Rajesh et al., 2014 [150]), and
storage (Connor 2015) [151]. It may be anticipated that households who rely on a natural
water supply (e.g., river, spring, etc.) are more sensitive to rising climate catastrophe and
related repercussions. Dependence on a natural water source was found to be highest
in Zone C (0.37), followed by Zone B (0.29), with Zone A (0.14) being nearly half that of
Zone B (Table 3). Deforestation, rising global temperature, intensified precipitation, and
seasonal droughts are other site-specific variables related to water scarcity (Tambe et al.,
2011) [152], all of which contribute to natural springs drying up and stream base flow
dropping (Rawat et al., 2011) [153].

3.2.2. Adaptive Capacity

Forests provide a broad set of goods and services for sustenance in the mountains
(Jha et al., 2018 [22]) and strengthen their capacity to withstand changes. Adaptive capacity
in the Pauri district was assessed using 03 indices and 09 indicators. Greater adaptive
capacity was reported in Zone A, followed by Zone B and C. The resource collection
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index consists of fodder and fuelwood collection and non-timber forest products (NTFPs)
(Figure 3). The majority of the households in the study area collect fodder and fuelwood
from the forest; the collection was reported to be slightly higher in Zone C than in Zone A
and Zone B, and fuelwood was found to be preferable for cooking, water heating, space
heating, etc., for economic reasons (Kanagawa and Nakata, 2007) [154]. Extraction of
fuelwood was reported to be higher in winter (November to February) due to higher
consumption levels and limited labor requirements in agriculture and allied sectors, while
minimum extraction was reported in the monsoon season due to the availability of green
fodder in close proximity (Bhatt and Sachan 2004) [155]. Dependence on the collection of
NTFPs was significantly less throughout the district, although a few households in each
zone reported collecting NTFPs from a nearby forest. NTFP accessibility and collection
were lowest in Zone A, producing a higher normalized score for the zone. At the same
time, the harvest of NTFPs was comparatively superior in Zone B and C.

The availability of resources, i.e., fodder and fuelwood, was found to be highest in
Zone A, followed by Zone B and C, with more dependents in Zone B and C than in Zone
A. A higher number of dependents indicates greater competition and a lower proportion
of households acquiring sufficient fodder and fuelwood. Indeed, Jha et al. (2020) [131]
have reported similar findings about resource accessibility, availability, and sufficiency. The
strategy index, which comprised six indications, was determined to be greatest in Zone C,
followed by Zone B and Zone A. Zone C had the most individual trees (number/hectare),
followed by Zone B and Zone A; Zone C also had the highest density of trees. The dense
forest in Zone A had a stem density of 716 trees/ha, which is within the range described
by Sharma et al. (2011) [156] for Indian forests and Saxena and Singh (1982) [157] for a
forest in the Kumaun Himalaya. However, this result was lower than the range reported by
Gairola et al. (2011) [158] for a forest in the Western Himalayas. The aggregate tree density
in Zone B varied from 286 to 907 trees/ha, and the tree density of Quercus leucotrichophora
(273 trees/ha) in Zone B (1200–1800 m asl) was lower than reported by Gairola et al.
(2011) [158] and Pandey (2001) [159]. The dominating species in Zone C was found to be
Quercus leucotrichophora, a dominance at high altitudes that have also been documented by
Sharma et al. (2009) [127] (Garhwal Himalaya). Detailed analysis on individuals (trees/
hectare), above-ground biomass density (AGBD), species richness, and biodiversity in
dense, moderately dense, and open forests in the selected zones (A, B, C) of the study
district is presented in Figure 4.

 
Figure 4. Individuals, above-ground biomass density (AGBD), species richness, and biodiversity in
dense, moderately dense, and open forests along the altitudinal gradient of the Pauri district.
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The biomass production increased with altitude, from 43 tons (t)/ha in Zone A, to
47.50 t/ha in Zone B, to 88 t/ha in Zone C. Biomass production by Pinus roxburghii in
Zone A (112 t/ha) was shown to be more than that indicated by Rana (1985) [160], and
similar to that reported by Chaturvedi and Singh (1986) [161] and Chaturvedi (1983) [162]
for the Kumaun region of India. Pinus roxburghii contributed more than 57 percent of the
biomass in Zone B. The above-ground biomass density for Pinus roxburghii (153.44 t/ha)
was lower in the present study than that reported by Gairola et al. (2011) [158] (183.05 t/ha)
and Kumar et al. (2019) [163] (213 t/ha) for Pauri Garhwal. Haripriya (2000) [164], on the
other hand, observed an even lower above-ground biomass density for Pinus roxburghii
(69.50 t/ha). The highest above-ground biomass density in Zone C was recorded for
Cedrus deodara. In a previous study, Sundriyal et al. (1994) [165] reported an above-ground
biomass density range of 368–682 t/ha in the higher altitude forests of Eastern Himalaya.
Moreover, the above-ground biomass density estimated for Cedrus deodara forest was lower
than that reported by Sharma et al. (2010) [166] for the Garhwal forest.

Species richness and biodiversity were reported to be higher in Zone C than Zone B
and Zone A. Species richness increased with the density of the forest, suggesting that dense
forest has the highest degree of species richness. According to Singh et al. (1994) [167], the
maximum species richness was found in Pinus roxburghii mixed broadleaf forests, whereas
the lowest was found in high-elevation forests. The species richness value observed in this
study did not differ significantly from the values reported by Semwal et al. (2010) [168]
and Raturi (2012) [169].

The highest biodiversity was found in the dense forest of Zone C, followed by the
moderately dense forest of Zone B. Indeed, similar findings on biodiversity and species
richness have been presented by Kumar and Ram (2005) [170] and Pandey (2003) [171]
in Kumaun Himalaya. However, the values recorded in the present study were higher
than those of Sanjeev and Sankhayan (2006) [172] in Mussoorie Dehradun, Dhar et, al.
(1997) [173], and Kumar and Ram (2005) [170] in Kumaun Himalaya, and lower than those
of Gairola et al. (2011) [158] in Garhwal Himalaya. The lowest diversity value was found
in Zone A. This lower degree of biodiversity might be attributed to high anthropogenic
disturbances. Semwal et al. (2010) [168] reported a relatively low species diversity in the
Himalayan forest, while a higher range was reported by Singh and Singh (1987) [174] in
the Chir pine mixed forest of Central Himalaya, by Rawat and Chandhok (2009) [175], and
by Raturi (2012) [169] for temperate mixed forests and sub-tropical forests. Biodiversity
can also vary based on biogeography, habitat, and disturbance (Sagar et al., 2003 [176]).
According to Srivastava et al. (2008) [177], community characteristics can differ in aspect,
slope, and altitude, even within the same vegetation type.

Availability of fodder during the scarce season was reported to be about similar in
Zone A and C and lower in Zone B, but access to fuelwood during the scarce season was
found to decrease with altitude. As previously discussed, most of the households in this
region possess traditional livestock, which is directly or indirectly dependent on the forest
for fodder. The storage of fodder was common traditional practice for the villagers, who
were generally found to collect more fodder after the monsoon and then store it for the
fodder-scarce season. The fodder storage practice was generally more prevalent in Zone C,
which was believed to be one of the best solutions to combat fodder scarcity. Furthermore,
several strategies have been adopted to reduce forest dependency in Zone A, including
adopting efficient technologies. However, relatively few alternatives and strategies for
fodder scarcity were adopted in Zone B and C. Almost all villages surveyed had fuelwood
alternatives, i.e., LPG, while fuelwood remained the most economical choice for cooking,
water, and space heating. Fuelwood extraction increased in winter (November to February)
due to higher consumption and limited labor requirements in agriculture and allied sectors.
There was also a tendency to store fuelwood for the upcoming months. On the other hand,
minimum fuelwood extraction was reported in the monsoon season. Overall, there were
fewer strategies to combat fuelwood scarcity in Zone B and C.
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3.2.3. Vulnerability

The highest vulnerability was recorded in Zone B due to higher sensitivity and lower
adaptive capacity (Figure 5). The households in Zone B disproportionately relied on the
forest to sustain their livelihood. Climate change threatens the Himalayan Forest, and the
dominance of Pinus roxburghii exacerbates sensitivity and increases vulnerability. Limited
understory vegetation in pine forests restricts the availability of fodder and fuelwood and
constitutes a potential cause of lopping. Moreover, pine needles are highly susceptible
to forest fires, and the incidence of forest fires is comparatively higher in this zone. The
possession of livestock is a traditional practice, and most households will have 2–3 livestock
and subsequently depend on the nearby forest for fodder and grazing. The higher anthro-
pogenic pressure for resource collection is a prime cause of forest degradation, indicated by
the increased distances between the forest and the villages and the increased time spent
collecting forest resources. The anthropogenic pressure then alters the zone’s biodiversity,
richness, and biomass and is reflected by a lower adaptive capacity.

 
Figure 5. Sensitivity, adaptive capacity, and vulnerability of the Himalayan forest along the altitudinal
gradient in the Pauri district.

The vulnerability in Zone C is lower than in Zone B and higher than in Zone A
(Figure 5). The vulnerability of Zone C is attributed to the availability, collection, and
degradation of natural resources, while the zone has a comparatively better adaptive
capacity to withstand climate change. Although this zone reports sufficient availability of
natural resources, they are not easily accessible, and those that are accessible are currently
degrading due to higher anthropogenic pressures. The lowest vulnerability was reported
in Zone A, owing to lower dependency on natural resources and availability of alternatives
representing a better adaptive capacity.

4. Conclusions

It is evident that the temperature (maximum and minimum) of the district has in-
creased, and rainfall has decreased in the last few decades. The communities along the
altitudinal gradient also accepted and identified the changes in the climate. The greater
ability of Zone C communities to identify changes is thought to be due to their geophys-
ical position; they live at a higher altitude, mostly in cold weather condition, and thus
can quickly recognize variations in climate such as prolonged summer and variation in
temperature range.

Lower natural resource degradation in Zone A is attributed to less reliance on natural
resources as well as combatively active law enforcement. The higher altitude and some
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inaccessible pockets of the mountain limit the reach of forest officials, while at the same time,
natural resource alternatives are limited, and communities are also dependent on available
resources for sustaining livelihood, so degradation is greater. The forest is a renewable
resource, and the degradation could be reduced, and services restored, but biodiversity loss
is irreversible. Thus, conservation-centric forest management, with maximized involvement
of local communities in collaboration with research or academic institutions and forest
departments, is likely to be highly effective. Forests in Uttarakhand are under great
pressure (natural and anthropogenic), demanding afforestation programs with site-specific
and climate-adapted multi-species initiatives and protective measures for species-rich
ecosystems. Community-owned biodiversity hotspots should be more emphasized, such as
the Nagdev, Ekeshwer, and Tarkeshwer sacred groves in the study district, and Taxus baccata
forest of Uttarkashi district; the local community should be made aware of the need for
ecological conservation. This approach can promote the sustainable extraction (time, part,
quantity, etc.) of forest resources, which is currently one of the major drivers of forest
degradation. The larger area covered by a conservation-centric plan in an altitudinal plan
may limit the supply of forest produce; additionally, the inclusion of a community-centric
forest management plan may contribute to meeting demand. As a result, it is critical to
adopt and implement a forest management plan that incorporates conservation and a
community-centric approach.

Establishing fodder banks and up-gradating energy consumption patterns (e.g., using
improved smokeless stove (chulha), solar cookers, pine bricks, etc.) in Zone B and C could,
to a certain extent, reduce dependency on the forest. Agroforestry practices with particular
emphasis on fast-growing, demand-oriented tree species in Zone B possess significant
potential for reducing the gap between supply and demand and could be an important
mitigation strategy. Furthermore, all the zones require upgraded fodder storage techniques
(hay and silage), particularly Zone C. The forests of Uttarakhand are also highly vulnerable
to forest fires, which are major sources of GHG and, therefore, contributors to reductions
in the terrestrial carbon sink. Consequently, there is a need to introduce fire management
techniques and innovative monitoring and warning approaches in as little time as possible,
which should be included in the policy of the Government of Uttarakhand.

The results revealed that collecting fuelwood and fodder was common in the district.
Maximum degradation was recorded in the moderately dense forest of Zone B due to
anthropogenic disturbances such as lopping, grazing, fodder, and fuelwood collection.
Furthermore, the forest in Zone A and B was dominated by Pinus roxburghii, which hinders
understory regeneration. The maximum above-ground biomass density in the forest of
Zone C was recorded in Cedrus deodara. Overall, maximum above-ground biomass density
was recorded in the dense forest of Zone C. The variation in biomass at different altitudinal
ranges was attributed to forest type, species, age, other environmental factors, and edaphic
factors. Therefore, vulnerability reduction strategies should be centered on developing
natural capital and tailored to a specific sector and site (i.e., altitude). Development of
the natural resource base should be targeted throughout the study district, strengthening
alternatives to natural resources prioritized in Zone B.
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