
www.mdpi.com/journal/sustainability

Special Issue Reprint

Sustainable Circular 
Bioeconomy

Edited by 
Manoj Kumar Nallapaneni, Md Ariful Haque and Sarif Patwary



Sustainable Circular Bioeconomy





Sustainable Circular Bioeconomy

Editors

Manoj Kumar Nallapaneni

Md Ariful Haque

Sarif Patwary

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Manoj Kumar Nallapaneni

School of Energy and

Environment

City University of Hong Kong

Kowloon Tong

Hong Kong

Md Ariful Haque

Department of Fermentation

Science

Middle Tennessee State

University

Murfreesboro

United States

Sarif Patwary

Human Development and

Consumer Sciences

University of Houston

Houston

United States

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Sustainability (ISSN 2071-1050) (available at: www.mdpi.com/journal/sustainability/special issues/

circular bioeconomy sust).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-8679-3 (Hbk)

ISBN 978-3-0365-8678-6 (PDF)

doi.org/10.3390/books978-3-0365-8678-6

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Manoj Kumar Nallapaneni, Md Ariful Haque and Sarif Patwary

It Is Time to Synergize the Circularity of Circular Bioeconomy with Sustainability and Resiliency
Principles
Reprinted from: Sustainability 2023, 15, 12239, doi:10.3390/su151612239 . . . . . . . . . . . . . . . 1
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Preface

Welcome to “Sustainable Circular Bioeconomy“, a comprehensive exploration of one of the

most pressing topics of our time. As we stand at the forefront of the 21st century, it has become

increasingly evident that we must shift our focus towards sustainable practices that harmonize with

our environment and promote long-term wellbeing.

The concept of a circular bioeconomy encapsulates this urgent need for change. It represents

a paradigm shift where we harness the power of nature and leverage the potential of biologically

derived resources to create a regenerative and sustainable economic system. This reprint delves deep

into the principles, practices, and possibilities of the sustainable circular bioeconomy. Within these

pages, you will find a wealth of knowledge and insights contributed by experts, researchers, and

practitioners who have dedicated their lives to advancing the borders of sustainability. Each chapter

of this reprint is carefully crafted to provide a holistic view of the subject, covering a wide range of

topics, including renewable energy, waste management, food–energy–water nexus, digital innovation

in sustainability, aquaculture, agriculture, biotechnology, and more.

Our aim in creating this reprint was to inspire and educate readers from diverse

backgrounds—academics, policymakers, industry professionals, and concerned citizens—about the

immense potential and transformative power of the sustainable circular bioeconomy. Through the

integration of biological and technological innovations, we can create a resilient and regenerative

future that not only meets our present needs but also ensures the wellbeing of future generations. For

the effective realization of this future, we also advocate for focusing on the circularity of bioeconomy

from a sustainability and resilience point of view.

We express our deepest gratitude to the esteemed contributors who have shared their expertise

and insights to this reprint through the call for papers that we announced in December 2021. Their

dedication and passion for sustainability have enriched its content and made this endeavor possible.

Our special thanks are expressed to Nichole Wang, Section Managing Editor of Sustainability. We

also extend our gratitude to the readers who embark on this journey with us, for it is through

your engagement and commitment to change that we can collectively shape a better world. As

you immerse yourself in the pages ahead, we invite you to open your mind to new possibilities,

challenge conventional thinking, and embrace the transformative potential of the sustainable circular

bioeconomy by applying the RePLiCATE Approach that is suggested within the Editorial of this reprint.

Together, let us embark on a path towards a more harmonious, regenerative, and circular future that

is sustainable and resilient with boundless hope and determination.

Manoj Kumar Nallapaneni, Md Ariful Haque, and Sarif Patwary

Editors
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1. Bioeconomy and Its Circularity

Bioeconomy mainly refers to an economic system based on the sustainable produc-
tion, conversion, and utilization of biological resources, such as crops, forests, fish, and
microorganisms, to produce food, feed, energy, and other products. Following this pro-
duction, conversion, and utilization principle, the bioeconomy can start replacing most
finite and non-renewable resources with renewable and biologically derived resources [1].
Biofuels, bioplastics, bio-based chemicals, bio-based textiles, bio-based fertilizers, organic
waste bioremediation, and others are some notable examples of bioeconomy. With recent
developments and significant advancements in technologies and processes that aid bioecon-
omy, bioeconomy is expected to be increasingly important, especially in addressing global
challenges such as waste management, climate change, food security, and sustainable
development [2]. Additionally, the recent progress in bioeconomy concepts, especially from
a sustainable development standpoint of view and the application of a lifecycle perspective,
suggest that bioeconomy could promote the transition of the current linear economy model
to a more sustainable one called circular economy, leading to the emergence of circular
bioeconomy, under which circularity is more focused [3].

Bioeconomy’s circularity refers to keeping resources in use for as long as possible,
extracting their maximum value, and then recovering and regenerating them at the end of
their useful life [3]. This includes practices such as recycling, reusing, and remanufacturing
products and materials, as well as the restoration of degraded ecosystems following the
principles of various circular economy business models [4]. One such example of a circular
bioeconomy considering the flow of biomass is shown in Figure 1 [5]. Overall, circular
bioeconomy aims to create a more circular and equitable society combining economic, social,
and environmental goals by recognizing the interconnectedness of human well-being, the
natural environment, and the economy and seeking solutions that benefit all three.

Now to understand how research solutions are being proposed to benefit human
well-being, the natural environment, and the economy, we opened a Special Issue ti-
tled “Sustainable Circular Bioeconomy” calling for contributions (https://www.mdpi.com/
journal/sustainability/special_issues/circular_bioeconomy_sust, accessed on 3 August
2023). The response was positive with a wide range of contributions, based on which we
(the editors) carried out a discussion (Section 2.1), paving the way for a fresh research
agenda in the field of circular bioeconomy, i.e., “synergizing the bioeconomy’s circularity with
sustainability and resiliency” (Section 2.2). Recommendations on how to synergize and ways
to perform this are provided in Section 3.
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Figure 1. Circular bioeconomy illustration with biomass flows. Adopted from [5] and reprinted with
permission from Springer Nature.

2. “Sustainable Circular Bioeconomy” Special Issue in MDPI Sustainability

2.1. Discussion on the Special Issue Contributions

The contributions published in the “Sustainable Circular Bioeconomy” Special Issue
are varied in their subject fields but broadly fall under the bigger umbrella of circular
bioeconomy [6]. The first published article (https://www.mdpi.com/2071-1050/14/1/466,
accessed on 26 July 2023) highlights the use of technology to integrate the planning and
stakeholder phases with the social, economic, technological, and environmental phases.
The focus of key technologies are the Internet of Things (IoT), smart energy grids, GPS
tracking systems, and blockchain. The authors have shown how these technologies pro-
mote a transition to sustainable progress in the bioeconomy field. The second published
article (https://www.mdpi.com/2071-1050/14/2/994, accessed on 26 July 2023) showed
the application of agro-lignocellulosic waste as a substrate for producing oyster mushrooms,
where the authors just focused on the production process and testing of the mushrooms for
their quality. The third published article (https://www.mdpi.com/2071-1050/14/3/1161,
accessed on 26 July 2023) is about distiller-dried grains with a soluble diet as a substitute for
standard corn-soybean for swine production in the United States of America, where the au-
thors formulated the diet and modeled the life cycle assessment to assess the sustainability
of the diet. In the fourth published article (https://www.mdpi.com/2071-1050/14/3/1897,
accessed on 26 July 2023), the authors study biomass self-sufficiency status for European
member states to meet the European Green Deals by 2050. It is mentioned that most Euro-
pean member states are biomass self-sufficient, but the resilience of such sufficiency relies
on the ecological boundary. In the fifth published article (https://www.mdpi.com/2071-1
050/14/4/2044, accessed on 26 July 2023), the authors focused on the use of technology to
identify situations like aqua farmers involved in constructing illegal fishponds by taking
Kolleru Lake in Andhra Pradesh, India as a case study. In the sixth published article
(https://www.mdpi.com/2071-1050/14/4/2281, accessed on 26 July 2023), the authors
depict the NTFP-based bioeconomic prospect in Kashmir, India. The authors identified
that a lack of proper information on the extraction, consumption, and traded quantities of
NTFPs in Kashmir, India were significant drawbacks in quantifying the NTFP’s contribution
to the bioeconomy, suggesting the need for a better decision support system, infrastruc-
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ture, and regulation to aid bioeconomic prospects. In the seventh published article (https:
//www.mdpi.com/2071-1050/14/5/3126, accessed on 26 July 2023), the authors detail the
environmentally friendly extraction and precipitation process of phenolics and a waste
valorization technique of Cocoa Bean Shells to promote bioeconomy. However, the authors
did not mention much about the scalability, further process optimization approach, and the
process’s lifecycle and techno-economic feasibility assessment. In the eighth published arti-
cle (https://www.mdpi.com/2071-1050/14/6/3369, accessed on 26 July 2023), the authors
present the impact of biofuel crop expansion on other crops in the GDP of Thailand. The
authors used a computable general equilibrium (CGE) model combined with a life cycle
impact assessment. As per the authors, although biofuel promotion could promote Green
GDP, policymakers should emphasize the prevention of and the transformation of forests
to agricultural land. Without technological advancements, expanding biofuel crops for al-
ternative energy would not ensure efficient resource utilization and prevent environmental
degradation. The ninth published article (https://www.mdpi.com/2071-1050/14/15/9678,
accessed on 26 July 2023) focused on the accountability of sustainability, where the au-
thors have suggested a model for achieving sustainability in agro-industrial companies.
Their model combines the principles and goals of the water-energy-food nexus with ex-
isting business excellence models. This model can assist companies in making decisions
and managing tradeoffs and synergies as they strive to become more sustainable. In
the tenth published article (https://www.mdpi.com/2071-1050/14/16/10299, accessed
on 26 July 2023), authors pursued sustainability initiatives after realizing how sustain-
able progress could emerge in the Brazilian Amazon. This study found a range of new
seeds of change; however, more needs to be conducted to support transformation to-
ward sustainable and equitable development in the region. In the eleventh published
article (https://www.mdpi.com/2071-1050/14/20/13686, accessed on 26 July 2023), au-
thors from CAZRI in Jodhpur, India, HICCER in Palakkad, India, propose a solar pho-
tovoltaic winnower cum-dryer for drying Phoenix dactylifera L. fruits by keeping the
socio-economic status of farmers. They performed a techno-economic assessment, show-
ing a high internal rate of return and a shorter payback period. They also showed that
their design could serve multiple functions apart from drying, for instance, the effec-
tive winnower operation even without natural wind. In the twelfth published article
(https://www.mdpi.com/2071-1050/15/1/656, accessed on 26 July 2023), the authors
believe that having a scientific understanding of the apparel life cycle among apparel
consumers is very important. So with that hypothesis, they investigated three research
questions: what is the current norm of clothing acquisition, maintenance, and disposal
behavior? What is apparel consumer clothing acquisition, maintenance, and disposal
behavior circular-driven? What is a sustainable way of clothing acquisition, maintenance,
and disposal? They provided a circular economy lens framework that could serve as new
guidelines for consumers to exercise mindful clothing consumption. In the thirteenth pub-
lished article (https://www.mdpi.com/2071-1050/15/2/1634, accessed on 26 July 2023),
the authors suggest using a mixed method approach to assess the implementation and
priority level of internationally defined bioeconomy objectives in Latvian policy planning
documents. This study found that these objectives were highly prioritized, especially in
higher-level policy planning records.

2.2. Need for Synergizing Circularity of Bioeconomy with Sustainability and Resiliency

Considering the case of biomass flows in a circular bioeconomy, as shown in Figure 1 [5],
the effectiveness of a circular bioeconomy can only be defined when such flows are aligned with
sustainability and resiliency principles. Only then can our societies and ecosystems thrive over
the long term in a sustainable development path. Now the question is, what are sustainability
and resiliency? How do they matter in this context?

Sustainability refers to the ability to meet the needs of the present without compromis-
ing the ability of future generations to meet their own needs. This requires the responsible
use and management of natural resources, the efficient use of technology and processes that

3
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reduce or limit environmental impacts, and the promotion of social and economic equity.
Based on Figure 1 [5], the circular bioeconomy of biomass flows might be sustainable only
when the most energy-efficient and less material-intensive processes are used (materials that
have lower environmental impacts); at the same time, all waste coming from bioproducts or
co-products are managed effectively through appropriate waste management technology.

Resiliency, on the other hand, refers to the ability of systems to bounce back from
disturbances and adapt to changing conditions. In the face of ongoing environmental
and social challenges such as climate change, resource depletion, and social inequality,
it is critical to prioritize sustainability and resiliency in order to build a more equitable
and sustainable future for all; however, building a circular bioeconomy aligned with
sustainability and resiliency principles might be the best option. Based on Figure 1 [5],
the circular bioeconomy of biomass flows may be resilient only when all stakeholders are
prepared for disturbances and take appropriate actions to recover from them and ensure
the learning of adaptation mechanisms.

Overall, to ensure that circular bioeconomy initiatives are truly sustainable and re-
silient, they need to be integrated with a wide range of principles from a systems innovation
approach [6]. This requires a holistic approach that takes into account the interrelated
nature of these factors and involves collaboration and coordination across sectors and
stakeholders. However, whether these are actually happening is the question. Suppose
we see the discussed circular bioeconomy concepts from the Special Issue in Section 2.1
and other articles published elsewhere; we can observe that almost all the studies lack this
systems approach. More or less, most studies are limited to one set of analyses, which may
or may not provide sufficient insights into whether the circular bioeconomy initiative is
sustainable and has the potential to become a resilient solution. Therefore, it is a needed
approach that we look into all three aspects (circularity, sustainability, and resiliency) when
we propose a circular bioeconomy initiative. By synergizing circularity with sustainabil-
ity and resiliency, the bioeconomy can become a powerful tool for achieving long-term,
equitable, and environmentally sound development.

3. How to Realize the Circularity of Circular Bioeconomy with Sustainability
and Resiliency

Realizing the circularity of circular bioeconomy with sustainability and resiliency
requires a comprehensive, integrated approach that considers the interrelated nature of
performance (that is otherwise called technical considering resilience and reliability), social,
economic, and environmental factors, for instance, the RePLiCATE (Resilience Performance,
Life Cycle Analysis and Techno-Economics) approach as proposed in Ref. [7], see Figure 2. While
pursuing the above said RePLiCATE for designing circular bioeconomy concepts, a few
other aspects can also be followed which may further provide deeper insights on circular
bioeconomy implementation; see Box 1.

By adopting these points, we can realize a circularity of circular bioeconomy with
sustainability and resiliency and build a more equitable and sustainable future for all.
By embracing circularity, we can minimize waste and pollution and promote the more
sustainable use of resources. By promoting sustainability and resiliency, we can create a
system that is not only environmentally sustainable but also resilient to external shocks,
ensuring that we can meet our needs both now and in the future, which is in line with the
developmental goals of sustainability [11]. Thus, synergizing sustainability and resiliency
with circularity is a critical need of the hour that needs to be given the utmost importance
while developing circular bioeconomy concepts and business initiatives.

4
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Figure 2. RePLiCATE approach to realize the circularity of circular bioeconomy in line with sustain-
ability and resiliency principles. Adopted from authors own sources [4,7].

Box 1. Points that can help to achieve circular bioeconomy’s circularity aligned with sustainability
and resiliency principles.

Adopt a Circular Design in a Circular Bioeconomy: This involves designing products and processes to
maximize the use of resources and minimize waste. This is only possible if circular design concepts
are followed while designing [8].
Design that follows the pre-conditions of RePLiCATE framework: This involves analyzing the products
and processes following the RePLiCATE framework (Figure 2) pre-conditions such as what should
be considered to make a process safe to fail, product a tamper proof, sustainability data quality,
recycling technologies and others that are applicable as per circular economy principles and energy
efficiency standards, detailed economic parameters considering both the present and future markets
and so on to assess circularity, sustainability, resilience, and economic viability [7].
Promote resource efficiency: This involves reducing the use of non-renewable resources and minimiz-
ing waste generation by adopting sustainable production and consumption practices [4,9].
Digitalization: This involves the digitalization of circular bioeconomy value chain stakeholders; upon
doing so, there is a high possibility for tracing material flows and their characteristics, allowing us
to evaluate sustainability and resiliency issues with near accuracy [8–10].
Foster social equity: This involves ensuring that circular bioeconomy initiatives are inclusive and
benefit all members of society. This can be achieved through stakeholder engagement, participatory
decision-making, and the promotion of fair labor practices [4,9].
Protect biodiversity: This involves minimizing the impact of circular bioeconomy initiatives on
ecosystems and promoting the conservation of biodiversity [1,2,8].
Build resilience: This involves designing circular bioeconomy initiatives that are adaptable to chang-
ing environmental and social conditions and can withstand disturbances, such as natural disasters
and economic shocks [4,7,9].
Foster collaboration: This involves working with multiple stakeholders across sectors and disci-
plines to ensure that circular bioeconomy initiatives are designed and implemented in a way that
maximizes benefits across social, economic, and environmental dimensions [4,9].
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Abstract: The smart and sustainable bioeconomy represents a comprehensive perspective, in which
economic, social, environmental, and technological dimensions are considered simultaneously in
the planning, monitoring, evaluating, and redefining of processes and operations. In this context
of profound transformation driven by rapid urbanization and digitalization, participatory and
interactive strategies and practices have become fundamental to support policymakers, entrepreneurs,
and citizens in the transition towards a smart and sustainable bioeconomy. This approach is applied
by numerous countries around the world in order to redefine their strategy of sustainable and
technology-assisted development. Specifically, real-time monitoring stations, sensors, Internet of
Things (IoT), smart grids, GPS tracking systems, and Blockchain aim to develop and strengthen the
quality and efficiency of the circularity of economic, social, and environmental resources. In this
sense, this study proposes a systematic review of the literature of smart and sustainable bioeconomy
strategies and practices implemented worldwide in order to develop a platform capable of integrating
holistically the following phases: (1) planning and stakeholder management; (2) identification of
social, economic, environmental, and technological dimensions; and (3) goals. The results of this
analysis emphasise an innovative and under-treated perspective, further stimulating knowledge in
the theoretical and managerial debate on the smart and sustainable aspects of the bioeconomy, which
mainly concern the following: (a) the proactive involvement of stakeholders in planning; (b) the
improvement of efficiency and quality of economic, social, environmental, and technological flows;
and (c) the reinforcement of the integration between smartness and sustainability.

Keywords: bioeconomy; digitalization; platform-based bioeconomy; smart and sustainable develop-
ment; governance

1. Introduction

Current rates of urbanization and industrialization generate a wide range of issues
that affect bioeconomy, such as waste recycling [1,2], energy conservation [3], water dissi-
pation [4], traffic congestion [5], social disparities [6], healthcare emergencies [7], loss of
biodiversity [8], land utilization difficulties [9], atmospheric and acoustic pollution [10],
infrastructure and facilities obsolescence [11,12], food valorisation [13], forest manage-
ment [14], safety and cyber-security [15,16], sustainable economic development [17], and
so on. Consequently, the social, economic, and environmental challenges that emerge
from urbanization and industrialization and the opportunities to address these issues
more adequately through technology place the bioeconomy at the centre of the academic
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and managerial debate, as it plays a crucial role in supporting a smart and sustainable
transition [18–22].

According to the summit [23], the term smart and sustainable bioeconomy used in
this article refers to a centre of “production, utilization, conservation and transformation of
biological resources which—through digital technologies—aim to provide real time and
continuous data and information that contribute to improve the circularity and efficiency
of waste, water, energy, agriculture, health, education, mobility, telecommunications, and
governance.” In fact, bioeconomy strategies and practices are at the centre of several inter-
national frameworks, such as the report on “challenges, visions and ways forward of the
cities of the future” implemented by [24], the study on “new perspectives on urbanization
of cities in the world” [25], and the 2030 UN Agenda for Sustainable Development [26].
In [27,28], authors identified a wide range of bioeconomy strategies and practices in line
with diverse goals and targets of the UN 2030 Agenda on Sustainable Development, such
as food security (Goals 1 and 2), water quality (Goal 6), energy efficiency (Goal 7), inclusive
economic development (Goal 8), waste prevention and reuse (Goal 12), and prevention
of life below water and on land (Goals 14 and 15). Likewise, the report [29] recommends
policymakers, urban planners, and managers to strengthen “the sustainable management
of resources, facilitating ecosystem conservation, regeneration, restoration and resilience in
the face of new and emerging challenges”.

Therefore, policymakers, entrepreneurs, and citizens are required to rethink the bioe-
conomy paradigm through the implementation of smart and sustainable initiatives in order
to optimize the social, economic, and environmental processes and operations [30–33]. To
this end, it is essential to enhance the understanding and awareness of bioeconomic flows
and reorient their circulation in order to support a forward-looking and dynamic vision of
the bioeconomy as the engine of smart and sustainable solutions [34–37].

The transition towards a smart and sustainable bioeconomy strives to address through
a data-based approach the ever-increasing quantity of renewable biological resources,
such as plant resources, agri-food production, forests, marine and livestock resources,
microorganisms, algae, as well as waste, by-products and wastewater of agro-industrial
origin, and the consequent congestion, in order to reduce the anthropogenic pressure on
built and natural settlements [38–41]. Specifically, this new form of smart and sustain-
able bioeconomy, through the utilization of digital platforms and dashboards [18,42,43],
holistically combines a wide range of information and communication technologies (ICTs),
such as sensors [44,45], real-time monitoring stations [46], cameras [47], GPS tracking
systems [48], big-data analysis techniques [49], artificial intelligence [50], augmented real-
ity [51], blockchain [52], Internet of Things (IoT) [53], cloud computing [54], smart grids [55],
satellites [56], nanotechnologies [57], advanced biotechnologies [58], and drones [59].

The information and communication technologies (ICTs) listed above ensure a real
time and fully transparent authentication, traceability, treatment, analysis and evaluation of
data, and information on bioeconomic resources from source to customer while providing
agility, security, and efficiency along the production and distribution processes [60,61].
Consequently, the pervasive and intensive dissemination of fixed and mobile digital devices
is revolutionizing the circularity of raw materials and secondary raw materials, by-products,
chemicals, biofuels, bioplastics, urban and industrial waste, and wastewater, generating
a wide and diversified range of data and information useful for policymakers, planners,
managers, agricultural entrepreneurs, scientists, growers, logistics companies, biorefinery
workers, chemical and technological companies, etc., able to optimize the use of natural
and non-natural resources and improve the quality of their interactions [62,63]. In this
regard, information and communication technologies (ICTs) allow a proactive and holistic
approach capable of improving the mechanization and commercialization of practices
along the bioeconomy chain through innovations, such as precision farming [64], precision
livestock [65], sustainable packaging [66], and industry 4.0 [67].

Conversely, the lack of detailed and real-time data and information determines a
wide range of uncertainties related, for example, to the timing of procurement, production,
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distribution and transformation, quality, location, and consumption, which leads to an
under-optimization of bioeconomic flows [68]. Hence, the connectivity, variety, proxim-
ity, flexibility, coordination capacity, diversity, foresight, interdependence, collaboration,
adaptability, creativity, efficiency, agility, self-organization, robustness, and resourcefulness
of bioeconomy data and information provided by fixed and mobile digital equipment are
therefore essential not only to minimize economic, social, and environmental costs but
also as tools to refurbish other dimensions, such as mobility, telecommunications, health,
education, and safety.

According to the “Future transitions for the Bioeconomy into Sustainable Develop-
ment and a Climate-Neutral Economy report,” elaborated by the European Commission’s
Knowledge Centre for Bioeconomy, the bioeconomy employs around 17.5 million people
(almost 9% of its workforce), generating 614 billion euros of added value (about 5% of its
GDP). Furthermore, if we include the tertiary bioeconomy sector based on digital services,
which amounts to 872 billion euros, we reach an overall European extent of the bioeconomy
of 1.5 trillion euros (almost 10% of its GDP) [69].

This growing importance of bioeconomy has provided a wide range of strategies and
practices at the global level [23]. In this sense, the development of bioeconomy policies
has become increasingly complex and varied [70]. In general, the strategies and practices
of the bioeconomy tend to differ on the basis of factors related for example to techno-
logical advances [71], the availability of natural resources [72], cultural and institutional
progress [73], and the development of the economic system [74]. In Germany, for example,
the bioeconomy is clearly recognized as an inter-sectoral concept and refers not only to
biological resources but also embraces social aspects, such as multi-level governance, stake-
holders’ management, and people empowerment [75,76]. Otherwise, Japan prioritizes the
“biotechnological” vision, emphasizing the role of digital technologies such as Big Data,
Artificial Intelligence, and Internet of Things [77]. On the other hand, the United States
focuses more on the safety and security aspects, such as the cyber protection from biological
threats, the development of biotechnologies for military use, and the preservation of sensi-
tive infrastructure and biological data [78]. Given their significant and varied availability of
biological resources, Costa Rica [79] and South Africa [80] embrace sustainable bioprospect-
ing practices for scientific and commercial purposes, while Thailand [81], Italy [82], and
Nordic Council of Ministers [83] are committed to the conservation of biodiversity and
natural ecosystems for tourism activities.

Therefore, the current theoretical and managerial discussion is increasingly focused
on the role of biotechnology, nanotechnology, and information and communication tech-
nologies (ICTs) in the bioeconomy [84]. In this regard, Costa Rica [79] coined the term
“advanced bioeconomy” in order to highlight the importance of digitalization in improv-
ing the circularity of natural and non-natural resources. At the same time, the intensive
and pervasive use of digital technologies in the bioeconomy highlights a wide range of
challenges and issues within the social, economic, and environmental spheres [85].

On the basis of reports, master plans, and documents elaborated by governments,
ministries, departments, agencies, and research centres, the following article provides a
detailed overview of the bioeconomy strategies and practices implemented globally in
order to develop a multidimensional platform able to holistically integrate the phases
that characterize the smart and sustainable bioeconomy decision-making process. In
summary, the proposed overview aims to explain the different approaches developed
at a global level and to strengthen the understanding of (a) planning and stakeholder
management; (b) identification of the social, economic, environmental, and technological
dimensions; and (c) setting of the goals to be pursued. To do this, an in-depth analysis
was conducted on a wide range of countries, such as South Africa, Costa Rica, USA, Japan,
Malaysia, Thailand, Austria, Finland, France, Germany, Ireland, Italy, and so on, which have
developed a plethora of smart and sustainable bioeconomy initiatives in order to improve
the planning, collection, monitoring, and analysis of economic, social, environmental, and
technological flows. In this sense, by identifying and analysing a wide range of smart and
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sustainable strategies and practices, the study fills a gap in the theoretical and managerial
literature of the bioeconomy, providing a further piece in the debate between policymakers,
entrepreneurs, scientists, planners, and citizens.

Hence, the study is structured in this manner: Section 2 outlines the methodol-
ogy. Section 3 proposes the smart and sustainable bioeconomy platform, identifying and
analysing the phases that characterize the smart and sustainable bioeconomy at a global
level. Section 4 offers considerations on the role of smart and sustainable bioeconomy in
future challenges. Finally, Section 5 provides the conclusions.

2. Materials and Methods

This paper provides a systematic review of the literature of strategies and practices
implemented worldwide in order to develop a multidimensional platform capable of
analysing and integrating the phases that characterize the smart and sustainable bioe-
conomy decision-making process. To do this, a wide range of globally implemented
bioeconomy strategies and practices was investigated. The research took place in three
different phases: identification, operational, and results (see Figure 1).

 

Figure 1. Methodology. Source: Authors.

In Phase 1—Identification, the search question, the keywords, a series of inclusion
and exclusion criteria, and the search databases are outlined. With regard to the aim and
research question of this paper, the study aims to provide a clear and exhaustive analysis,
developing a platform capable of integrating in a systemic and holistic way the aspects of
each operational phase of the smart and sustainable bioeconomy decision-making process.
Therefore, the study focuses on the following research question: with which strategies
and practices is the global context facing the transition towards the smart and sustainable
bioeconomy? In this regard, the study of the smart and sustainable bioeconomy offers a
multidisciplinary perspective of circular economy. Specifically, the scientific areas embrace
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agricultural, forest and marine economics, logistics, industrial organization, strategic
management, technology and innovation management, data science, information and
communication technologies, environmental and IT engineering, energy management,
sustainable development, public policy analysis, geography, urban governance, territorial
planning, etc.

In terms of sources, the investigation was based on the exploration and integration of a
wide range of sources, such as urban and industrial reports and master plans, government
documents, non-academic research, official websites, publications of ministries, depart-
ments, divisions, agencies, committees, research institutes, universities, etc. In parallel,
scientific literature, such as peer-reviewed journal articles, book chapters, conference pro-
ceedings, and any other source in line with the development of the smart and sustainable
bioeconomy, was used to verify and integrate basic information. As for the databases,
ScienceDirect, Google Scholar, Scopus, and institutional websites were used. To do this, the
following keywords were used: (“bioeconomy”) AND (“sustainable bioeconomy”) AND
(“circular bioeconomy”) AND (“circular bioeconomy”) AND (“green economy”) AND
(“blue economy”) AND (“forest bioeconomy”) AND (“biobased economy”) AND (“circular
economy”) AND (“smart bioeconomy”) AND (“smart and sustainable bioeconomy”) AND
(“bioeconomy strategy” OR “bioeconomy strategies”) AND (“bioeconomy policy” OR
“bioeconomy policies”) AND (“biotechnology”) AND (“bioeconomy development”) AND
(“bioregion” OR “bioregions”) AND (“biological practices” OR “biological solutions”)
AND (“bioenergy”) AND (“biomass”).

In order to further refine the search, all the selected sources (n = 317) were screened
following different inclusion and exclusion criteria, in line with the objective and the
research question. Specifically, the inclusion criteria include (1) appropriateness with
the purpose of the study; (2) theoretical and managerial robustness; (3) scientific rigor;
and (4) consistency with the long-term and novel perspective of the study. As exclusion
criteria, sources with partial information and inconsistent with the research topic were
not included in the search. The screening generated a detailed and complete overview
(n = 88) that encompasses the strategies and policies of smart and sustainable bioeconomy
implemented by Ethiopia, Ghana, Kenya, Malawi, Mali, Mauritius, Mozambique, Namibia,
Nigeria, Rwanda, Senegal, South Africa, Tanzania, Uganda, Argentina, Brazil, Canada,
Colombia, Costa Rica, Ecuador, Mexico, Paraguay, Uruguay, the United States of America,
Australia, China, India, Indonesia, Japan, Malaysia, New Zealand, Russia, South Korea,
Sri Lanka, Thailand, Austria, Belgium, Croatia, Czech Republic, Denmark, Finland, France,
Germany, Ireland, Italy, Latvia, Lithuania, the Netherlands, Norway, Portugal, Slovenia,
Spain, Sweden, and the UK (see Table A1 in Appendix A). The large number and varied
typology of countries taken into consideration undoubtedly constitutes a strength of the
study, as it represents almost all the countries involved in the transition towards the smart
and sustainable bioeconomy. In this regard, the plurality of bioeconomy strategies and
practices highlights the difference, the gap, and the prevailing focus between countries
with diverse social, economic, environmental, and technological infrastructures. In this
sense, a large number of countries around the world are not equipped to collect, monitor,
analyse, and evaluate bioeconomic flows through real-time monitoring stations, sensors,
digital tracking systems, artificial intelligence, blockchain, cloud computing, etc.

In Phase 2—Operational. Based on the analysis of the previous phase, a platform was
created, capable of providing a theoretical and managerial approach to the development
of the smart and sustainable bioeconomy. Specifically, the platform for the smart and
sustainable bioeconomy represented in Figure 2 is characterized by the three following
phases: (1) planning and stakeholder management; (2) identification of smart and sustain-
able bioeconomy dimensions; and (3) goals. Furthermore, each phase provided a holistic
perspective, emphasizing aspects related to smartness and sustainability.
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Figure 2. Smart and sustainable bioeconomy platform. Source: Authors.

In Phase 3—Results. The grouping of the initiatives developed by the countries taken
into consideration in the investigation around the phases that characterize the smart and
sustainable bioeconomy platform provides a framework capable of providing a review of
the bioeconomy practices and strategies implemented globally.

3. Results

Based on the literature, the strategies and practices of the bioeconomy implemented
globally were considered, analysed, and grouped. The result is a multidimensional platform
illustrated in Figure 2 able to describe the smart and sustainable development in the
bioeconomy in a holistic perspective. In detail, the phases that characterize the proposed
smart and sustainable bioeconomy platform are divided into: (1) planning and stakeholder
management; (2) identification of smart and sustainable bioeconomy dimensions; and (3)
goals (Figure 2, vertical reading).

3.1. Planning and Stakeholder Management

Regarding the first phase (as represented in Figure 2), most of the bioeconomy strate-
gies and practices investigated involve a wide range of stakeholders coordinated by gov-
ernment institutions. In general, these co-design activities take various forms, such as inter-
ministerial committees, working groups, expert and public consultations, inter-ministerial
collaborations, and partnerships. At the same time, bioeconomy policies planning are
delegated to representatives of ministries, departments, agencies, committees, executive
offices, councils, cabinets, associations, research centres, and steering groups. For exam-
ple, the Bio-Circular-Green Economy (BCG) strategy in Thailand is characterized by an
expert consultation process coordinated by the Thai minister of science and technology [81].
Similarly, South Africa [80], Costa Rica [79], Japan [86], Malaysia [87], Austria [88], and
Latvia [89] involve in the strategy the ministries and departments of science, innovation,
and technology. In the USA, the President of the United States has coordinated the Office
of Science and Technology Policy of the White House in the elaboration of the Bioeconomy
Blueprint [78]. Otherwise, the Council of Science, Technology, and Innovation of Japan
has decentralized to the Japan Science and Technology Agency (JST), the New Energy
and Industrial Technology Development Organization (NEDO), the National Institute
of Technology and Evaluation (NITE), and the Japan Agency for Medical Research and
Development (AMED) [86]. Likewise, the Finnish Technical Research Centre VTT, which
operates under the mandate from the ministry of economic affairs and labour and the
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Finnish innovation fund SITRA, were involved in the planning activities [90]. In Malaysia,
the bioeconomy is entrusted to the Bioeconomy Corporation owned by the Malaysian
ministry of finance, administered by the National Bioeconomy Council (NBC), supported
by the Bioeconomy International Advisory Panel, and chaired by the Malaysian Prime
Minister [87]. Differently, the Austrian inter-ministerial collaboration involves the federal
ministry of transport, innovation, and technology and the federal ministry of sustainability
and tourism [88,91]. In general, the ministry of economy coordinates bioeconomy strategies
and practices in Finland, France, Italy, Latvia, Spain, and the UK. Industry and trade
ministries have been involved in South Africa, Costa Rica, Japan, Malaysia, and Norway.
Specifically, Japan embraces the Japan External Trade Organization (JETRO) and the Japan
International Cooperation Agency (JICA).

The ministries and departments of agriculture, forestry, and fisheries are active in
most of the countries considered. South Africa also integrates the department of envi-
ronmental affairs [80]. Costa Rica includes the ministry of agriculture and livestock and
the ministry of environment and energy [79]. Japan involves the National Agriculture
and Food Research Organization (NARO) [86]. In addition to the ministry of agriculture,
agrifood, and forests, France includes the ministry of ecology, sustainable development,
and energy [92]. The Presidency of the Italian Council of Ministers has delegated the minis-
ter of the environment, land, and sea; the committee of the Italian regions; the Territorial
Cohesion Agency; and the Italian Technology Clusters for Green Chemistry, Agrifood,
and Blue Growth, the former drafting of the BIT I strategy [93]. Similarly, the strategy
adopted by Latvia is characterized by an inter-ministerial group formed by the ministry of
agriculture, economy, environmental protection, and regional development [89]. Otherwise,
the Austrian bioeconomy strategy was implemented through a public consultation super-
vised by the Vienna University of Natural Resources and Life Sciences [91]. Furthermore,
South Africa, Japan, Finland, France, Germany, Italy, and Latvia involve ministries from
health, education, research, and welfare. In this regard, Norway has established a wide
range of partnerships between the ministries of education, research, local government,
modernization, and foreign affairs [94,95].

3.2. Identification of Smart and Sustainable Bioeconomy Dimensions

The investigation of the dimensions of the smart and sustainable bioeconomy involves
a wide range of sectors, such as energy, waste, water, education, governance, and health,
which mainly depend on environmental, social, economic, and technological characteristics
of the context in which they circulate. However, the analysis of the countries taken into
consideration and engaged in the transition towards the smart and sustainable bioeconomy
shows a predominance of the fields of automated agriculture, industrial biotechnology and
nanotechnology, smart grids for the optimized circulation of biomass, genetics, genomics,
chemistry, medicine, marine and terrestrial biodiversity, and biorefinery.

The strategies and practices of smart and sustainable bioeconomy shared among
the countries analysed emphasise the importance of industrial districts and knowledge-
sharing centres in the fields of biotechnology, nanotechnology, genomics, genetics, and
precision automation. In this regard, the UK is characterised as a thriving environment
for innovation, entrepreneurship, and scientific research. In recent years, through the
Synbio for Growth program, start-ups related to biology have received nearly 500 million
pounds of funding in order to develop increasingly innovative bioeconomic products and
processes [96,97]. At the same time, the economic initiatives adopted in Spain and Malaysia
include digital technologies as centralised refrigeration systems, temperature tracking
sensors, and prediction systems able to ensure greater nutritional quality and to reduce
waste during the processing, packaging, storage, and distribution phases of the cold chain.
Furthermore, in the economic dimension, it is interesting to specify the role of sustainable
and virtual tourism within the naturalistic areas of Costa Rica, Finland, and Thailand.

Regarding the agricultural dimension, South Africa ranks first among African coun-
tries in agricultural biotechnology, producing more than 85% of genetically modified corn
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and soybeans. In this sense, by strengthening native crops (e.g., fortified sorghum, rooi-
bos, and shrub honey), the bioeconomy strategy aims to satisfy the market demand for
niche natural products [80]. At the same time, agriculture 4.0 initiatives, such as real-time
monitoring of fertilizer and water use, precision automation, innovative plant selection
methods to cope with drought, flood and insect resistance, and systems of vertical and
modular agriculture, are present in Costa Rica, Thailand, Austria, France, Germany, Ireland,
Italy, Latvia, Spain, and the UK. Differently, Malaysia has implemented a wide range of
initiatives covering the development of animal vaccines, biological fertilizers and pesticides,
plant micropropagation, and livestock farming through tracking systems [87]. Austria and
Finland focus on how to improve forest resource management. As nearly 80% of Finland’s
total area is characterised by forests, the Finnish forestry industry is a leader in wood
processing, implementing a multitude of low-water consumption processes [90]. Likewise,
Austria and Japan promote forestry in the sustainable construction sector in order to min-
imise environmental impacts, using bio-based chemicals, bioplastics, and compostable
and biodegradable materials. Regarding the energy dimension, the strategic axes of the
bioeconomy plans of Austria, Costa Rica, and France focus on the production of bioenergy
derived from the residual biomass from urban and industrial processes and operations in
order to replace fossil fuels with high environmental impact for powering public transport,
heating homes, biofertilizers, animal feed, etc. In this sense, Japan aims to use biomaterials
with high performance in terms of weight, durability, and safety [86]. In Malaysia, the Na-
tional Biomass Strategy focuses on the reuse of palm oil to generate bioenergy, biofuels, and
bio-based organic products. On the other hand, Thailand has created a capillary system of
power plants connected through blockchain-enabled smart grids with the aim of producing
clear energy from renewable resources. At the same time, the strategy aims to convert
biomass and agricultural by-products into bioplastics, fibres and pharmaceutical products.
In general, most countries that include the energy component in the bioeconomy strategy
integrate digital technologies such as smart grids, weather forecasting and monitoring
systems, and so on. Within the energy dimension, the biorefinery initiatives are adopted
by a multitude of countries globally. Indeed, Ireland, Latvia, Norway, Spain, and the UK
dedicate great attention to the development of biorefineries in order to ensure a sustainable
conversion of residual biomass (e.g., biolubricants, bioplastics, food additives, cosmetics,
solvents, chemicals, etc.). Specifically, in Ireland, we highlight the AgriChemWhey project
led by Glandia integrated with the dairy processing industry; the BioMarine Ingredients
marine biorefinery, which converts raw materials into proteins, oil, and calcium; and the
Biorefinery Glas project, which optimises the circularity of glass. In the UK, other examples
include the alliance of several biorefineries as BioPilotsUK and the regional innovation
cluster, BioVale, in Yorkshire and the Humber, which focus on bio-waste reuse and ad-
vanced biorefining. In order to address water scarcity in numerous areas of the country,
South Africa is promoting improvements in wastewater treatment through computerized
management of water flows. In Europe, the Finnish forestry industry is already leading
in this sector by developing technologies for water recycling in its processes. Likewise,
the Italian government has launched several projects, such as the PRIMA and BLUEMED
initiatives, in order to promote sustainable management of water in the Mediterranean
region [82]. The Spanish bioeconomic strategy summarizes the importance of the efficient
use of water resources, promoting adequate water management and its reuse in other
dimensions, such as construction, logistics, and health. Regarding waste management,
Costa Rica intends develops the sustainable management and valorisation of residual solid
waste, interurban biological corridors, and urban design approaches inspired by biological
principles, processes, and systems. Given the increase in global marine plastic pollution,
the Japanese strategy focuses on organic waste and wastewater, converting waste into
high-value substances. Similarly, in Ireland, particular emphasis is placed on management
and the valorisation of marine waste. The bioeconomy strategy in Germany further focuses
on waste streams (e.g., organic waste, urban and industrial wastewater, carbon dioxide and
synthesis gas). Furthermore, the strategy highlights the need for innovative methods and
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processes for the efficient processing and recycling of challenging resources, such as metals
or phosphorus.

In the health dimension, South Africa focuses on supporting research and development
initiatives of bio-based chemicals and industrial biotechnology in order to better tackle
infant mortality, HIV, tuberculosis, and malaria infections. At the same time, bioprospection
plays a crucial role in the development of new drugs, vaccines, diagnostics, and medical
devices. On the other hand, in European countries, such as Austria, Italy, Germany, Latvia,
and the UK, the health dimension mainly encompasses healthy diets and eating habits and
psycho-physical well-being. The USA, through the Bioeconomy Blueprint, underlines the
positive impacts of genetic engineering, synthetic biology, and bioinformatics on public
health. To this end, U.S. federal agencies are incentivized to prioritise bio-based and sustain-
able materials in public procurement and their implementation and dissemination through
technology transfer and easier market access. France, Japan, and Malaysia mainly focus on
biopharmaceuticals, regenerative and precision medicine, omics technologies, nutrition,
sport, and digital healthcare. Specifically, the digital health strategies and practices aim
to generate personalized and categorised nutrition plans through a detailed research of
consumer behaviours and preferences.

3.3. Goals

From an economic perspective, the smart and sustainable bioeconomy strategies and
practices adopted aim to increase the competitiveness of the agricultural and industrial
sectors in national and international markets. Specifically, the increase of the employment
rate is the goal set by South Africa, the USA, Malaysia, France, Germany, Ireland, and Latvia.
At the same time, the USA has mainly focused on the elaboration of training programs and
career updating. Differently, Germany aims to increase employment rate in rural areas.
The Latvian strategy intends to address the structural changes in agriculture such as the
reduction of small and medium-sized enterprises and the decrease in the workforce due to
the progressive digitalisation of processes. Therefore, the development of the smart and
sustainable bioeconomy aims to decarbonise the production and consumption processes.
In this sense, Costa Rican and Italian strategies have coined the term “circular bioeconomy”
to emphasise the circularity of biological resources. According to Costa Rica, the circular
bioeconomy contributes to reducing the carbon footprint of production processes and
generates new market niches for consumers interested in minimizing their impacts on
the environment. Similarly, Japan integrates circularity into the bioeconomy strategy in
order to meet diversified needs. Furthermore, a key aspect recalled in a multitude of
strategies is the development of public-private partnerships. Specifically, the USA, Japan,
Austria, and the UK underline the need for a collaborative environment where industry and
government interact dynamically in the implementation of regulatory processes that favour
investment in research and development and commercialization of bio-inventions. Japan,
for example, encourages the evolvement of international hubs capable of attracting the
best start-ups in the field of biotechnology. Conversely, Austria focuses on how to mobilise
private capital and the financial systems in the development of smart and sustainable
bioeconomy initiatives.

From an environmental point of view, the smart and sustainable bioeconomy strategies
and practices investigated aim to address climate change and environmental conservation
through a plethora of initiatives related to waste and water management, renewable
energy, and land-use optimization. In this sense, the reports of Austria and France refer
to the achievement of the targets of the Paris Agreement on the climate. According to the
Austrian guidelines, the smart and sustainable bioeconomy will significantly contribute to
the reduction of greenhouse gas emissions by 2030. At the same time, Japan, Latvia, and
Thailand expressly recall the Sustainable Development Goals (SDGs) of the United Nations
2030 Agenda. Differently, South Africa, Norway, and Spain do not explicitly indicate the
Sustainable Development Goals among their objectives, but various initiatives lead to
reducing greenhouse gas emissions and contributing to a more sustainable use of biological
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resources. Japan includes CO2 reduction, land-use improvement, water management
optimization, and food security. In this sense, the Irish bioeconomic strategy is based on the
principles of sustainability, cascade, precaution, and food first. Likewise, Italy envisages
the three following macro-areas: (1) certifications and quality standards; (2) agri-food,
forestry, and marine pilot initiatives at local level; and (3) safeguarding biodiversity and
ecosystem services.

Finally, the social dimension includes a wide range of ethical and legal issues. For
example, Costa Rica and Japan prioritise social inclusion and equity aspects. In addition,
Costa Rica takes into account the creation of opportunities for country’s youth and in-
digenous communities. Conversely, Malaysia focuses primarily on people’s health and
well-being through reduced health care costs, early disease detection, and cheaper and
more accessible medicines. Italy, on the other hand, promotes various initiatives in order to
increase awareness, updating of skills, education, attitude, training, and entrepreneurship
throughout the bioeconomy. Finally, Germany considers the importance of systems think-
ing and holistic approaches capable of creating synergies, identifying such conflicts, and
minimizing them on the basis of scientific knowledge.

4. Discussion

The strategies and practices of smart and sustainable bioeconomy developed globally
and investigated in this study confirm the advances in the scientific literature on the role of
technology in the circularity of social, environmental, and economic flows of industrial and
urban processes and operations [98]. At the same time, the initiatives identified and anal-
ysed support the observations of [99] on the smart and sustainable bioeconomy, where they
emphasise the contribution of biotechnology, omics technologies, nanotechnology, precision
mechanics, blockchain, and smart grids. Therefore, the theoretical and managerial debate
demonstrates the significance assigned to the smart and sustainable bioeconomy [100].
In this sense, the smart and sustainable bioeconomy platform certifies that the planning
and stakeholders management; the identification of social economic, environmental, and
technological dimensions; and the definition of the goals is a challenging and complex
issue that requires a multidimensional and holistic approach, in which a wide range of
aspects must be taken into account simultaneously.

However, the stakeholders involved; the economic, social, environmental, and techno-
logical dimensions; and the goals of the smart and sustainable bioeconomy argue that the
context in which the countries perform is much more hybrid and multi-layered with respect
to the reductive conception that the economic, social, environmental, and technological
pillars are important and to be pursued. Therefore, we do not claim that these issues
have not been previously described and emphasized in the literature, but we declare that
the proposed platform holistically highlights the actors engaged, the activated smart and
sustainable dimensions of bioeconomy, and the goals to be achieved of a wide range of
countries involved globally in this transition.

Firstly, the scientific literature on smart and sustainable bioeconomy underlines the
crucial role of proactive, participatory and multi-level governance [101–103]. The au-
thors [33,104] affirm that a distributed governance of the bioeconomy characterized by
scalable coordination, consensus transmission protocols, and flexibility in decision-making
processes is necessary for greater adaptability and efficiency of processes and operations.
In this regard, Section 3.1 ‘Planning and Stakeholder Management’, confirms the necessary
bottom-up approach, specifying the role of a plethora of actors, such as ministries, depart-
ments and councils of science, innovation and technology, ministries of economy and trade,
agriculture, fisheries and forests, foreign trade organizations, international cooperation
agencies, research centres, universities, and biotechnology and nanotechnology companies.

In accordance with Section 3.2 ‘Identifications of the dimensions of the smart and
sustainable bioeconomy’, digital technologies, such as real-time monitoring stations, smart
grids, weather forecasting systems, automatic irrigation systems, precision machinery, etc.,
improve the fluidity and timeless of flows that circulate in agriculture, fisheries, forests,
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logistics, health, education, waste, and water. In this sense, the theoretical literature on
smart and sustainable bioeconomy emphasises the pre-eminent role of technology in the
extraction, tracking, and evaluation phases [105,106]. However, the development of digital
technologies in the bioeconomy can encounter criticalities in underdeveloped or developing
countries not equipped with adequate economic, technological, social, and environmental
structures [107].

Section 3.3 ‘Goals’ highlights a multitude of purposes that confirm and support the
current theoretical literature. In summary, from an economic point of view, smart and
sustainable bioeconomy strategies and practices embrace the following: (a) the planning
and development of agricultural processes and operations with low environmental impacts;
(b) the design of industrial parks, international hubs, and start-up clusters in order to
share knowledge; (c) the competitiveness of industrial sectors in national and interna-
tional markets; (d) the creation and enhancement of highly skilled employment in the
fields of biotechnology, genetics, and nanotechnology; and (e) the ability to attract and
mobilise private capital and funding for the development of digital technologies and bio-
inventions. However, the significant investments in planning, installation, integration,
maintenance, and redefinition of digital technologies for the smart and sustainable bioe-
conomy undoubtedly represent a barrier to entry for underdeveloped countries [108]. In
this regard, the search for national and international funding is crucial in the transition
towards the smart and sustainable bioeconomy [109]. At European level, the European
Structural and Investment Funds (ESIF) [110], which embrace regional funds (ERDF) [111]
and agriculture and rural development funds (EAFRD) [112], and Smart Specialization
Strategies (RIS3) [113,114] aim to facilitate the modernization of the bioeconomy throughout
the Europe.

Regarding the environmental perspective, the identified smart and sustainable bioecon-
omy strategies and practices confirm relevant issues, such as waste, water and wastewater
management, energy efficiency, and land use [115,116]. In this sense, Austria and France
based their goals with the Paris Agreement on Climate, while Japan, Latvia, and Thai-
land recall the environmental goals of the United Nations 2030 Agenda on Sustainable
Development.

Finally, the social dimension of the smart and sustainable bioeconomy includes sev-
eral aspects, such as social inclusion, ethics, and legality [117,118]. Regarding the social
sphere, the balance of governance between the various ministries, departments, cabinets,
agencies, committees, municipal, regional or state owned utilities, divisions, universities,
and research centres involved in planning, monitoring, and evaluating smart and sustain-
able bioeconomy policies emphasizes the need for multidimensional and participatory
decision-making processes [101,119–121]. In this regard, the term “orchestration” is coined
as a fundamental aspect for understanding the evolution of complex systems towards
inclusive and participatory models [122–125]. At the same time, motivational, behavioural,
and cognitive issues persist, such as the lack of (a) awareness of the benefits of proac-
tive co-participation of the stakeholders involved; (b) knowledge of technological devices
functioning; (c) citizens’, entrepreneurs’, and businesses’ understanding of the practices
of production, distribution, and consumption of sustainable bioeconomic products and
services; and (d) trust in safeguarding the privacy and security of sensitive data. In this
regard, the smart and sustainable bioeconomy highlights technical challenges relating to
the quality and robustness of the data and information collected, their degree of security,
and their ability to be converted into useful feedback [126]. Furthermore, various countries
investigated embrace the health and psycho-physical well-being of people, focusing on
reducing healthcare costs through personalized medicine, prevention, nutrition, and more
accessible medicines.

Therefore, the proposed platform indicates that the planning and stakeholders man-
agement, the identification of the smart and sustainable dimensions of the bioeconomy,
and the definition of the goals to be pursued must be carried out taking into consideration
the social, economic, environmental, and technological factors holistically. This bottom-up
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and multidimensional approach is confirmed and emphasised by the theoretical literature
on bioeconomy and our investigation of strategies and practices adopted globally.

5. Conclusions

The era of growing urbanization and datafication pushes us to rethink how to tackle
sustainable development. In this context, smart and sustainable bioeconomy offers a
renewed perspective towards resilient and intelligent future. In recent years, smart and sus-
tainable bioeconomy initiatives are gaining increasing importance in the technical-spatial
context in order to collect, monitor, process, and evaluate a large amount of data and
to improve the quality and efficiency of industrial and urban processes and operations
and therefore the functioning of our countries. In this regard, the importance of smart
and sustainable bioeconomy is demonstrated by the numerous strategies and practices
implemented by countries, such as Austria, Costa Rica, Finland, Germany, Ireland, Latvia,
Malaysia, South Africa, Thailand, and so on. Therefore, the bioeconomy enabled by sensors,
real-time monitoring stations, tracking systems, Internet of Things, smart grids, precision
mechanics, automation, etc., have the potential to improve the circularity of dimensions,
such as waste, water and wastewater, energy, land, biodiversity, economy, health, safety,
education, and agriculture. The aim of this study is to provide a clear and comprehensive
overview of the concept of smart and sustainable bioeconomy, developing a platform capa-
ble of integrating a wide range of bio-initiatives implemented at a global level. Specifically,
the smart and sustainable bioeconomy platform illustrated in Figure 2 describes the phases
of planning and stakeholder management; identification of economic, social, environmen-
tal, and technological dimensions; and the definition of the goals that characterise the smart
and sustainable bioeconomy decision-making process. In this sense, the proposed platform
improves the understanding of the functioning of smart and sustainable bioeconomy. At
the same time, the exploration of the smart and sustainable bioeconomy requires not only a
qualitative perspective of the strategies and practices as proposed in this study but also
further quantitative research to assess and interpret their social, economic, environmental,
and technological impacts. However, the difficulties encountered in obtaining quantitative
data on the initiatives investigated undoubtedly represent a limitation to our research.
Therefore, the future perspective of this paper is to enrich it with a quantitative approach
in order to provide a complete and exhaustive point of view for future analyses.

Hence, in order to summarise the results of this study, we underline and list the
following highlights: (a) the effective and efficient implementation of the smart and sus-
tainable bioeconomy requires continuous planning, monitoring, and analysis of the social,
economic, technological, and environmental dimensions; (b) the smart and sustainable
bioeconomy can improve the participation, accountability, and comprehension of citizens,
local authorities, and companies; and (c) the smart and sustainable bioeconomy generates
a multitude of social, economic, and environmental challenges still under observation by
the scientific and managerial community today.
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Abstract: The objective of this study was to utilize agro-lignocellulosic wastes for growing oyster
mushroom which become problematic for disposal. Pleurotus ostreatus was cultivated on five agro-
industrial wastes: rice straw (RS), wheat straw (WS), corncobs (CC), saw dust and rice husk @ 3:1
(SR) and sugarcane bagasse (SB). Approximately 500 g sized polypropylene bags (20.32 × 30.48 cm)
were used for each substrate. The SR significantly improved the number of fruiting body (27.80), size
of the fruiting body (5.39 g), yield (115.13 g/packet), ash and shortened the days for stimulation to
primordial initiation and harvest (9.2 days). The maximum percentage of visual mycelium growth
with the least time (15.0 days) to complete the mycelium running was found in SB, whereas the highest
biological efficiency value (56.5) was calculated in SR. The topmost value of total sugar (33.20%) and
ash (10.87 g/100 g) were recorded in WS, whereas the utmost amount of protein (6.87 mg/100 g) and
total polyphenolics (196.88 mg GAE/100 g) were detected from SB and SR, respectively. Overall SR
gave the highest amount of the fruiting body with the topmost polyphenols and ash, moderate protein
and total sugar, and secured maximum biological efficiency too. The results demonstrate that saw
dust with rice husk could be used as an easy alternative substrate for oyster mushroom cultivation.

Keywords: oyster mushroom; agro-industry; wastes; productivity; quality

1. Introduction

Developing countries such as Bangladesh suffer much from a food insecurity problem,
mainly due to inadequate and imbalanced diet intake. The problem is further compounded
by the rapid growth of the population in the country. As a consequence, people, espe-
cially children and women, are experiencing chronic malnutrition problems. Mushrooms
could substantiate this malnutrition problemto some extent, as edible mushrooms are rich
sources of protein, vitamins, minerals and also contain a number of secondary plant metabo-
lites [1–4]. Bangladesh is an agrobased country and various agroindustries generate a large
amount of lignocellulosic byproducts annually that are worthy of being transformed. Some
of these byproducts are used as feeds for livestock and the compost industry, and some are
still treated as waste. These wastes are mainly burned for cooking purposes or disposed
into surrounding environments, leading to various environmental problems. However,
these agro-industrial wastes can potentially be used in cultivating mushrooms, which, in
turn, contribute to minimizing malnutrition problems and could reduce the environmental
pollution [5]. In addition, such uses helplandless and marginal farmers to increase their
income through intensive indoor farming and create employment opportunities, especially
for unemployed youth and women folk. These actions would directly impact Sustainable
Development Goals.
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Edible mushrooms are saprophytic fungi and have the ability to degrade lignocel-
lulosic materials by their extensive enzymes [6]. Among the edible mushrooms, Pleu-
rotusostreatus is ranked first in Bangladesh because of its adaptability in local climatic
conditions and ability to grow on a wide range of substrates [5]. Different studies also
reported the potential uses of various agro-industrial residues, including cotton waste,
wheat straw, sawdust, rice straw, sugarcane bagasse, and corncobs, in mushroom cultiva-
tion [7–9]. In Bangladesh, rice straw is usually used as a substrate to cultivate mushrooms;
however, its demand is increasing day by day because of the expansion of cattle farming.
The availability of sufficient rice straw all year round, in all parts of the country, is also
uncertain. Therefore, the potentiality of other agro-industrial wastes, such as wheat straw,
rice husk, corn cob, and sugarcane bagasse, etc., needs to be evaluated to identify options
that are cost effective, and can provide a better yield and quality of mushroom. Proper use
of these agro-industrial wastes as substrates for mushroom cultivation could improve the
economic status of the farmers, contribute to alleviating nutritional problems and would
reduce environmental pollutions. In this context, the present study has been undertaken to
evaluate the productivity and quality of oyster mushrooms using different locally produced
agro-industrial wastes.

2. Materials and Methods

2.1. Location and Treatments

The present investigation was carried out both at the Laboratories of the Horticulture,
and Food Processing and Preservation, Hajee Mohammad Danesh Science and Technology
University (HSTU), Bangladesh. The single factor experiment consisted of five treatments,
i.e., different types of substrates: rice straw (RS), wheat straw (WS), corn cobs (CC), mixture
of 75% saw dust and 25% rice husk (SR), and sugarcane bagasse (SB).

2.2. Collection and Preparation of Substrates

Rice straw, wheat straw, corn cobs and sugarcane bagasse were collected locally from
the Agricultural Farm, Parbatipurupazila, Dinajpur and saw dust from Horticulture Center,
Dinajpur. All the substrates were chopped (2 cm length), except the mixture of saw dust
and rice husk, and immersed in water for about 24 h to achieve 65–70% moisture. The next
day, after removing excess water from the substrates, all those substrates were boiled for 1 h
and cooled. The pasteurized substrates were cooled and used for mushroom cultivation.

2.3. Preparation of Spawn Packet

Packets of spawn were prepared separately with polypropylene bags (20.32 × 30.48 cm)
with each type of the substrates. Firstly, a layer of the prepared substrates was placed into
a polypropylene packet and, afterwards, approximate 125 g of the cultured mother spawn
was spread on the outer side of the substrate. Depending on the type of substrates, the
weight of the spawn packet was approximately 500 g. The spawning process was repeated
again following the same procedure, and the top most layer of the spawn was covered with
the minimum amount of substrate. The neck of the packet was covered with a heat resistant
plastic neck and plugged with cotton. Afterward, the neck was covered with brown paper
by placing a rubber band to hold it in place. All the packets were placed on the floor of the
laboratory with the necessary hygienic measures.

2.4. Cultivation of Spawn Packets and Harvest of Fruiting Bodies

When all packets were covered by mycelium, then the cotton plug, brown paper,
rubber bands were removed. In the case of saw dust mixed with rice husk packets, the
upper position of both sides of the plastic packet were cut into a “D” shape with a sharp
knife. However, in the cases of the other substrates, four (4) cuts were made in a rectangular
(5 × 1 cm) shape. After removing the plastic sheet, the substrate of the cut surface was
scraped to remove the thin whitish mycelium layer. The packets were placed separately
on the floor of the culture room and covered with a brown paper. High humidity was
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maintained in the culture room by spraying water thrice daily. The light in the culture room
was totally cutoff, but the ventilation was maintained throughout the culture time. The
humidity and temperature of the culture room was recorded at 3h intervals. Harvesting
was performed as the fruiting bodies came out from the cut surface of the packet and
attained the maximum size.

2.5. Parameters Recorded
2.5.1. Physical Parameters

Parameter Procedure of Measurement

Percent (%) visual mycelium

This was measured for each substrate before the
mycelium surrounded the packet. It was noted at 4, 8, 12
and 15 days after inoculation (DAI) and the percentages
were estimated with the observation of the naked eye.

Days required to complete the
mycelium running in spawn

This indicates the days required from inoculation to the
completion of the running of the mycelium. When the
whole spawn packet turned white with the growth of

the mycelium, then it was noted as the indication of the
completion of the mycelium running of spawn.

Days required from stimulation to the
primordia initiation

The days required from cutting the spawn packet to
primordia initiation were recorded and measured at

both the first and the second flush.

Days required from stimulation to
harvest

The time (days) required from stimulation to harvesting
was counted as the sum of days required from
stimulation to harvesting and was recorded.

Number of effective fruiting bodies
per packet (NFBP)

W-developed fruiting bodies were considered as
effective fruiting bodies which were counted and

expressed in number per packet. However, the tiny
fruiting bodies were not counted.

Diameter and length of stalk (cm)

The diameter and length of the stalk of each fruiting
body was recorded from the top to the base of the stalk

using an electric digital caliper (Model: Guanglu,
China).

Diameter and thickness of cap (cm):
The cap diameter and thickness over one gram (wt.) was
measured using an electric digital slide caliper (Model:

Guanglu, China).

Individual and total weight of
fruiting bodies per packet

The individual weight of each fruiting body (IWFB) was
measured without removing the lower hard portion.

The weight of all fruiting bodies per packet was
weighed without the lower hard and dirty portions. The
weight was measured using an electric balance (Model:

PA 214, USA).

Biological efficiency

The following formula was used to calculate the
biological efficiency [10].

Biological efficiency (%) =
Weight of fresh mushrooms harvested per packet

Weight of dry substrate per bag × 100

Ash content

For determining ash, 1 g of each fruiting body was taken
into a crucible. The crucible was placed in a muffle

furnace for 6 h at 600 ◦C. Then, total ash was calculated
using the following equation [11]:

Ash content (g/100 g) = Weight of Ash
Weight of Sample taken × 100
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2.5.2. Total Sugar Content (mg/100 g fw)

The total soluble sugar content of each fruiting body was determined by using the
colorimetric method [12]. For this, firstly, 2 mL previously extracted of supernatant was
diluted with 1 mL phenol solution (5%). Subsequently, 5 mL of H2SO4 (95.5%) was added to
the samples. The testtubes were then allowed to stand for 10 min and vortexed for 30 s. The
test tubes were kept in a water bath at room temperature for 20 min for color development.
Finally, the absorbance was recorded using a UV-VIS spectrophotometer (PG Instrument
Ltd., Bristol, UK) at a wavelength of 490 nm. The standard curve for the total soluble sugar
determination was constructed by using glucose solutions whose concentrations ranged
between 0 to 0.25 mg/mL.

2.5.3. Protein Content (mg/100 g of Fresh wt.)

The protein concentrations were determined using the colorimetric method [13].
Coomassie Brilliant Blue G-250 (0.04 mg/mL) and ortho-phosphoric acid (85%) were
used as protein reagent in the assay. One gram of afresh sample was taken for preparing the
extraction solution [14]. The fresh sample was extracted in 5 mL of 100 mM Tris-HCl (pH
7.5) using a homogenizer (Model: VELP Scientifica, Usmate Velate, Italy). After vigorously
vortexing, the mixture was kept in a refrigerator at 4–5 ◦C for one hour and afterward
centrifuged at 5300 rpm for 15 min at 4 ◦C. One hundred microliters (100 μL) of the su-
pernatant was mixed with 1400 μL distilled water, to which previously prepared 1.5 mL
Bearden solution was added. After vortexing, the absorbance was recorded at 595 nm
by using a UV/VIS spectrophotometer (PG Instrument Ltd., Bristol, UK). The content of
protein in the sample was calculated using bovine serum albumin (BSA, Sigma-Aldrich,
Saint Louis, MO, USA) as the standard.

2.5.4. Total Phenolics (mg GAE/100 g of Fresh wt.)

The total phenolic compounds in the fruiting body were estimated by Folin-Ciocalteu
reagent (FC) and the colorimetric method [15]. The extraction was performed using 1 g
fresh sample [16]. The mushroom tissue was extracted in 4 mL methanol (80%) containing
2.7% HCl (37%), shaken for 2 h on an orbital shaker (200 rpm) at room temperature and
centrifuged at 5300 rpm for 15 min at 4 ◦C. The extraction procedure was repeated again
and the supernatants were combined for the total phenolic assay. Three hundred microliters
(300 μL) of the extract was diluted with 2.25 mL of Folin-Ciocalteu reagent and 2.25 mL of
sodium carbonate solution (60 g/L), respectively. The samples were vortexed and left for
90 min at room temperature. After incubation, the absorbance was recorded at 765 nm by
using a UV/VIS spectrophotometer. Then, the content of total phenolics was quantified
from a standard curve of gallic acid.

2.6. Statistical Analyses

The study was designed as a complete randomized design (CRD), with five treatments
and each having five replicates. Data were subjected to analysis of variance (ANOVA) with
the Statgraphics Plus Version 2.1 statistical program [17]. Comparisons of the treatment
means was performed by the Fisher’s Least Significant Difference (Lsd) test at 5% level of
significance.

3. Results

3.1. Growth and Development of Mycelia and Fruiting Body

In general, the growth of mycelia in various substrates increased with the passage of
time and notable variation (p ≤ 0.05) was found among the substrates in different days after
inoculation (DAI), except at 4 DAI (Table 1). At 16 DAI, the maximum growth was recorded
in SB (100) and WS (97.0), while the lowest growth was in SR (46.6%). The same substrate
(SB) also took the fewest days (15.0) from the day of inoculation to complete the mycelium
running, but WS needed the most days (38.2) to complete the mycelium running. It was
also observed that SR required significantly fewer days (2.6) from stimulation to primordia
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initiation in the first flush while in the second flush, the fewest days were required in WS
(12.8). SR also required significantly fewer days (6.6 days) from stimulation to harvest in
the first flush but in the second flush, fewer days were required (20.6 days) in WS (Table 2).
In contrast, the WS, RS, SB and CC substrates took 8.0, 10.8, 13.0 and 13.4 days, respectively,
for stimulation to harvest in the first flush, while in the second flush SB took the most days
(31.2 days) and no harvest was possible in the CC substrate after the second flush.

Table 1. Percent visual mycelium of oyster mushroom on different agro-industrial waste substrates.

Substrates
Percent (%) Visual Mycelium at Different DAI

4 8 12 15

Rice straw 8.80 NS 22.80 c 31.40 b 66.00 b
Wheat straw 9.20 21.40 c 31.00 b 97.00 a

Corn cob 10.60 27.20 b 58.60 a 60.00 c
Saw dust with

rice husk 9.20 16.20 d 31.80 b 46.60 d

Sugarcane
bagasse 10.80 31.60 a 60.00 a 100.00 a

Lsd 2.01 3.72 3.90 3.86
CV (%) 15.67 11.82 6.95 3.96

NS Nonsignificant; the means with the same letter(s) in a column do not differ significantly as per Lsd test
(p ≤ 0.05).

Table 2. Growth of mycelium and number of fruiting bodies of oyster mushroom on different
agro-industrial waste substrates.

Substrates

Complete
Mycelium

Running in
Spawn

First Flush (Days) Second Flush (Days)
Number of Fruiting Bodies Per

Packet

Stimulation to
Primordial
Initiation

Stimulation to
Harvest

Stimulation to
Primordial
Initiation

Stimulation to
Harvest

1st Flush 2nd Flush

Rice straw 19.20 c 6.00 b 10.80 b 20.40 b 25.00 b 12.20 c 12.00 a
Wheat straw 16.60 d 4.60 c 8.00 c 12.80 c 20.60 c 13.60 b 12.20 a

Corn cob 20.60 b 7.80 a 13.40 a - - 8.80 d -
Saw dust with

rice husk 38.20 a 2.60 d 6.60 d 18.80 b 26.60 b 21.20 a 6.60 b

Sugarcane
bagasse 15.00 e 5.40 bc 13.00 a 25.40 a 31.20 a 12.00 c 5.80 b

Lsd 1.10 0.85 0.79 1.95 2.66 1.31 1.10
CV (%) 3.82 12.27 5.78 7.54 7.69 7.30 9.01

The means with the same letter(s) in a column do not differ significantly as per Lsd test (p ≤ 0.05).

3.2. Number, Size and Yield of Fruiting Bodies, and Biological Efficiency

The number of fruiting bodies per packet (NFBP) varied from 8.80 to 21.20 among the
substrates (Table 2). The highest NFBP was counted in SR (21.20), followed by WS (13.6),
RS (12.20) and SB (12.0), while the lowest was in CC (8.80) in the first flush whereas in the
second flush, the highest NFBP was recorded in WS (12.20) and RS (12.0). When combining
the NFBP of both the first and second flushes, then the highest NFBP was obtained from
SR (21.2 + 6.6 = 27.8) and the lowest from CC (8.80). Regarding size, the highest diameter
and length of stalk was measured in the substrate SR (1.34 and 0.41 cm) in the first flush
but in the second flush, WS produced the longest stalk and maximum diameter (1.37 and
0.29 cm) (Table 3). In all cases, the lowest length and diameter of stalk was measured in
SB. Similar to the stalk, the SR substrate also had the highest diameter and thickest cap
(2.01 and 0.28 cm), while the lowest was recorded in CC (1.60 and 0.16 cm) in the first flush.
It was also noted that the variations in thickness of cap among the substrates were not
significant in the second flush.
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Table 3. Size of fruiting body on different agro-industrial waste substrates.

Substrates

First Flush (cm) Second Flush (cm)

Size of Stalk Size of Cap Size of Stalk Size of Cap

Length Diameter Diameter Thickness Length Diameter Diameter Thickness

Rice straw 1.04 bc 0.36 b 2.00 a 0.22 b 1.03 d 0.24 bc 1.66 c 0.19 NS

Wheat straw 1.13 b 0.39 ab 2.00 a 0.20 b 1.37 a 0.29 a 1.82 b 0.18
Corn cob 0.99 c 0.25 c 1.60 c 0.16 c - - - -

Saw dust with rice husk 1.34 a 0.41 a 2.01 a 0.28 a 1.21 b 0.26 ab 1.91 a 0.17
Sugarcane bagasse 0.89 d 0.22 c 1.84 b 0.20 b 1.12 c 0.21 c 1.68 c 0.17

Lsd 0.10 0.05 0.09 0.03 0.06 0.04 0.05 0.02
CV (%) 9.26 9.58 3.74 9.52 3.79 12.65 2.53 9.62

NS Nonsignificant; the means with the same letter(s) in a column do not differ significantly as per Lsd test
(p ≤ 0.05).

The IWFB and total weight of fruiting bodies per packet ranged from 2.22 to 5.39 g
and 27.68 to 115.13 g, respectively; no harvest was possible in CC substrate at second flush
(Table 4). In both flushes, the highest IWFB was measured in the substrate SR (142.58 g)
followed bythe second highest in WS (127.36 g) and the lowest IWFB was in the CC
substrate (27.68 g). In the first flush, the highest number of fruiting bodies per packet
was harvested from SR (115.13 g) but in the second flush WS yielded the highest fruiting
body (62.29 g). In all cases, a moderate yield was obtained from RS (107.90 g) and SB
(64.41 g), and the lowest was from CC (27.68 g). Regarding the biological efficiency of
oyster mushroom, it was significantly influenced by the substrates, with high SR (56.5)
performing the best followed by WS (48.3), RS (38.8) and SB (30.4) and lowest value (20.5)
was obtained from CC.

Table 4. Yield and biological efficiency of oyster mushroom on different agro-industrial waste
substrates.

Substrates

First Flush (g) Second Flush (g) Biological
Efficiency

(%)
Individual Weight
of Fruiting Body

Weight of Fruiting
Bodies Per Packet

Individual Weight
of Fruiting Body

Weight of Fruiting
Bodies Per Packet

Rice straw 4.69 b 60.32 c 3.86 b 47.58 b 38.80 c
Wheat straw 4.73 b 65.07 b 4.59 a 62.29 a 48.30 b

Corn cob 2.75 d 27.68 e - - 20.50 e
Saw dust with rice husk 5.39 a 115.13 a 4.02 b 27.45 c 56.50 a

Sugarcane bagasse 3.60 c 47.61 d 2.22 c 16.80 d 30.40 d
Lsd 0.30 4.81 0.29 6.52 7.49

CV (%) 5.28 5.83 6.09 12.62 10.43

The means with the same letter(s) in a column do not differ significantly as per Lsd test (p ≤ 0.05).

3.3. Quality of Fruiting Body

The quality of mushroom depends on its biochemical constituents. The biochemical
constituents studied in this study varied significantly (p ≤ 0.05) among the substrates
(Table 5). The content of ash ranged from 6.94 to 10.87 g/100 g in the fruiting bodies and
the highest amount of ash was determined in the fruiting bodies grown on both WS (10.87)
and SR (10.05) substrates, and the lowest was from SB (6.94 g/100 g). Regarding total
sugar, the maximum sugar was detected in the fruiting bodies grown on WS substrate
(22.41), which were statistically identical with RS (21.78). On the contrary, both CC and SB
substrates had the minimum total sugar statistically, while mushroom grown on the SR
substrate contained moderate total sugar (18.65 mg/100 g). The maximum protein content
in the fruiting body was in SB substrate which was statistically similar with RS, SR and
CC whereas the minimum from the WS (Table 5). The concentration of total polyphenols
ranged from 109.59 to 196.88 mg and varied significantly (p ≤ 0.05) among the substrates
compared. The maximum concentration of polyphenols was extracted in the fruiting body
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obtained from SR (196.88 mg), whereas the lowest from SB (109.59 mg). The RS, WS and
CC substrates gave statistically similar amounts of total polyphenols.

Table 5. Biochemical constituents of oyster mushroom on different agro-industrial waste substrates.

Substrates
Ash (g/100

g)
Total Sugar
(mg/100 g)

Protein
(mg/100 g)

Polyphenols
(mg GAE/100 g)

Rice straw 9.02 b 21.78 a 6.12 b 165.48 b
Wheat straw 10.87 a 22.41 a 5.67 c 152.68 b

Corn cob 8.97 b 16.65 c 6.33 b 156.90 b
Saw dust with rice husk 10.05 a 18.65 b 6.48 b 196.88 a

Sugarcane bagasse 6.94 c 16.23 c 6.87 a 109.59 c
Lsd 0.85 1.48 0.37 16.23

CV (%) 4.05 7.51 3.66 14.88
The means with the same letter(s) in a column do not differ significantly as per Lsd test (p ≤ 0.05).

4. Discussion

The variation in the growth and development of mycelia and fruiting bodies with
different substrates might be due to the composition of different substrates. The proper
amount of alpha-cellulose, hemi-cellulose and lignin enhance the growth and develop-
ment of mycelia whereas the presence of polyphenolic compounds retard the growth and
development of mycelia [18]. The higher mycelia growth and spawn running in SB may
be due to the availability of a higher level of nutrients at the beginning of inoculation.
Although the lowest growth of mycelia was recorded in SR substrate, it took the fewest
days from stimulation to harvest. The content of cellulose and lignin in SR might favor
the growth of fruiting body. The present findings are in accordance with a previous study
where authors [19] reported that sawdust amended with paddy straw provided suitable
conditions for spawn running. The slower growth and development of fruiting bodies in
CC might be due to the presence of a higher level of nitrogen and/or polyphenols, which
inhibit the growth and development of mycelia. In other studies, the rapid growth and
development of the mycelia of king oyster mushroom (Pleurotuseryngii) on CC and milky
mushroom (Calocybeindica) on WS have been reported more than other substrates [7,8]
which might be due the variation in the chemical composition of substrates and the different
species of mushroom used in the study. In this study, oyster mushrooms produced the
maximum number of fruiting bodies on the SR substrate, which might be due to the fact
that this mixture contains comparatively higher amounts of cellulose, hemicelluloses and
lignin, which might favor the growth and development of oyster mushrooms in the present
study [20,21]. The favorable conditions of the SR substrate enhanced the growth of fruiting
bodies and thereby produced the biggest stalk and cap. Similar findings were also reported
earlier [22]; however, some other studies showed variations in the size of stalk and cap of
fruiting bodies, which might be due to the variation in the strains of oyster mushrooms, as
well as different substrates and growing conditions [23,24].

In the present investigation, SR produced the highest IWFB followed by WS, which
might be due to their larger size of stalk and cap. On the contrary, RS and SB substrates
gave moderate IWFB; this is logical, as these substrates yielded a medium size of stalk and
cap. However, the lowest value of IWFB was obtained from the CC substrate because of
the characteristics that contribute to the lowest yield value. From the results of the present
experiment, it is evident that SR yielded the highest number of fruiting bodies (first harvest
+ second harvest) over other substrates. The reason for this may be the physical nature and
high cellulose, hemicelluloses and lignin of the SR substrate, which were suitable for the
oyster mushroom cultivation. The present result is in close proximity with an earlier study,
where the authors opined that maximum yield, biological efficiency and the number of
fruiting bodies of oyster mushrooms was obtained from sawdust [20]. The lowest value
of all yield contributing parameters in the second flush could be linked with a lower
availability of simpler carbon at the first flush while leaving few carbon compounds for the

35



Sustainability 2022, 14, 994

subsequent flushes [25]. Biological efficiency is used to assess the efficiency of substrate
bioconversion into fruiting bodies [9]. From an economic point of view, BE value should
be over 50% [9]. In this study, only the SR substrate exceeded a 50% level of BE, as this
substrate yielded the highest fruiting bodies per packet. Oyster mushrooms grown on a
CC substrate have a much lower BE than earlier studies [9,26,27], the reason for this may
be that the adverse C:N ratio retarded the growth of the mycelium, thereby influencing the
overall yield and BE. However, similar BE for RS, WS and SB substrates have been reported
earlier by several authors [28–31].

Mushrooms grown on SR and WS have higher levels of ash, which might be due
to the fact that they accumulated minimum moisture in their fruiting bodies and similar
values of ash have been reported by several authors [7,10,25,32]. In this study, the amount
of total sugar was detected in the range of 16.23 to 22.41 mg/100 g, while protein values
ranged from 5.67 to 6.87 mg/100 g. The lower value of total sugars and protein content
in the fruiting bodies might be due to the different protocols used for protein estimation
and also most of the authors quantified the carbohydrate and protein content on the dry
weight basis not on fresh weight basis. The significant differences in total sugar content
in mushrooms may possibly be due to the C:N and various chemical composition of the
substrates [33].Since the WS and RS substrates are rich in carbohydrate and fiber, as a result
their fruiting bodies are also found to be rich in sugars. This is in conformity with several
reports [10,25,32], where WS and RS produced carbohydrate rich mushrooms. It was also
observed that the fruiting bodies grown on the SB substrate contained the highest amount of
protein, which might be due to the availability of higher levels of nitrogen in this substrate.
A similarly higher level of protein in the mushroom has also been reported by authors [33].
Polyphenolics are strong antioxidant compounds and, in this study, mushroom grown
on SR substrate exhibited the highest amount of total ployphenols than other substrates.
However, insufficient literature related to the polyphenol content in mushroom is available
to make a conclusive statement on mushroom polyphenol in relation to different substrates.

5. Conclusions

Among the substrates used in this study, sugarcane bagasse exhibited faster mycelia
growth and time from inoculation to mycelium running than other substrates; however,
this did not correspond with time from stimulation to primordial initiation and stimulation
to harvest, size, yield and quality of mushroom. In all cases, rice straw and corncob
substrates showed slower growth and also gave poor yield compared to other substrates.
In some cases, wheat straw performed better than sawdust with rice husk but, due to
moderate yield and slower mycelium running rate, it may not be economical for small scale
cultivation. Based on the present results, it is apparent that most of the yield contributing
characteristics and biological efficiency were better in sawdust with the rice husk substrate.
In addition, the highest concentration of polyphenols and moderate amount of total sugar
and protein were detected from the same substrate. Therefore, saw dust in combination
with rice husk (3:1) can be used as an alternative source for the small scale cultivation of
oyster mushrooms.
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Abstract: The swine diet formulation in the United States of America (U.S.A.) is entering a new era of
decision making to promote low-carbon pork production systems. As a part of the decision-making
process, the precision nutrition approaches to customize diet and alternative feeding options that
are economically viable and environmentally sustainable are given priority. Hence, the objective of
this study is to identify an alternative diet over a standard corn–soybean meal diet. The byproducts
from the supply chain of human food and biofuels, i.e., distiller-dried grain with solubles (DDGS),
are chosen as an alternative option to formulate a swine diet. First, two alternative byproduct diets
with low and high DDGS inclusion (10.1% and 28.8%, respectively) were formulated using the least-
cost technique. Second, a life cycle inventory was created, followed by data collection from the key
sources, including DATA SMART-2017, USDA, RIA-GREET 2018, and the relevant literature. Third, in
SimaPro 8.5.2.0 (PRé Sustainability: LE Amersfoort, The Netherlands), the ReCiPe 2016, the midpoint
method by economic allocation was used to investigate the environmental footprint of the formulated
diets to inform sustainability decisions of swine-farm managers. The considered functional unit
is the ‘lb diet’, and the system boundary is the farm gate that considers only the feed production
stage. The observed results include global warming potential, land use, water consumption, fossil
resources scarcity, and terrestrial ecotoxicity. The comparative results of a 28.8% DDGS diet over
the standard corn–soybean meal diet for the displacement ratio of 0.69 show an approximate global
warming potential saving of 0.04 kg CO2 eq. per lb DDGS feed at the feed production stage. Moreover,
the DDGS displacement ratio of 0.69 does not significantly impact water consumption and fossil
resources; however, it can reduce land use by 26% and terrestrial ecotoxicity by 8% compared to the
standard diet. Overall, the quantified environmental footprint results of the byproduct DDGS diets
indicate that the footprints of DDGS diets were lower than the standard diet.

Keywords: DDGS; alternative diet for swine; byproduct diet; global warming potential; standard
corn–soybean meal

1. Introduction

Byproducts from bioprocesses that are often discarded as waste can be placed un-
der circular bioeconomy practices. Such practices enable increased resource efficiency,
which is believed to accelerate Sustainable Development Goals (SDGs) [1]. Resource uti-
lization under circular bioeconomy principles also offers economic developments when
implemented through the green technology planning decision model suggested by Ikram
et al. [2]. Byproduct resources from various food, animal, vegetable, and sugar industries
can be a potential animal food source. In swine diets, the major by-products from biobased
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industries are used. These include the distiller- and brewer-dried grains from ethanol and
brewing industries. Moreover, there are many instances where the leftover stillage from
on-farm alcohol fuel production units is used in swine diets [3]. Among all the byproducts,
distiller-dried grains are common and mostly occur in feed ingredients in the pork industry
in the U.S.A. More recently, the U.S.A. has seen the ethanol industry rising; as a result, the
proportion and allocation of grain processing have increased. This resulted in a potential
swine feed co-product, i.e., corn distiller-dried grains with solubles (DDGS) [4].

The appropriate amount of ingredients in a swine diet largely depends on many
factors. These include protein quality, nutrients, palatability, storage life, cost, and amino
acids. Apart from these, the age of the pigs to which the diet is to be fed, the ingredients’
production environment, and sometimes the presence of anti-nutritional elements could
also be an influence.

DDGS has added advantages of all these attributes and has been a very good alterna-
tive feed ingredient in the U.S.A. swine industry. DDGS substitutes soybean meal (SBM),
di-calcium phosphate, and corn in swine diets, providing lysine, phosphorus, and energy.
In DDGS, lysine is very restrictive to 0.7%, whereas phosphorus is relatively high (0.71%) [3].
In terms of energy, DDGS is approximately equal to corn, and the protein content in DDGS
is relatively high at around 27%. As a result, amino acid balance is retained. Furthermore,
the amino acids in DDGS appear to be less readily accessible than those in SBM. DDGS, on
the other hand, can be used successfully in swine diets when supplemented with synthetic
amino acids.

The rate of DDGS inclusion may vary depending on the nutrient quality in it and
the growth stage of the swine. Stein (2007) reported that the inclusion of 30% DDGS on
grow-finishing swine does not negatively affect swine growth performance; however, low
lysine and high fiber content affect digestibility and pig performance [5]. For lactating
sows, weanlings, and grow-finishing swine, inclusion of up to 30% can be made while for
gestating sows the inclusion can be up to 50% depending on the quality of DDGS fed to the
swine [5].

On the other hand, the variation of nutrient contents in the feed ingredients led to
difficulties in the feed cost comparison. Therefore, relative values are quite useful for com-
parison purposes. To ease this complexity, Klashing (2012) defined the term displacement
ratio as the amount of a feedstuff that is displaced when one unit of DDGS is added [6]. The
unit addition of an alternative feedstuff, namely how much can replace the traditional corn
and soybean from the diet, is not only important for cost calculation but also environmental
sustainability. Indeed, the paper aimed to evaluate the environmental footprint of an
alternative feed ingredient, DDGS, at different inclusion rates using the least-cost technique
to formulate the diet. The life cycle assessment (LCA) method, as agreed upon by the ISO
14040 and ISO 14044:2006 standards, is used to evaluate the environmental footprint of
a product or process throughout the entire life cycle. This method is rather popular and
extensively used in the EU for different production sectors, including agriculture [7,8]. In
LCA, the allocation has a significant impact on the environmental footprint. However,
when allocation cannot be avoided, the hierarchy of allocation rules as per ISO 14044 was
followed. As per ISO 14044, it should preferably be based on the physical relationship
between the inputs and outputs [9].

According to the National Pork Board, the pork sector in the U.S.A. has achieved
tremendous progress in terms of select environmental impact categories. Approximately
75.9% of the land, 25.1% of the water, and 7.0% of the energy use have been reduced during
the last 55 years. However, this improvement is attributed only to the high productivity
and efficiency in the pork production system [10]. To attain this high productivity, choosing
a diet with lower environmental impacts, always ensures that the % of DDGS addition to
the standard diet should not have a negative effect on swine growth. There are few research
studies available for the environmental impact evaluation of feed ingredients in North
American swine diets [11–14]. This study would thereby help facilitate an estimation of the
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environmental footprint of ingredients and diets as one of the baseline studies in the swine
industry.

The novelty of this study will help the swine producer to choose a cost-effective and
environmentally friendly diet. On a national level, the use of low-cost by-product DDGS in
the diet will reduce the global warming potential (GWP), land use (LU), water consumption
(WC), terrestrial ecotoxicity (TE), and fossil resources (FR).

2. Methods

2.1. Diet Formulation

All the major ingredients, including corn, SBM, and DDGS, used in this study are
grown or produced in the US crop production region 3 and are assumed to be representa-
tive of the U.S.A. Formulations of the diets were based on surveys from experts and the
least-cost formulation principles (Table 1). The nutrient budget of the diets was maintained
according to the US national resources council nutrition requirement [15] and PIC nutri-
tional requirement for finishing pigs [16]. Nutritional values were taken from the National
Hog Farmer report published in 2020 as the second option [10]. Nutritional values other
than those in the National Hog Farmer report were calculated with the help of the Animal
Science Department, Kansas State University. An inclusion range of 10.1–28.8% DDGS was
applied in the DDGS diets (see Table A1 in Appendix A).

Table 1. Growing finishing swine diets—control/standard and with different DDGS inclusion.

Ingredient Use
Corn-SBM

Corn-SBM-10.1%
DDGS

Corn-SBM-28.8%
DDGS

lb/Pig (from 50 to 280 lb Body Weight)

Corn 520.07 476.6 387.6
Soybean meal 119.75 99.1 70.4

Corn DDGS, 7.5% Oil 0.00 66.6 190.9
Calcium carbonate 5.45 6.1 7.01
Calcium phosphate

(monocalcium) 2.94 1.3 0.35

Sodium chloride 3.28 3.3 3.32
L-Lys-HCl 1.82 2.2 2.59

DL-Met 0.18 0.1 0.0
L-Thr 0.44 0.2 0.12
L-Trp 0.05 0.1 0.10

Vitamin premix with phytase 0.76 0.8 0.77
Trace mineral premix 0.76 0.8 0.77

Note: SBM: Soybean meal; DDG: Distiller-dried grains with solubles.

2.2. System Boundary and Functional Unit

The system boundaries for the LCA model were cradle to farm-gate, and the functional
unit was ‘1 lb diet’ at the feed production stage. The environmental footprint calculation in
this study was for grow-finish swine diets in the U.S.A. Figure 1 shows a simplified process
flowchart of the ingredients with their system boundaries.
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Figure 1. Process flowchart of the ingredients applied in the diets with their system boundary.

2.3. Life Cycle Inventory

Agricultural input data shown in Tables A2 and A3 in Appendix A for the grains (corn
and soybean) production were from the USDA-NASS survey [17], Ecoinvent 3, and the
Agri-footprint database (US EI 2.2) in SimaPro software version 8.5.2.0 unless otherwise
stated [18]. It should be noted that necessary data for the feed ingredients’ production
correspond to the grains, and relevant product systems were within the United States unless
otherwise stated. Both background and foreground processes included some available
inventory data from the SimaPro Version 8.5.2.0 process library [18].

Foreground data including the yield of grains, fertilizer, and pesticide data were three-
year-average data (2015, 2016, and 2017) in the United States. Synthetic fertilizers (N, P, K,
and Sulphur) and pesticide processes were at the regional storehouse in the U.S.A., and the
US-EI U database was followed from SimaPro version 8.5.2.0. The wastewater treatment
process was selected from ELCD database 3 following Agri-footprint mass allocation.

The production cycle for corn and soybean was assumed to be one year, and the fre-
quencies of fertilizer application were in accordance with the cultivation process throughout
the year. All energy-consuming process data were from the USLCI database (DATASMART-
2017, SimaPro 8.5.2.0). For LCA of amino acids, raw materials and inputs were collected
from Marinussen and Kool [19], see Table A4 in Appendix A. The processing of raw mate-
rials and chemicals used for production, the transporting of materials to manufacturing
plants, the emissions into the air and water from production, and the estimation of the
energy demand and infrastructure of the plant (approximation) all followed the acrylic
acid production model at the plant in the U.S.A. Methionine as an amino acid source for
lysine production via the biosynthetic process was considered for Lysine production. For
Threonine, Lysine was applied in the biosynthetic process.

2.4. Life Cycle Impact Assessment Method (LCIA)

An attributional LCA based on economic allocation was applied for all the ingredients
and diets in this study (unless otherwise stated). The hierarchies perspective method of
Recipe midpoints 2016 v1.06 was applied based on scientific consensus with regard to a 100-
year period and the plausibility of the impact mechanism. Five impact categories, including
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GWP, LU, WC, TE, and FR, were considered for the LCA studies. GWP was calculated as
the CO2 equivalent for a 100-year time scale; FR was from the higher heating value of fossil
resources and expressed as kg oil-eq.; WC was expressed as m3 water consumed; and LU
was denoted as the relative species loss caused by a specified land-use type and expressed
in m2 annual crop eq.

2.5. Environmental Footprints by Mass and Economic Allocation

All the input data for feed ingredients (see Tables A2–A4 in Appendix A) and the
processes associated with emissions were used for the LCA by SimaPro. The environmental
footprint calculation by mass allocation was used according to their mass fractions, while
for economic allocation, the economic fraction was derived using the following modified
equation from Hossain et al. [20] (see Equation (1)).

Bi = P × I (1)

where Bi is the environmental impacts of the by-products i, P is the percent allocation, which
refers to the fraction derived from the ratio of the main product and by-products according
to their mass or economic value, and I is the total environmental impact of the final process
products and co-products. When using economic allocation, the percent allocation for the
products and co/by-products was estimated (Table 2) prior to the footprint calculation by
SimaPro software using the following equation (see Equation (2)):

P =
Unit price of the product × mass fraction of the product or byproducts × 100

(Unit price of product × mass fraaction of the product) + (Unit price of the byproducts×mass fraction of the byproducts) (2)

Table 2. The economic allocation of DDGS and SBM.

Items Unit Price ($/lb) [21–24] Mass Allocation
Economic
Allocation

DDGS
Ethanol 0.211 0.490 0.832
DDGS 0.041 0.510 0.167

SBM
Crude soy oil 0.271 0.217 0.492

Soy hulls 0.065 0.074 0.012
SBM 0.146 0.709 0.496

Note: SBM: Soybean meal; DDG: Distiller-dried grains with solubles.

For all the ingredients, environmental footprint results were presented at a 1% cut-
off, which meant the environmental load or contribution of a process less than 1% was
discarded in the results.

3. Results and Discussion

3.1. Environmental Footprint of Individual Feed Ingredients

The environmental footprints of the byproduct DDGS by economic allocation was
due to the relatively low prices of these byproducts. DDGS had the lowest environmental
footprints compared to SBM and corn in all four categories of GWP, LU, WC, and FR,
while SBM had the highest environmental footprints. The GWP, LU, and WC of DDGS via
economic allocation were 22.1%, 81.4%, and 72.5% lower than that of corn, respectively
(Table 3).
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Table 3. Environmental footprints of SBM, DDGS, corn, bakery meal, and amino acids.

Ingredients
GWP

kg CO2 eq.
LU

m2 yr. Crop eq.
WC
m3

FR
kg Oil eq.

SBM
Crude oil 0.390 0.346 0.160 0.028
Soy hulls 0.054 0.135 0.062 0.010

SBM 0.516 1.280 0.593 0.104

DDGS
DDGS 0.242 0.187 0.108 0.066

Ethanol 1.200 0.932 0.535 0.328
Bakery meal 0.380 * - - -

Corn 0.311 1.010 0.393 0.054
Amino acids

L-Lysine-HCl 4.060 3.340 1.490 0.757
Methionine 9.060 0.728 4.930 2.940
Threonine 8.140 5.070 2.900 2.000

Tryptophan 9.620 * - - -
Note: SBM: Soybean meal; DDG: Distiller-dried grains with solubles; GWP: Global warming potential; LU: Land
use; WC: Water consumption; FR: Fossil resources. * ref. [10] (economic allocation).

The major contributors to the environmental footprints for individual feed ingredients
are presented in Table 4. Fertilizer was the main contributor to GWP for corn and SBM.
It accounted for 20% and 12.8%, respectively. The energy requirements for N fertilizer
production ranged between 29 and 67 MJ/kg N, including values for both the low heating
value and high heating value [25]. This energy mostly emanates from non-renewable
energy and contributed to the dominant share of GWP to the corn and wheat middling.
Non-renewable natural gas was the principal contributor to GWP for DDGS. For DDGS
processing, when the non-renewable natural gas input energy was replaced with the
renewable nuclear source, the GWP of DDGS could be further reduced by 39%, from
0.242 kg CO2 eq. to 0.148 kg CO2 eq. For amino acids, the production of raw materials
(such as glucose) was the major contributor.

Table 4. Major contributors of environmental footprints for individual feed ingredients.

Ingredients Major Contributing Factors
Contribution (%)

GWP LU WC FR

Corn
Nitrogen ecoprofile at regional storehouse 19.7

Corn agricultural production 88.3 45.9
Natural gas, unprocessed, at extraction 26.9

SBM

Application lime ecoprofile at field 12.8
Soybean agricultural production at farm 94.3

Electricity, hydropower, at run-of river power plant 52.6
Natural gas, unprocessed, at extraction 22.6

DDGS

Natural gas burned at industrial furnace 41.3
Corn agricultural production at farm 79.7

Electricity, hydropower, at run-of river power plant 39.3
Natural gas, unprocessed, at extraction 74.0

Amino acid
Lysine Sugar, from sugar cane, from sugar production at plant 64.9 96.3 40.9 70.4

Methionine
Ammonium bicarbonate, at plant 26.1 38.8

Electricity, natural gas, at power plant 71.0
Ammonia liquid at regional storehouse 84.6

Threonine
Glucose global market for glucose at point of substitution

unit process 54.0 92.3 50.2

Ammonia, liquid, at regional storehouse 25.1

Note: GWP: global warming potential; LU: land use; WC: water consumption; FR: fossil resources.

Between two DDGS diets, the displacement of the major ingredient, corn, was the
highest with a 28.8% DDGS diet while for SBM it was a 10.1% DDGS diet (Table 5). DDGS
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inclusion in the diet did not only displace the major ingredients corn, SBM, and essential
amino acids methionine and threonine, but also supplied a small amount of calcium
carbonate and lysine in the diet. In the 28.8% DDGS diet, a unit of DDGS displaced
0.69 units of corn, which is higher than the national average by Arora et al. and RFA in
refs. [26,27]. The per unit displacement of SBM by DDGS in all diets was within the range
(0.2–0.3) reported in the literature.

Table 5. Displacement ratio for different DDGS inclusion in growing-finishing swine diet.

Ingredients 10.1% 28.8%

Corn 0.6532 0.6938
Soybean meal 0.31 0.2583

Calcium carbonate −0.01 −0.0082
Calcium phosphate (monocalcium) 0.0252 0.0136

Sodium chloride −0.0001 −0.0002
L-Lys-HCl −0.006 −0.004

DL-Met 0.0017 0.0009
L-Thr 0.0031 0.0017
L-Trp −0.0004 −0.0003

Vitamin premix with phytase 0.00 −0.0001
Trace mineral premix 0.00 −0.0001

Environmental footprint results from Table 6 demonstrated that GWP, LU, and TE
were reduced with the increase in DDGS inclusion in the diets, while FR showed a trend of
decline as compared with the standard diet. The highest environmental footprint reduction
was attained with a 28.8% DDGS diet, which was 9.69% GWP, 22.97% LU, 2.36% WC, 20.3%
TE, and 1.74% FR lower than the standard diet. A high FR footprint was attributed to the
high energy requirement for the drying process of DDGS.

Table 6. Environmental footprint of growing-finishing swine diets—control/standard and with
different DDGS inclusion for per kg diet at feed production stage.

Diet
GWP (kg
CO2 eq.)

LU (m2 Area
Crop eq.)

WC
(m3)

TE (kg
1,4-DCB)

FR (kg
Oil eq.)

Standard (0% DDGS) 0.390 0.975 0.394 0.544 0.063
10.1% DDGS 0.374 0.898 0.365 0.502 0.063
28.8% DDGS 0.352 0.751 0.385 0.434 0.065

Note: GWP: Global warming potential; LU: Land use; WC: Water consumption; TE: Terrestrial Ecotoxicity FR:
Fossil resources.

3.2. Sensitivity of Environmental Footprint to DDGS and Ethanol Price

The price of DDGS and ethanol historically in the US market has fluctuated over the
decades (Figures 2 and 3). The price variation of DDGS could have a significant effect both
economically and environmentally. Thus, a sensitivity test was conducted with the average
(1.642), minimum (0.908), and maximum (3.898) price ratio from the historic DDGS and
ethanol price data (Figure 4). The price ratio was computed from the average, minimum,
and maximum prices of DDGS and ethanol from the historic data.
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Figure 2. Historic price of DDGS ($/ton). Data from ref. [28].

Figure 3. Historic ethanol price in the US market. Data from ref. [29].

Figure 4. Historic price ratio of DDGS and ethanol in the U.S.A. market. Data from ref. [29].

Results from the DDGS and ethanol price sensitivity test demonstrated that with the
historical average, minimum, and maximum price ratio between ethanol and DDGS, GWP
and LU of the 28.8% DDGS diet is still below the standard diet. In contrast, the WC of
the 28.8% DDGS diet is sensitive to the average, minimum, and maximum price ratios of
ethanol and DDGS in comparison with the standard diet (Figure 5).
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Figure 5. Sensitivity of environmental footprint in response to the price ratio of ethanol and DDGS.

3.3. Discussion

The displacement ratio of corn and SBM by DDGS reduced both the environmental
footprint and the per dollar cost of the diet. The inclusion of DDGS compensated for a part
of the amino acid requirement in the diet by providing an amino acid content three times
greater than corn, thus playing a role in reducing the overall environmental footprint [4].
Besides amino acids, the addition of DDGS also supplies a portion of monocalcium phos-
phate in the diet. Another factor of the low environmental footprint of DDGS diets is
that even with a high inclusion up to 28.8%, the low allocation to DDGS resulted in a
low environmental footprint under economic allocation. Thus, from a check-and-balance
observation, DDGS can reduce the overall environmental footprint in the diet as compared
with the standard diet.

With an inclusion range of 10.1–28.8% of DDGS that corresponds to a corn displace-
ment ratio range of 0.65–0.69 in the diet, we can save a GWP of 0.01–0.04 kg CO2 eq.
per lb feed at the feed production stage. In 2019, the total DDGS production in the US
was 22.54 million metric tons, of which swine consumption was 3.6 million metric tons
(16%) [27]. With the protein content of DDGS and corn of 28.15% and 8.24%, respectively,
this amount of DDGS is equivalent to 12.33 million metric tons of protein equivalent of
corn. Therefore, the current range of DDGS inclusion in the diet can save a GWP of up to
0.12–0.49 million metric tons of CO2 eq. at the feed production stage on a national level.
If the DDGS is not used for swine production, the crude protein and amino acid lysine
content could be wasted. Based on the replacement ratio by Stein (2007), 28.8% DDGS
inclusion can save 16.416% of corn and 12.24% of SBM [5]. This replacement can save the
feed cost per pig by 28.65 $ and 3.88 $ for corn and SBM, respectively. Using such alternative
diets, approximately 32.53 $ can be saved per pig, and this will reduce the overall swine
production cost.
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From the sensitivity results, with historical DDGS and ethanol price fluctuations from
the base price, both 10.1% and 28.8% DDGS diets were demonstrated as environmentally
benign diets compared to the standard diet. Although the 28.8% DDGS diet resulted
in higher LU in comparison with the standard diet at the feed production stage, the
discrepancy was, however, not too high at only 1.72%.

4. Conclusions and Limitations

An environmental footprint assessment was carried out on the DDGS diet as a substi-
tute for standard corn–soybean for swine production in the U.S.A. Four impact categories,
namely GWP, LU, WC, TE, and FR, are estimated for varying rates of DDGS inclusions (for
instance, 10.1% and 28.8%) compared with the standard swine diet with 0% DDGS. Based
on this assessment, the following conclusions were drawn:

• A DDGS displacement ratio of 0.65–0.69 can save a GWP of up to 0.12–0.49 million
metric tons of CO2 eq. at the feed production stage on a national level.

• Though the DDGS displacement ratio of 0.65–0.69 does not significantly impact WC
and FR, it can save up to 26% LU and 8% TE.

• The historic price elasticity of DDGS and ethanol did not influence the diet’s environ-
mental footprint, indicating that the environmental footprint is not sensitive to the
price of DDGS.

• With nutritional benefits and availability, DDGS remained one of the most important
byproduct ingredients for the swine diet in the US.

• Although the amount of DDGS production is almost equal to the amount of ethanol in
corn-based ethanol processing, with economic allocation, the environmental footprint
of DDGS is lower than other ingredients in the diet.

The authors do acknowledge the current limitations of this study. For example, all
the ingredients and diets were assumed to be produced in the geographic boundary of the
U.S.A. The mass of the straw of the grain crops was not included in the system boundary.
The industrial equipment’s diesel and gasoline combustion data were attained from the
USLCI database (SimaPro 8.5.2.0), and it may not be applicable to other parts of the
world. We also acknowledge the uncertainties associated with this study due to the limited
process data, such as methionine usage as an amino acid source for lysine fermentation.
In contrast, for threonine, lysine is applied to the biosynthetic process. Lysine-producing
microorganisms may not adapt to threonine (as amino acid source) in the medium for
biosynthetic production.

Overall, from this study, we observed that DDGS inclusion in standard corn–soybean
meal could potentially benefit the swine production sector and drive it towards being in
line with sustainable standards. Furthermore, there has been a recent upward trend of
DDGS use in the U.S.A. We believe it is high time to formulate policies that will accelerate
the usage of DDGS at a massive level without compromising the growth performance of
swine.
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Table A2. Inputs for agricultural production of corn grain in the U.S.A.

Inputs from Nature

1 Yield (lb/acre) 9699.2
*,2 Water, unspecified natural origin, US (L) 77.5

*,3 Occupation, annual crop (land-m2a) 0.4047

Inputs from Technosphere: Materials/Fuels

*,3 Corn seed IP, at regional storehouse/US U (lb) 0.104020385
*,4 Nitrogen ecoprofile, as N, at regional storehouse/US U (lb) 0.007423293
*,4 Phosphate ecoprofile, as P, at regional storehouse/US U (lb) 0.005464368

*,3 Manure, fertilizer, as applied N, at field/US U (lb) 0.001545702
*,4 Potash ecoprofile, at regional storehouse/US U (lb) 0.007320191

*,3 Lime ecoprofile, at factory/US U (lb) 0.000820022
Boron, at factory/US U (lb) 0

*,4 Sulfur, at regional storehouse/US U(lb) 0.001340317
*,5 Corn herbicides, at regional storehouse/US U (lb) 0.000409002

*,5 Corn insecticides, at regional storehouse/US U (lb) 0.000119708
*,6 Diesel produced and combusted, at industrial boiler/US U (gal) 0.00005480480

*,6 Gasoline produced and combusted, at equipment/US U (gal) 0.000006094
*,7 Fungicides, at regional storehouse/US- US-EI U (lb) 0.000047322

*,5 Corn pesticides from NASS (emissions only)/US U (m2) 0.4047
* Corn air, soil and water emissions (PO4 + NO3)/US U (m2) 0

* Transport, lorry 16–32t, EURO3/US- US-EI U (kgkm) 45
Inputs from technosphere: electricity/heat

*,6 Natural gas produced and combusted, at industrial furnace/US U (cuft) 0.000243589
*,6 Electricity, at grid, Western US NREL/US U (kwh) 0.00222624

*,6 LPG production and combustion, at industrial boiler/US U_NPB_Wheat middling (lb) 0.0024239
1 Average yield of 2015, 2016, and 2017 USDA-NASS survey. 2 Ecoinvent V 2.2, SimaPro 8.5.2.0. 3 Corn seed rate,
manure and lime fertilizer, and occupation land data are taken from the US-EI U, SimaPro 8.5.2.0. 4 Average N, P,
K, and S fertilizer data from USDA-NASS survey (2017, 2016, and 2015,). N, P, K, and S Ecoprofile at regional
storehouse in the USA US-EI 2.2 (SimpaPro 8.5.2.0). 5 Corn herbicides and insecticides data are collected from
Camagro, 2013. Corn herbicides at regional storehouse in the USA US-EI 2.2 (SimaPro 8.5.2.0). 6 Diesel, natural
gas, electricity, and LPG data are taken from (SimaPro 8.5.2.0). 7 Corn fungicides data collected from USDA-NASS
survey, 2016. Corn fungicides at regional storehouse in the USA US-EI 2.2 (SimaPro 8.5.2.0). * Refers to the
processes and associated data from (SimaPro 8.5.2.0).

Table A3. Inputs for agricultural production of soybean in the U.S.A.

Inputs from Nature

Yield (lb/acre) 29,582
*,1 Water, unspecified natural origin, US (L) 79.5

*,2 Occupation, annual crop (m2a) 0.76056338

Inputs from Technosphere: Materials/Fuels

*,1 Soybean seed IP, at regional storehouse/US U (lb) 0.03
*,3 Nitrogen ecoprofile, as N, at regional storehouse/US U (lb) 0.006085193
*,3 Phosphate ecoprofile, as P, at regional storehouse/US U (lb) 0.017579446

*,3 Potash ecoprofile, at regional storehouse/US U (lb) 0.03076403
*,1 Lime ecoprofile, at factory/US U (lb) 0.202713707

Boron, at factory/US U (lb) 0
*,3 Sulfur, at regional storehouse/US U (lb) 0.005070994

*,4 Soybean herbicides, at regional storehouse/US U (lb) 0.005551048
*,4 Soybean insecticides, at regional storehouse/US U (lb) 0.00053854

*,5 Diesel produced and combusted, at industrial boiler/US U (gal) 0.001680335
*,5 Gasoline produced and combusted, at equipment/US U (gal) 0.000418155
*,4 Soybean fungicides, at regional storehouse/US- US-EI U (gal) 0.000328938
*,6 Soybeans pesticides from NASS (emissions only)/US U (m2) 0.76056338
Soybean air, soil and water emissions (PO4 +NO3)/US U (m2) 0
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Table A3. Cont.

Inputs from Technosphere: Materials/Fuels

Inputs from technosphere: electricity/heat
*,5 Natural gas produced and combusted, at industrial furnace/US U (cuft) 0.015668

*,5 Electricity, at grid, Eastern US NREL/US U (kwh) 0.004321821
*,5 LPG production and combustion, at industrial boiler/US U_NPB_Wheat middling (kg) 0.000252827

* refers to the processes and their associated emissions are taken from the SimPro (version 8.5.2.0) process library.
1 Ecoinvent V 2.2, SimaPro 8.5.2.0. 2 Land. USDA-NASS survey 2017 (Calculated from the total area harvested).
3 N, P, K, and S fertilizer data from USDA-NASS survey (2017). N, P, and K ecoprofile at regional storehouse
in the USA US-EI 2.2 (SimpaPro 8.5.2.0). 4 Soybean herbicides, insecticides, and pesticides data collected from
USDA-NASS survey, 2017. Soybean herbicides, pesticides, and insecticides at regional storehouse in the USA
US-EI 2.2 (SimaPro 8.5.2.0). 5 Diesel, gasoline, natural gas, electricity, and LPG data (taking the lower heating
value) collected from the GREET version 2018. 6 NASS Soybean pesticides emissions data at US-EI U (SimaPro
8.5.2.0).

Table A4. Inputs for amino acids (L-Lysine-HCl, Methionine and Threonine) production in the U.S.A.

Inputs from Nature

Lysine Methionine Threonine

1 Water, cooling, unspecified natural origin, US (m3) 0.072 0.024 0.009
1 Water, unspecified natural origin, US (m3) 0 0.00041 0

Inputs from Techno-Sphere: Materials/Fuels

1 Glucose {GLO}| market for glucose|APOS, U (kg) 0 0 3
1 Maize fibre/bran, wet, from wet milling (grinding and screening), at plant/US

Economic (kg)
0.3 0 1

1 Sugar, from sugar cane, from sugar production, at plant/US Mass 3.5 0 0
1 Ammonia, liquid, at regional storehouse/US- US-EI U (kg) 0.155 0 0.700

1 Sulfuric acid (98% H2SO4), at plant/RER Mass (kg) 0.320 0 1.5
1 Phosphoric acid, industrial grade, 85% in H2O, at plant/US- US-EI U (kg) 0.025 0 0.004

1 Manganese sulfate {GLO}| production|Cut-off, U as salt (kg) 0.005 0 0.001
1 Sodium hydroxide, 50% in H2O, production mix, at plant/US- US-EI U as

caustic (kg)
0.0045 0 0.370

1 Water, deionized, at plant/US US-EI U for fermentation and cleaning (kg) 0.0046 0 120
1 Nitric acid, 50% in H2O, at plant/US- US-EI U as cleaning agent (kg) 0.0015 0 0.08

1 C16-18 fatty alcohol from palm oil (No. 13a-Matrix), at plant, 100% active
substance/EU-27 as antifoam (kg)

0.01 0 0

# Methionine/US- US-EI U_NPB as source of amino acids (kg) 0.04 0 0
# Lysine-HCl at plant/US- US-EI U_NPB as amino acid source (kg) 0 0 0.004

1 Transport, freight, rail/US- US-EI U (tkm) 0.519 0.519 0.519
1 Transport, lorry > 16t, fleet average/US- US-EI U (tkm) 0.0865 0.0865 0.0865

1 Chemical plant, organics/US-/I US-EI U (p refers to 1 process) 0.0000000004 0.0000000004 0.0000000004
1 Electricity, natural gas, at power plant NREL/US U (MJ) 0.003935 16 0.012

1 Dummy process steam copied from USLCI (MJ) 0.000678 0 0.0006
1 Acrylic acid {GLO}|market for|APOS, U (kg) 0 0.376 0

1 Methanol, at regional storage/US* US-EI U (kg) 0 0.228 0
1 Hydrogen sulfide {GLO}| market for|APOS, U (kg) 0 0.215 0

1 Hydrogen cyanide {GLO}| market for|APOS, U (kg) 0 0.181 0
1 Ammonium bicarbonate, at plant/US- US-EI U (kg) 0 1.61 0

1 refers to the processes available in the SimaPro process library (version 8.5.2.0). # refers to the amino acids
processes generated in this study and used as source for corresponding amino acid production. ‘GLO’ refers to
global. “APOS’ stands for at point of substitution. ‘US-EI U’ stands for the database process library at SimaPro
(version 8.5.2.0).
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Abstract: Growing concerns over ecosystem degradation, climate change, loss in biodiversity, and
rapid depletion of natural resources have urged societies of the developed countries all over the
world to encounter the challenge of shifting from fossil-based to bio-based economies. With European
Green Deal priorities on a transition to a climate-neutral economy with net-zero GHGs emissions by
2050, projected demand for biomass is 40–100% higher, relative to its supply. To provide an overview
on the capacity of the European Union countries to satisfy its demand for biomass through the organic
materials extracted directly from the domestic natural environment, the study aimed to assess the
biomass self-sufficiency based on its domestic extraction-domestic consumption balance. Both the
spatial and temporal variability of the self-sufficiency ratio are used to characterise the stability of
capacity to satisfy our own needs for biomass in the EU economy as a whole, and at the level of
individual member states. The findings indicate that the differences in biomass self-sufficiency ratios
are quite high among the European Union member countries (i.e., in the range of 15% in Malta and
33% in Cyprus; up to 184% in Estonia and 224% in Latvia (on average in 2016–2018)). GMM analysis
(EU-28, 2000–2018 period) is provided in this study to define the main statistically significant factors
that have an impact on the biomass self-sufficiency ratio. This study contributes to the debate on the
issues of biomass self-sufficiency in the context of ecological constraint and the EU’s Green Deal.

Keywords: biomass; self-sufficiency; material flow; import dependency

1. Introduction

Long-term projections by United Nations [1], OECD [2], and European Commission [3]
suggest that the current trends of the increasing global population, as well as economic
growth and development, will have serious impacts on natural resources and the ecosystem,
unless policy changes deviate the current path of development. As McCormick and
Kautto [4] state, current societal and environmental changes should be responded inter alia
by redirecting the economy from the use of fossil fuels to biomass. The biotic value chain
provides a means to tackle global challenges by replacing fossil-based raw materials with
sustainable, renewable raw materials [5]. Thus, the bio-based economy has the potential
to reduce dependence on non-renewable and unsustainable resources, whether sourced
domestically or from abroad, mitigating and adapting to climate change, ensuring food
security, strengthening European competitiveness, and creating jobs [6].

Tackling the issues as well as seeking balance between economic growth and environ-
mental degradation has become a strategically important part of the political agenda of
the EU and its member countries, since the beginning of this decade [7]. The European
Commission has set a long-term target for creating a competitive, resource-efficient, and
low-carbon economy by 2050, the bioeconomy being an important element of it [8]. The
launched and adopted Europe’s Bioeconomy Strategy in 2012 [9], followed by the update

55



Sustainability 2022, 14, 1897

of the Bioeconomy Strategy in 2018 [6], has set the strategic approach to deployment of a
sustainable European bioeconomy, to maximise its contribution towards the 2030 Agenda
and its Sustainable Development Goals (SDGs) as well as the Paris Agreement. The Bioe-
conomy Strategy update proposes an action plan, which, inter alia, prioritises strengthening
and scaling up the bio-based sectors, and unlocking investments and markets. Further-
more, other European policy priorities, in particular the Vision of the European industry in
2030 [10], the Circular Economy Action Plan [11], and the Communication on Accelerat-
ing Clean Energy Innovation [12], emphasise the importance of sustainably sourced and
advanced renewable biomass materials to achieve their objectives. The EU bioeconomy
already constitutes an important part of the European Union economy [13]. With European
Green Deal priorities on a transition to net-zero greenhouse gas emissions by 2050, and the
rapidly changing EU economy, the future of biomass use across the EU economy “looks
to differ profoundly from what was imagined even three or four years ago”, as stated in
the latest study on the EU biomass use in a net-zero economy [14] (p. 3). The EU climate
scenarios foresee a 70–80% increase in biomass use (ibid).

The transition of progressive European and world countries from fossil-based to bio-
based economy fosters increasing demand for biomass within both domestic and global
markets. According to OECD [15] projections, global demand for biomass in the baseline
projection scenario will increase by 72% by 2060. Meanwhile, fossil fuel consumption
will increase by 47% during the same period. This means that some of the fossil fuels
will be replaced by biomass. Growth in biomass consumption is expected to be slower
in OECD countries; it is expected to increase by 48% over the same period. The demand
for biomass in emerging and developing countries will increase the most, by 136%. The
biggest share of the extracted biomass globally is used as food for humans and feed for
livestock, followed as raw materials for bio-based industries and bioenergy [16]. According
to Carus and Dammer [17], feed predominates with a share of 60, food with 32, and energy
use with 4% of the total biomass produced globally. Biomass for energy use, according to
OECD [15], will increase by 1.5 times in OECD and by 2.4 times in the rest of the world
by 2060. Globally, the use of biomass for energy will increase by 68%, whilst the use of
fossil fuels will rise by 60%. Other uses of biomass are also becoming increasingly popular,
though in many cases the growth of output is rather slow due to complex, inefficient, and
costly manufacturing processes and decreasing economic viability of the products [18–20].
Ramos et al. [18] claim that there is a slight bias towards the development of bioproducts,
such as bioplastics, a range of acids, surfactant resins, and biochemicals in Europe, whilst in
North America, there is a clear tendency to produce biofuels. Moorkens et al. [21] observe
that biopharmaceutical medicines represent a growing share of the global pharmaceutical
market. Dos Santos et al. [22] find that biopharmaceuticals represent one-quarter of all
pharmaceutical sales and provide suitable and efficient medical care for many previously
untreatable diseases.

The aim of this study is to assess biomass self-sufficiency across the European Union
member states. To achieve this, the self-sufficiency and import dependence ratios were
applied using material flow data on the overall biomass, and separate types of biomass
from economy-wide material flow accounts (EW-MFA). The analysis of spatial-temporal
data was used to identify the long-lasting trend in terms of biomass self-sufficiency and
import dependence across the target countries. We analyse previous trends of biomass
self-sufficiency in the European Union, based on the domestic extraction-domestic con-
sumption balance, both for the EU as a whole and for the individual member states (by
the composition of the EU until 31 January 2020). Both spatial and temporal variability
in the self-sufficiency is used to characterise the stability of capacity to satisfy our own
requirements for biomass materials in the EU as a whole, and at the individual member
state level. Moreover, a panel data analysis using GMM-SYS was performed to find the
factors that have a statistically significant effect on the ratio of biomass self-sufficiency. The
term biomass is used in correspondence to classification of biomass as a renewable material
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in the EW-MFA. In this regard, biomass is understood as the primary biological material
derived from the natural environment and used in the economy.

2. Methodology

2.1. The Measure of Self-Sufficiency in Biomass

National self-sufficiency, according to Smith [23], is only a relative term, as in essence
it refers to the balance between varieties of the constantly changing demand and adequacy
of supply, which can never be in perfect equilibrium. A change in the actual equilibrium
may lead to imports of a product, which has previously been exported. For a long time,
self-sufficiency studies have been directed mainly at final products [24] and most research
and discussion world-wide focused on food self-sufficiency [25].

However, the concept of self-sufficiency increasingly focuses on the issue of input
self-sufficiency. For instance, Spero [26] examined the self-sufficiency in energy supply in
the context of American national security policy as early as 1973. Recently, the concept of
energy self-sufficiency is increasingly explored in scientific literature (e.g., country-level
studies are performed by Welfle et al. [27], Saghir et al. [28], and Benti et al. [29]).

The paradigm of water self-sufficiency is increasingly being investigated by scientists;
for example, Fragkou et al. [30] analysed the water self-sufficiency potential at the city-level
in Mediterranean region, and Sarabi and Rahnama [31] performed a city level study of the
potential for energy and self-sufficient water provision in Iran. Additionally, the paradigm
of input self-sufficiency becomes increasingly used by researchers for conceptualising
and analysing sustainable farming systems. Quite a few studies focus on relationships
between input self-sufficiency (such as bioenergy, fodder, nutrients, and seed) and the
sustainability or resilience of farms (e.g., Østergård, Markussen [32], Martin, Magne [33],
Lebacq et al. [34], Soteriades et al. [35], Gaudino et al. [36], Jouan et al. [37], Masi et al. [38],
and Kimming et al. [39]).

The analysis of a biomass-based, energy self-sufficient system for organic farms per-
formed by Kimming et al. [39] focuses on energy balance, resource use, and greenhouse
gas emissions. Vijay et al. [40] conducted a regional level study of biomass availabil-
ity and the potential of energy self-sufficiency in rural areas. A similar study was con-
ducted by Algieri et al. [41] in the southernmost region of the Italian peninsula in the
Calabria region. Terrapon-Pfaff [42] assessed renewable energy self-sufficiency in the agri-
cultural production and processing sector, using crop residues and wastes from processing.
Harchaoui et al. [43] provided a framework for assessing net energy balances between food
surplus, agricultural residues, and energy requirements to determine the potential for
energy self-sufficiency in the agriculture sector.

Self-sufficiency can be defined in many ways [24,25]. In the present study, for a
more pragmatic interpretation of national self-sufficiency in biomass materials, we used a
similar understanding of self-sufficiency in food as suggested by the FAO [44] (p. 19): “the
concept of food self-sufficiency is generally taken to mean the extent to which a country can
satisfy its food needs from its own domestic production”. In other words, self-sufficiency
means the domestic food production is equal to or exceeds 100% of a country’s food
consumption [25]. As Clapp [25] stressed, trade is not ruled out within this definition of
national self-sufficiency, as food self-sufficiency is defined by the ratio of food produced to
food consumed at the domestic level, while both own-produced and imported products are
used for domestic consumption. Food self-sufficiency usually indicates the extent to which
a country relies on its own production resources. The higher the degree of self-sufficiency,
the greater the ability of a country to satisfy domestic demand for food. Conversely, a lower
self-sufficiency ratio indicates a higher dependence on food resources from outside the
environment (Wang, 2009, cited in Luan et al. [45] (p. 395)).

Similarly, in this study, biomass self-sufficiency means the extent to which a country
can satisfy its biomass material needs from its own domestic production. Biomass self-
sufficiency is in this way understood as a country’s capacity to satisfy domestic needs
for biomass materials, using biological resources originating from the domestic natural
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environment. According to a broader understanding, biomass self-sufficiency means the
extent of biomass material available to support economic activity in a spatial economic
system (e.g., national, regional, local, etc.) based on domestic sustainable biomass potential.

Self-sufficiency can be measured in many ways; however, a ratio of production and con-
sumption of individual products are the most common way of measuring self-sufficiency [24].
A key indicator for self-sufficiency measuring is the self-sufficiency ratio (SSR), which
is defined “as the share of domestic production in total domestic use, excluding stock
changes” [44] (p. 19). Our calculation of the biomass self-sufficiency ratio follows the
statistical data on biomass domestically extracted from the natural environment and do-
mestically used in the economy, developed by economy-wide material flow accounts
(EW-MFA) [46]. The most basic nomenclature of material flow at different stages of the
natural resource cycle used in EW-MFA will be applied. The biomass self-sufficiency ratio
(SSR) was estimated based on the following algorithm:

SSR =
DE × 100

DC
=

DE × 100
(DE + IMP − EXP)

, (1)

where, DE denotes the domestic extraction that refers to the flows of biomass material
extracted or harvested from the domestic natural environment, which physically enter
the economic system for further processing or direct consumption. DC is the biomass
domestic consumption that indicates the total amount of biomass consumed domestically in
production and consumption activities. The biomass domestic consumption in Equation (1)
is calculated as biomass domestic extraction plus biomass imports (IMP) minus biomass
exports (EXP), i.e., DC = DE + IMP − EXP.

The SSR can be calculated for an individual biomass material (e.g., wheat, vegetables,
fibres, straw, etc.), groups of biomass materials of similar origin (e.g., cereals, crop residues,
wood, etc.), and for the aggregation of all biomass materials (i.e., biomass). The SSR
indicates the extent to which a country relies on its own extraction of biomass, originating
from the domestic natural environment, to meet domestic demand for biomass material,
(i.e., the higher the ratio, the greater the national economy’s self-sufficiency for biomass).
An SSR over 100% indicates a national biomass material extraction surplus in relation to its
domestic demand and therefore net exports. On the contrary, the lower the SSR (where the
SSR is < 100%), the more the national economy’s dependence upon biomass imports. An
SSR < 100% indicates that domestic extraction of biomass from its own natural environment
is less than demand for biomass quantity in a domestic market, and there is a demand for
biomass imports to satisfy domestic needs. To analyse the time-space variability of biomass
self-sufficiency across the European Union countries, the coefficient of variation (CV) of
SSR was calculated.

National economy’s dependence upon biomass imports could by mathematically
expressed as follows:

IDR =
IMP × 100

DI
=

IMP × 100
(DE + IMP)

, (2)

where, IDR denotes the import dependence ratio expressed as a percentage, and DI denotes
the direct input of biomass into the national economy. DI includes all biomass materials
that are of economic value, and which are available for use in production and consumption
activities. DI in Equation (2) is calculated as the sum of the domestic extraction of biomass
plus its physical imports (DI = DE + IMP). The IDR depicts the extent to which an economy
relies upon imports to meet its biomass needs (i.e., the higher the ratio the greater the
dependence on the import). IDR cannot be negative or higher than 100%. IDR = 100%
indicates that there are no domestic extractions of biomass during the reference year. Based
on the FAO [44] interpretation, the IDR measures the share of biomass imports in the
domestic biomass consumption (both extracted locally and imported). Countries satisfying
their domestic needs for biomass predominantly with domestic extractions will have IDRs
lower than 50%, while the countries relying more on imports than on domestic extraction
will have IDRs higher than 50%. However, it should be kept in mind that these ratios hold
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only if imports are mainly used for domestic consumption and are not re-exported. In the
present study, the strength of correlation between SSR and IDS was analysed based on a
whole sample of the EU countries.

2.2. Research Scope and Data Sources

The empirical analysis of biomass self-sufficiency is based on economy-wide mate-
rial flow accounts (EW-MFA) data on the physical flows of biomass as a natural mate-
rial at various stages of the flow chain, specifically domestic extraction, domestic mate-
rial consumption, and imports. The data come from the Eurostat’s “Material Flow and
Productivity” database.

In EW-MFA, the indicator of domestic extraction of biomass is its flows from the
domestic natural environment to the economy. Biomass extraction is defined as its amount
in physical weight derived from the natural environment for use in the economy [46]. It is
equivalent to the concept of used primary biomass harvest (such as primary crops, used
crop residues, biomass harvested from grassland and grazed biomass, and wood harvest
(wood removals)), as it is used in the Human Appropriation of Net Primary Production
(HANPP) framework. “Biomass, the sum of recent, non-fossil organic material of biological
origin, is one of the fundamental resources of any socioeconomic system” [47] (p. 471).

According to EW-MFA conventions [16], domestic extraction covers biomass that
acquires the status of a product and is used as a natural materials input in further economic
processes (or socioeconomic processes [47]). Meanwhile, biomass harvested from the natu-
ral environment without the intention of using it for economic needs is not included in flow
of domestic extraction (e.g., felling losses in forests or crop residues remaining on field). In
the ecosystem services literature, biomass remaining in natural or cultivated ecosystems
after harvest denoted as “back-flows to nature” [48]. However, a systematic review of
the literature on ecosystem services demonstrated the multiple environmental benefits
of unused biomass remaining in ecosystems after extraction or harvest, for example: the
benefits of returning crop residues to soils for climate regulation due to the formation of
soil organic carbon and improving the relation between organic carbon and nitrogen in soil,
cover crops and crop residues which are left on fields is central to biodiversity conservation
in the agrarian landscape, and both cover crops and crop residues also contribute to water
retention and the slow passage of water into deeper soil layers [48].

The analysis of national self-sufficiency and import dependency is targeted at two
levels of detail of biomass materials: first, whole biomass corresponds to a 1-digit level of
materials category in the EW-MFA classification (codes FM1), and second, two biomass
groups according to OECD [49] classification, such as food materials (i.e., food crops, fodder
crops and used crop residues, wild animals, essentially marine catches), small amounts
of non-edible biomass (e.g., fibres, rubber), and related products including livestock, and
woody materials (i.e., harvested wood and traded products essentially made of wood).

Both biomass groups according to OECD classification correspond to a 2-digit level
of material classes in the EW-MFA classification (i.e., food materials by such codes: MF11,
crops (excluding fodder crops), MF12, used crop residues, fodder crops, and grazed
biomass, MF14, wild fish catch, aquatic plants and animals, hunting and gathering, and
woody materials (code MF13)). Two additional biomass classes for livestock and livestock
products (correspond, respectively, to codes MF15 and MF16) are not accounted as domestic
extraction of biomass originating from the domestic natural environment but are considered
as flows within the economic system. According to the EW-MFA principles [46], cultivated
livestock (e.g., cows, pigs, sheep, etc.), and livestock products (e.g., milk, meat, eggs, animal
leather, etc.) as well as livestock waste are not natural inputs and hence excluded from
domestic extraction of biomass. Cultivated animals convert primary plant biomass into
edible biomass for human consumption [48].

The data are from the Eurostat’s “Material Flow and Productivity” database. The
empirical study covers the period from 2000 to 2018 which is subdivided into two sub-
periods: 2000–2009 and 2010–2018, respectively. The spatial unit of analysis consists of the
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country. The study covers all 28 member states of the European Union (by the composition
of the EU until 31 January 2020).

2.3. Econometric Model of Determinants of Biomass Self-Sufficiency

To explore the effect of some determinants on a degree of self-sufficiency in biomass,
the two-step system generalised method of moments (GMM-SYS) was used in a dynamic
panel model. This method helps to solve the problems of endogeneity, heteroscedasticity,
and serial correlation [50]. The GMM-SYS estimator combines the regression in differences
with the regression in levels [51]. This estimator is consistent if two tests are successful: (1)
a Sargan test over-identification, which proves that instruments are valid (p-value > 0.05),
and (2) an AR(2) test about no second-order autocorrelation (p-value > 0.05). A general
form of a dynamic panel data model is as follows:

yit = γyi,t−1+C + β′xit + μt + α∗i + εit, (3)

where, i = 1, 2, . . . , N represents cross-sectional unit; t = 1, 2, . . . , T represents the time
period; α∗ reflects unobserved cross-sectional heterogeneity; μ refers to time-specific effect;
ε means idiosyncratic error; y is the explained variable; y(t−1) is the lagged explained
variable; C is constant; x stands for explanatory variables; γ and β are parameters that
reflect the impact of right-hand side variables on regression [52,53].

The analysis of world region patterns [47] revealed that the level of biomass use,
measured by its consumption per capita, is determined by patterns of land use evolved
historically as well as by population density, rather than by affluence or economic devel-
opment status. The regional peculiarities of the land use system can lead to significant
differences in the quantitative and qualitative structure of biomass harvest, as noted in the
UNEP document [16]. In light of the above information, the core explanatory variable of
this research is agricultural and forest land share (%). To make the results of the econometric
model more convincing, other control variables are included in the model. The variables
used in this paper and the expected correlation with the explained variable are presented
in Table 1. The data used for calculations have been collected from the Eurostat’s and
FAOSTAT’s databases.

Table 1. Research variables.

Variables
Expected

Correlation a Variable Description

Explained variable Biomass self-sufficiency
ratio (B_SSR) - %Ratio between domestic extraction

and domestic consumption.

Core
explanatory variable

Agricultural and forest
land share, % (land) +ive

%Ratio between the sum of both
agricultural and forest land areas and the

total land area (excluding area under
inland waters and coastal waters).

Control variables

Biomass domestic extraction
per ha (biomas_extr) −ive/+ive

Ratio between biomass domestic
extraction and the sum of both

agricultural and forest land areas.

Share of bioenergy in renewable
energy, % (bioen_renw) +ive %Ratio between bioenergy and primary

production of total renewables.

Share of bioenergy in total primary
energy production, % (bioen_prim) +ive %Ratio between bioenergy

and total primary production.

Energy imports dependency,
% (en_imp) −ive %Ratio between net import

and gross available energy.

Biomass materials intensity,
kg per GDP (PPS b) (biomas_int) +ive Ratio between biomass

direct inputs and GDP.
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Table 1. Cont.

Variables
Expected

Correlation a Variable Description

Resource productivity,
GDP PPS per tonne (res_prod) −ive/+ive Ratio between GDP and

domestic material consumption.

Population density,
persons per km2 (pop_dens) −ive Ratio between the number of

population and the land area.

Employment in total knowledge-
intensive activities, % (empl_kia) −ive

%Ratio between employment
in total knowledge-intensive

activities and total employment.

Notes: a Expected correlation with the explained variable; +ive stands for “positive”; −ive stands for “negative”;
b PPS stands for purchasing power standard.

Based on Equation (3), our econometric model can be specified as follows:

B_SSRit = γB_SSRi,t−1 + C + β1landit + β2biomas_extrit+
β3bioen_renwit + β4bioen_primit + β5en_impit + β6biomas_intit+

β7res_prodit + β8 pop_densit + β9empl_kiait + μt + α∗i + εit,
(4)

where, B_SSR refers to biomass self-sufficiency ratio; B_SSR(-1) means lagged biomass
self-sufficiency ratio variable; land is agricultural and forest land share, %; biomas_extr is
biomass domestic extraction per ha; %; bioen_renw refers to share of bioenergy in renewable
energy; bioen_prim means share of bioenergy in total primary energy production; en_imp
denotes energy imports dependency; biomas_int is biomass materials intensity, kg per GDP
(PPS); res_prod is resource productivity, GDP PPS per tonne; pop_dens means population
density, persons per km2; empl_kia refers to employment in total knowledge-intensive
activities, %.

The descriptive statistics of the variables are presented in Table 2.

Table 2. Descriptive statistics.

Variable Observations Mean St. Dev. Min Max

B_SSR 532 103.03 41.69 6.86 417.19

land 532 76.82 14.47 29.22 94.14

biomas_extr 532 5.80 4.19 1.43 21.00

bioen_renw 530 67.14 21.84 0.00 99.92

bioen_prim 532 22.85 20.59 0.00 92.27

en_imp 532 55.55 27.83 −50.60 104.14

biomas_int 532 0.26 0.14 0.06 0.97

res_prod 532 1.53 0.75 0.43 4.18

pop_dens 532 171.28 245.88 17.00 1548.30

empl_kia 308 35.36 6.62 19.20 60.40

3. Results

3.1. The Profile of the EU’s Biomass Extraction–Consumption Balance

As an aggregated biomass, the European Union is rather self-sufficient in biomass
originating from the domestic natural environment and has the potential to meet all
domestic needs for biomass, with sufficient domestic extraction, as illustrated by the
SSR curve in Figure 1. The Figure also displays a slightly higher amount of biomass
domestic consumption compared to its domestic extraction throughout the entire study
period; domestic consumption increased by 7.7% (i.e., from 1718.4 million tonnes in 2000 to
1850.6 million tonnes in 2018), while domestic extraction grew by 8.2% (i.e., from 1659.3 to
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1796.1 million tonnes). The obtained results indicate that the EU’s biomass self-sufficiency
has been higher in the present decade than in the previous decade but has slightly decreased
in recent years (i.e., from almost 98.9% in 2016 (when it was at its highest degree for the
past nineteen years) to 97.1% by 2018).

Figure 1. Trends of the biomass extraction, consumption, and self-sufficiency in the EU-28. Source:
Own composition based on the material flow accounts data from the Eurostat database.

Biomass self-sufficiency varied spatially across the EU countries, as illustrated by
the spatial variation coefficient of self-sufficiency ratio (VC) in Table 3. In this regard, a
previous study [54] has revealed that nearly two thirds of the EU member states specialised
in primary production (in other words: biomass as renewable resources production) and
can meet all domestic requirements for biomass material and have the potential to export
biomass to the EU internal or world markets. By contrast, in the remaining third of the EU
member states (Luxembourg, United Kingdom, Belgium, Ireland, Denmark, Malta, Austria,
Sweden, and Germany) the primary production sector is under-represented and biomass
materials production is insufficient to meet domestic demand, requiring the import of
biomass. However, the degree of self-sufficiency in biomass varies significantly across the
EU member states, as the coefficient of spatial variation (VC) in Figure 1 (see also Table 3)
indicates. The trend revealed by Figure 1 is a steadily decreasing difference in biomass
self-sufficiency between the EU countries in the years following the global economic crisis.

Despite being almost 100% biomass self-sufficient, the EU economy also depends on
imports of biomass materials. The EU is both importing and exporting significant amounts
of biomass material. Biomass accounts for more than one-tenth of total material import and
a quarter of total material export of the EU in the years following the global economic crisis.
The EU is a net importer of biomass materials, just as are most of the member states. In
2018, imports exceeded exports by 33% (Figure 1). During the 2000–2018 period, biomass
import increased by 38% (i.e., from 158.9 to 217.3 million tonnes) and export increased by
63% (i.e., from 99.8 to 162.9 million tonnes).

Thus, the import dependence of the EU on biomass currently is above 11%, and it
shifted to a higher level throughout the study period. The highest and steadily increasing
dependence on imports since 2009 was observed in overall woody materials (13% in 2018).
The import dependence on the total food material category is 6%, and it increased after the
economic crisis, possibly due to slower growth in extraction or harvesting compared to
total consumption growth (on average 1.5% and 1.6% per year in 2010–2018, respectively).
The import dependence on the general nutrient category is 6% and it increased to a higher
level after the economic crisis, possibly due to slower extraction or yield growth compared
to total consumption growth (on average 1.5% and 1.6% respectively, 2010–2018).
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Table 3. Temporal variation of the biomass self-sufficiency ratios in the EU countries.

Average
2016–2018

(SSR)

2000–2009 2010–2018
±%p

SSR2SP

Less
SSR1SP

±%p
CTV2SP

Less
CTV1SP

Average
(SSR1SP)

Standard
Deviation

Coefficient
of Temporal

Variation
(CTV1SP)

Average
(SSR2SP)

Standard
Deviation

Coefficient
of Temporal

Variation
(CTV2SP)

EU(28) 97.9 96.1 0.77 0.8 98.2 0.56 0.6 2.1 −0.2
LV Latvia 225.2 214.0 25.67 12.0 279.7 70.74 25.3 65.8 13.3
EE Estonia 183.9 150.8 20.31 13.5 173.7 9.81 5.7 22.9 −7.8
CZ Czechia 157.0 131.1 13.63 10.4 159.1 7.79 4.9 28.0 −5.5
SI Slovenia 147.5 106.0 20.56 19.4 142.9 7.05 4.9 36.8 −14.5
BG Bulgaria 135.9 109.7 6.43 5.9 135.6 6.72 5.0 25.8 −0.9
FI Finland 126.2 114.9 6.40 5.6 124.0 3.27 2.6 9.0 −2.9

HU Hungary 123.7 115.0 6.94 6.0 125.8 6.19 4.9 10.8 −1.1
HR Croatia 123.5 109.9 5.18 4.7 122.3 6.08 5.0 12.5 0.3

LT Lithuania 121.2 109.5 2.37 2.2 120.0 4.63 3.9 10.5 1.7
SK Slovakia 117.1 109.3 3.81 3.5 114.3 6.34 5.5 5.0 2.1
RO Romania 111.5 100.1 2.32 2.3 112.2 3.40 3.0 12.1 0.7

FR France 110.9 109.5 3.05 2.8 111.4 1.16 1.0 1.9 −1.8
SE Sweden 110.7 112.5 4.11 3.7 110.5 3.19 2.9 −2.0 −0.8
PL Poland 99.9 97.8 1.23 1.3 99.2 2.30 2.3 1.4 1.1
ES Spain 96.6 88.1 2.41 2.7 96.2 1.28 1.3 8.1 −1.4

DE Germany 94.2 101.1 1.87 1.9 95.3 1.16 1.2 −5.8 −0.6
AT Austria 91.8 98.3 2.54 2.6 93.1 1.90 2.0 −5.2 −0.5

DK Denmark 88.9 89.5 2.92 3.3 91.7 3.08 3.4 2.3 0.1
IE Ireland 88.2 93.7 0.96 1.0 90.8 2.71 3.0 −2.9 2.0
EL Greece 86.8 86.8 3.66 4.2 88.7 2.12 2.4 2.0 −1.8

NL Netherlands 84.6 83.1 3.82 4.6 81.8 2.91 3.6 −1.4 −1.0
UK United
Kingdom 79.1 80.9 1.46 1.8 79.9 1.60 2.0 −0.9 0.2

PT Portugal 78.5 83.8 3.54 4.2 81.6 2.98 3.6 −2.2 −0.6
IT Italy 77.9 82.8 2.04 2.5 80.5 3.27 4.1 −2.3 1.6

BE Belgium 70.0 71.9 3.13 4.3 69.9 2.46 3.5 −2.0 −0.8
LU Luxembourg 69.4 62.9 5.62 8.9 70.6 7.19 10.2 7.7 1.2

CY Cyprus 32.8 40.4 16.15 40.0 37.7 5.43 14.4 −2.6 −25.6
MT Malta 15.0 21.1 3.51 16.7 19.0 3.52 18.5 −2.0 1.8

Stand. deviation 41.9 34.0 - - 47.0 - - - -
Coefficient of

spatial variation
(CSV)

39.8 34.3 - - 43.7 - - - 9.4

Source: Own calculation based on the material flow accounts data from the Eurostat database.

As for the total food materials group, including small amounts of non-edible biomass,
the degree of the EU’s self-sufficiency was 1–2 percentage points lower than 100% over the
nineteen study years, except for 3 percentage points in 2007 (Figure 2). A similar result was
observed for SSR in materials of crops origin (see the curve of crop materials sub-group in
Figure 2). This means that the EU harvests more biomass for food (including feed, fibre,
biofuels, and biogas as well) than it consumes, thus avoiding a supply side problem in
recent decades [55]. In contrast, the EU’s self-sufficiency in wild fish and aquatic materials
(including small amounts of hunting and gathering materials) was noticeably lower, owing
to its limited natural resources. Indeed, the SSR of this biomass sub-group decreased from
75% to 61% in the past two decades. Accordingly, the EU’s import dependency on this
biomass sub-group shifted from 34% to almost 67% in the last nineteen years.

As for overall woody materials group, the EU’s self-sufficiency increased from 92.9%
to 96.9% in 2000–2009 but fell to 95.2% in 2010–2018 (Figure 2). The EU is “approximately
self-sufficient”(“approximately food self-sufficient” is proposed by O’Hagan (1975, cited in
Clapp [25], p. 4), meaning the self-sufficiency ratio interval between 95 and 105 percent)
in woody fuel and domestic needs, mainly relying on its own production. The import
dependency ratio of the latter material category was low and stable (i.e., about 5%) during
the two decades in the study period, thus the RSS in wood fuel is as high as 95% over
the last two decades. The lowest degree of self-sufficiency is illustrated by industrial
roundwood; however, its SSR increased from below 92% in 2000 to above 95% in 2018.
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Figure 2. Trends of the self-sufficiency in biomass groups and sub-groups in the EU-28. Notes:
* including small amounts of non-edible biomass; SSR value presented by food and woody ma-
terials groups. Source: Own composition based on the material flow accounts data from the
Eurostat database.

3.2. The Profile of Biomass Self-Sufficiency across the EU Countries

Based on average SSR value and its variation coefficient, Table 3 presents the temporal
and spatial distribution characteristics of the biomass self-sufficiency ratio for both the EU
as a whole and at the level of member states for the two sub-periods from 2000 to 2009 and
2010 to 2018. The data compiled in the table below reveals that both spatial and temporal
variability of SSR is very uneven in the EU. In the EU as a whole, very small coefficients of
temporal variation over both sub-periods (approx. 0.8% and 0.6%, respectively CTV1SP and
CTV2SP) display stability in all regions for the last nineteen years considered. However,
the biomass self-sufficiency varies greatly across members states. The high coefficient of
spatial variation (CSV) during both sub-periods illustrates the significant differences in the
degree of biomass self-sufficiency among countries. Additionally, the difference among the
EU countries increased remarkably over the last decade, as evidenced in the change of SSR
variation, from 34.3% in the first sub-period to 43.7% in the second sub-period.

The data in Table 3 illustrates the asymmetry between the degree of biomass self-
sufficiency and its temporal variation at the country level. The highest coefficient of the
SSR variation was found in countries that display the highest or lowest SSR. Moderate or
higher variations of SSR (>10%) during the first sub-period 2000–2009 were found in Latvia,
Estonia, and the Czech Republic, which demonstrated the highest SSR (214%, 150%, and
131% on average in 2016–2018, respectively), and in Malta and Cyprus, which displayed the
lowest SSR (21%, 150%, and 131% on average, respectively), meaning that the nature of the
biomass domestic extraction-consumption system in these countries was the most unstable
in the whole EU region. The decreased SSR variation in the second half (2010–2018) displays
more stability in Estonia, the Czech Republic, and Cyprus, whereas the increased variation
in Latvia and Malta demonstrates more instability. The decreased variation coefficient
in the second half indicates more stability of biomass domestic extraction-consumption
systems in the other thirteen countries as well.

Nearly half of the EU member countries (i.e., the first thirteen listed in Table 3) were
largely self-sufficient in biomass materials originating from the domestic natural envi-
ronment. They had a ratio of self-sufficiency of over 109% since 2000. In addition, five
countries (Latvia, Estonia, the Czech Republic, Slovenia, and Bulgaria) had a very high
degree of biomass self-sufficiency, with biomass yields exceeding domestic consumption
by more than 1.35 to 2.35 times at the end of the study period. Additionally, the SSR of all
these countries increased in the last decade compared to the previous decade, as indicated
by a positive difference between the SSR values in both sub-periods (Table 3). Poland
and Spain were “approximately biomass self-sufficient”, meaning that they had a ratio of
self-sufficiency between 95 and 105% during the last decade. Germany was “approximately
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biomass self-sufficient” until 2016 as well; however, its self-sufficiency in biomass materials
declined to almost 94% by 2018. This implies that all the sixteen countries can meet all
domestic requirements for biomass materials, and have potential (except Poland, Spain,
and Germany) to export biomass to satisfy the growing demand for biomass, not only on
the EU internal market, but also in global markets.

In contrast, an SSR below 95% was found in twelve of the EU member states (these
include Austria and the rest of the countries listed in Table 3, above) during both considered
decades. This indicates that the degree of biomass self-sufficiency is low, and these countries
were less than self-sufficient. Moreover, in most countries (i.e., nine out of twelve, except
for Denmark, Greece, and Luxembourg), biomass self-sufficiency declined over the last
decade compared to the previous one, indicating the deterioration of their capacity to
meet their own domestic demand for biomass materials. As a result, all these countries
faced a significant increase in their dependence on biomass imports from the rest of the EU
countries or other countries (see Figure 3).
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Figure 3. Self-sufficiency and import dependency relationship graph for biomass materials across
the EU member states. Notes: In the whole sample of the EU−28 countries, a moderate negative
correlation was found between the self-sufficiency and import dependency ratio (r = −0.62; correlation
is significant at the 0.01 level (2-tailed)), a strong negative correlation was found between the self-
sufficiency and import dependency ratio for food materials (r = −0.81; correlation is significant at the
0.01 level (2-tailed)), and a moderate negative correlation between the self-sufficiency and import
dependency ratio for woody materials (r = −0.31; correlation is significant at the 0.01 level (2-tailed)).
Source: Own composition based on the material flow accounts data from the Eurostat database.
(a) Biomass materials (total); (b) food materials; (c) woody materials.

The exceptionally low biomass self-sufficiency ratio for the entire considered period
was observed in the two island nations: Cyprus and Malta. This means that both countries
satisfied their domestic needs for biomass materials by relying more on imports than on
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local production. As illustrated in Figure 3, in both countries, the import dependency ratio
was higher than 50% (i.e., nearly 90% and 67% on average, in 2016–2018). Indeed, the
degree of biomass self-sufficiency decreased in both countries (i.e., from 50% to below 33%
in Cyprus and from above 25% to 15% in Malta, in the past half-century). This means that
dependence on biomass imports has increased in both countries.

Some countries lack the necessary natural resource base or face ecological asset scarcity
to be self-sufficient [56]. Such countries (e.g., Cyprus, Malta, Netherlands, Belgium, and
Luxembourg; see Figure 2) tend to rely on imports to meet their needs and may become
import dependent. At the same time, however, biomass import dependency is not simply a
result of natural resource constraints; this may be due to several other factors, including
drops in domestic production, changing production and demographic shifts, subsidies, and
export earnings (interpretation extended from food imports to overall biomass imports,
based on Luan et al. [57]).

Figure 3a indicates the relative position of the EU countries in terms of their ability to
satisfy domestic needs for biomass materials, based on the domestic extraction and import.
Both the self-sufficiency and import dependency ratios are expressed through average
value in 2016–2018. A moderate negative correlation between SSR and IDR was found for
the whole biomass materials group (r = −0.62, p < 0.01), which means a comparatively
higher dependence on imports at a lower degree of self-sufficiency. Figure 3 illustrates
that only in five EU countries is a larger portion of biomass domestic demand satisfied
through imports (i.e., Malta (88%), Cyprus (73%), Netherlands (65%) Luxembourg (88%),
and Belgium (60%)). In the remaining EU countries, the greater share of domestic needs for
biomass was satisfied through domestic production imports, ranging from 12% for Bulgaria
up to 47% for Slovenia.

A strong negative correlation (r = −0.81, p < 0.01) between SSR and IDR was found
for the food materials group, including small amounts of non-edible biomass. An export
share larger than 50% appears for Malta (90%), Cyprus and the Netherlands, (67%), and
Belgium (52%), revealing their dependence on food imports (Figure 3b). As for the whole
woody materials group, the correlation analysis indicates a moderately negative relation
between the self-sufficiency and import dependency variables (Figure 3c). More than half
of domestically consumed woody biomass was imported in seven EU countries, such as
Luxembourg (75%), Netherlands (78%), United Kingdom (65%), Denmark (70%), Italy
(72%), Belgium (79%), and Cyprus (91%). The imported woody materials amounted to 50%
of Austria’s domestic biomass needs, while Malta used only imported wood materials for
domestic consumption.

3.3. The Effect of Determinants on Biomass Self-Sufficiency

To obtain valid results of statistical analysis, a log (logarithm) transformation of
variables is performed. Also, outliers are removed from the dataset as they can affect the
results of the model. The verification of the dependency between explained (y) and each
of the explanatory variables (x) was checked, and a linear relation between each pair of
variables was revealed. For this reason, a linear form of each variable is included in the
model. A bivariate correlation between each pair of different explanatory variables was
examined and the results revealed that there is a strong correlation (higher than |0,7|;
based on Ratner [57]), between two pairs of variables: l (“l” denotes the log transformation
of a variable) pop_dens & l_biomas_extr (0,8) and l_biomas_int & l_res_prod (−0,8). For
this reason, the variables that are highly correlated are included in the model separately,
and four cases of the model are performed. The results of the estimations are presented in
Table 4. The program used to run the model was GRETL.

All estimations in Table 4 passed AR(2) and Sargan over-identification tests and
thus the results are not affected by the second-order correlation, and the instruments
are valid. The results reveal that the impact of the indicator of major interest (i.e., the
agricultural and forest land share variable) on the biomass self-sufficiency ratio is positive
and statistically significant in all cases of the model. A positive effect indicates that an
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increase in agricultural and forest land increases the biomass self-sufficiency ratio,; this
confirms the expected effect of the core explanatory variable on the explained variable.

Table 4. Estimation results of the model.

I II III IV

l_B_SSR(-1) 0.5724 ***
(0.0000)

0.5239 ***
(0.0000)

0.5011 ***
(0.0000)

0.5110 ***
(0.0000)

const 1.9929 **
(0.0113)

1.8644 ***
(0.0004)

2.5105 ***
(0.0000)

1.7343 ***
(0.0027)

l_land 0.2360 ***
(0.0000)

0.2999 ***
(0.0000)

0.2453 ***
(0.0000)

0.3083 ***
(0.0000)

l_biomas_extr −0.0523 ***
(0.0050)

−0.0416 ***
(0.0000)

l_bioen_renw 0.1365 ***
(0.0009)

0.0577 **
(0.0180)

0.1954 ***
(0.0000)

0.0826 ***
(0.0002)

l_bioen_prim 0.0357 ***
(0.0080)

0.0186
(0.2123)

−0.0127
(0.3090)

0.0050
(0.7510)

l_en_imp −0.2717 ***
(0.0009)

−0.2033 ***
(0.0022)

−0.1329 **
(0.0353)

−0.1408 **
(0.0000)

l_biomas_int 0.1166 ***
(0.0000)

0.0720 ***
(0.0012)

l_res_prod 0.0169
(0.5860)

0.1186 ***
(0.0000)

l_pop_dens −0.1288 ***
(0.0000)

−0.0595 ***
(0.0000)

l_empl_kia −0.0800
(0.4050)

−0.0016
(0.9815)

−0.2380 ***
(0.0003)

−0.0249
(0.7221)

AR(2) test 0.0233
(0.9814)

−0.0643
(0.9488)

0.3468
(0.7287)

0.2999
(0.7643)

Sargan test 20.5052
(1.0000)

19.1705
(1.0000)

21.0238
(1.0000)

19.9745
(1.0000)

Number of
countries 27 a 27 a 27 a 27 a

Number of
observations 270 269 273 272

Notes: a Malta is not included because of a lack of some data. *** and ** indicate statistical significance at the 1%,
5%, and 10% significance level, respectively. z-values are presented in parentheses of estimates. p-values of AR(2)
and Sargan tests are provided in parentheses. All estimations are two-step GMM-SYS.

The expected effect of biomass domestic extraction on the biomass self-sufficiency ratio
was positive or negative. In both cases of the model, when this variable was included, the
negative direction of exposure was obtained, and the results were statistically significant.
The coefficient of this variable indicates that a one per cent increase in biomass domestic
extraction decreases the biomass self-sufficiency ratio by about 0.05 per cent. The estima-
tion results also indicate that an increase in the share of bioenergy in renewable energy
contributes positively to the biomass self-sufficiency ratio, in all four constructed cases of
the model; this is in line with previous expectations. Energy import dependency proved to
be statistically significant. The magnitude and direction of this variable indicate that an
increase in energy import dependency by 1 per cent reduces the biomass self-sufficiency
ratio by about 0.13–0.27 per cent; the effect of this variable is as expected.

The estimates suggest that the biomass materials intensity variable has a positive
and statistically significant effect on the explained variable, indicating that an increase
in biomass material intensity affects an increase in the biomass self-sufficiency ratio.; the
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results are in line with a priori expectations. This research has demonstrated that population
density has a statistically significant effect on the biomass self-sufficiency ratio in all cases
of the model. This effect is negative (i.e., when population density increases, biomass
self-sufficiency decreases). Further results of the model suggest that three variables are
statistically significant only in one case of the model. These variables are the share of
bioenergy in total primary energy production, resource productivity, and employment in
total knowledge-intensive activities.

4. Discussion

In this section, the study results on biomass self-sufficiency and import dependence,
as well as its determinants in the EU countries and the United Kingdom, are discussed in
the context of ecological constraints of biomass extraction and harvesting, the EU Green
Deal, and biomass supply-demand trends at a global scale.

The obtained results suggest that the European Union is rather self-sufficient in terms
of biomass and has the potential to meet all domestic requirements for biomass, with
sufficient domestic natural resources. The EU’s biomass self-sufficiency has been higher
in the present decade than in the previous decade but has recently slightly diminished.
It is emphasised that, although the domestic demand and domestic supply of biomass is
currently balanced in the European Union, increasing the supply of biomass that originates
from its own sources, to match the large increase in demand, would be very difficult [14].
A range of ecological boundaries place limitations. Biomass is finite in nature and function-
ally; time for regrowing or recovering is needed. Biomass harvest depends on ecosystem
health, regeneration rate, and the availability of land, soil fertility, and productivity, etc.
Exceeding ecological boundaries can lead to ecosystem degradation [58]. Due to ecological
boundaries, the EU’s bioeconomy strategy requires that biomass be used only within safe
ecological limits, to strengthen the resilience of both terrestrial and aquatic ecosystems and
ensure their contribution to climate mitigation and sustainability of their biodiversity [6].
Moreover, biomass harvesting or extraction has multifaceted negative implications for
natural ecosystems, such as declines in biodiversity, the reduction in natural carbon stocks
and sinks, nitrate pollution, and GHG emissions from biomass production. Consequently,
biomass continues to play a role in the EU’s low-carbon transition; its use will need to
be limited and targeted towards the most added value to climate and environmental
objectives [58].

Despite a high degree of self-sufficiency, the EU economy also depends on imports of
biomass materials. The EU is a net importer of biomass materials, as are most of the member
states; the EU’s imports exceeded exports by 33% (2018). Based on the EU-28 states’ sample,
a moderate negative correlation between self-sufficiency and import dependency ratios
was found for the whole biomass material group and for the wood materials sub-group,
and a strong negative correlation was found for the food material sub-group, including
small amounts of non-edible biomass. As several studies have found, on average globally,
the largest share of biomass extracted from cultivated and non-cultivated (wild) natural
biological resources is used domestically [16,47,59]. Currently, only one tenth of the globally
extracted biomass from the natural environment is traded internationally; however, in some
countries the share of biomass international trade may be large [16]. Using the simulated
interregional flows of goods within the world economy, based on the global multi-regional
input-output table [59], it was found that most of the local biomass extraction is consumed
locally. On the contrary, only a small part of biomass use, embodied in final consumption,
originates from domestic sources. The reasons substantiate the need for biomass self-
sufficiency studies to uncover the extent to which a country can satisfy its biomass needs
from its own domestic production, based on its natural resource base.

Additionally, the latest research [5] demonstrates that the extraction of raw materials
(including biomass) in Europe is under threat due to various reasons, such as the lack
of knowledge on raw materials, insufficient awareness of the true ecological boundaries
of the planet, competing land use and urbanisation, erosion and degradation of soils, as
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well as the reluctant and at times hypocritical attitude towards the sustainability of raw
materials used in imported products. The “spatial disconnect” between biomass produc-
tion and consumption has been recognised as pivotal, regarding global environmental
degradation [60].

Several studies ([61–63]) demonstrate that the availability of biomass as a renewable
resource arising from living ecosystems is unevenly distributed, in regards to its demand
and availability. Some of the regions with the greatest demand have a relatively low
availability of local biomass resources. Our findings, based on the spatio-temporal analysis
of biomass self-sufficiency, illustrate that the ability of EU countries to meet their domestic
biomass demand, at the expense of local resources, varies greatly. The degree of biomass
self-sufficiency varies significantly across the EU member states, although the differences
increased remarkably over the last decade. The asymmetry between the degree of biomass
self-sufficiency and its temporal variation at the country level is higher in the countries that
display the highest or lowest self-sufficiency ratio. Nearly half of the EU member countries
(i.e., Latvia, Estonia, Czechia, Slovenia, Bulgaria, Finland, Hungary, Croatia, Lithuania,
Slovakia, Romania, France, and Sweden) were largely self-sufficient in biomass materials
(SSR above 105%). Poland and Spain were “approximately biomass self-sufficient”. The rest
of the EU member countries were under self-sufficiency (SSR below 95%). Exceptionally,
the lowest biomass self-sufficiency ratio for the entire considered period was observed
in the two island nations: Cyprus and Malta (SSR below 33% and 15%, respectively, at
present). Also, four EU member countries (Portugal, Italy, Belgium, and Luxembourg) and
the United Kingdom are rather poorly self-sufficient in biomass (from 70% to 80%), and
in Austria, Denmark, Ireland, Greece, and the Netherlands, the degree of biomass self-
sufficiency is quite low (80–90%). The import dependency on of all these countries is much
higher than the EU average, ranging from 30% in Greece and Denmark to 86% in Malta, on
average over the last five years. Therefore, it can be expected that a considerable number
of challenges for biomass’s supply and demand can be expected, regarding the ambitious
targets of the Green Deal and increasing competition in the biomass export markets.

From the point of view of the European Green Deal’s ambitious target to reduce
net greenhouse gas emissions to zero by 2050, the EU climate scenarios foresee a 70–80%
increase in biomass use demand, while its supply will lag behind, a 40–100% gap relative
to the large increases in demand [14]. In addition, the launched strategies of Farm to Fork
and Biodiversity, which are a part of the Green Deal, are likely to influence the reduction
of agricultural production (production of biomass of agricultural origin in the context of
this study) in the EU. According to EW-MFA statistics, biomass of agricultural origins
account for 82% of total biomass extraction in the EU-27 on average, over the period
2016–2019. A few studies were performed to analyse the possible impact of the targets of
these strategies on the EU‘s agricultural production. The quantitative results of the impact
studies are different. Henning et al. [64] identify a decline in agricultural production in the
EU from 2.6% to 45%. Bremmer et al. [65] conclude a decrease in agricultural production,
up to 30%. Beckman et al. [66] find a decrease in agricultural production from 7% to 12%,
and Barreiro-Hurle et al. [67] identify up to a 15% reduction in the supply of agricultural
production. In any case, all these impact studies acknowledge that the supply changes of
various agricultural products can dramatically decline in 2030 in the EU-27. In addition, on
a global level, the consumption of primary biomass is projected to almost double over the
coming four decades (rising from 22,5 Gt in 2020 to 41 Gt in 2060), if the new policies to
improve resource use efficiency and stimulate the transition to a circular economy are not
developed [15].

The main purpose of the econometric analysis in this study is to test the effect of the
share of agricultural and forest land in total land area on biomass self-sufficiency. A panel
data analysis is proposed in this study. The two-step GMM method is used for econometric
analysis, controlling for potential factors, including bioenergy development, and social and
economic characteristics. The estimation results indicate that the core explanatory variable
(i.e., agricultural and forest land share) has a positive effect on the biomass self-sufficiency

69



Sustainability 2022, 14, 1897

ratio; this means that an increase in the share of agriculture and forestry in the total land
area increases the biomass self-sufficiency ratio. This finding is in line with the findings
of Ladanai and Vinterbäck [68], Field et al. [69], and Benti et al. [29], who stated that land
availability is crucial for the future since energy from biomass depends on it. Biomass
is defined as, potentially, a main source of energy. As UNEP [16] mentions, regional
distinctiveness of the land use system can affect the framework of biomass, both in terms
of quantity and quality. Vera et al. [70] note, “the biomass potentials and environmental
impacts strongly depend on location of specific biophysical conditions, land use/cover
prior to conversion, and feedstock type” (p. 5). Thus, land use is an important factor for
biomass accessibility.

In addition, a negative impact of population density on biomass self-sufficiency is
present in all cases of the model. This indicator, as a land use characteristic as well, is widely
discussed in the scientific literature. A growing population (directly related to population
density) increases the fear that, within a few decades, agricultural production will have to
increase, but a large portion of the land is not useful, as it is degraded; “there is a deepening
awareness of the long-term consequences of the loss of biodiversity, with the prospect of
climate change“ [71] (p. 560). As UNEP [16] asserts, a high population density is usually
related to a high dependence on biomass imports at a country level, while countries with a
low population density are usually net exporters of biomass. Also, population density is
associated with the domestic extraction of biomass. As Krausmann et al. [47] stress, the
highest domestic extraction is in countries where population density is low.

As expected, the econometric model displays a negative effect of energy import de-
pendency on the biomass self-sufficiency ratio. In this respect, reducing the energy import
dependency requires increasing biomass production. As Field et al. [69] state, there are
many opportunities for greater energy independence. The potential of bioenergy depends
on the protection of forests and agricultural land against such processes as degradation,
desertification, etc. [72]. On the contrary, a positive effect of the share of bioenergy in renew-
able energy on the biomass self-sufficiency ratio is found by the model regression, as was
expected while formulating the model. Bioenergy is viewed as the most important option
of renewable energy in the future as well as at present. As stated before, closely related to
the production of bioenergy is land, which is a crucial element for the bioenergy industry.

5. Conclusions

This study serves as an overview of biomass self-sufficiency in the European Union
as a whole and in individual member state levels. It provides an essential framework
for this topic and a detailed analysis of the effect of some determinants on the biomass
self-sufficiency ratio at the EU level. The analysis covers the 2000–2018 period and includes
28 EU countries (the composition of the EU until 31 January 2020). A pragmatic interpre-
tation of the national self-sufficiency in biomass materials was used in the present study.
Biomass self-sufficiency is calculated as a percentage ratio of biomass domestic extraction
to its domestic consumption. Thus, biomass self-sufficiency indicates the extent to which a
country can meet its needs for biomass materials, using resources coming from domestic
extraction or harvest.

Our study has some limitations, mainly related to the narrowed definition of biomass
as the primary biological material domestically extracted from the natural environment
and domestically used in the national economy, as developed by the economy-wide ma-
terial flow accounts (EW-MFA). Secondly, data on the biomass domestic extraction and
consumption from the EW-MFA database was used in the analysis, keeping in mind that
the NEW-MFA accounts for the physical flows of primary biomass from the natural envi-
ronment to the economy. Due to this limitation, the biological waste generated by primary
production and subsequent economic processes (manufacturing, trade, and final consump-
tion), and returned to the production and consumption processes, were not included in the
analysis. Despite the limitations, this study can be used by governments, policy makers,
bioeconomists, and even macroeconomists, since the concept of self-sufficiency features is
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prominently used in many regulatory guidelines, policies, and recommendations on food
security, anti-poverty, energy security, renewable energy, circularity of economy, sustainable
development, transition to a low carbon economy, etc. Further research is needed to explore
the contribution of biomass from waste streams into biomass self-sufficiency and to assess
the country’s ability to meet domestic demand for biomass. There is a need to explore
ecological, economic, and social constraints to biomass use and harvesting from natural
and cultivated ecosystems.
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Abstract: Most of the world’s freshwater lake ecosystems are endangered due to intensive land use
conditions. They are subjected to anthropogenic stress and severely degraded because of large-scale
aquafarming, agricultural expansion, urbanization, and industrialization. In the case of India’s largest
freshwater lake, the Kolleru freshwater ecosystem, environmental resources such as water and soil
have been adversely impacted by an increase in food production, particularly through aquaculture.
There are numerous instances where aqua farmers have indulged in constructing illegal fishponds.
This process of aquafarming through illegal fishponds has continued even after significant restoration
efforts, which started in 2006. This underlines the necessity of continuous monitoring of the state of
the lake ecosystem in order to survey the effectiveness of restoration and protection measures. Hence,
to better understand the processes of ecosystem degradation and derive recommendations for future
management, we developed a web mapping application (WMA). The WMA aims to provide fishpond
data from the current monitoring program, allowing users to access the fishpond data location across
the lake region, demanding lake digitization and analysis. We used a machine learning algorithm for
training the composite series of Landsat images obtained from Google Earth Engine to digitize the
lake ecosystem and further analyze current and past land use classes. An open-source geographic
information system (GIS) software and JavaScript library plugins including a PostGIS database,
GeoServer, and Leaflet library were used for WMA. To enable the interactive features, such as editing
or updating the latest construction of fishponds into the database, a client–server architecture interface
was provided, finally resulting in the web-based model application for the Kolleru Lake aquaculture
system. Overall, we believe that providing expanded access to the fishpond data using such tools
will help government organizations, resource managers, stakeholders, and decision makers better
understand the lake ecosystem dynamics and plan any upcoming restoration measures.

Keywords: Kolleru Lake; land use; aquafarming; fishponds; illegal fishponds; food–water–soil–ecosystem
nexus; Google Earth Engine; freshwater ecosystem web model; India’s largest freshwater lake

1. Introduction

Lakes are of considerable value to humankind: they provide drinking water and form
the basis for commercial fishery and agriculture, they are linked to energy production and
constitute important transportation pathways, and they often have cultural and recreational
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significance. Moreover, lakes and wetlands play a significant role in regional biodiversity
and are invaluable along the migratory routes of birds [1,2]. The specific characteristics of
lakes vary significantly according to their origin and geographic location. Despite these
differences, many of the world’s lakes are under acute threat. According to Mammides [3],
one-third of global lakes are subject to such considerable human pressure that they are
existentially threatened. As the human population increases exponentially, many of the
world’s lakes are affected by land reclamation for agricultural expansion, settlements, and
industry [4–6]. Economic benefits degrade most of the world’s lakes by exploiting their
resources, productivity, and identity [7–9].

Meanwhile, single direct and multiple diffuse sources significantly cause pollution and
introduce many impairments, which leads to water quality deterioration by eutrophication
and algae [10,11]. Whenever lakes are exposed to multiple adverse impacts, lake ecosystems
may become more sensitive and vulnerable to changes in climate and hydrology, water
quality, or land use. Changes in the lakes themselves can have significant effects on the
regional climate and riparian ecosystems [12–15]. However, prioritizing food security
as a political goal may adversely affect other environmental resources, including the
hydrosphere, the pedosphere, and the biosphere. Therefore, the resource nexus concept
aims at integrated approaches that consider food security as a development goal in the
contexts of water and soil security and the preservation of viable ecosystems [16,17].

Recent advancements in digital platforms, remote sensing, and GIS (Geographic Infor-
mation System) technologies have increased and widened their potential for environmental
applications [18–23], such as monitoring and modelling environmental resources, such as
water and soils, and the biosphere’s states, processes, and fluxes [18–22]. However, web
modeling services on hydrological catchment applications are a relatively new research
area, and to date, the uses of location-based service (LBS) systems are limited. LBS deliv-
ers real-time data and information services where the content is illustrated to the user’s
current or projected location and context [24]. It will be more efficient to model with the
combination of field and remote sensing data methods. Furthermore, it is useful for the
determination of any ongoing changes with real-time datasets.

In this paper, we present a case study on the recent degradation of Lake Kolleru, India,
focusing on the food–water–soil–ecosystem nexus and the integration of ground-based and
remote sensing data for monitoring water and soil fluxes as well as the general ecological
state of the lake. The concept of the water–food–soil nexus was first popularized by the
2011 Bonn Nexus conference. It has since developed into one of the most widely applied
approaches considering the interrelations between different environmental compartments
and processes which are exposed to multiple human impacts [25]. From a management
perspective, the nexus does not only look at synergies between different objectives, but
also at potential trade-offs [26]. Trade-offs may become particularly problematic when
single resources or development goals are prioritized by decision makers. An example of
this is food security, which is a basic prerequisite for human health and socio-economic
development, and therefore defined as the second Sustainable Development Goal (SDG).

In the present study, we report on the first application of a web-based decision support
system for monitoring protection and restoration efforts in the Lake Kolleru Basin. Over
the past four decades, this lake has suffered significantly under the illegal construction of
fishponds, leading to significant nutrient pollution and sedimentation problems [27,28].
Particular focus is directed at land use changes before and after the “Operation Kolleru”
restoration program [29]. Our previous studies have shown a coherent picture of the mas-
sive land use changes in the Kolleru Lake ecosystem [27]. Clearwater areas in the lake have
completely vanished through human interference by constructing fishponds [30]. It can
be argued that one of the reasons why restoration and protection efforts were only partly
successful in the past is that traditional monitoring methods such as field surveys were a
very laborious way of identifying expansions of aquaculture. This study describes a web
mapping system using open-source software for the location of the lake region’s fishponds,
based on the data extracted from machine learning algorithms. The application helps
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the readers carry out their own assessment of any new illegal construction of fishponds
across the lake. It allows the user to update onsite data to a web model. This helps the
stakeholders and state government authorities in their decision-making processes for the
future development of lake management because they become able to identify new illegal
fishponds and resolve arising conflicts.

2. Study Area

Kolleru is the largest freshwater lake in India, located in Andhra Pradesh (Figure 1).
Geographically, it is situated between 16◦33′10′′ and 16◦47′44′′ northern latitude, and
80◦4′5.5′′ and 81◦24′27.5′′ eastern longitude. It has a distinctive ecosystem that supports
biodiversity, and it is rich in flora and fauna. It was recognized as a wetland of international
importance by the Ramsar Convention act in November 2002 [31]. It is located between the
delta regions of southern India’s largest perennial rivers, the Krishna and the Godavari,
and serves as a natural flood-balancing reservoir between these two river basins. The lake
is fed by seasonal rivers such as Budameru and Tammileru, and additionally, 68 minor
irrigation canals flow into the lake. The lake’s average water spread area is 902 km2, falling
below the 3.05 m contour level during the southwest monsoon period. The minimum and
maximum water depths are 1 and 3 m, and the average annual precipitation is 1094 mm [27].
Agriculture and aquaculture are the major economic activities in this wetland region, where
approximately 14,000 families live. As they illegally encroach lake areas for aquaculture
expansion, Lake Kolleru’s open water area has shrunk, lake water quality deteriorated, and
its ecosystem has come under threat.

 
Figure 1. (a) Kolleru Lake aquaculture; (b) location of the study area in India map; (c) Kolleru Lake
catchment; (d) practicing of aquaculture (photo: Monika Mandal).

The increasing encroachment of Kolleru Lake has led to increasing disputes between
environmental authorities and the public. The illegal expansion of aquaculture degraded
the lake to an extent where no trace of clear water could be recorded over the past three
decades [27]. Despite efforts to restore the lake, irregular lake monitoring activities effec-
tively permitted aquaculture to grow even after restoration measures were implemented.
In 2018, fishponds occupied 136 km2 of the lake area, and weed infestations covered about
152 km2, together spanning a total of 58.6% of the lake’s sanctuary, and the rest of the area
was occupied by marshy lands, paddy fields, and built-up areas [27].

Andhra Pradesh, particularly the massive distribution of inland aquaculture formed
around the Kolleru Lake freshwater ecosystem, developed into India’s most important
region of inland fishery [32]. A once-significant lake area was thereby transformed into
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fishponds, gradually replacing other landcover classes in the wetland ecosystem. To protect
the lake from illegal construction, the state government’s initial efforts were made to restore
the lake area in 2006 through the “Operation Kolleru” program [29]. However, a mixture
of high population density and the absence of other employment options in the region
induced villagers in the Lake Kolleru Basin to aggressively encroach the lake area for
aquaculture farming. A single restoration program was not sufficient to effectively stop this
process and protect the lake area from illegal fishponds. Therefore, continuous monitoring
of fishpond dynamics, particularly the creation of new ponds, is an essential component of
future lake restoration measures.

Apart from the aquaculture threats, Lake Kolleru is subjected to multiple external
pressure sources from non-point source pollution, particularly agricultural runoff, soil
erosion, and sedimentation. In the catchment region, the massive application of chemical
fertilizers, including various nitrogen (N) and phosphorus (P) compounds, and their mobi-
lization by agricultural runoff, cause severe water quality problems [28]. The accumulation
of nitrate–nitrogen (NO3_N) deposited near the lake downstream has led to eutrophication
and proliferating weeds. Therefore, pollution abatement measures focusing on nutrient
loading are necessary for lake water protection.

3. Materials and Methods

3.1. Input Data

In this study, we used the Landsat-8 satellite series composition with 30 m spatial
resolution to prepare a land use classification of the Kolleru Lake in 2018. The Landsat
data for 2018, comprising 43 images, were aggregated into a single image by applying
the median function for the Random Forest (RF) classification model in Google Earth
Engine (GEE). To achieve accurate results, the observed fishpond data were extracted by
applying the Normalized Difference Water Index (NDWI), which was calculated based
on the spectral indices of Landsat-8. Nearly 70 training samples were used to distinguish
between six different land use classes: weed infestations, paddy fields, marshy land, the
open lake area, built-up land, and fishponds. The polygon featured training samples
collected from high-resolution Google Earth images. For each category, approximately
more than 10 samples were collected. In 2018, the fishponds occupied a 136 km2 (27.9%)
area in the Kolleru wildlife sanctuary. The overall accuracy and Kappa coefficients were
88% and 0.84, respectively. After the “Operation Kolleru” restoration program, a fast-
growing distinctive land use class was recognized, which turned into a biodiversity threat
to Kolleru Lake’s natural fauna and flora. Kolli et al. (2020), Pattanaik et al. (2010), and
Barman (2004), in their previous studies, showed a clear picture of biodiversity loss with
extensive land cover changes for economic profits by constructing fishponds [27,33,34].
This study determined the fishpond data, facilitated them to users, and upgraded the latest
identification of fishponds across the lake. The fishpond data were extracted from the
2018 land use image in ArcGIS software, the model’s primary data input. The 2018 land
use image is mainly used to separate fishponds from other land use classes. Our main
objective is to create a web-based application for a better understanding of lake management
problems and solutions for any case of secondary restoration measures.

The methodological workflow comprised four stages: problem definition, land use
classification and fishpond data extraction, database on a WebGIS, and client–server ar-
chitecture interface. Figure 2 is an exemplary block diagram representing an inflow of
data to the client-side or server-side web server. The first stage includes identifying critical
lake factors by communicating with government authorities, stakeholders, research com-
munities, and Kolleru Lake Development Committees (KLDCs). Additional information
was obtained from reports in newspapers, magazines, articles, and local news channels.
The second stage includes the preparation of a land use map for the year 2018, based on a
machine learning algorithm in GEE, and fishpond data extraction to prepare the primary
data input for modeling. The third stage is devoted to working with data storage in a
database. It also involves data files published on a web server. The final stage implements
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the web model for protecting the lake ecosystem against the illegal construction of fish-
ponds. Furthermore, the model will be discussed with the researchers, stakeholders, and
state government authorities.

Figure 2. Methodology flowchart.

The model development was divided into two parts: database preparation and web
mapping application. The database consists of fishpond data containing each fishpond’s
spatial information (point location) with a column for the X and Y coordinates. The fishpond
polygon layer was converted into the geometric location (i.e., medium of each fishpond
boundary) to a point shapefile for better mapping. Furthermore, the fishpond data were
converted into the GeoJSON (Geographic JavaScript Object Notation) file format. GeoJSON
is a required spatial data format for the map library to display the web server’s spatial
data [35]. It is an open standard format designed to represent simple geographical features
and their non-spatial attributes, based on JavaScript Object Notation [36]. GeoJSON is
supported by numerous mapping and GIS software packages, including OpenLayers,
Leaflet, and MapServer [37].

3.2. WebGIS Database

The GIS users require map data maintained by other sources. Therefore, data sharing
and updating are crucial. Current advanced technologies such as WebGIS can address GIS
data issues, including sharing, processing, manipulation, visualization, and updating in
the web server domain to widen the adoption to a larger number of potential users [38].
GeoServer is an open-source Java-based web mapping service that enables sharing geospa-
tial data and publishes them on the network [39]. It supports a wide variety of spatial
data extensions that handle various datasets, as well. One of the greatest advantages of
GeoServer is that it complies with OGC (Open Geospatial Consortium) standards that es-
tablished a series of data exchange protocols such as Web Map Service (WMS), Web Feature
Service (WFS), and Web Coverage Service (WCS) [40–42]. There are certain prerequisites to
use a GeoServer such as Java, XAMPP, Apache, and Tomcat. This study used the GeoServer
database to publish the Kolleru Lake aquaculture data on a web map service to facilitate
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the public source fishpond data. PostgreSQL extended with PostGIS is an open-source
geospatial database with an object-relational database model installed to store all kinds of
primary datasets [43]. In order to maintain data management and data consistency, PostGIS
and PostgreSQL, which store both spatial data and attribute data in one database, were
used [44]. The fishpond data were uploaded into the PostgreSQL database through the
PostGIS server. Figure 2 shows the PostgreSQL database, which can be used to design the
fishpond modeling using the web server architecture system. The fishpond data contain
both the spatial data and attribute data information. In the first phase of development,
the configuration of fishpond data stored in the PostGIS database was published in the
GeoServer. For that, a new workspace named “Kolleru_fishponds” was created, and then
a new store comprising all kinds of geospatial data was added. The PostGIS database
was facilitated in a new store that previously loaded the fishpond shapefile into the Post-
greSQL server. Finally, then the fishpond data could be published on the web GeoServer.
The fishponds’ information can be monitored, visualized, or edited by any user from the
web server.

3.3. Client–Server Architecture

The web model application has a three-layer architecture. PostgreSQL was extended
with PostGIS, used as a backend to store the fishpond data. The GeoServer was used
to create layer services and to allow the publication of the PostGIS data in a web server,
while the Leaflet library was used to create the Graphical User Interface (GUI). The Leaflet,
created by Vladimir Agafonkin, is the leading open-source JavaScript library for web-based
interactive maps, and it is updated continuously [45]. It has been well documented and
supported for different applications with large amounts of plugins. For this study, the
Leaflet library for a working environment for programming was used. We used it for a
web browser user interface to develop a map request entry webpage. For example, if a
user has entered the construction of a new illegal fishpond location, the webpage receives a
request from the user by selecting a “request map” button. After that, new fishpond data
are typically generated in the remote server from the user’s device to synchronize the new
data into an existing database.

The client–server module interface affords the individual users to configure and
manipulate the fishpond mapping data remotely. The data layer provides access to the
database through web services. The web service is a gateway between the data layers to
allow the client application and server application to access the database. Furthermore, the
published fishpond data layer in GeoServer is accessed through the leaflet. The overall
client–server architecture of a generated web mapping application is shown in Figure 3.

Figure 3. The client–server architecture of a generated web mapping application.
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4. Results

The web-based GIS interface between the server and the client-side module can de-
sign both static and dynamic datasets. Thus, the web-based module was developed and
integrated with the PostGIS database to store the input data and to model the fishponds.
They are required to map ongoing changes and control structures for development ac-
tivities, designed with XAMPP, machine learning datasets, PostgreSQL database, and
GeoServer. At the same time, client-side mapping is facilitated with the Leaflet Java plugin.
This module allows users to define the fishpond’s location, which computes input parame-
ter values for the web system. Then, it generates the URL (Uniform Resource Locator) to
transfer the input data parameters to the PostGIS database service. It computes all possible
dimensions and provides enough storage space for the output data interface. The links to
source codes are given in Appendix A.

4.1. Displaying of Fishpond Data on a Webpage

In Figure 4, the displaying of fishpond data on a webpage is shown. Here, the
fishpond data stored in a PostGIS database were added to the Leaflet guide through the
WMS layer published on a WebGIS platform. The fishpond data are permanently stored in
a PostgreSQL database. Figure 4a depicts the fishponds’ locations on a web page shown
as a marker cluster layer in the Kolleru Lake ecosystem. A total of 2770 fishponds were
identified in the 2018 classified image that was overlayed on a Google Earth image. Since
thousands of fishponds were dug into mere fish drains, we could show the data as a
cluster marker layer to better visualize the map in close proximity with other marker
icons. However, in the case of the maximum zoom in the clustered fishpond area, each
fishpond can be separated with a unique marker icon and represented as the area’s center,
as shown in Figure 4b. The user can interact with the data of each fishpond location on a
web interface. In addition, a layer control panel was provided that allows users to switch
between the different base layers for a larger and better visualization of the study area.

   
(a) (b) (c) 

Figure 4. (a). Fishpond data as shown in the form of a marker cluster layer on a web application in
the Kolleru Lake ecosystem. (b) User generates the URL to add the new fishpond location. (c) Result
of attribute query based on a user required location.
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4.2. Web-Based Server and a Client-Side Module

Figure 4b depicts an exemplary map displayed on a webpage on a web browser user
interface. The user sends a request of a fishpond’s location from a client-side computing
device to a web server (https://webgis.in/fishponds/index.html, accessed on 7 November
2020). The user’s desired location then shows as a marker with created details “name:
Fishpond_addition1”. After entering the specific location of a fishpond to be mapped
or added to the database, the user then requests a map by selecting the “Save” button.
Before submitting a request to a web server for storing in a database, the user should verify
with ground truth information about whether fishponds exist or not. This information
is generated on a remote server on the user’s computing device, transmitted to the web
server, and eventually displayed on a webpage.

Figure 4c illustrates the user’s desired location of a fishpond saved in a database
identified on a webpage with a marker icon (i.e., fishpond ID, latitude and longitude, and
date). The newly entered fishpond displayed on a web page shows a new ID, name,
and created date. This helps to assess uncertainties related to older and potentially
out-of-date information.

Figure 5 shows that new fishpond credentials with the name “Fishponds_addition1”
were saved in a PostGIS database and reflected on a map with current time and detail. This
application allows any new fishpond entry to be displayed on a webpage and registered in
the existing database.

 

Figure 5. Storing of new fishpond data in the PostGIS database.

5. Discussion

Figure 6 depicts the displacement of the fishponds’ occupation area before and after
the Kolleru wildlife sanctuary restoration measures. The fishpond data for 1999 are derived
from the Kolli et al. (2020) land use classification map for further analysis [27].

Figure 6a shows that fishponds occupied 29.7% of the overall lake area. This was
the highest dominant land use class. The majority of other land use classes of 1999 were
paddy fields, marshy lands, and weed-infested areas that had entirely disturbed the lake
ecosystem. Floods were aggravated within the fishponds due to the construction of high-
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rise embankments that polluted the surrounding lake areas [30]. Restoration processes were
initiated to dismantle the fishponds in 2006 through the volunteer “Operation Kolleru”
program [29]. “Operation Kolleru” brought the solution to stop the illegal expansion
of fishponds [33]. The success of this operation was only temporary, as evidenced by
the significant development of fishponds across the lake area observed in the 2018 land
use image.

Figure 6. Fishpond-occupied area in (a) 1999; (b) 2018.

Figure 6b illustrates that the 2018 distribution of fishponds in the Kolleru Lake ecosys-
tem resembles—and in some parts, exceeds—the fishpond regions in the 1999 image.
The fishpond-occupied area was 27.7%, about 2% less than before the lake restoration
processes took place. This indicates that the lake remained stable for a specific period,
and the rate of encroachment was relatively faster after restoration. However, during the
“Operation Kolleru” program, the affected fishpond areas were turned into marshy lands,
accounting for about 59.8% immediately after the restoration program [27]. Therefore,
people targeted these marshy areas for further expansion of fishponds. Additionally, we
compared monthly satellite image features and identified that February was well suited for
monitoring the fishponds’ development. Since the Kolleru Lake ecosystem marshy areas
dug into fishponds, especially in February, the lake is dried and easy for digging. Therefore,
February is a suitable time to monitor the illegal construction of fishponds. Our model will
be useful for both monitoring and decision-making solutions for stakeholders.

Figure 7 illustrates the loss and gain of fishponds between governmental and human
activities across the Kolleru Lake ecosystem. The lake endured intensive stress due to
frequent land use changes before and after restoration practices. At the time of restoration
in 2006, a significant number of fishponds were destroyed.

Figure 7a depicts the fishpond loss area after the restoration program, which is about
5.17% of the lake area. Most destroyed fishponds were concentrated in the middle lake area,
especially within the 3 ft contour level. Thus, the local people used the 5 ft contour area
for aquaculture farming and were not interested in returning the land to the government.
Furthermore, they encroached the 3 ft lake area, completely degrading the lake ecosystem.
The state government of Andhra Pradesh intended to protect the lake area up to the 3 ft
contour (Figure 7a), which resulted in the “Operation Kolleru” program.

According to Figure 7b, the fishponds’ growth showed in the direction of the 5 ft
contour area (i.e., around the 3 ft contour level) of the 2018 image. The fishponds gained
after the restoration program account for 4.82% of the lake area. We compared the loss and
gain of fishponds between 1999 and 2018, or before and after the restoration program, for a
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better interpretation analysis. Due to the “Operation Kolleru” program, the lake’s 3 ft area
was not encroached by the local people for aquaculture practice (Figure 7b). However, it
was mostly covered with weeds, marshy areas, and less area with paddy fields. Better lake
measurement practices are essential for lake protection.

Figure 7. (a) Fishpond loss after 1999; (b) fishponds gained in 2018.

Human economic growth activities degrade the lakes, and Kolleru Lake is the best
example of India’s largest freshwater aquaculture expansion. The state government has
formulated committees for Kolleru development activities. However, lake encroachment
by illegal activities has dominated the lake ecosystem.

6. Conclusions, Limitations, and Future Work

Here, we described the development of an interactive web mapping application for
monitoring aquaculture dynamics in Kolleru Lake. In addition to the values of stakeholders
and decision makers, this methodological tool plays a crucial role in surveying land use
dynamics in the lake basin. Recently, the lake has experienced land degradation due to
the expansion of fishponds across the lake region. According to the results and analysis in
this study, environmental managers and authorities can strongly benefit from a tool that
combines a remote sensing approach with crowd-sourced field mapping.

A machine learning-based algorithm was used to prepare the land use categorized
map in Google Earth Engine. In the context of the present work, the prototype version
of the web-based services system constituted an exemplary but pragmatic approach for
monitoring lake degradation by aquaculture. This was achieved through a GIS interface
to the web-based system to model the fishponds. This model is fully automated through
the SQL programming, the PostGIS database, the server, and the client-side web interface.
The model helps the government, based on the lake’s present land use conditions, where
the user can update the illegal construction of fishpond location details to the web server.
Thus, decision makers can employ this easy-to-use system for identifying the most affected
areas by aquaculture growth and establish better lake management activities. This applica-
tion demonstrates how the web–client interaction can be easily used for minimizing the
expansion of illegal fishponds in the Kolleru Lake ecosystem.

It is important to acknowledge the current limitations of this study. For instance, the
fishpond data have not been cross-checked with the ground truth data but only validated
with high-resolution Google Earth images. Therefore, further investigations should include
detailed ground-based data collections. A second potential issue is data redundancy, as
any registration of new fishpond data by a user results in the generation of new ID and

83



Sustainability 2022, 14, 2044

latitude/longitude coordinates in the database. As individual ponds may be counted
several times, the number of fishponds in the Kolleru Lake wetland may be overestimated.
In such instances, the use of automated and manual consistency checks and an advancement
of the variables considered for fishpond registration must be considered in the future.
Finally, in this study, we developed a web-based decision support system using open-
source technologies. This web-based approach obviously requires an internet connection,
which is not always available to stakeholders living in rural areas, e.g., due to their socio-
economic status or limited telecommunication networks. Therefore, the integration of
offline mobile applications can be considered in the future.
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Appendix A

Source code for the developed web-based model for the sustainable management of
aquaculture in the Kolleru Lake is available at: https://github.com/aneemkolli/Kolleru_
fishponds.git. The weblink for the Kolleru Lake fishponds is available at https://webgis.
in/fishponds/index.html.
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Abstract: The contribution of non timber forest products (NTFPs) has been acknowledged globally
for their role in conservation, income generation, livelihood improvement and rural development.
The potential of a NTFP-based bioeconomy has given a new dimension to the forest sector, and NTFPs
are now considered favourably by the resource rich developing economies. The actual contribution
of NTFPs has never been adequately estimated due to lack of sufficient baseline information on
extraction, consumption patterns and traded quantities in Kashmir, India. Complicated management
frameworks and fragmented value chains have eclipsed their diverse social life cycle in Kashmir.
Therefore the present study investigates the bioeconomic transformation, livelihood contribution,
income inequality mitigation and determinant socioeconomic factors of NTFP extraction in the
Kashmir Himalayas. A multistage random sampling technique was employed to collect data through
participatory household-based surveys from different villages. Data were collected through structured
in-depth interviews, non-participant observation and focussed group discussions. Descriptive and
analytical statistics were used for data analysis. The Lorenz curve and Gini index were used to
evaluate the influence of household NTFP incomes on income inequality mitigation, and econometric
models were developed to identify key factors that influence the level of household income from
NTFPs to determine their potential for supporting livelihood security and bioeconomy in the region.

Keywords: NTFP; NWFP; Kashmir Himalayas; bioeconomy; livelihood; income inequality; Lorenz
curve; Gini coefficient

1. Introduction

The term non-timber forest products (NTFPs) and allied terms such as “minor”,
“secondary” and non-wood forest products have emerged as umbrella expressions for a
range of plant and animal resources other than timber (or wood, in the case of non-wood
forest products) derived from forests or forest species. DeBeer and McDermot in 1989 [1]
defined NTFPs as all the biological materials, other than timber, extracted from forests for
human use. This definition excludes minerals and includes fuelwood, bamboo and animal
products. By contrast, the FAO in 1999 defined non-wood forest products (NWFPs) as
“goods of biological origin other than wood that are derived from forests as well as other
wooded land that also includes trees outside forests” [2].The FAO’s 2015 Forest Resource
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Assessment [3] suggests that NWFPs are “Goods derived from forests that are tangible and
physical objects of biological origin other than wood”, in order to increase consistency in
country reportings. In India, researchers have defined the products obtained from plants of
forest origin, as well as insects, animals, animal parts and items of mineral origin except
timber, as minor forest products (MFPs) or NTFPs or NWFPs [4]. The Indian constitution,
the central policy “National Forest Policy 1988” and “The Scheduled Tribes and Other
Traditional Forest Dwellers (Recognition of Forest Rights) Act, 2006” use the term MFPs.
However, variations of this term, such as secondary or NTFPs, are now more frequently
used by international and national organisations, governments, foresters and academics,
depending on the requirements as well as objectives. Hence, for the objective and scope of
this study, we have used the term non-timber forest products (NTFPs).

NTFPs have played an essential role in sustaining the livelihoods, income generation,
food and nutritional security, fuelwood, fodder and traditional medicine as subsistence
support to the rural communities since time immemorial [5–7]. Around 1.6 billion people
throughout the world are reported to consume and trade NTFPs [8]. About 80% people
across developing countries are reported to use plants for nutritional security [9] and
traditional medicine [10]. More than two billion people use biomass-based fuels, mostly
fuelwood for cooking and heating purposes [11]. NTFPs comprise a significant component
of food security in the developing countries, and communities consume them more for sub-
sistence than trade, as NTFPs are considered a relevant safety net and economic buffer [12]
to support them during agricultural shortfalls or lean periods [13].

Research on the role of NTFPs in income generation and rural livelihoods has greatly
increased in the last few decades, and has been reported to contribute to 20–60% of the
rural household income [9,14] of forest fringe communities globally. In India, the annual
contribution of NTFPs to income corresponds to US$2.7 billion, supporting more than 55%
of the total employment in the forest sector. One third of India’s rural population is reported
to derive substantial household incomes from NTFPs [15]. More than 60% population of
the Jammu and Kashmir (J&K) UT of India harvests NTFPs for food, nutrition, medicine,
income and employment generation purposes [16,17].

The renewed interest in the management of NTFPs has improved extensively due to
their significant contribution to addressing income inequality mitigation and supporting
sustainable development. Conservative estimates indicate that a large portion of total forest
products’ value comes from NTFPs, although the magnitude of this value may vary from
site to site. In diversified value chains, NTFPs provide medicine, aroma, spices, flavours,
phytonutrients and nutritional variety in contemporary diets.

Despite maximum local consumption, trade and poor representation of details in
national and international statistics [10,18–20], NTFPs are being increasingly recognized
for their significant roles in supporting local and state economies. Comprehensive inves-
tigation into the dynamics of NTFPs in rural livelihoods, as well as trends of production,
collection, consumption, trade and sustainability, are essential. In order to enhance the
local subsistence as well as to support regional bioeconomy with NTFPs, it is important
to examine the site-specific potential of different NTFPs. This means that site-specific
assessments regarding the consumption patterns and potential of NTFPs with a greater
focus on forest-based livelihoods are crucial and relevant. Moreover, the collection, con-
sumption and trade of freely available forest-based NTFPs are influenced by the context
and site-specific household characteristics. Among household characteristics, gender and
age are more important than numbers. Therefore, this study was conceived to understand
the synergy of local community households’ dependency on these resources, as well as
to understand the links with adaptation to various stresses and the potential contribution
to bioeconomy.

1.1. NTFPs in Income Inequality Mitigation

Poverty has been described as an evident deprivation in well-being or living below a
defined threshold of income [21]. However, forest fringe communities living in poverty
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are particularly vulnerable to adverse events beyond their control. They are often treated
badly by the state, system and society, and are excluded from voice as well as power [21,22].
Poverty is a complex material scarcity, lack of access to basic needs (education, health,
nutrition and food security), absence of political autonomy, lack of freedom of choice and
effect of social inequality, among others. In addition, the occurrence of poverty and the
intensity and extent of inequality—i.e., the distribution of income between the poor and
rich—also helps in differentiation [22].

The livelihoods of forest-dependent communities are intrinsically delicate and exposed
to an array of jolts and seasonal instability; hence, rural households maintain diversified
livelihood approaches, such as the harvesting and trade of NTFPs, for both subsistence and
cash income. The significance of NTFPs to the livelihood of marginalized communities can
help offset inequalities [23]. Forest fringe communities do not have sufficient productive
lands or access to formal employment opportunities, which forces them to extract NTFPs for
subsistence consumption and income generation. Incomes from NTFPs are most important
to poor and less educated people compared to rich and educated people [23], having
substantial use within the households. The contribution of NTFPs to rural households and
local economies is ignored by poverty estimation surveys, due to insufficient information
on their income-balancing impact of reducing inequalities among rural households. Hence,
NTFPs are not adequately considered in the poverty reduction strategies of most developing
and underdeveloped countries, as poverty analysis based on income or material use
discounts the role of forests [9].

With the onset of gloomy economic circumstances due to increasing population,
demand for food, water and healthcare requirements, resource exhaustion and climate-
induced disasters, bioeconomy is expected to provide opportunities for environment-
friendly raw material sourcing, mainly based on renewable and recycled resources. The
forest vis-à-vis NTFP sector is an efficient renewable bioresource base for meeting the grow-
ing demands, if managed sustainably. The increasing consumer demand for diversified
bioactive compounds extracted from various NTFPs for pharmaceutical, nutraceutical,
cosmeceutical, food and beverage industries can transform local economies into a bioecon-
omy. In bioresource-rich countries, NTFPs are more relevant to forest fringe communities
for income generation, livelihood improvement and modelling the rural development
by promoting new bio-products through the NTFP-based bioeconomy. Despite the huge
dependence of rural people on NTFPs in India, there is little emphasis in its national
policies and research priorities on the forest bioeconomy. However, a bioeconomy created
through biotechnological transformations of the energy and pharmaceutical sectors has
been envisioned by the Ministry of Science and Technology of the Government of India [16].

1.2. Closing the Data Gaps: On NTFP-Based Livelihood for Bioeconomy

Feeding a growing world population sustainably is a key challenge for the 21st century
and is well acknowledged and highlighted by the United Nations Sustainable Development
Goals of 2015. Bioeconomy has gained urgency due to financial crisis, inflation and loss
of livelihoods caused by pandemics, resource exhaustion and fossil-fuel-induced climate
change. Bio-based products are innovative elements of a bioeconomy, and can materialize
only if the flow of resources in the economy is well understood. Given the fact that most
forest products are consumed by local households, and do not enter the formal markets,
very little is known about the value of these products contributing to the bioeconomy. Only
wood and its supply chain are accounted for and considered as essential pillars of a forest-
based bioeconomy. Globally, NTFPs have played a vital role in ensuring human well-being,
by efficiently supporting local livelihoods, businesses, culture and indigenous practices
through the diversification of income from formal as well as informal forest sectors, such as
trees outside forests. However, NTFP-based production systems, management as well as
value chains fall within a very diverse set of socio-ecological and socio-economic complex-
ities. This results in crucial challenges as well as opportunities that require attention, to
explore and understand the importance of NTFPs to bioeconomies and human wellbeing,

89



Sustainability 2022, 14, 2281

and to harness their potential—from the local level to supporting international sustainable
development goals. Moreover, most of the NTFPs and wild edibles consumed and traded
by local communities are never formally reported or accounted for. The actual contribution
of forest products to livelihoods is difficult to understand without better data [24]. The
potential role of NTFPs in income diversification and uplifting rural economies has been
hindered by the lack of clear baseline data, analytical frameworks and inclusive value
chains in India. Despite their significance to trade, NTFP markets are mostly informal and
scattered, with no formal records maintained, leading to an inadequate information flow
on the contribution of NTFP trade at the local as well as national level. Hence, NTFP are
poorly acknowledged, despite their significant contribution to local income and livelihood
generation [25]. Data on the valuation of NTFPs, as well as their entry in government
records for production and exports, are also limited and inconsistent in India [26].

Proper NTFP management offers a sustainable basis for livelihoods once diversified
and developed as tradable products. Various studies have proved that NTFP production
has contributed to higher-than-average income compared to the national income [27] if
managed sustainably. The development of NTFPs or NTFP-based value-added products
could improve the living standards of several local communities if promoted and facilitated
through transformations of local economies into bioeconomies. However, the literature on
bioeconomy has focussed more on the technological aspects of developing new biobased
products and the policy process that supports transition to bioeconomy [16,27]. There is
insufficient information to demonstrate the impact of biobased products vis-à-vis NTFPs on
local livelihood upliftment and economic benefits. Therefore, there is a significant data gap
to investigate and understand the impact of NTFPs on local livelihoods and the potential
impacts of local economies largely on bioeconomies.

The contemporary biobased industry offers tremendous opportunities for indigenous
people and local communities by endorsing products that are consistent with, and ac-
ceptable to, traditional ways of life, values and cultures. This can help with the creation
of sustainable and culturally meaningful employment in local communities. Moreover,
indigenous people and local communities are familiar with, and skilled at, identifying,
harvesting and using NTFPs; hence, they are well-suited to this type of work [28]. Once
all of these varied forms of income generation are considered, the value of NTFPs could
increase significantly [29]. Therefore, accurate baseline data on the potential value and
contribution of NTFPs to local communities at the household level may significantly help
with designing appropriate policy interventions. Collecting such information is also critical
to understand the importance of NTFPs to protecting indigenous and traditional cultural
values and practices.

1.3. Research Aim

The Kashmir part of the Indian Himalayan Region (IHR) is a unique mountain ecosys-
tem which harbours rich floral, faunal and cultural diversity, in addition to the largest
source of freshwater resources harnessed by both India and Pakistan. The forests of the
region have diverse NTFPs, with a substantial contribution to its rural livelihood and local
economy. Hence, the present study attempted to analyse the determinant factors that
influence the extent of households’ dependence on NTFPs for their livelihoods and income
generation. We also attempted to categorise the potential of NTFPs to mitigate income
inequality. The study aimed to address the following questions:

• What is the role of NTFPs in household subsistence and income generation in support-
ing a bioeconomy?

• How do different sources of income and socio-economic factors influence the contribu-
tion of NTFPs to the livelihood strategies of households?

• What is the potential impact of the local economy on the bioeconomy?
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2. Materials and Methods

2.1. Study Site Description

This study was conducted in the Langate Forest Division in the frontier district of
the Kupwara, Jammu and Kashmir (J&K) Union Territory (UT) of India (Figure 1). The
Langate Forest Division is situated between the northern latitude at 34◦13′ to 34◦30′ and
eastern longitude at 73◦56′ to 74◦26′, with an altitudinal range of 1590 to 4308 m asl (meters
above sea level). However, the principal forest cover extends up to 3500 m asl only in the
dominant eastern aspect. This area faces severe cold during winter and pleasant weather
during summer months. The temperature ranges between −5 ◦C minimum in winter
and up to 22 ◦C maximum during summers; while the mean annual rainfall is 1270 mm.
This area has temperate, sub-alpine and alpine climatic conditions with rich biodiversity,
including many rare species of NTFP, such as Morchella esculenta, Aconitum heterophyllum,
Saussurea lappa, Taxus wallichiana and Trillium govanianum, among others. Out of the total
geographical area (2744 km2), district Kupwara has about 1534.52 km2 (55.92%) of forest,
of which 760.06 km2 is very dense, 423.61 km2 is moderately dense and 350.85 km2 is open
forest [30]. According to the 2011 census, district Kupwara has a population of around
875,564, of which 776,322 people live in rural areas and 99,242 people live in urban settings.

Figure 1. Location map of the study area. Raw image source: APA format, Landsat-8 (USGS Earth
Explorer). Time period: January–February 2021 [31].

2.2. Methodology

The purpose of the household survey was to map the availability of NTFPs, livelihood
dependency of people on NTFPs, economic valuation, current extraction, consumption
patterns, prioritization and usage patterns.

2.2.1. Sampling Procedure

A multistage sampling technique [32] was used to select the ranges and villages from
Langate Forest Division. In the first stage, out of the four forest ranges in the division, two
prominent forest ranges (i.e., Mawar and Rajwar), having the maximum forest cover and
forest fringe villages, were selected for this study after a proper reconnaissance survey.
As the target groups selected for the household interviews were people living in closer
proximity to the forests; therefore, at the second stage, ten sample villages, five villages from
each range, were selected on the basis of livelihood (forest/agriculture), dependency on
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NTFPs, density of forest, ratio of forest-dependent population and proximity of household
to forests. At the third stage, a total of one hundred households extracting, consuming
and selling NTFPs were selected randomly, which was 8% of the total households in each
village (Table 1). Household heads or eldest members of the families were considered for
focussed and in-depth interviews, as they are generally the main earners, decision makers
and future planners of the households’ transactions.

Table 1. Sampling framework and sample size distribution in the study area.

S. No. Range Village Sampling Frame Sample Size Sampling Intensity

1. Rajwar Dardahaji 100 8 8%
2. Rajwar Satkhoji 389 31 8%
3. Rajwar Briniyal 100 8 8%
4. Rajwar Uthroosa 90 7 8%
5. Rajwar Shilthara 68 6 8%
6. Mawar Reshwari 60 5 8%
7. Mawar Puthwari 75 6 8%
8. Mawar Monabal 90 7 8%
9. Mawar Lahikot 126 10 8%
10. Mawar Bandi 146 12 8%

Total 2 10 1244 100 8%

2.2.2. Data Collection

The data were collected from the sample households through interviews using a
structured interview schedule and focussed group discussions guided by a checklist of
questions [33]. The questions asked through the interview schedule included socioeconomic
characteristics of households; the collection, consumption and trade of NTFPs; the quantity
of NTFPs marketed, various sources of household income; and the economic contribution
of NTFPs. The socioeconomic variables of the households included age, education level,
social membership, household size, household labour, farm size, livestock ownership, main
occupation, wealth status, gross annual income, proximity to forest and forest visits. The
variables were measured using a socioeconomic status scale [34] after modification. The
focussed group discussions were held with 10–12 participants, including village elders with
good knowledge of the identification and use of NTFPs. The observations extracted from
the focussed group discussions were used to triangulate and validate the data collected
through the household surveys, and also to interpret the results and draw inferences.

2.2.3. Data Analysis

Descriptive statistics including the percentage, average, standard deviation and
range [35] were applied to summarize the socioeconomic characteristics; NTFP collection;
and the consumption, trade, income generation and contribution of NTFPs to household
incomes. The Lorenz curve [36] and Gini coefficient [37] were applied to evaluate the distri-
bution of household NTFP incomes and their impact on income inequality mitigation [38].
The Lorenz curve was generated in MS Excel by drawing a line chart with cumulative share
of population on the horizontal axis and cumulative share of income on the vertical axis.
The Gini coefficient was calculated using the following formula:

G = A/A + B = 2A = 1 − 2B (1)

where
G is Gini coefficient
A is an area between the line of perfect equality and the Lorenz curve
B is the area under the Lorenz curve
The data collected in terms of local units were converted into International System

Units (ISU) and analysed using statistical analytical package SPSS Ver. 21.0. The results are
displayed through various tables and graphs.
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2.2.4. Analytical Framework

Multiple regression analysis [39] determined the socioeconomic variables that influ-
enced the household NTFP incomes. It was hypothesized that household NTFP income
is inextricably influenced by the socioeconomic characteristics of the household. Here,
the household NTFP income was the regress and socioeconomic characteristics were the
regressors. The b-values in the analysis were the impact multipliers, which explain the
magnitude of the effect of the unit change on the quantity of a household NTFP income.
The conceptual model based on the multivariate function is given below:

Y = a + b1x1 + b2x2 + . . . + b10x10 + e (2)

where Y is the household NTFP income (INR/year, also indicated in USD);
x1–x10 are socioeconomic characteristics; a is the constant or intercept; b1–b10 are

regression coefficients and e is an error term.

3. Results

3.1. Diversity and Use Pattern of NTFPs

The use pattern of NTFPs was characterised by a range of factors, including the access
to resources, diversity of species available in the nearby forest areas and availability of
markets. However, the use pattern varied from area to area and even between households
within a village or community. Therefore, the NTFPs extracted by local community house-
holds were classified into different categories based on the use pattern (Table 2) of each
species (for example, medicine, fuelwood, fodder, vegetable, spice or wild fruit), and part
harvested (leaves, fruits, fruiting body, roots or stem). The investigation further revealed
that around 50 species of NTFPs distributed across 36 families (Figure 2) were used by the
households of the study area for different purposes. Among these, 65% were herbs, 17%
were trees, 12% were shrubs, 4% were fungi and 2% were climbers (Figure 3). Apparently,
the tubers, roots, rhizomes (28%), and leaves (28%) were the highest-exploited parts, fol-
lowed by fruits and seeds (8%), bark (8%) and the whole plants and branches (6% each);
other parts, such as flowers, nuts, wickers and fruiting bodies, were the least-exploited
parts (Figure 4). As the use categories of the species were concerned, about 23 species were
used for medicines; 11 for vegetables; 5 for fuelwood; 4 species each for fodder, wild fruit
and spice; and 3 species for wicker (Figure 5).

Table 2. Diversity and use pattern of NTFPs in the study area.

S.No. Species/Habit Family Local Name
English/Common

Name
Part Used Uses

1. Abies pindrow
Royle (tree) Pinaceae Budul Himalayan fir Branch/bark Fuel wood

2. Achillea millefolium
Linn(herb) Compositae Berguer Yarrow Leaf Medicine

3. Aconitum heterophyllum
Wall (herb) Ranunculaceae Atis Aconite Tuber Medicine

4. Acorus calamus
Linn (herb) Araceae Vai Sweetflag Rhizome Medicine

5. Allium humile
Kunth (herb) Amaryllidaceae Jangli-piaz Allium Whole plant Vegetable/spice

6. Angelica glauca
Edgew. (herb) Apiaceae Chohore Angelica Root Medicine/spice

7. Arnebia benthamii Wall
ex G. Don (herb) Boraginaceae Kahzaban Arnebia inflorescence/root Medicine

8. Artemisia absinthium
Linn (herb) Asteraceae Tethwan Artimisia Leaf, flower Medicine
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Table 2. Cont.

S.No. Species/Habit Family Local Name
English/Common

Name
Part Used Uses

9. Atropa accuminata
Royle ex Lindl (herb) Solanaceae Jal-kafal Atropa Root, leaf Medicine

10. Berberis lycium
Royle (shrub) Berberidaceae Kawdach Berberis Root/fruit Medicine

11. Bergenia ciliata (Haw.)
Sternb (herb) Saxifragaceae Zakhmi-

hayat Berginia Root/whole plant Medicine

12. Betula utilis
D.Don (tree) Betulaceae Burza Birch Leaf, bark Medicine

13. Bunium persicum
(Boiss). Fedts (herb) Apiaceae Kala zeera Cumin Seed Spice

14. Capsella bursa-pastoris
(L.) Medic (herb) Brassicaceae Kralmond Shepherds purse Leaf Vegetable

15. Castanea sativa
Mill (tree) Fagaceae Gour Sweet chestnut Nut Wild fruits

16. Cedrus deodara
G.Don. (tree) Pinaceae Deodar Himalayan cedar Branch/bark Fuel wood

17. Cichorium intybus
Linn. (herb) Asteraceae Kasini Chicory Whole plant Vegetable

18. Corylus jacquemontii
Decne (shrub) Betulaceae Hazel nut Indian tree hazel Nut/leaf Wild fruits

19. Dactylis glomerata
Linn. (herb) Poaceae Ghass Orchard grass Leaf Fodder

20. Dioscorea deltoidea Wall.
ex Griseb (climber) Dioscoreaceae Krish Dioscoria Tuber Medicine

21. Diplazium esculentum
(Retz.) Sw. (herb) Athyriaceae Kasrod/Dade Vegetable fern Leaf Vegetable

22. Dipsacus inermis
Wall. (herb) Caprifoliaceae Wopalhakh Himalayan teasel Leaf Vegetable

23. Fritillaria roylei
Hook. (herb) Lilaceae Sheedkhar Himalayan

fritillary Bulb Medicine

24. Helvella crispa (Scop.)
Fr. (fungi) Helvellaceae Shajkan Common helvel Fruiting body Vegetable

25.
Indigofera heterantha

Wall ex. Brandis
(shrub)

Fabaceae Krats Himalayan indigo Wicker/leaf Wicker/kangri
making

26. Inula racemosa
Hook. f. (herb) Compositae Poshkarmool Inula Root Medicine

27. Juglans regia
Linn. (tree) Juglandaceae Doon Walnut Nut/branch/bark Wild fruits

28. Jurinea dolomiaea
Boiss. (herb) Asteraceae Guggal Jurinea Root Medicine

29. Mentha longifolia
Linn. (herb) Lamiaceae Pudina Wild mint Leaf Spice/medicine

30. Morchella esculenta
(Linn.) Pers. (fungi) Morchellaceae Guchi Wild Morel Fruiting body Vegetable

31. Origanum vulgare
Linn. (herb) Lamiaceae Wanbaber Oregano Leaf Medicine

32.
Parrotiopsis

jacquemontiana (Decne)
Rehd (shrub)

Hamamelidaceae Pohu Parrotia Wicker/leaf
Wicker for

kangri
making/fodder

33. Picrorhiza kurrooa Royle
ex Benth (herb) Scrophulariaceae Kutki Picrorhiza Rhizome Medicine

34. Pinus wallichiana A.B.
Jacks (tree) Pinaceae Kail Blue pine Branch/bark Fuel wood

35. Plantago lanceolata
Linn (herb) Plantaginaceae Gul Plantago Leaf Vegetable
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Table 2. Cont.

S.No. Species/Habit Family Local Name
English/Common

Name
Part Used Uses

36. Poa pratensis
Linn (herb) Poaceae Ghass Meadow grass Leaf Fodder

37. Podophyllum hexandrum
Royle (herb) Podophyllaceae Wanwangun Podophyllum Root/fruit Medicine

38.
Polygonatum
verticillatum
Linn (herb)

Liliaceae Salam-mishri Polygonatum Root Medicine

39. Punica granatum
Linn (tree) Lythraceae Anar Pomegranate Fruit Wild Fruit

40. Rosa webbiana Wallich
ex Royle (shrub) Rosaceae Jangli-gulab Wild rose Flower Medicine

41. Rheum webbianum
Royle (herb) Polygonaceae Pambhaakh Himalayan

rhubarb Leaf/root Vegetable/
Medicine

42. Rumex nepalensis
Spreng (herb) Polygonaceae Obej Dock Leaf Vegetable

43. Salix alba Linn (tree) Salicaceae Vir Salix Wicker/leaf
Wicker/Kangri
making/Fod-

der/Fuelwood

44. Saussurea costus C.B.
Clarke (herb) Asteraceae Kuth Costus Root Medicine

45. Taraxacum officinale
Weber (herb) Compositae Handh Taraxacum Whole plant Vegetable

46. Thymus serpyllum
Linn (shrub) Lamiaceae Javend Thyme Leaf Spice

47. Trillium govanianum
Wall. ex. D. Don (herb) Melanthiaceae Tripatri Himalayan

trillium Root Medicine

48. Valeriana jatamansi
Jones (herb) Valerianaceae Mushkbala Valeriana Root Medicine

49. Viola odorata
Linn (herb) Violaceae Bunafsha Viola Flower Medicine

50. Ziziphus jujube (L.)
Mill (tree) Rhamnaceae Breyi Common jujube Fruit Medicine

3.2. Household Socioeconomic Variables

The results of this study revealed that the NTFP collectors were between the age
group of 20 to 84 years, with mean age of 48.84 years. The middle-aged people were
generally economically active, hard-working and the main earner group of the society. The
mean score of the education level of the NTFP collectors was 1.55, which is equivalent
to the primary school level. To understand the literacy rate in the area, six categories
were defined, which ranged from illiterate, below primary, primary school, middle school,
high school and graduation and above. The literacy levels in terms of formal education
were observed to be quite low. The prevalence of low literacy among NTFP collectors
was due to the remoteness of the area, lack of higher educational facilities, low socio-
economic conditions and higher involvement of young people in livelihood earnings. The
proportion of uneducated persons was found to be higher than that of other categories.
The mean social membership of the NTFP collectors was only 1.33, which indicates that
they had membership of at least one organization; the majority of the NTFP collectors
had no social memberships. Low social participation shows a grousing magnitude of
interest and willingness of the NTFP collectors towards membership in various formal
and informal organisations. The mean value (1.68) of the household family size indicates
that the NTFP collectors had a household composition or number of family members
above five. Considering children as added assets, a need for family labour and a lack of
knowledge of family planning are the key reasons for large families. The majority of the
sampled households contributed as workers, with a mean of 3.13 workers per household.
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This proved that a considerable number of workers in the surveyed households accounted
for the large quantity of extraction, consumption and marketing of NTFPs. The larger
section of NTFP collectors were marginal and small landholders, with a mean landholding
size of only 1.68 ha. Almost all the sampled households possessed livestock. The mean
value of the livestock unit (2.29) shows that they owned livestock ranging from 5 to 10 per
household. The mean score of the main occupation was 3.27, indicating that agriculture
was the prevalent main occupation among the sampled households. The main occupations
to compensate the household income were both wage labour and non-farm labour (NTFP
collection). Agriculture and allied activities, such as the cultivation of vegetables and fruits,
constitute a considerable proportion of the livelihood portfolio of the households. The
NTFP collectors were mostly poor, with a very low wealth status with a mean of only 1.40.
This clearly indicates widespread poverty in the forest fringe villages around the study
area. The gross annual income of the NTFP collectors ranged from INR 5400.00 (USD 71.93)
to INR 309,523.00 (USD 4122.99) with a mean of INR 67,122.44 (USD 894.09). The majority
of the NTFP collectors had a significantly low income status. The NTFP collectors lived
very close to forests and had to walk around only 0.30 to 1.90 km. The sampled households
would frequently visit forests, with a mean of 1.52 visits (Table 3). People living closer to
the forest had a higher dependency on NTFPs to meet their daily livelihood needs, which
implies frequent forest visits.
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Figure 2. Proportion of NTFP species by family (N = 100).

3.3. Extraction and Consumption of NTFPs

The NTFP collectors extracted a total of 506.43 tons of fuel wood, 90.52 tons of fodder,
2.62 tons of wild fruits, 4.42 tons of wild vegetables, 1.99 tons of mushrooms and 4.88 tons
of medicinal plants annually from the forests of the study area. In each household, per year
of extraction there were around 5.06 tons of fuel wood, 0.90 tons of fodder, 0.02 tons of
wild fruits, 0.04 tons of wild vegetables, 0.01 tons of mushrooms and 0.04 tons of medicinal
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plants annually from the forests in the study area. Out of the total harvests, the NTFP
collectors consumed a total of 100.77 tons of fuel wood, 78.85 tons of fodder, 2.44 tons of
wild fruits, 4.23 tons of wild vegetables, 1.81 tons of mushrooms and 4.22 tons of medicinal
plants annually. The average annual consumption rates in the sampled households were
about 1.00 tons of fuel wood, 0.78 tons of fodder, 0.02 tons of wild fruits, 0.04 tons of wild
vegetables, 0.01 tons of mushrooms and 0.04 tons of medicinal plants. The percentage
involvement of households in NTFP collection ranged from 37% for mushrooms to 100%
for fuel wood (Table 4).
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Table 3. Household descriptive variables determining NTFP-based bioeconomy (N = 100).

Variables
(Code)

Explanation Measurement Description Minimum Maximum Mean SD

Age (X1) Age of household head
in years

Number of years lived by the
respondent 20 84 48.84 14.57

Education
level (X2)

Household head
undergone in education

0 = illiterate, 1 = < primary,
2 = primary, 3 = middle,

4 = high school,
5 = intermediate, 6 = graduate

and over

0 6 1.55 1.74

Social
membership

(X3)

Membership of
household head in

organisations

0 = no membership,
1 = membership of

1 organization, 2 = membership
of >1 organization, 3 = office

bearer, 4 = public leader

0 4 1.33 0.73

Household
size (X4)

No. of family members
in a household

1 = ≤ 5 members,
2 = > 5 members 1 2 1.68 0.46

Household
labour (X5)

No. of workers in a
household

1 = 1 worker, 2 = 2 workers,
3 = 3 workers, 4 = >3 workers 1 4 3.13 0.89

Farm size (X6) Land area under
household management

0 = landless, 1 = marginal (up to
1.0 ha), 2 = small (1.1 to 2.0 ha),

3 = medium (2.1 to 4.0 ha),
4 = large (>4.0 ha)

1 2 1.68 0.46

Livestock
ownership (X7)

No. of livestock units
owned by the household

0 = no livestock, 1 = ≤ 5
livestock, 2 = 6 to 10 livestock,

3 = > 10 livestock
0 3 2.29 1.14

Main
occupation (X8)

Occupation in which an
individual was engaged
for six months or more in

a year

1 = wage labour, 2 = non-farm
labour, 3 = cultivation,

4 = business, 5 = service,
6 = any other

1 6 3.27 1.29

Wealth
status (X9)

Relative position of
households in the

community in respect of
wealth/physical assets

0 = poor, 1 = medium, 2 = rich 0 2 1.40 0.72

Gross annual
income (X10)

Household income
earned by all the on-farm

and off-farm sources
INR/household/annum 5400.00 309,523.00 67,122.44 56,622.46

Proximity to
forest (X11)

Distance between forests
and house (km) Distance of home to forests (km) 0.30 1.90 0.74 0.38

Forest visits
(X12)

Frequency of forest visits
in a year

0 = never, 1 = occasionally,
2 = frequently,

3 = very frequently
0 3 1.52 0.83

Table 4. Household extraction and consumption of NTFPs (N = 100).

NTFP
Involvement in
Collection (%)

Total Extraction
(ton/Year)

Average
Extraction

(ton/hh/Year)

Total
Consumption

(ton/Year)

Average
Consumption
(ton/hh/Year)

Fuel wood 100.00 506.43 5.06 100.77 1.00
Fodder 91.00 90.52 0.90 78.85 0.78
Fruits 34.00 2.62 0.02 2.44 0.02

Vegetables 64.00 4.42 0.04 4.23 0.04
Mushroom 37.00 1.99 0.01 1.81 0.01

Herbal medicine 88.00 4.88 0.04 4.22 0.04

3.4. Economic Valuation of NTFP Use

The diversity of NTFPs plays a crucial role in diversifying the household income;
hence, significant proportions of the products extracted were marketed for income gener-
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ation in the study area. The highest number of NTFPs marketed were medicinal plants
(63%), followed by fuel wood (42%), vegetables (34%), mushrooms (32%), fruits (24%) and
fodder (18%). Around 405.65 tons of fuel wood, 11.65 tons of fodder, 0.66 tons of medicinal
plants, 0.18 tons of vegetables, 0.17 tons of mushrooms and 0.17 tons of fruits were sold
in the market in a year. Fuel wood was the highest source of household income, at INR
3,124,839.00 (USD 41,623.73), with 69.88% income share to households; followed by medici-
nal plants, at INR 5,667,749.00 (USD 75,497.02), with 21.45% income share; and mushrooms,
at INR 2,423,277.00 (USD 32,279.16), with 5.96% income share. Fodder, fruits and vegetables
made comparatively low contributions to the household income, at 1.87%, 0.80% and 0.04%,
respectively. NTFPs also contributed to the subsistence income of households, which is not
usually accounted for. The monetary value of NTFPs used for subsistence consumption
was estimated to be INR 8,611,614.31/year (USD 114,709.11) and INR 86,116.14/house-
hold/year (USD 1146.99). The economic valuation of NTFP extraction confirms that NTFPs
generated a total income of INR 12,193,404.00/year (USD 162,421.75), which accounted for
29.38% of cash income and 70.62% of subsistence income in the study area (Table 5).

Table 5. Economic valuation of household NTFP use (N = 100).

NTFP
Involvement in
Marketing (%)

Sale Price
(INR/kg)

USD *

Sale (Ton/
Year)

Subsistence
Income

(INR/Year)
USD *

Cash Income
(INR/Year)

USD *

Total Income
(INR/Year)

USD *

Income
Share (%)

Fuel wood 42.00 6.80 (0.091) * 405.65 621,839.10
(8283.07) *

2,503,000.00
(33,340.66) *

3,124,839.00
(41,623.73) * 69.88

Fodder 18.00 6.32 (0.83) * 11.65 452,157.90
(6022.87) *

66,940.00
(891.66) *

519,097.90
(6914.62) * 1.87

Fruits 24.00 180.37 (2.39) * 0.17 400,082.30
(5329.21) *

28,500.00
(379.63) *

428,582.30
(5708.91) * 0.80

Vegetables 34.00 7.44 (0.099) * 0.18 28,608.63
(381.07) *

1250.00
(16.65) *

29,858.63
(397.73) * 0.04

Mushroom 32.00 1344.02
(17.90) * 0.17 2,209,577.00

(29,432.18) *
213,700.00
(2846.54) *

2,423,277.00
(32,279.16) * 5.96

Herbal
medicine 63.00 1278.53

(17.03) * 0.66 4,899,349.00
(65,260.70) *

768,400.00
(10,235.30) *

5,667,749.00
(75,497.02) * 21.45

Total - - 8,611,614.31
(114,709.11) *

3,581,790.00
(47,710.45) *

12,193,404.00
(162,421.75) * 100.00

Average - - 86,116.14
(1147.09) *

35,817.90
(477.10) *

121,934.00
(1624.22) * -

* USD 1 = INR 75.08 as on 30 January 2022.

3.5. Contribution of NTFPs to Local Household Economy

The involvement of households in various economic activities is presented in Table 6. It
was observed that NTFPs were the largest source of income across all the categories, with 53.33%
contribution to the household income, followed by labour (15.27%), goat/sheep husbandry
(11.46%), dairy (9.85%), and agricultural crops (6.80%) respectively. The art and crafts (1.49%),
horticulture (1.46%) and service (0.34%) had significantly low contribution in the local economy.

Table 6. Contribution of NTFPs in household economy (N = 100).

Sources Total Income (INR/Year) USD * Average Income (INR/Year) USD * Std. Dev. Percentage

Agricultural crops 456,600.34 (6082.41) * 4566.00 (60.82) * 10,703.07 6.80
Horticulture 98,100.45 (1306.80) * 981.01 (13.07) * 2506.63 1.46

Dairy 661,200.28 (8807.90) * 6612.00 (88.08) * 13,315.71 9.85
Goat/sheep husbandry 770,000.42 (10,257.24) * 7700.00 (102.57) * 16,505.58 11.46

Labour 1,025,500.56 (13,660.77) * 10,255.01 (136.61) * 15,509.11 15.27
Art and craft 100,000.78 (1332.12) * 1000.01 (13.32) * 6590.47 1.49

NTFPs 3,581,790.56 (47,713.31) * 35,817.91 (477.10) * 37,310.56 53.33
Service 23,054.72 (307.11) * 230.55 (3.07) * 2019.32 0.34
Total 6,716,298.00 (89,468.34) * 67,122.44 (894.02) * 56,622.46 100.00

* USD 1 = INR 75.08 as on 30 January 2022.
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The coefficient of correlation (r) was worked out to ascertain the relationship between
the livelihood dependency on NTFPs and the socioeconomic characteristics of the sample
households (Figure 6). Out of twelve socioeconomic characteristics of the people, eight
characteristics—viz., education, social membership, household size, household labour,
farm size, livestock ownership, age, proximity to forest and forest visits—exhibited positive
and significant correlations with the livelihood dependency on NTFPs. By contrast, the
characteristics of main occupation, wealth status and gross annual income had significant
negative correlations with the livelihood dependency on NTFPs.
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Figure 6. Correlation between household variables and NTFP income dependence (N = 100).

3.6. OLS Regression Model

The OLS regression analysis was carried out to determine the household dependence
from NTFP income against household variables (Table 7). The coefficient values were
determined for household variables including age (170.31), education level (3020.36), social
membership (287.32), household size (2410.22), household labour (−195.03), farm size
(10,287.28), livestock ownership (3057.57), main occupation (−4193.87), wealth status
(−5895.07), gross annual income (0.00), proximity to forests (35,967.92) and forest visits
(8835.33). The “t” values of the regression coefficients indicate that, out of twelve household
variables, proximity to forests (5.25), forest visits (2.17), education level (0.14) and farm size
(0.12) had significant influences on NTFP income levels. The coefficient of determination
(R2) 0.70 indicates that the explanatory variables contributed to 70.40% of the variation in
household NTFP income. The degree of the F value (17.22) indicates that R2 is statistically
significant (p < 0.05), which establishes that the model is reliable and well prognostic. The
OLS regression equation appropriated for the household NTFP income may be written as:

Y = 23,575.17 − 170.31 X1 + 3020.36 X2 + 287.32 X3+ 2410.22 X4 − 2410.22 X5 + 10,287.28 X6 +
3057.57 X7 − 4193.87 X8 − 5895.07 X9 + 0.000 X10 + 35,967.92 X11 + 8835.33 X12

where Y is household NTFP income (INR/year) and X1–X12 are socioeconomic variables.

Table 7. OLS regression model of household NTFP income dependence against household variables.

Variables (Code) Coefficient (b) Standard Error of b B t Value p

Age (X1) 170.31 162.20 0.067 1.05 0.29
Education level (X2) 3020.36 1695.03 0.14 1.78 0.07

Social membership (X3) 287.32 3799.70 0.00 0.07 0.94
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Table 7. Cont.

Variables (Code) Coefficient (b) Standard Error of b B t Value p

Household size (X4) 2410.22 16,275.12 0.03 0.14 0.88
Household labour (X5) −195.03 5124.99 0.00 −0.03 0.97

Farm size (X6) 10,287.28 11,438.93 0.12 0.89 0.37
Livestock ownership (X7) 3057.57 4195.01 0.09 0.72 0.46

Main occupation (X8) −4193.87 2502.01 −0.14 −1.67 0.09
Wealth status (X9) −5895.07 4744.92 −0.11 −1.24 0.21

Gross annual income (X10) 0.00 0.08 0.00 0.00 0.99
Proximity to forest (X11) 35,967.92 6841.32 0.36 5.25 0.00

Forest visits (X12) 8835.33 4064.83 0.19 2.17 0.03

A = −23,575.17; F = 17.22 *; R2 =0.70; multiple R = 0.83; adjusted R2 =0.66; * = significant at 5% level of probability.

The regression coefficient indicates that the proximity to forests, forest visits, educa-
tion level and farm size of the NTFP collectors made a significant economic contribution
to the households.

3.7. Income Inequality Mitigation by NTFPs

The income inequality mitigation potential of NTFPs was determined by the Lorenz
curve. The study revealed that the household income without NTFPs deviated more from
the line of equality than the Lorenz curve of the total household income (Figure 7). Similarly,
the Ginicoefficient for the household income with NTFPs was 0.28, and 0.57 without the
NTFP income. This means that NTFP income contributed to mitigating income inequalities
among the households by 29.27%. Therefore, the values of Ginicoefficient and departure
of the Lorenz curve from the line of equality clearly indicate that the NTFPs mitigated
the income inequality significantly among the sampled households and had a substantial
equalising effect on the total income distribution.

Figure 7. Lorenz curve of household income including and excluding NTFP income (N = 100).

4. Discussion

NTFP collection significantly contributed to the cash and subsistence income and the
economic inequality mitigation among rural households. The entire sample of households
derived substantial parts of their household annual income from NTFP-based activities.
The absolute NTFP income was estimated to be INR 35,817.91 (USD 477.10), contributing
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53.33% of the total annual household income and equalising economic inequalities by
29.27%. NTFP income constituted the first most viable income source because the alter-
native options were either scarce or even absent. The earnings from NTFPs enabled the
people to purchase daily necessities, secure livelihood perspectives, create stock capital for
income diversification and preserve that as savings to cope with adversity. Nonetheless,
different NTFPs accrued different levels of income; the collectors reported fuel wood,
medicinal plants, mushrooms, fodder, fruits and vegetables as the most important NTFPs
for both subsistence and cash income. These NTFPs had more market demand and income
generating opportunity than the others. The higher quantity of fuel wood collection and
trade was only due to a lack of low-priced substitute energy sources. The higher collection
of medicinal plants was due to its immense demand in traditional health-care systems and
handsome sale return. The sale of fodder grasses was a forest-based self-employment of
local people because livestock production was a major subsidiary occupation, and fodder
security is a challenge due to a short growing season. Wild fruits and vegetables were
prominent NTFPs consumed for food and nutritional security and sold by the primary
collectors for revenue. The involvement of households in collection and marketing varied
by NTFP type and availability, consumption requirement, market value and socioeconomic
conditions of people. The cash incomes from NTFPs were variable across households and
directly related to the degree of time and labour expended.

The correlation and OLS regression results indicate that household NTFP income was
influenced by all explanatory variables, except the household head’s age. The positive effect
of education on household NTFP income is well articulated by the facts that, as low literacy
prevailed among the NTFP collectors, ranging from illiterate to primary level, the more
educated households had better awareness, skill bases and access to markets which accrued
more NTFP return. Social participation facilitates information flow, sharing views and
experiences, clarifying doubts, getting opinions and enriching knowledge among members
in a social group; hence, this factor had a significant positive influence on household NTFP
income. The findings also indicated that household size and labour significantly influenced
the collection of NTFPs by the households. This is because the larger families had a greater
labour force to support more NTFP extraction from the forests. The positive effect of farm
size on NTFPs could be attributed to the fact that the households had limited farmland
and were unable to produce sufficient food for their families; hence, they relied heavily on
NTFPs for their food security, safety net and cash income. Similarly, livestock ownership
had a positive effect on NTFP income. This is due to limited size of land holding, low
fodder production, lack of grazing lands and heavy demand for fodder as safety nets.
The economic attributes—viz., main occupation, wealth status and gross annual income—
exhibited negative effects on the NTFP income. These factors were the major indicators of,
and core contributors to, the household economic conditions that helped them to facilitate
the other types of capital to be owned and traded. Thus, the households with higher
occupation, wealth status and gross annual income had more financial opportunities, more
earnings and less dependency on NTFP income. The involvement of household heads
of different age groups in NTFP collection was more or less similar, indicating that the
variation in age had no influence at all on the household NTFP income.

The descriptive analysis shows that the dependence of households on NTFPs was
significant relative to other sources of livelihood such as agricultural crops, horticulture,
dairy, goat/sheep husbandry, wage labour, arts, crafts and service. The households in
the study area collected mostly medicinal plants, food and fuelwood. These results are
consistent with other studies in the area [40], which highlighted the traditional use of plants
for various purposes. However, the extent of NTFP collection and use differed widely
across households. The possibility of household participation and intensity of involvement
in NTFP collection was higher among households living near the forests. As the distance to
the forest increased, the NTFP collection decreased. This is apparent due to the accessibility
of the NTFP resource rich areas in the forests where households have to travel shorter
distances. The proximity to forests, education level and farm size had positive effects on the
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household income compared to other activities, such as service, possibly due to multiple
sources of income, such as forests, as well as farms, and higher levels of education gave
them more power to negotiate NTFPs’ prices in markets. Nearness to forests meant easy
access to a number of NTFPs in a short span of time, and, hence, lower labour costs in the
collection and transportation of the produce, and higher income. The results indicate that
NTFP collectors lived in inaccessible areas, had poor socioeconomic conditions; and were
mostly without access to services, provisions and government developmental schemes.
Hence, they had inadequate access to employment, health and other welfare schemes of
the government, resulting in low economic wellbeing. Therefore, the diversification of
NTFP-based livelihoods has a great scope in these areas for improving the quality of life
and human wellbeing from nature’s contributions. This was also confirmed by the findings
of other studies in other geographies [5,24,40–42].

The collection of NTFPs is a viable source of a subsistence livelihood, income and
safety net option across the forest fringe communities of mountain areas, especially in
Kashmir, due to a lack of any other sustainable income generation alternative. The income
generated from NTFPs may not be the primary source of livelihood; however, domestic
consumption in the form of fuel wood, fruits, vegetables and medicinal plants make
a significant contribution to the subsistence of almost all households. Moreover, the
income derived from NTFPs is a significant source of other domestic necessities, such
as educating children, health, paying debt or providing a safety net against hardships
during the severe winter months prominent in Kashmir. Our results are supported by other
studies [5,11,43–46] as well, which show how people living in rural settings are dependent
on NTFPs more for subsistence use than trade.

As indicated by the Lorenz curve, NTFPs play a significant role in income inequality
mitigation and a safety net for underprivileged forest fringe communities. Therefore, tran-
sition to a NTFP-based bioeconomy has the potential to improve the local socioeconomic
status, if recognised and managed properly. NTFPs consumed by households in forest
fringe communities have not been fully accounted for. They have much greater worth
than NTFPs traded in the local markets. Despite such an enormous contribution to local
economy, the contributions of NTFPs in Kashmir have never been considered enough to be
accounted for by the authorities. This has obstructed support for the potential NTFP-based
bioeconomy in the region. Proper valuation of resources being extracted, consumed and
traded at the local level must be included in the regional and national statistics for realising
the actual potential of a NTFP-based bioeconomy. The results of this study are substanti-
ated by the literature on the sustainable bioeconomy potential of NTFPs accumulated to
date [47,48].

Indefinite harvesting of NTFPs from wild, without proper harvesting and management
practices will negatively impact the sustainability and yield of the species. Therefore, the
production of NTFPs through both in-situ and ex-situ mechanism is the only way forward.
The management of NTFPs should be included in the forest working plans with amplified
investments in the sector. The sustainable use of NTFPs has proven to be economical
for local communities [49], and has the potential to enhance socio-ecological security in
these multifunctional landscapes. On the other hand, the increasing industrial demand
for NTFP-based diversified bio-products in emerging global markets can provide signifi-
cant opportunities for NTFP-driven bioeconomies. The diversified bioactive compounds
and genes of interest extracted from NTFPs have brought revolutions in pharmaceutical,
nutraceutical, cosmeceutical, food and beverage industries [50]. Therefore, it is necessary
to recognise the contribution of NTFPs in both the local as well as state economy. The
diversification of raw materials, with an emphasis on production, processing and the es-
tablishment of an inclusive value chain, will significantly augment the livelihoods of, and
mitigate income inequality for, forest fringe communities. It is equally important to have a
shift from local to global value chains, in order to promote the economic value of NTFPs,
from raw materials to end products, by adopting contemporary visions of bioeconomy [16].
The processing of NTFPs can positively influence the sustainable economic development
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of local-forest-dependent communities in J&K. However, despite local interest and the
potential contributions of NTFPs as key sources of livelihood diversification and sustain-
able development, NTFP processing enterprises are still in the informal sector, and there
is a tremendous lack of understanding of the underlying factors. Hence, transitioning
from local NTFP commercialisation efforts to developing NTFP-based value chains that
can help locals approach the export markets, and enhancing cooperation for a supportive
institutional framework, are very much required. A largely successful NTFP-based bioe-
conomy can be supported by local socio-economics and ecological conditions that require
more holistic approaches, which can address and support the local context and NTFP
value chains. Hence, this can support the UT government to facilitate and accomplish its
sustainable and equitable development goals by promoting an NTFP-based bioeconomy in
J&K [16].

5. Conclusions

The findings of this study indicate that NTFPs make a significant contribution to
supporting the subsistence use and income generation of households. People dwelling in
remote and inaccessible areas of Kashmir, where market supplies are not organised, still
extract fuelwood, fodder, vegetables, fruits, mushrooms and medicinal plants from the
nearby forests for their consumption and income generation. The results presented in the
study stress that NTFPs make a significant contribution to income inequality mitigation for
the forest fringe communities. However, to realise the full potential of NTFPs, it is important
that they are commercialised as a diversified product through a bioeconomy that ensures
the sustainable use of wild species, following sustainable livelihoods, income generation
and inclusive development. It is very important that NTFPs are managed properly and
included in the forest working plans for commercial production of high value species. The
contribution of NTFPs to local and regional economy must be considered in the state and
national GDP and GNI calculations. The government can play an important support role
in this context, where markets do not work inclusively. An inclusive economy includes
resources which lack enough markets to manage supply and demand, and addresses
the issues of under-delivery, non-reporting and overexploitation. Basically, these NTFPs
have historically been an integral part of the day-to-day needs and traditional lifestyle
of indigenous people and local communities. Progressive policies on forest resource
management and trade must be interactive in nature and should acknowledge the local
rights, knowledge and practices to ensure access and concessions for sustainable harvesting
of NTFPs for socio-ecological and economic well-being. Livelihood promotion and income
diversification for local communities may need sufficient support from the government
to encourage a shift to an NTFP-based bioeconomy to keep pace with current and future
development challenges in the region.
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Abstract: In the context of bioeconomic research approaches, a cascade use of plant raw materials
makes sense in many cases for waste valorization. This not only guarantees that the raw material is
used as completely as possible, but also offers the possibility of using its by-products and residual
flows profitably. To make such cascade uses as efficient as possible, efficient and environmentally
friendly processes are needed. To exemplify the versatile method, e.g., every year 675,000 metric
tons of cocoa bean shell (CBS) accrues as a waste stream in the food processing industry worldwide.
A novel green process reaches very high yields of up to 100% in one extraction stage, ensures low
consumption of organic solvents due to double usage of ethanol as the only organic solvent, is
adaptable enough to capture all kinds of secondary metabolites from hot water extracts and ensures
the usage of structural carbohydrates from precipitation. A Design of Experiments (DoE) was
conducted to optimize the influence of pH value and phase ratio on the yield and purity of the
integrated ethanol/water/salt aqueous-two-phase extraction (ATPS) system.

Keywords: aqueous two-phase systems (ATPS); liquid–liquid extraction (LLE); pressurized hot
water extraction (PHWE); solid–liquid extraction (SLE); natural products; cocoa bean shell (CBS);
precipitation; bioeconomy; total phenolic content (TPC)

1. Introduction

Products based on renewable resources, such as plants, represent a growing market
and the associated industry is an important supplier of versatile products. Applications
include pharmaceutical products, the food, health and nutrition sectors, as well as plant
protection for ecological farming or construction materials, basic chemicals and energy
resources [1–7]. In the context of bioeconomic research approaches, a cascade use of plant
raw materials makes sense in many cases. This not only guarantees that the raw material is
used as completely as possible, but also offers the possibility of using its by-products and
residual flows profitably. To make such cascade uses as efficient as possible, efficient and
environmentally friendly processes are needed.

Pressurized hot water extraction (PHWE) has been studied in the solid–liquid extrac-
tion community for a while and is well-established [8–11]. One of the main advantages is
the utilization of water as a solvent instead of organic solvents, which can help to reduce
the cost of goods (COGs) and global warming potential (GWP) and therefore help to reach
climate neutrality goals [12]. Additionally, PHWE extracts consist of the whole spectrum
of components in the plant material. Besides secondary metabolites, such as polyphenols
and flavonoids, matrix components such as lignin, cellulose and proteins are extracted [13].
However, if there are processing steps after the solid–liquid extraction, they are often
associated with the usage of different organic solvents. Possible steps are precipitation,
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liquid–liquid extraction or chromatography, which usually come with organic solvents
such as ethanol for precipitation, acetonitrile in chromatography or phase-forming solvents
such as ethyl/butyl acetate in liquid–liquid extraction (LLE) [14,15].

Here, a promising approach is to reuse the ethanol, which is needed for the precip-
itation of glucans, in an ethanol/water/salt ATPS to recover the polyphenols from the
precipitated extract [16,17]. The precipitate consists mainly of matrix components which
can be further processed for usage in a variety of applications [18–22].

Every year, 675 kt of cocoa bean shell (CBS) accrues as a waste stream in the food
processing industry worldwide [20] and has high research interest [20,23–31]. As a lignocel-
lulosic biomass, CBS is a potential resource for β-glucans which can be utilized, for example,
as bonding or binding agents. Besides β-glucans, CBS contains a high amount of polyphe-
nols such as catechin and epicatechin [23,28] and methylxanthines such as theobromine and
caffeine. The development of process routes for the use of co-products is essential for the
economic viability of these processes [32,33]. To utilize the full potential of the CBS in the
interest of bioeconomy, a process is developed using only minimal amounts ethanol as the
only organic solvent. The process consists of an extraction with hot water, a precipitation
with ethanol as an anti-solvent and a liquid–liquid extraction from the precipitation super-
natant with salting-out of ethanol. The LLE is compared to a conventional LLE with ethyl
acetate and butyl acetate. As the organic solvent LLE has to be conducted with an aqueous
phase, the LLE has to be either conducted before precipitation or after precipitation and
removal of the ethanol. This results in three possible process configurations, which are
shown in Figure 1. The first process is the one with double utilization of ethanol from
precipitation in an aqueous two-phase extraction (ATPE) with salt.

Figure 1. Overview of the three possible process configurations.
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2. Materials and Methods

2.1. Extraction Setup

For temperature screening, 1 g of ground CBS was extracted in a 10 mL extraction
column with a flow of 1 mL/min. The extraction plant consists of a pump, a GC oven for
heating, a column for extraction and a water bath for cooling. For maximum yield, 120 mL
of extract was collected as fractions.

For the solvent screening, 2 g of ground CBS is extracted with 40 mL of the re-
spective solvent: 20–100% ethanol, methanol, iso-propanol, MTBE, butyl acetate, ethyl
acetate, toluene and hexane. The vials were placed on a shaking device for 24 h to
reach extraction equilibrium. All solvents were purchased at VWR International GmbH,
30163 Hannover, Germany.

The extraction was carried out as a pressurized hot water/liquid hot water/subcritical
water extraction (PHWE). The extraction plant consists of an extraction column with a
volume of 0.1 L, solvent vessel, heating unit with a heat exchanger, cooling unit with a
heat exchanger, and an extract vessel. Extraction conditions were 140 ◦C at 1 L/h. The
CBS was obtained as dried industrial waste from a project partner. The origin was not
further specified. It was ground and sieved to 630–2000 μm, which is small enough to
guarantee fast mass transfer but big enough to prevent blocking of the extraction column.
The extraction column was filled with 20 g of ground plant material, and 500 mL of extract
was collected. The extraction solvent was deionized water from an in-house deionization
plant. The solvent ratio originates from the temperature screening, in which total yield was
reached after a solvent ratio of 25.

2.2. Liquid–Liquid Extraction

The phase screenings for liquid–liquid extraction were conducted in 50 mL centrifu-
gal vials, supplied by VWR International GmbH, 30163 Hannover, Germany. The ex-
tract/supernatant and solvent were measured into the centrifugal vials in the respective
phase ratios. For the first LLE screenings for partition coefficients, the phase ratio was
50/50. The vials were placed on a shaking device for 2 h to reach extraction equilibrium.

The extracts used were collected as described in Section 2.1. For the ATPS, the extracts
were precipitated with 60 wt.% ethanol, and supernatant was used for LLE. For the ATPS,
a 40 wt.% citrate buffer and a 30 wt.% phosphate buffer were used at the respective pH
values. Due to poor solubility properties at low pH values, phosphate buffers were only
researched at pH 7 and pH 8. The salts were purchased at VWR International GmbH,
30163 Hannover, Germany.

2.3. Analytics

Offline analytics consists of three different analytic methods. For the target components
theobromine, caffeine, catechin and epicatechin, reversed-phase high-performance liquid
chromatography (RP-HPLC) analytics were conducted. The method is modified based
on Rojo-Poveda et al. [28]. For detection, a diode array detector (DAD) is used, which
detects theobromine and caffeine at 272 nm and catechin and epicatechin at 280 nm. For
the separation, a Kinetex Phenyl-Hexyl C18 column (150 mm length × 4.6 mm internal
diameter and 5 μm particle size; Phenomenex, Aschaffenburg, Germany) is used. Injection
volume was 10 μL. The gradient consists of 0.1% formic acid as solvent A and methanol as
solvent B with a flowrate of 1 mL/min. The elution program starts with 10% solvent B up
to 12.5 min. The gradient reaches 80% solvent B at 37.5 min and a step up to 90% solvent B
up to 42.5 min. For equilibration, the partition of solvent B is 10% from 42.5 to 45 min.

The column is heated to 35 ◦C. Methanol and formic acid in HPLC grade were bought
from VWR International GmbH, 30163 Hannover, Germany. For calibration, theobromine,
caffeine, catechin and epicatechin standards of the concentrations between 0.02 and 1 g/L
from Sigma-Aldrich, St. Louis, MO, USA were used. The calibrations for HPLC analysis
and Folin–Ciocalteu test are shown in Figure 2.
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Figure 2. Calibration curves for caffeine, theobromine, epicatechin, catechin and gallic acid equiva-
lents (GAE).

Determination of dry residue is conducted following the method described in the
European pharmacopoeia (2.8.16 dry residue of extracts). An amount of 2 g per sample
was dried in glass vials at 105 ◦C for 2 h, cooled down under a dry atmosphere and the
residual mass was determined gravimetrically.

The total phenolic content of the samples is determined by UV/Vis spectroscopy
using the Folin–Ciocalteu reagent. Gallic acid solutions of concentrations 0.05 g/L, 0.1 g/L,
0.2 g/L, and 0.25 g/L are utilized for the calibration. To prepare the calibration lines, 0.5 mL
of gallic acid solution is mixed with 1.5 mL of Folin–Ciocalteu reagent, which is diluted to
10% of the original concentration beforehand and incubated for 5 min at room temperature.
Then, 1.5 mL of 7% sodium carbonate solution is added, and everything is filled to 10 mL
with HPLC grade water and incubated for 1.5 h. Measurement is conducted at 750 nm in
triplicate. HPLC water is used as a blank sample instead of the gallic acid standards. The
Folin–Ciocalteu reagent was supplied by VWR International, Hannover, Germany.

2.4. Statistical Analysis

The statistical analysis of the results from Design of Experiments (DoE) was conducted
with JMP Statistical Discovery™ by SAS Institute, Cary, NC, USA.

2.5. Calculations

For the characterization of the solid–liquid extraction, the yield is calculated according
to Equation (1), with mTC as the extracted mass of the target component and mCBS as the
mass of ground CBS used in the extraction process.

Yield =
mTC

mCBS
(1)

For characterization of the liquid–liquid extraction there are different target units. The
partition coefficient describes the distribution of the target component in the two phases,
the heavy phase and the light phase. The partition coefficient K is calculated according to
Equation (2), with the concentration of the target component in the light phase cTC,LP and
the concentration of the target component in the heavy phase cTC,HP.

K =
cTC,LP

cTC.HP
(2)

The yield in liquid–liquid extraction is calculated according to Equation (3), with the
mass of the target component in the light phase mTC,LP and in the heavy phase mTC,HP.
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The purity of the liquid–liquid extraction for each component is calculated according to
Equation (4), with the mass of the dry residue in the light phase mDR,LP.

Yield =
mTC,LP

mTC.HP+mTC.LP
(3)

Purity =
mTC,LP

mDR,LP
(4)

3. Results

3.1. Characterization of Solid–Liquid Extraction

The substance system of cocoa shells is first characterized according to a methodical
procedure. Two different extraction methods are investigated. One is the pressurized
hot water extraction (PHWE) and the other is a conventional extraction with organic or
organic–aqueous extractants.

For the coupled glycan and polyphenol extraction based on prior knowledge, PHWE
is the most suitable method, since the high temperature of the water and the associated
slightly acidic properties of the water induce hydrolysis of the carbohydrate skeleton. The
comparison with organic and organic–aqueous extraction agents provides, above all, a
comparative overview of the substance properties of the polyphenols. Information on the
solvents in which the polyphenols of the cocoa shells dissolve well can be informative with
regard to the choice of extraction agent for the subsequent liquid–liquid extraction.

In the characterization, the experimental data are evaluated according to two target
variables. The first is the dry residue. This describes the sum of all non-volatile components
of the extract. In the present case, the main components of the dry residue are the glycans
and the sum of the polyphenols.

The results for the solvent screening are shown in Figure 3. It can be seen that, in
particular, ethanol/water mixtures between 20 and 80% ethanol show high solubilization
properties for the polyphenols compared to the other extraction agents investigated, such
as hexane, ethyl acetate or butyl acetate. All three would be suitable extractants for liquid–
liquid extraction. The yield is calculated as the mass of the respective component in mg
divided by the mass of CBS used in the extraction process.

 

Figure 3. Yields for dry residue, methylxanthines and polyphenols in solvent screening with aqueous
ethanol and organic solvents.
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In addition to the extracted dry matter, the polyphenols of the cocoa shells are of
interest. The yields achieved in milligrams of polyphenol per gram of extracted cocoa shell
are shown in Figure 4. In addition to the investigated target components described at the
beginning, where the two phenols catechin and epicatechin are considered, as well as the
two methylxanthines theobromine and caffeine, a total phenol content appears here. These
are remeasurements of old samples that were still available. The analysis by means of Folin–
Ciocalteu was established additionally only in the later course of the project. Therefore,
this analytical method has so far only been carried out in this series of measurements. It
can be seen that in the temperature range between 120 ◦C and 160 ◦C, the yields obtained
remain relatively constant. Accordingly, up to an extraction temperature of 160 ◦C, it can
be assumed that no thermal decomposition processes of the investigated components take
place. Based on the sum of extraction properties with respect to glycans and polyphenols,
as well as operational and safety considerations, an extraction temperature of 140 ◦C is
selected for the further extractions. Quercetin was not detected in any of the extracts from
the present cocoa shells.

 

Figure 4. Yields for dry residue, methylxanthines and polyphenols in temperature screening.

3.2. Characterization of Liquid–Liquid Extraction

For the screening of suitable extraction solvents for liquid–liquid extraction, organic
solvents that form a miscibility gap with water are required. Ethyl acetate, butyl acetate,
methyl tert-butyl ether (MTBE), hexane and toluene are chosen for this purpose. The
experiments are performed with volumetric phase ratios of 1:1 to determine the partition
coefficients of the target components. Liquid–liquid extraction of the extracts with hexane
and toluene resulted in emulsion formation in the organic phase with the fats from the
cocoa shell. Accordingly, not only could these samples not be measured, but they also
fall away for further processes considering that these processes could not be carried out.
The further investigations are carried out with different starting extracts, which are based
on considerations from the process synthesis. Here, there are different scenarios at which
point in the process the LLE can be performed:

- Directly after extraction of the glycan–phenol mixture.
- After precipitation of the glycans with ethanol—an ethanol–water mixture is then present.
- After evaporation of the ethanol from the precipitation supernatant.

For LLE with ethanol–water mixtures, the above-mentioned organic extraction agents
can only be used to a limited extent, if at all, because the ethanol content means that no more
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mixture gaps are formed, which is a prerequisite for LLE. However, it is possible to carry out
an aqueous two-phase extraction in an ethanol/water/salt system. In this case, the addition
of salt to an ethanol–water mixture displaces ethanol with a lower water content from the
salt-rich phase. In principle, a wide range of different salts are suitable for this purpose. In
view of environmental compatibility and green extraction processes, a citrate salt is used.
Comparatively, but less green, a phosphate salt is used. The partition coefficients for the
target components are shown in Figure 5. The partition coefficient is calculated with the
concentration in the light phase divided by the concentration in the heavy phase. Here,
large values represent a preferential distribution of the target components in the light phase,
which in all cases is the organic phase, or the ethanolic, low-salt phase. Here, only very low
partition coefficients are obtained for the organic solvents in question. In contrast, large
partition coefficients are achieved for the ethanol/water/salt systems. Here, the citrate
system shows the best results in comparison. The use of this system also has the advantage
that no additional organic extractant needs to be added to the process. Only the ethanol is
used, which is required for precipitation anyway.

 
Figure 5. Partition coefficients for solvent screening for liquid–liquid extraction.

Therefore, the ethanol/water/salt systems will be characterized and investigated in
more detail in further trials.

In Figure 6, the results of the phase screening with citrate ATPS at pH 6, 7 and 8,
phosphate ATPS at pH 7 and 8, ethyl acetate and butyl acetate at phase ratios 30/70, 40/60,
50/50, 60/40 and 70/30 (m/m) expressed as feed/solvent are shown. The components
researched are total phenolic content, theobromine, caffeine, catechin and epicatechin. The
yield is calculated as the mass of the respective component in the light phase divided by
the mass of the respective component which is brought into the system with the used CBS
extract. The purity is calculated as the mass of the respective component divided by the
mass of the dry residue within the light phase. The data show that, for all components, the
aqueous two-phase systems reach exceptional high yields of up to 100% in one extraction
stage, whereas the conventional extraction systems with ethyl acetate and butyl acetate
reach only up to a maximum of 50% for caffeine and only up to 30% for the targeted
polyphenols. The data show higher yields for the ATPS at a higher phase ratio, which
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represents a lower consumption of solvent, whereas the organic solvents show a contrary
behavior. So, for better yields in the ATPS, less solvent is used, and for better yields with
organic solvents, a higher amount of solvent is needed. The pH value seems to have a
negligible influence on the yield. Regarding purity, organic solvents reach significantly
higher values. This is because of rather high salt contents in the ATPS in the light, phenol-
rich phase. This can be optimized with an adaption of the extraction system, e.g., higher
ethanol content in the feed. This will be researched in a follow-up study.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 6. Cont.
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(g) (h) 

(i) (j) 

Figure 6. Yields and purities for total phenolic content (a,b), theobromine (c,d), caffeine (e,f), catechin
(g,h) and epicatechin (i,j) in DoE with phase ratio and pH value including ethyl acetate and butyl
acetate as reference.

In Figure 7, the statistical influence of pH value and phase ratio on the yield of phenol
content, theobromine, caffeine, catechin and epicatechin are shown. The black squares in
the plots represent the target values from the experimental data. These results are for the
ATPS with a 40 wt.% citrate buffer. Due to low solubility of phosphate salts at pH 6, no full
factorial DoE could be conducted.

 
(a) (b) 

Figure 7. Cont.
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 7. Cont.
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(i) (j) 

Figure 7. Influence of pH and phase ratio on yield for total phenolic content (a,b), theobromine (c,d),
caffeine (e,f), catechin (g,h) and epicatechin (i,j).

For total phenolic content, the regression coefficient of the statistical model is 0.98.
The pH value has no significant influence on the extraction yield, where the phase ratio
has a high positive influence on the extraction yield. This behaviour matches with the
observations in Figure 6. For theobromine, the regression coefficient of the statistical
model is 0.96. Both pH value and phase ratio have a significant positive influence on the
extraction yield. The regression coefficient of the statistical model for caffeine yield is 0.72.
According to the P-values, pH value has a significant positive effect, while phase ratio has
no significant effect. However, due to the low R2 and the high scattering of the measured
values in Figure 7e,f, this statement is questionable.

For catechin, the regression coefficient of the statistical model 0.88. Both pH value and
phase ratio have a significant positive influence on the yield of catechin.

The regression coefficient of the statistical model for epicatechin is 0.91. The pH
value has a medium significant positive influence on the yield, whereas phase ratio has a
significant positive influence on the yield of epicatechin.

In Figure 8, the statistical influence of pH value and phase ratio on the purity of total
phenolic content, theobromine, caffeine, catechin and epicatechin are shown.

 
 

(a) (b) 

Figure 8. Cont.
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(e) (f) 

  
(g) (h) 

Figure 8. Cont.
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(i) (j) 

Figure 8. Influence of pH and phase ratio on purity for total phenolic content (a,b), theobromine
(c,d), caffeine (e,f), catechin (g,h) and epicatechin (i,j).

For total phenolic content, the regression coefficient of the statistical model is 0.80. The
pH value has a significant positive influence on the extraction yield, whereas the phase
ratio has a low-to-no significant influence on the purity. This behaviour matches with the
observations in Figure 6. For theobromine, the regression coefficient of the statistical model
is 0.89. Both pH value and phase ratio have a significant positive influence on the purity of
theobromine. The regression coefficient of the statistical model for caffeine purity is 0.76.
According to the p-values, pH value and phase ratio have a medium significant positive
effect on the purity of caffeine.

For catechin, the regression coefficient of the statistical model 0.58. Both pH value and
phase ratio have no significant positive influence on the yield of catechin. However, due to
the low R2 and the high scattering of the measured values in Figure 8g,h, this statement
has low confidence.

The regression coefficient of the statistical model for epicatechin is 0.28. Due to the
low regression quality, there is no sophisticated statement to make.

In addition, for yield and purity, there is no significant influence of the interaction
between pH value and phase ratio.

4. Discussion

In the present study, the extraction behaviour of the various target components in
the CBS stock system was investigated. It was shown that the common organic solvents,
with the exception of ethanol–water mixtures, give only poor extraction results. The
comparatively good extraction properties of the ethanol–water mixtures already provided
an indication, in the solvent screening of the SLE, that an ATPE with the ethanolic phase
appears a promising method. Temperature screening showed very good extraction results
for an extraction temperature of 140 ◦C, which is a common extraction temperature for the
extraction of phenolic components.

In a first solvent screening for LLE, the three possible application points of LLE in the
process alternatives are investigated. Whether LLE occurs before or after precipitation had
no effect on the results in the present experiments. On the other hand, particularly strongly
apolar solvents such as toluene or hexane are not suitable for fatty substance systems such
as CBS. However, the potential of ATPE with ethanol, water and salt is confirmed, so that
this process alternative is preferred. The only organic solvent required, ethanol, can even
be used a second time for this purpose from the previous process step, precipitation. This
saves resources and protects the climate; both points should be considered for processes in
the bioeconomy. In the next step, the ATPE was investigated with two different salts. Here,
pH of the salt buffer and the phase ratio were varied. From the statistical experimental
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design, there is a positive influence on the yield for higher phase ratios, i.e., for a low
proportion of the salt buffer. The pH value has a low influence on the yield and only for
some components. The purity also increases for higher phase ratios. Increasing pH also has
a positive effect on purity. For the alternative studies with ethyl acetate and butyl acetate
from the crude extract, it was shown that a high organic phase content increases both the
yield and purity. For the ATPE systems, yields between 80 and 100% are achieved for the
different target components. The organic comparative tests only deliver yields between 20
and 40% in one extraction stage. The comparatively low purities of the ATPE systems are
due to a transition of salt into the light phase. The salt content in the light phase can be
reduced by optimizing the system point. While high phase ratios should be considered to
maximize the yield, pH value can be used to influence the purity of some components.

The precipitation with 60 wt.% ethanol, which was defined in the present study by
a project framework, will be investigated in more detail in follow-up studies. Due to
the double utilization of ethanol in the ATPE, precipitation and LLE are directly linked.
However, it is also conceivable to adjust the ethanol content to the optimum of the LLE
after precipitation with an ethanol content that is optimal for this process step.

5. Conclusions

Following this study, a process is available which integrates the PHWE into an overall
process for cascade utilization for waste valorization in an environmentally friendly, green
and efficient economic manner. The process consists of an extraction with hot water, a
precipitation with ethanol as an anti-solvent and a liquid–liquid extraction from the precip-
itation supernatant with salting-out of ethanol. In this way, both the matrix components
and the secondary plant compounds can be fully utilized by integrating unit operations
appropriately. The versatile green process for waste valorization is shown in Figure 9.

Figure 9. Overview of the novel process for the recovery of phenolic compounds from natural
product extracts.

• The novel process reaches very high yields of up to 100% in one extraction stage.
• The novel process ensures low consumption of organic solvents due to double usage

of ethanol as the only organic solvent.
• The process is adaptable enough to capture all kinds of secondary metabolites from

hot water extracts and ensures usage of structural carbohydrates from precipitation.
Ethanol is well-known as a precipitant for matrix components from hot water extracts.
The ethanol content in the light phase is adaptable enough to match the solubility
properties of the target component, usually between 50 and 80% ethanol [8,14].

• Follow-up studies will focus on process optimization, research on process analytical
technology and complete dry residue characterization by component groups [13].
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Abstract: Following Thailand’s Alternative Energy Development Plan, lands for sugarcane and oil
palm are being expanded to support biofuel production, thus decreasing the availability of land
for other crops. Not only does this lead to the change in Gross Domestic Product (GDP) but also
environmental consequences. This study assessed the effects of land expansion caused by biofuel
promotion on Green GDP, which is the conventional GDP after adjusting for environmental damage.
A static computable general equilibrium (CGE) model combined with life cycle impact assessment
was used to estimate the effects of land expansion on economic transactions and conventional GDP.
Results showed that compared with the business-as-usual scenario, expanding land for biofuel crops
increased the Green GDP. However, rice cultivation and milling were adversely affected by the
substitution of biofuel crops. Furthermore, expanding biofuel crops slightly reduced the production
capacity of some industrial sectors. The Green GDP for biofuel crop expansion policies was greatest
when abandoned rice fields were utilized for agriculture and lowest when forests were transformed.
Using CGE to investigate the effects of policy on Green GDP yielded results that were comprehensive
for decision making. The method presented in this study can be utilized for future Green GDP
research focusing on other biofuel productions.

Keywords: land expansion; biofuels; Green GDP; computable general equilibrium; life cycle
impact assessment

1. Introduction

Biofuels, e.g., ethanol from cane molasses and cassava and biodiesel from palm oil,
have been promoted to replace gasoline and diesel in the transportation sector in Thailand to
reduce the mounting greenhouse gas (GHG) emissions (The list of all abbreviations is shown
in Abbreviations) from conventional fuel consumption. The Department of Alternative
Energy Development and Efficiency (DEDE) reported that biofuel consumption increased
continuously during 2008–2017 [1–3], as shown in Figure 1. Additionally, a decade before
2017, the domestic demand for ethanol was higher than the ethanol supply [4]. Therefore,
ethanol exports were limited in the years following. Increasing ethanol production capability
is thus still necessary to be able to support domestic and foreign demands.
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Figure 1. Thailand’s biofuel consumption (million liters per day) [1–3].

However, the promotion of biofuels increases the demand for feedstock crops that
in turn leads to the expansion of land dedicated to feedstock crops. Based on Thailand’s
Alternative Energy Development Plan (AEDP) 2015, lands for sugarcane and oil palm
cultivation are being targeted to increase from 1.6 and 0.7 million ha in 2015 to 2.6 and
6.2 million ha in 2026, respectively (i.e., annually increased by 4.5 and 4.8 percent during
2015–2026) [5]. The expansion of land for feedstock crops can reduce the availability of land
for other purposes, which then adversely affects economic opportunity for other activities.
However, the economy-wide impact of land expansion induced by biofuel promotion is
not found in any earlier studies, even though more than 40 percent of total land area is
used by agriculture and the agricultural sector contributes approximately 10 percent to the
Gross Domestic Product (GDP).

The measurement of the economy-wide effects of land expansion can be presented
through GDP, as several earlier studies have shown. Despite ignoring the effects of land
expansion, Silalertruksa and Gheewala [6] used GDP as an indicator to present the eco-
nomic impact of bioethanol production in Thailand. Wianwiwat and Asafu-Adjaye [7],
Kaenchan et al. [8], Phomsoda et al. [9], and Phomsoda et al. [10] revealed the dynamic
effects of biofuel promotion on the economy through the intertemporal change in real GDP.
However, although GDP is a standard measure for economic growth, it does not reflect
actual human well-being as it does not account for social sustainability and future environ-
mental consequences of present consumption [11,12]. Thus, Green GDP and other similar
indices for sustainable development such as the Index of Sustainable Economic Welfare
(ISWE) and the Genuine Progress Indicator (GPI) were developed to fill this lack [12,13].

Green GDP is an index of sustainable economic growth where the degradation and
depletion of environmental and natural resources are subtracted from the conventional GDP.
Since environmental and natural resources can be considered as the stocks of production
factors used for generating the GDP of a country, their degradation and depletion should be
deducted from the conventional GDP to derive the remaining stocks for the future. Green
GDP has widely been adopted to promote more sustainable practices in several studies.
For example, Li and Fang [14] presented Green GDP of all countries by integrating the total
GDP with ecosystem services values obtained from spatial analysis based on Geographic
Information System (GIS). Stjepanović et al. [15] measured Green GDP across countries by
capturing emission, waste, and natural resource depletion. In addition, by incorporating
greenhouse gas emissions, Kunanuntakij et al. [16] estimated Thailand’s green GDP by
using economic input–output life cycle assessment.

This study aimed to assess the effects of biofuel crop expansion on Thailand’s Green
GDP to address the lack of studies on the economy-wide effects of biofuel crop expansion
that can in turn support policymakers in making decisions toward sustainable biofuel devel-
opment in Thailand. The expansion of biofuel crops was incorporated relying on the targets
officially published in AEDP 2015. Three scenarios of land expansion alternatives were
considered in this study. In addition, the impacts of environmental interventions, i.e., air
emissions, land transformation, water consumption, and fossil consumption, were captured.
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2. Methods

Green GDP is defined as the Conventional GDP subtracted by the cost of environmental
degradation and natural resource depletion, where environmental degradation refers to the
effects of GHG emissions and land use and natural resource depletion denotes the depletion
of water and fossil resources. The calculation of Green GDP is summarized in Equations (1)
and (2), where TEC is the total environmental cost, COP is the cost of pollution (GHGs),
COL is the cost of land degradation, CWD is the cost of water depletion, and CFD is the
cost of fossil depletion.

Green GDP = Conventional GDP − TEC (1)

TEC = COP + COL + CWD + CFD (2)

The effects of biofuel crop expansion on Green GDP were estimated by comparing
the business-as-usual (BAU) scenario with that in which biofuel crop expansion occurs.
Conventional GDP was estimated using a static computable general equilibrium (CGE)
model, a macroeconomic model for assessing the economy-wide impacts of policies that
can also be modified to incorporate the environmental impacts of policies [8]. The procedure
to formulate the CGE model used in this study is described in Section 2.1. The modification
of the model to incorporate widespread environmental effects is presented in Section 2.2.
The methods and equations for assessing the cost of environmental degradation and natural
resource depletion are presented in Section 2.2.

2.1. CGE Model Setup

The standard CGE model developed by the Partnership for Economic Policy (PEP)
research network [17] was used in the present study to estimate the effects of biofuel crop
expansion. Model setup and simulation scenarios are detailed in the following subsections.

2.1.1. Model Description

Following the conventional structure of general equilibrium simulation, the model
included four main economic agents: the production sectors, the aggregated household, the
government, and the rest of the world. Main connectivities of transactions and activities
are depicted in Figure 2. The consumption behavior of a household is governed by the
Stone–Geary utility maximization framework, allowing for optimal adjustment of the
consumption basket under the budget constraint. As illustrated in Figure 3, all production
activities were structured based on the 4-level nested hierarchy, enabling the flexibility
of selecting the optimal proportion of inputs and factors of production. In particular,
the first level of this structure followed the Leontief production function, imposing the
fixed ratio of value-added and total intermediate input. The second layer determined
the distribution of value-added components and the selection of intermediate inputs. In
the case of value-added allocation, a constant elasticity of substitution (CES) specification
governed the optimal combination of labor and capital-land composite. For the total
intermediate input, the selection was based on the Leontief production function, constantly
demanding intermediate inputs by using a fixed proportion. In the third layer, the CES
framework optimized the combination of land and capital. Considered one of the key
features of this model, the last layer enriched the details of demand for land by specifically
identifying the classification of land use into three categories: agricultural land, forest, and
abandoned rice field.

Following the standard specification of CGE model, the CES mechanism determined
the optimal composite of import and domestically produced goods. Similarly, a constant
elasticity of transformation (CET) optimized the export decision, weighting the proportion
of domestic sales and exports.
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Figure 2. Main connectivities of economic transactions and activities within the CGE model.

Figure 3. Structure of production.

2.1.2. Model Closure

To equalize the number of endogenous variables and equations, some variables
were assigned to be exogenous. Following the conventional criteria introduced by De-
caluwé et al. [17], variables influenced by the global economy and those determined by
policymakers were specified as being exogenous. Thus, the international prices of im-
ported and exported products, the current account balance, and the exchange rate were
determined exogenously. Likewise, the policy-determined exogenous variables were gov-
ernment expenditure, domestic wage, capital demand, total investment, and the tax rate.
Since the minimum requirements for foods and necessary goods are the primary demand
for humans, the minimum consumption of a household was also specified exogenously.

Because the flexible adjustment of the biofuel crop sector was one of the main features
of this model, the demand for the capital of biofuel crop plantation was endogenously
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determined to enable unconstrained variation in the nested structure of biofuel crop pro-
duction. Also, this specification allowed the model to perform simulation scenarios by
assigning the output of a specific biofuel crop exogenously.

2.1.3. Database

Similar to the conventional specification of the CGE model, the Social Accounting
Matrix (SAM) was a primary source of data [18]. The SAM used in this research has
been constructed based on the 2015 input–output (IO) table and officially produced and
publicly distributed by Thailand’s Office of the National Economic and Social Development
Council [19].

The constructed SAM contained 39 production sectors, compromising between the
mathematically solvable property of the model and obtaining sufficient detail for envi-
ronmental and economic analysis. The SAM also included the main economic agents
which are the government, the aggregated representative of households, and the rest of
the world. The details of production sectors are exhibited in Appendix A, Table A1. To
conform to the standard initialization of the model, elasticity parameters were obtained
from Decaluwé et al. [17] and OECD/ILO [20] (Appendix A, Table A2). In accordance
with the most recent published data of land use, pollution, and environmental indicators,
the SAM and all variables of this CGE model were calibrated to the base year of 2017.
Specifically, the calibration of SAM followed the steps introduced in Serag et al. [21]. The
macroeconomic data were obtained from the official database of national income published
by NESDC. Regularly produced and distributed by Thailand’s National Statistical Office
(NSO), details of production activities were obtained from the official industrial census
and household consumption statistics were derived from the official socioeconomic survey.
The compilation of data used the cross-entropy estimation technique as introduced by
Robinson et al. [22].

2.1.4. Simulation Scenarios

Biofuel crop expansion has three simulation scenarios. Among them, the percent
increment of biofuel crops was identically defined on the basis of the annual targets in
AEDP 2015 [5]. That is, the output of cassava, sugarcane, and oil palm increased by 6.2, 4.5,
and 3.7 percent, respectively. The output of sugarcane and oil palm production increased
by expanding land while the output of cassava production increased due to productivity
improvement in all scenarios.

• S1: There is no transformation of forest area to cropland. Thus, the total dimension
of agricultural land is constant, and the expansion of sugarcane and oil palm can
diminish the size of other croplands.

• S2: Forest area (0.02 percent) is assumed to be transformed to agricultural land follow-
ing the average annual decreasing rate of forest area during 2014–2016 [23]. Therefore,
in this scenario, more agricultural land is available.

• S3: Abandoned rice fields (164,800 ha [24]) are utilized by transforming to agricultural
land. Therefore, more agricultural land is available.

2.2. Expanding the Model to Capture Environmental Impacts

This study considered the environmental impacts caused by air emissions, land trans-
formation, water consumption, and fossil resource consumption. Thus, the CGE model
was expanded to capture these features and estimate the environmental impacts of scenar-
ios S1–S3.

2.2.1. Air Emissions

This study focused on global warming [presented in a unit of kg carbon dioxide
equivalent (kg CO2 eq.)] caused by greenhouse gas (GHG) emissions. In particular, the
standard CGE model was modified to incorporate the conversion factors, enabling the
computation of CO2 emissions from energy consumption and chemical fertilizer use.
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The CO2 conversion factors for energy consumption are shown in Table 1. As the
sectoral production and commodity consumption in the CGE model are conventionally
represented in monetary units, Table 1 exhibits all price factors (PEs) applied to convert
the values of energy consumption into the physical base quantity unit. Conversion factors
of CO2 emissions are not applied in the use of crude oil and natural gas in the chemical
industry and petroleum refineries and the use of petroleum products in the chemical
industry because they are used as raw materials (feedstock) and not burned in these
sectors. The conversion factors for CO2 emissions from chemical fertilizer use (EFAG) were
calculated by dividing the total CO2 emissions from chemical fertilizer use of approximately
5547 million tonnes CO2 eq. in 2015 by the total value of chemical fertilizer use of the
whole nation in 2015 (derived from the SAM table). The 5547 million tonnes CO2 eq.
was derived based on the information on chemical fertilizer imports from the Office of
Agricultural Economics [25] and the methods to calculate CO2 emissions and emission
factors of chemical fertilizer production and use given by the Thailand Greenhouse Gas
Management Organization [26].

Table 1. CO2 conversion factors for energy consumption.

Sources of Energy EFEC (1000 Tonnes CO2/ktoe) [a] PE (1000 Million THB/ktoe) [b]

Coal and lignite 4.10533 0.004
Crude oil and natural gas 1.03978 0.016

Petroleum products 2.48847 0.053
Notes: [a] is CO2 emission factors calculated from dividing the total emissions from each energy classification in
2015 [27] by its consumption amount in 2015 [28]; [b] is a ratio of the total emissions from each energy classification
in 2015 per the total value of the corresponding energy consumption in 2015 (derived from the SAM table); ktoe is
1000 tonnes of oil equivalent; and THB is Thai baht.

The CO2 conversion factors for energy consumption and chemical fertilizer use were
attached to the database of the model. This study included Equations (3)–(7), modified
from Kaenchan et al. [8], to compute the total CO2 emissions.

The total amount of CO2 emitted from each production sector can be estimated as
shown in Equations (3)–(5), where ECCOi,j is the CO2 emission caused by the consumption
of energy product i by production sector j; DIi,j denotes the use of intermediate product i
by production sector j; EFECi is the emission coefficient corresponding to the consumption
of product i; PEi indicates the price of energy product i; AGCOchem,jagri represents the total
amount of CO2 emitted by the utilization of chemical fertilizer in farming activity jagri;
DIchem,jagri identifies the use of chemical fertilizer in farming activity jagri; EFAGchem,jagri is
the emission coefficient of using chemical fertilizer in farming activity jagri, and INTCOj is
the amount of CO2 emitted by a production activity of sector j.

ECCOi,j =
DIi,j × EFECi

PEj
(3)

AGCOchem,jagri
= DIchem,jagri

× EFAGchem,jagri
(4)

INTCOj = ∑
i

ECCOi,j + ∑
chem

AGCOchem,jagri
(5)

Equation (6) specifies the computation of the total amount of CO2 emitted by final
consumption, where FNCOi is the emission caused by consumption of product i by house-
hold, government, and investment; Ci,h denotes consumption made by household h of
product i; Ii represents the investment-oriented deployment of goods i; and Gi indicates the
governmental utilization of product i.

FNCOi =
(∑h Ci,h + Ii + Gi)× EFECi

PEi
(6)
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Equation (7) mathematically identifies the total CO2 emission, where TCO repre-
sents the sum of CO2 emission constituted by intermediate utilization (INTCOj) and final
consumption (FNCOi).

TCO = ∑
j

INTCOj + ∑
i

FNCOi (7)

2.2.2. Land Transformation

Land is included in capital in the standard CGE model developed by the PEP research
network [17]. As land plays an important role in the determined scenarios, it was separated
from capital in this study, as shown in Figure 3. The land use of each agricultural subsector
and its rental rate that is presented in Table 2 were employed to separate land from capital.
The information on land use and the rental rate of land types in 2015 was mainly provided
by OAE [29,30]. Only the area of livestock and forestry that are not provided by OAE were
from Thailand’s Land Development Department [24].

Table 2. Cropland and rental rate by agricultural subsector.

Land Use Types 2015 Land Use (ha) [a] 2015 Rental Rate (THB/ha) [b]

Paddy 10,643,878 5011
Maize 1,053,935 5072

Tapioca 1,491,155 6248
Sugarcane 1,534,632 8351
Oil palm 813,296 6031
Livestock 306,619 6222
Forestry 16,935,417 62

Other agricultures 7,606,344 6222
Notes: Rental rate of the land dedicated to livestock and other agricultures is assumed to be equivalent to the
average rental rate of the first five land use types. As forest land has no rent, the rental rate for forestry is
assumed to be 1 percent of the average rental rate of the first five land use types to enable model simulation. This
assumption does not affect the results because relative prices are relied on in the model.

The effects of biofuel crop expansion (in each simulation scenario) on land transfor-
mation could be estimated by comparing the size of each land use type in the simulation
scenario with that of the BAU. Equations (8) and (9) were used to calculate the size of land
use types in the simulation scenarios. Mathematically, Qlandj denotes the size of the land
used by sector j (ha); a_qlandj is the coefficient for land use of sector j; KNDCj refers to the
demand for land of sector j (Thai baht or THB); QlandOj is the initial size of the land used
by sector j (ha; i.e., [a] in Table 2); and KNDOj is the initial value of the demand for land of
sector j (THB; i.e., the product of [a] and [b] in Table 2).

Qlandj = a_qlandj × KNDCj (8)

a_qlandj =
QlandOj

KNDOj
(9)

Not only does land transformation decrease the number of species on land but it also
contributes indirectly to global warming from burning and losing the ability to absorb
carbon dioxide.

The impact of land transformation on the number of species could be estimated using
the endpoint characterization factors for land transformation from Goedkoop et al. [31].
Following their computational technique, transforming one agricultural land to another
one had no impact to the number of species, only the transformation of forest to agricultural
land has. Further explanation on assessing the impact of land transformation on species
loss can be found in Section 2.2.4.

Considering the impacts of land transformation on global warming, this study fol-
lowed the method introduced by Silalertruksa and Gheewala [32] to compute GHG emis-
sions that are caused by land transformation. The method is summarized in Equation (10),
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where EFLUC is the GHG emission factor for land transformation (tonne CO2 eq./ha.yr);
BCL stands for biomass carbon stock loss (the loss of the aboveground biomass carbon
stock in the transformed land); CSOC is the change in soil carbon stock (i.e., the difference
between soil organic carbon of the land before transformation (SOCbefore) and soil organic
carbon of the land after transformation (SOCafter), as shown in Equation (11)); GHGLUC
is the amount of GHG emissions from land clearing (i.e., the sum of CO2 emissions and
non-CO2 GHG emissions caused by burning biomass in the transformed land as presented in
Equation (12)); and T refers to the time span of crop. The factor of 3.664 in Equation (10) was
applied to convert carbon (12.01) to CO2 (44.01). The information used for the calculation
of Equations (10)–(12) is presented in Appendix A, Table A3.

EFLUC =

(
BCL × 3.664

T

)
+

(
CSOC × 3.664

T

)
+

(
GHGLUC

T

)
(10)

CSOC = SOCbe f ore − SOCa f ter (11)

GHGLUC = CO2emissions + Non − CO2GHGemissions (12)

Referring to Section 2.1.4, the two types of land being transformed were the forest
(scenario S2) and abandoned rice field (scenario S3). The transformation of one type of
agricultural land to another type of agricultural land in scenario S1 was considered to
have no change in GHG emissions. The transformation of the forest in scenario S2 is based
on the assumption that 50 percent of the 0.02 percent of Thailand’s forest area in 2015 is
transformed to crop fields and the remaining 50 percent is converted to perennial plants
(using oil palm as a representative). Likewise, in scenario S3, 50 percent of the abandoned
rice fields available in 2015 are assumed to be transformed to crop fields and another
50 percent to oil palm. Accordingly, the total amount of GHG emissions of scenarios S2
and S3 could be calculated using Equations (13) and (14), respectively, where LMCOS2 and
LMCOS3 are the total GHG emissions from land transformation (tonne CO2 eq.) under
scenarios S2 and S3, respectively; and AS2 and AS3 are the size of the land transformed (ha)
in scenarios S2 and S3, respectively.

LMCOS2 =
(
0.5 × AS2 × EFLUCForest to crop

)
+

(
0.5 × AS2 × EFLUCForest to perennial plant

)
(13)

LMCOS3 =
(

0.5 × AS3 × EFLUCAbandoned land to crop

)
+

(
0.5 × AS3 × EFLUCAbandonded land to perennial plant

)
(14)

2.2.3. Water Consumption

Irrigation water demand was considered in this study. The total irrigation water use
of the country under each simulation scenario was computed using Equations (15)–(17),
where TQwater is the total irrigation water use of the country; Qwaterj denotes the total
irrigation water used by sector j; a_waterj is the coefficient for irrigation water use of sector
j; XSTj stands for the production output of sector j; and QwaterOj and XSTOj refer to the
initial values of irrigation water used by sector j and the production output of sector j,
respectively.

The total irrigation demand by agricultural subsectors (Qwaterj) are presented in
Table 3. This study followed the method to derive the total irrigation demand of Kaen-
chan et al. [8] in which the amount of irrigation water required by the agricultural subsectors
were calculated based on the actual amount of irrigation water used in the irrigated areas.

TQwatert = ∑
j

Qwaterj (15)

Qwaterj = a_waterj × XSTj (16)

a_waterj =
QwaterOj

XSTOj
(17)
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Table 3. Irrigation demand by agricultural subsectors.

Agricultural Subsectors Cultivated Area (ha) [a]
Irrigation Demand

(m3/ha) [b]
Total Irrigation Demand

(Million m3) [c]

Rice farming Wet season rice 9,290,156 481
11,944Dry season rice 1,353,721 5526

Maize cultivation 1,053,935 40 42
Tapioca cultivation 1,491,155 765 1140

Sugarcane cultivation 1,534,632 765 1173
Oil palm plantation 813,296 463 377

Notes: Cultivated area is the dimension of land use in 2015 from Table 2; [c] = [a] × [b].

2.2.4. Fossil Fuel Consumption

The effect of biofuel crop expansion on fossil resource depletion was estimated from the
change in production outputs of the coal and lignite mining sector and the petroleum and
natural gas drilling sector that could be directly obtained from the execution of the model.

After the environmental impacts of the simulation scenarios were derived, the impacts
were characterized into damage categories, i.e., damage to human health, ecosystems, and
resources, by using the endpoint characterization factors in the life cycle impact assessment
(LCIA) method, as illustrated in Table 4. The damage to human health is represented
in units of Disability Adjusted Life Year (DALY), the damage to ecosystems is presented
in units of Potentially Disappeared Fraction of species (PDF.m2.yr), and the damage to
resources is quantified in monetary units. The damages could be converted into monetary
units (THB) on the basis of the monetary conversion factors provided by Kaenchan and
Gheewala [33]. However, before being utilized, the monetary conversion factors were
adjusted for the time value of money following Haputta et al. [34] as explained in Equation
(18) where MCF2017 indicates the value of monetary conversion factor in 2017; MCFy
denotes the value of monetary conversion factor in the year that it was initially calculated
(year y); and r is an average inflation rate of Thailand over 2008–2017, i.e., approximately
0.02 [35]. The monetary conversion factors that were adjusted for the time value of money
are shown in Table 5.

MCF2017 = MCFy × (1 + r)(2017−y) (18)

Table 4. Endpoint characterization factors for the considered environmental impacts.

Midpoint Impact
Category

Characterized
Unit at Midpoint

Endpoint Characterization Factors

Human Health
(DALY/Characterized

Unit at Midpoint)

Ecosystems
(PDF.m2.yr/Characterized

Unit at Midpoint)

Resources
(USD2008/Characterized

Unit at Midpoint)

Global warming
potential CO2 eq. 1.40 × 10−6 5.36 × 10−1 -

Natural land
transformation (from
forest to agricultural

land)

m2 - 7.90 × 10 -

Water depletion m3 1.59 × 10−7 1.32 × 10−1 -
Fossil depletion kg oil eq. - - 1.65 × 10−1

Notes: Endpoint characterization factors for global warming potential, natural land transformation, and fossil
depletion were based on Goedkoop et al. [31]; the endpoint characterization factors of ecosystems for global
warming and natural land depletion, denoted as “species.yr” in Goedkoop et al. [31], were converted to the
unit of PDF.m2.yr by computing a ratio per the total number of species in a square meter (1,604,000 global
species/1.08 × 1014 m2 surface area); and the endpoint characterization factors for water depletion were obtained
from Pfister et al. [36].
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Table 5. Monetary conversion factors for endpoint damages.

THB2017/DALY THB2017/PDF.m2.yr
THB2017/kg Oil Eq.
(THB2017/USD2008)

Monetary Conversion
Factor 576,595 1.00 6.70 (40.63)

All modifications incorporated in this extended CGE model enabled the in-depth
investigation of simultaneous interactions between economic activities and environmental
factors (e.g., GHG emission, land transformation, water demand and energy consumption).
In particular, this framework provided the analytical foundation for circular economy
analyses, allowing researchers and policymakers to conduct a cost–benefit assessment in
order to achieve a sustainable growth path.

3. Results and Discussion

3.1. Conventional GDP and Other Economic Impacts

The change in conventional GDP and other macroeconomic impacts of the simulation
scenarios are shown in Table 6. The direction of macroeconomic impacts among all scenarios
were almost identical. Biofuel crop expansion and biofuel production could help generate
more jobs, thus increasing employment. Such increase subsequently would raise household
income and private consumption in the country. Concurrently, the government could
earn more income taxes, leading to increased government income. Increasing domestic
production and consumption simultaneously would encourage more exports, imports,
and investment. As shown in Table 6, as the percent increase in exports was much higher
than that of imports in all scenarios, biofuel promotion could bring about a trade surplus.
The positive change in these macroeconomic indicators contributed to higher GDP at
market price. The consumer price index, which is the representative price of all products
purchased by households, of scenarios S1 and S2 was slightly higher due to the reduction in
rice production (the explanation on the decrease in rice production is in the last paragraph
of this section). By contrast, it was slightly lower in scenario S3 when the effect of biofuel
crop expansion on rice production was eliminated. By considering GDP at market price
along with the consumer price index (CPI), positive changes in real GDP in all scenarios
were obtained.

Table 6. Macroeconomic impacts of biofuel crop expansion (% change from BAU).

Indicators S1 S2 S3

GDP at market price 0.098 0.098 0.103
Consumer price index 0.006 0.006 −0.004

Real GDP 0.091 0.092 0.107
Employment 0.219 0.219 0.237

Export 0.112 0.112 0.120
Import 0.061 0.061 0.065

Private consumption 0.053 0.053 0.059
Government income 0.090 0.090 0.105
Household income 0.096 0.096 0.098
Gross fixed capital

formation 0.154 0.155 0.172

Following Table 6, the economic impacts of scenarios S1 and S2 were mostly similar;
however, the change in real GDP of scenario S2 was slightly higher than that of scenario
S1. The change in real GDP was largest in scenario S3. This result showed that utilizing
abandoned rice fields for agriculture is the best option for biofuel development from an
economic point of view.
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By multiplying the change in the real GDP of each scenario in Table 6 with the 2017
real GDP of 10,248 billion THB, the values of the change in the real GDP of scenarios S1–S3
of approximately 9, 9, and 12 billion THB, respectively, were derived. Accordingly, the
values of conventional real GDP that could be used for Green GDP calculation (following
Equation (1)) of scenarios S1–S3 were 10,257, 10,257, and 10,260 billion THB, respectively.

Table 7 shows the sectoral impacts of simulation scenarios in terms of percent change
from BAU. The results demonstrated that biofuel promotion could reduce the production
capability of several industries such as petroleum and natural gas, textile, rubber and
plastic, iron and steel, engine, and electrical machinery and parts as shown in their lower
output and employment in all biofuel promoting scenarios. The reason is to serve higher
productions of biofuels. Simultaneously, labor mobility occured between these sectors to
palm oil production, tapioca milling, and sugar milling.

Table 7. Sectoral impacts of biofuel crop expansion (% change from BAU).

Sector Number Activities
S1 S2 S3

Output Employment Output Employment Output Employment

1 Rice cultivation −0.02 0.01 −0.01 0.01 0.20 0.12
2 Maize cultivation 0.03 0.07 0.03 0.07 0.17 0.01
3 Tapioca cultivation 6.20 3.98 6.20 3.98 6.20 3.98
4 Sugarcane cultivation 4.50 0.52 4.50 0.52 4.50 0.52
5 Oil palm plantation 3.70 0.22 3.70 0.22 3.70 0.22
6 Livestock 0.05 0.21 0.05 0.22 0.06 0.24
7 Forestry 0.00 0.00 0.00 0.00 0.00 0.01
8 Fishery 0.03 0.12 0.03 0.12 0.03 0.13
9 Other agricultural activities 0.01 0.03 0.01 0.03 0.09 0.08

10 Coal and lignite mining 0.01 0.02 0.01 0.02 0.01 0.03
11 Petroleum and natural gas −0.09 −0.26 −0.09 −0.26 −0.09 −0.25
12 Other mining and quarrying 0.04 0.14 0.04 0.14 0.05 0.15
13 Other food manufacturing 0.13 0.44 0.13 0.44 0.15 0.48
14 Palm oil production 3.35 12.63 3.35 12.63 3.35 12.64
15 Rice milling −0.02 −0.04 −0.01 −0.03 0.22 0.47
16 Tapioca milling 5.67 15.17 5.67 15.17 5.67 15.17
17 Maize drying and grinding 0.05 0.12 0.05 0.12 0.06 0.15
18 Sugar refinery 4.51 15.93 4.51 15.93 4.51 15.93
19 Textile production −0.03 −0.09 −0.03 −0.09 −0.03 −0.09
20 Wood and furniture production 0.01 0.01 0.01 0.01 0.01 0.02
21 Paper production and printing 0.01 0.02 0.01 0.02 0.01 0.02
22 Chemical production 0.08 0.23 0.08 0.23 0.08 0.24
23 Petroleum refinery 0.02 0.10 0.02 0.10 0.03 0.12
24 Rubber and plastic production −0.06 −0.17 −0.06 −0.17 −0.05 −0.14
25 Other non-metallic production 0.04 0.13 0.04 0.13 0.05 0.14
26 Iron and steel production −0.04 −0.10 −0.04 −0.10 −0.04 −0.11
27 Fabricate metal production 0.00 0.00 0.00 0.00 0.00 0.00
28 Engine production −0.01 −0.02 −0.01 −0.02 −0.01 −0.02
29 Electrical machinery production −0.03 −0.13 −0.03 −0.13 −0.04 −0.14
30 Other manufacturing −0.04 −0.09 −0.04 −0.09 −0.04 −0.09
31 Electricity production 0.07 0.18 0.07 0.18 0.08 0.19
32 Construction 0.08 0.25 0.08 0.25 0.09 0.28
33 Trade 0.11 0.46 0.11 0.46 0.12 0.51
34 Rail transportation 0.08 0.09 0.08 0.09 0.09 0.09
35 Road transportation 0.07 0.17 0.07 0.17 0.07 0.18
36 Water transportation 0.03 0.09 0.03 0.09 0.03 0.09
37 Air transportation 0.00 0.01 0.00 0.01 0.00 0.01
38 Other transportation 0.01 0.03 0.01 0.03 0.01 0.04
39 Services 0.05 0.09 0.05 0.09 0.05 0.10

Note: The impact on employment depends on the elasticity of substitution between production factors (Table A2
of Appendix A).

133



Sustainability 2022, 14, 3369

The expansion of biofuel crops led to a positive change in the production of all
agricultural subsectors except for rice cultivation in scenarios S1 and S2. The enhancement
of household income due to biofuel promoting policies drives the demand for agricultural
products higher. Thus, the production of livestock, fishery, and other agricultural products
increase. Based on scenario S1, the expansion of biofuel crops had a negative impact on the
production capacity of rice cultivation and milling when the agricultural land was constant.
A small negative effect on the production capacity of rice cultivation and rice milling
was still found in scenario S2, where approximately 3270 ha of forest was transformed to
agricultural land. More land would be required for agriculture to eliminate the negative
change in output and employment in scenario S2. Utilizing abandoned rice fields (scenario
S3) for agriculture could enhance the economic production of all agricultural subsectors,
especially rice cultivation. Nevertheless, it brought about higher adverse impacts on
the production capability and employment of iron and steel production and electrical
machinery and parts industries than in scenarios S1 and S2. The reason is because workers
of these sectors move to palm oil production, tapioca milling, and sugar milling to serve
the increased productions of biofuels.

These obtained results are in accordance with those reported in previous publications
using CGE models for examining the economy-wide impacts of biofuel policies in the case
of Thailand [9,10]. Specifically, this study’s simulation outcomes similarly showed that the
expansion of biofuels could induce substitution effects on sectoral productions, leading
to the manufacturing contraction of petroleum and natural gas. On the other hand, all
participants in the biofuel supply chain (e.g., tapioca, sugarcane, and oil palm plantations)
could benefit from this structural shift. Likewise, the macroeconomic indicators obtained
from this study’s simulations align with those shown in Phomsoda et al. [9] and Phomsoda
et al. [10], indicating the same range of variation in real GDP and the essential role of
productivity improvement on inflation (i.e., the percentage change of CPI).

3.2. Environmental Impacts

The change in environmental impacts (compared with the BAU) from the CGE model
are exhibited in Table 8. The increase in global warming was highest in scenario S3, as
greater the economic activity (real GDP in Table 6 and production output in Table 7),
greater the consumption of energy and chemical fertilizers. The values of change in global
warming outside the blanket in Table 8 was calculated only on the basis of the amount
of GHG emissions from energy consumption and chemical fertilizer use. They were not
combined with GHG emissions from land transformation. After combining with GHG
emissions from land transformation, the increasing rate of global warming in scenarios S2
and S3 compared with the BAU changed to 0.241 percent and 0.004 percent, respectively,
as shown in the parentheses. The high increasing rate of global warming in scenario S2
was contributed by GHG emissions from forest land clearing and the loss of carbon stock
in biomass and soil (aboveground and belowground carbon stocks). By contrast, the low
increasing rate of global warming in S3 was due to a small amount of GHG emissions
from the abandoned land clearing and a slight loss of biomass carbon stocks. In addition,
transforming the abandoned rice field to the agricultural land helped increase soil organic
carbon (belowground carbon stock). Therefore, the reduction in GHG from increasing soil
organic carbon was greater than the GHG emissions from land clearing and biomass carbon
stock loss under the land transformation in scenario S3.
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Table 8. Environmental impacts due to biofuel crop expansion (% change from BAU).

Impact Categories S1 S2 S3

Global warming 0.075 (0.075) 0.075 (0.241) 0.083 (0.004)

Land transformation (from forest to
agricultural land) 0.000 0.020 0.000

Water depletion 0.924 0.927 1.101

Fossil depletion Coal and lignite 0.006 0.007 0.007
Petroleum and
natural gas −0.087 −0.087 −0.085

Notes: Global warming of the BAU is 254 million tonnes CO2 eq. (the amount of CO2 emissions from energy use
in 2015 was used as it is the most updated amount) [27]; the BAU values in 2017 for other environmental impacts
are as follows: forest area = 16.35 million ha [23], irrigation water use = 14,676 million m3 (i.e., the sum of the
numbers in the column [c] of Table 3), coal and lignite consumption = 13,850 ktoe [37], and petroleum and natural
gas consumption = 85,370 ktoe [37].

The effect of land transformation on ecosystem health was considered in the impact
category of land transformation. In this case, only the transformation of forest to agricultural
land was considered to have an effect on ecosystems. Therefore, only the transformation
of forest to agricultural land was considered in Table 8, and thus, a 0.02 percent increase
in land transformation was presented under scenario S2. Water depletion showed the
volume of irrigation water demand in each scenario. More irrigation water was required in
all scenarios, especially in scenario S3, implying that more biofuel crop cultivation could
lead to increased demand for water and that the volume of water required is positively
correlated to the area of agricultural land. As the dimension of agricultural area in scenario
S3 was larger than that in the other scenarios after accounting for land transformation,
scenario S3 required more water than scenarios S1 and S2. As for fossil depletion, a
reduction in petroleum and natural gas use could be observed, while the consumption of
coal and lignite was higher in all scenarios. The consumption of petroleum and natural gas
was reduced as a result of the substitution of conventional fuels, i.e., gasoline and diesel, by
biofuels. However, the increase in the production of electricity and chemical products led
to more consumption of coal and lignite. Such increase in the production of electricity and
chemical products was driven by more economic activities (as shown in Tables 6 and 7).

The value of environmental impacts after adjusting for the change in Table 8 could
be obtained from combining the BAU of the impacts with the product of the BAU and the
percent change of environmental impacts in Table 8. The obtained values were expressed
in Table A4 of Appendix A. Then, the impacts in Table A4 were transformed into endpoint
damages by using the characterization factors in Table 4. The endpoint damages of each
scenario are shown in Table A5 of Appendix A.

3.3. Environmental Costs

The environmental costs are presented in Table 9. The costs were obtained by mul-
tiplying the environmental impacts in Table A5 with the monetary conversion factors in
Table 5. In Table 9, the total environmental cost of each scenario was computed on the
basis of Equation (2). The total environmental cost of scenario S2 was the highest among
all scenarios due to the effects of forest transformation that induces CO2 emissions higher
and causes a loss of biodiversity on land. This finding also showed that converting a small
piece of forest land (in this case, approximately 3300 ha) could lead to more environmental
impacts than the transformation of large abandoned land (in this case, 164,800 ha). The
lowest total environmental cost of BAU scenario implied that biofuel crop expansion could
bring about adverse environmental impacts. However, the impacts could be alleviated by
utilizing abandoned rice fields as the total environmental cost of scenario S3 was lower
than that of the other biofuel crop expansion scenarios (scenarios S1 and S2).
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Table 9. Environmental costs incurred by biofuel crop expansion.

Impact Categories
Environmental Costs (Billion THB2017)

BAU S1 S2 S3

Global warming (COP) 341.30 341.56 342.13 341.32
Land transformation (from forest to

agricultural land) (COL) 0.00 0.00 2.57 0.00

Water depletion (CWD) 1.35 3.31 3.31 3.31
Fossil depletion (CFD) 0.67 0.66 0.66 0.66

Total (TEC) 343.31 345.53 348.67 345.30

3.4. Green GDP

The total environmental cost of each scenario in Table 9 was subtracted from its
conventional GDP following Equation (1) to derive the Green GDP of each scenario. The
Green GDP of each scenario is illustrated in Table 10. The highest Green GDP of all scenarios
could be found in scenario S3, where biofuel crops were expanded along with the utilization
of abandoned rice fields. Despite having higher environmental cost than the BAU, the
Green GDP of all biofuel expansion scenarios were still higher than that of the BAU scenario.
The increase in conventional GDP of all biofuel expansion scenarios could compensate
for their higher environmental cost compared with the BAU scenario. Thus, considering
Green GDP as an index for sustainable economic growth, biofuel crop expansion could
be a policy leading towards sustainable development. However, as the Green GDP in
scenario S2 was smaller than those of scenarios S1 and S3, expanding biofuel crops with
forest transformation was considered to be less desirable. Policymakers should issue a law
to prevent the transformation of forest to agricultural land, especially in remote areas.

Table 10. Conventional GDP, Green GDP, and GDP and environmental cost of the country.

Indicators BAU S1 S2 S3

Conventional GDP (real value) (billion THB) 10,248 10,257 10,257 10,260
Green GDP (real value) (billion THB) 9905 9912 9909 9914

GDP/monetary value of environmental damage 29.85 29.69 29.42 29.71

The GDP per unit of environmental cost in all scenarios showed that the value of
economic production accounted for 29–30 times of the value of environmental damage.
Furthermore, the GDP per unit of environmental cost was found to be the greatest in the
BAU scenario, followed by scenarios S3, S1, and S2. As the GDP per unit of environmental
cost implies how much value of economic production is contributed by one unit of envi-
ronmental cost, an occurrence of environmental damage (derived from resource depletion
and environmental degradation) in the BAU scenario was the most worthwhile. Therefore,
where the efficiency of resource use and environmental degradation is considered, scenario
S3, whose Green GDP is highest, may not be the best option. The policy under scenario
S3 could maximize net social welfare, but it was not the most efficient scenario in terms
of resource use and environmental degradation. Reduction in resource use, especially
for water, and GHG emissions should be considered to achieve efficiency and welfare
maximization. As biofuel crops expansion brings about larger water consumption and
more GHG emissions (as a result of the enhancement of economic production), produc-
tion technologies that can increase the productivity of sugarcane and oil palm cultivation
and decrease GHG emissions should be applied. For example, green-cane cutting and
mechanization should be utilized for sugarcane harvesting instead of burnt-cane cutting.
Following Silalertruksa et al. [38] and Pongpat et al. [39], green-cane cutting and mecha-
nization could provide more productivity for sugarcane cultivation than burnt-cane cutting
while they generate less GHG emissions. Moreover, more serious regulations on industrial
pollution control may help reduce GHG emissions.
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Considering the pros and cons, as the efficiency of resource use and environmental
degradation could be improved, the decision on biofuel crop expansion should be initially
made based on economic welfare (in this case, Green GDP). Then, the policy to achieve
increased efficiency can be improved. Therefore, this study showed that biofuel crop
expansion could help enhance national economic welfare, and the most viable option for
biofuel crop expansion is utilizing abandoned rice fields for agriculture. However, along
with this policy, an improvement of production technologies and environmental mitigation
measures to encourage more efficiency should be implemented.

4. Conclusions

In this study, the effects of biofuel crop expansion on Green GDP, the conventional
GDP that is adjusted for environmental cost, were estimated. Three scenarios related to
biofuel crop expansion policies were set to provide some policy implications towards
sustainable biofuel development in Thailand. CGE modeling was used to estimate Green
GDP of each scenario. Calculations based on LCIA were conducted, along with monetary
conversion factors, to convert them into monetary units (environmental cost) to incorporate
the environmental impacts (environmental degradation and resource depletion caused by
GHG emissions, water resource use, land use, and fossil consumption) into the estimation.
The results of the study could be concluded as follows:

• Biofuel crop expansion can help enhance economic growth and employment, but it
can also lower the production of rice and some industrial outputs, which could be
partially compensated by land expansion. As Green GDP, representing the net social
welfare, for biofuel crop expansion policies was greatest when the abandoned rice
fields are utilized for cultivation, this policy is recommended to be promoted.

• However, considering GDP per environmental cost, the policy of expanding biofuel
crops along with utilizing abandoned rice fields for agriculture is still not the most
efficient option. The efficiency of resource use and environmental degradation under
this policy should be enhanced through technological improvements to achieve welfare
maximization and efficiency. Furthermore, the government should support research on
the productivity improvement of sugarcane and oil palm production and launch some
environmental impact mitigating policies such as promoting green-cane cutting for
sugarcane harvesting and supporting the utilization of alternative fuels in cultivation
to encourage greater efficiency of natural resource use and environmental degradation.

• Increasing the cultivation of biofuel crops utilizing abandoned rice fields for agri-
culture may decrease the production capability and employment of iron and steel
production and electrical machinery and parts industries. The reason is that the labor
of these sectors moves to palm oil production, tapioca milling, and sugar milling
to serve the increase in productions of biofuels. Increasing labor productivity by
increasing the machinery to labor ratio, improving labor skill, and increasing working
hours (overtime) can be considered to eliminate the labor shortage in iron and steel
production and electrical machinery and parts industry.

• Expanding biofuel crop cultivation areas and utilizing forest areas provides even lower
Green GDP than the scenario in which there is no land transformation, and its GDP per
environmental cost is the lowest among all scenarios. This policy is thus considered
inefficient. Therefore, strict laws and regulations must exist to prevent the illegal
transformation of forest to agricultural land, especially in remote areas. Additionally,
the governmental agency in charge should carefully make considerations on providing
concessions for the regulated use of forest areas for other purposes, especially for oil
palm plantation that has previously been mentioned.

The results of this study can support policymakers in making decisions on biofuel crop
expansion. The provided information on environmental impacts can serve as a guideline
for resource management and planning as well as environmental impact mitigating policies.
The method to derive the effect of policy to Green GDP presented in this study is novel
and can also be used for assessing the annual Green GDP of a country. Moreover, it can be
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applied to estimate the sustainability of public policies for which Green GDP is taken as
an indicator.

For future policy formulations, the use of a dynamic CGE model would be preferable,
especially for examining the dynamic adjustment and the long-term impact. Additionally,
in this study, the rental rates of a few land use types were assumed. The actual rental rate
of those land use types, if available, can instead be applied in future research.
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Appendix A

Table A1. List of sectors and commodities in CGE model.

I-O Code [a] Sector Number Activities Product Number Products

001 1 Rice cultivation 1 Rice
002 2 Maize cultivation 2 Maize
004 3 Tapioca cultivation 3 Tapioca
009 4 Sugarcane cultivation 4 Sugarcane
011 5 Oil palm plantation 5 Oil palm

018-023 6 Livestock 6 Livestock
025-027 7 Forestry 7 Forest products
028-029 8 Fishery 8 Fish

003, 005-008, 010,
012-017, 024 9 Other agricultural activities 9 Other agricultural products

030 10 Coal and lignite mining 10 Coal and lignite
031 11 Petroleum and natural gas 11 Petroleum and natural gas

032-041 12 Other mining and quarrying 12 Mineral
042-046, 047-048,
052-054, 056-066 13 Other food manufacturing 13 Other food

047B 14 Palm oil production 14 Palm oil
049 15 Rice milling 15 Milled rice
050 16 Tapioca milling 16 Tapioca products
051 17 Maize drying and grinding 17 Grinded maize
055 18 Sugar refinery 18 Sugar

067-074 19 Textile production 19 Fabric

078-080 20 Wood and furniture
production 20 Wooden products

081-083 21 Paper production and printing 21 Paper and printing products
084-092 22 Chemical production 22 Chemicals

093, 094, 136 23 Petroleum refinery 23 Petroleum products
095-098 24 Rubber and plastic production 24 Rubber and plastic
099-104 25 Other non-metallic production 25 Other non-metallic products
105-107 26 Iron and steel production 26 Iron and steel
108-111 27 Fabricate metal production 27 Fabricate metal

112-115, 123-128 28 Engine production 28 Engines

116-122 29 Electrical machinery
production 29 Electrical machinery

075-077, 129-134 30 Other manufacturing 30 Products from other
manufacturing

135 31 Electricity production 31 Electricity
138-144 32 Construction 32 Infrastructures
145-146 33 Trade 33 Trade

149 34 Rail transportation 34 Rail transportation
150-152 35 Road transportation 35 Road transportation
153-155 36 Water transportation 36 Water transportation

156 37 Air transportation 37 Air transportation
157 38 Other transportation 38 Other transportation

137, 147-148,
158-180 39 Services 39 Services

Note: [a] is based on NESDC [19].
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Table A2. Parameters of elasticity of substitution.

Sector Number
[Industry (j)]

Elasticity of
Substitution between

Capital–Land
Composite and Labor [a]

Elasticity of
Substitution between
Capital and Land [b]

Sector Number
[Industry (j)]

Elasticity of
Substitution between

Capital–Land
Composite and Labor

Elasticity of
Substitution between

Capital and Land

1 0.20 0.20 21 1.50 0.50
2 0.20 0.20 22 1.50 0.50
3 0.20 0.43 23 1.50 0.50
4 0.20 0.20 24 1.50 0.50
5 0.20 0.20 25 1.50 0.50
6 0.20 0.20 26 1.50 0.50
7 0.20 0.20 27 1.50 0.50
8 0.20 0.20 28 1.50 0.50
9 0.20 0.20 29 1.50 0.50
10 1.50 0.50 30 1.50 0.50
11 1.50 0.50 31 1.50 0.50
12 1.50 0.50 32 1.50 0.50
13 1.50 0.50 33 1.50 0.50
14 1.50 0.50 34 1.50 0.50
15 1.50 0.50 35 1.50 0.50
16 1.50 0.50 36 1.50 0.50
17 1.50 0.50 37 1.50 0.50
18 1.50 0.50 38 1.50 0.50
19 1.50 0.50 39 1.50 0.50
20 1.50 0.50 - - -

Notes: Values in [a] were calculated following OECD/ILO [20]; values in [b] were determined based on the
assumption that the elasticity of substitution between capital and land of agricultural subsectors are lower than
that of other sectors because the agricultural subsectors are land intensive and the substitution of capital for land
is rigid; the elasticity of substitution between capital and land of sector 3 (tapioca cultivation) is assumed to be
higher than that of other agricultural subsectors, allowing more flexibility for the substitution of capital for land.
Thus, this sector requires a lower marginal land for producing marginal output; for other types of elasticity, the
standard elasticity parameters in Decaluwé et al. [17] were employed; the elasticity of transformation of sector j
was set to 2.0; the elasticity of transformation between exports and domestic sales of product i of sector j was set
to 2.0; the elasticity of substitution between imported and domestically produced commodity of product i was set
to 2.0.

Table A3. Values of the parameters in Equations (8)−(10).

Parameters Units Values

Aboveground biomass of forest tonne carbon C/ha 162.45
Aboveground biomass of set-aside land tonne C/ha 7.58
Soil organic carbon (SOC) of forest land tonne C/ha 47
SOC of cropland tonne C/ha 45.34
SOC of oil palm tonne C/ha 63.65
SOC of set-aside land tonne C/ha 43.26
GHG emissions from forest
land clearing

CO2 emissions tonne CO2 eq./ha 261.42
Non-CO2 GHG emissions tonne CO2 eq./ha 37.99

GHG emissions from set-aside
land clearing

CO2 emissions tonne CO2 eq./ha -
Non-CO2 GHG emissions tonne CO2 eq./ha 0.91

Time span of field crop year (yr) 4
Time span of oil palm yr 25

Notes: All values were derived based on the method of calculation introduced in Silalertruksa and Gheewala [32]
and information from JGSEE [40] and IPCC [41].

Table A4. The environmental impacts after adjusting for the change in Table 8.

Impact Categories BAU S1 S2 S3

Global warming potential (million tonne CO2 eq.) 254.43 254.62 255.04 254.44
Land transformation (from forest to agricultural land) (ha) 0.00 0.00 3,269.00 0.00

Water depletion (million m3) 14,676.23 14,811.84 14,812.28 14,837.82
Fossil depletion (KTOE) 99,220.00 99,146.72 99,146.75 99,148.12

140



Sustainability 2022, 14, 3369

Table A5. Endpoint damages to the safeguard subjects, human health, ecosystem, and resources in
each scenario.

Scenarios Midpoint Impact
Categories

Damage Categories

Human Health
(DALY)

Ecosystems
(PDF.m2.yr)

Resources (USD2008)

BAU

Global warming 3.6 × 105 1.4 × 1011 0.0 × 100

Land transformation 0.0 × 100 0.0 × 100 0.0 × 100

Water depletion 2.3 × 103 0.0 ×100 0.0 × 100

Fossil depletion 0.0 × 100 0.0 × 100 1.6 × 107

S1

Global warming 3.6 × 105 1.4 × 1011 0.0 × 100

Land transformation 0.0 × 100 0.0 × 100 0.0 × 100

Water depletion 2.4 × 103 2.0 × 109 0.0 ×100

Fossil depletion 0.0 × 100 0.0 × 100 1.6 × 107

S2

Global warming 3.6 × 105 1.4 × 1011 0.0 × 100

Land transformation 0.0 × 100 2.6 × 109 0.0 × 100

Water depletion 2.4 × 103 2.0 × 109 0.0 × 100

Fossil depletion 0.0 × 100 0.0 × 100 1.6 × 107

S3

Global warming 3.6 ×105 1.4 × 1011 0.0 × 100

Land transformation 0.0 × 100 0.0 × 100 0.0 × 100

Water depletion 2.4 × 103 2.0 × 109 0.0 × 100

Fossil depletion 0.0 × 100 0.0 × 100 1.6 × 107
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Abstract: The water–energy–food (WEF) nexus approach is gaining attention due to the challenge of
better managing natural elements. Agro-industrial companies, given their environmental impacts,
need to take sustainability into proper account. However, this sector lacks the novel tools needed
to integrate current methodologies with additional quality frameworks, such as business excellence
models (BEMs). Therefore, the present research aims to propose a sustainability-focused excellence
model by integrating the principles and objectives of the WEF nexus with existing BEM and proposing
its application to agro-industrial companies. For that purpose, a new conceptual model to integrate
sustainability and excellence was built. The proposed novel model can become a decision-support
tool in helping agro-industrial companies transition toward improved sustainability while managing
existing tradeoffs and synergies.

Keywords: Water-Energy-Food nexus; excellence models; agro-industrial companies; decision-
support tool

1. Introduction

Sustainability actions are urgent in the face of the quick depletion of natural resources
that are essential for humankind. There is a lack of adequate access to water, energy, and
food resources for a substantial percentage of the global population: Despite efforts within
the past 15 years, 800 million people are still considered food insecure, an equal number
has no access to safe drinking water, and 1.2 billion people lack access to electricity [1]. In
the face of this reality, new practices are needed transversally, and all industrial sectors
benefit from focusing on impacts on environmental, social, and economic results. Many
industries and sectors recognize the importance of better managing the aforementioned
natural resources [2–4]. Nevertheless, the agro-industrial sector deserves to be highlighted,
as it requires a huge contribution of those natural resources [5,6] and has high pollution
emissions rates [7].

Given that, the good practices of natural resource management should be stimulated
to overcome unsustainable practices in the agro-industrial area. In this sense, quality
management (QM) could be used since it presents a framework that organizations are
already familiar with and has proved to be valuable when adapted to new technologies [8].
Among them, one particular scope is business excellence models (BEMs), a framework that
oversees all activities and tasks needed to maintain the desired level of performance in an
organization and relate it to its external environment [9]. Given that, this approach provides
the methods (tools, processes, metrics, and indicators) to do so [10]. Accordingly, and in
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principle, BEMs offer a useful toolset to also oversee the pursuit of organization-wide
sustainability [8,11].

In this context, one important sustainability management concept used nowadays is
the so-called water–energy–food (WEF) nexus. It means that the aforementioned elements
are intrinsically managed together, and one action in one direction can affect both of the
others [12,13]. As a result, these three issues should be considered in an integrated manner
because they are connected, and their utilization may expose important tradeoffs [14].
Identifying and evaluating tradeoffs and synergies is essential for integrating other per-
spectives. Nevertheless, there is no clear framework to measure and assess the quality
of processes and operations related to the deployment of the principles behind the WEF
nexus [15]. The incorporation of the WEF nexus into an enterprise-level model is essential
for integrating sustainability into efficient planning, development, and monitoring, but
also for policymaking in key WEF-productive sectors of the economy [15,16].

In order to close this gap, our work highlights the use of BEMs as a possible solu-
tion for the integration of productivity and sustainability in such industries. BEMs best
express the summary of different efforts and frameworks to promote the mentality of
quality and continuous improvement in an organization, doing so by highlighting strategic
opportunities and industry best practices [8,17]. Therefore, the objective of this work is to
propose a sustainability-focused business excellence model, integrating the WEF nexus
with BEM, exploring a bridge between sustainability and performance excellence, and
allowing for a more complete management perspective to be made by agro-industrial
companies operating according to WEF nexus principles.

2. Literature Review

2.1. Water, Food, and Energy Systems and the WEF Nexus

Concerns about water, food, and energy systems are rapidly growing due to dif-
fering regional availabilities and their impact on the interdependences amongst them-
selves [15,18]. WEF elements are essential for human life, sustainable development, and
social equality [19]. In this sense, ensuring their security is a crucial activity concerning
every individual worldwide.

Given that, the need for the integrated analysis of natural elements is not a novelty in
the scientific literature. In this sense, some authors affirmed that WEF elements should be
evaluated in an integrated manner. This concept is considered the first attempt at this new
approach [20–23]. However, the WEF nexus concept was only launched in 2011, when it was
incorporated into an international discussion on sustainable development by the Stockholm
Environment Institute [12] and the World Economic Forum [13]. According to Hoff [12],
the WEF nexus implies that water availability, energy production/consumption, and food
security are inextricably linked. Consequently, actions in any one area have impacts on the
others [19]. In addition, the World Economic Forum [13] affirms that focusing on the joint
promotion of food security, in addition to water and energy accessibility, is the meaning of
nexus thinking. These interlinkages, and the criticality of the scarcity of any of the three
resources and its impact on the others, emphasize the need to manage them jointly and
more efficiently [24].

Such a nexus approach can support the transition to implement the Sustainable De-
velopment Goals (SDGs)—Agenda 2030 [25]. In this sense, scientific literature has plenty
of studies linking WEF nexus implementation with the SDGs, performing better in re-
gional sustainability [26], for legal challenges [27], and for rural communities [28], among
other uses. Furthermore, this addition should reduce environmental impacts and generate
additional benefits that outweigh the integration across sectors, enhancing, for instance,
circular economy implementation [29]. Such gains should appeal to national interest and
encourage governments, private sectors, and civil society to engage [30]. In practical terms,
this approach can represent the action required in bioeconomy to implement real solutions
in sustainability actions [31].
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Many scientific articles have tried to express some practical examples of how to
implement this methodology. Saladini et al. [26] selected 12 indicators to monitor the
Mediterranean area called the Partnership for Research and Innovation in the Mediter-
ranean Area, based on the Sustainable Development Goals, which can be directly related
to boosting sustainable business innovation [32]. Hussien et al. [33] assessed the impact
of WEF elements using a risk-based method. Bijl et al. [34] showed differences in phys-
ical trade production, distance, and volume using indicators. Karan et al. [35] created
indices based on the UN-Habitat’s City Prosperity Index that specifically integrate the
nexus-relevant indices into a weighted equity index. El-Gafy [36] proposed six indicators
in order to quantify the nexus as a strategic tool applied to crop production. AbdelHady
et al. [37] proposed three output indicators, agriculture, aquaculture, and net energy pro-
duction, to assess the value of different ecosystem health conditions under three water
management scenarios.

Additionally, managing water, energy, and food without efficient and synergistic
actions may increase the risk of shortages. Consequently, one opportunity to improve the
sustainable use of these sources is investigating the integration of the water–energy–food
nexus with quality and business excellence initiatives.

2.2. Quality, Excellence, and Sustainability

Given the mentioned scientific gap in integrating the WEF nexus with the principles
of quality and excellence, the use of BEMs has been considered. This decision is based on
the understanding that these frameworks offer a clear opportunity for the development of
a quality and continuous improvement mindset that can be aligned with needs and the
best sustainability practices [8,38,39]. Regarding the agro-industrial sector, they are aligned
with a major impact [40], and their actions can be responsible for proper natural resource
management [41]. In this sense, excellence initiatives center on meeting stakeholders’
needs and expectations, widening previous scopes of quality-oriented initiatives [42]
and focusing on creating sustainable value for all “interested” parties. They have been
used by organizations worldwide to improve their performance and achieve improved
business results.

Excellence models are most widely used by organizations for self-assessment and
improvement, including targeting sustainability [39], with companies opting to adapt and
customize them in search of competitive advantages [17]. They promote a longitudinal
management philosophy, highlighting a set of principles that orient managers’ and asso-
ciates’ behaviors in the long-term, fostering continuous improvement [43]. BEMs focus
on offering insights for organizations to manage processes, tools, or techniques, both old
or new, with the goal of building value from new opportunities and achieving superior
organizational results [44].

However, and regardless of their extensive use, there is still limited integration of
the topic of environmental sustainability in excellence frameworks, in this particular case
tackling the use of the WEF nexus approach. Despite other scientific authors cited in this
research showing a growing pressure for the development of new models, the truth is
that economic, social, and environmental sustainability are still often left outside of the
scope of some major excellence models [45], although this situation is also changing. Thus,
research on business and operational excellence does not usually include a clear focus on
environmental sustainability.

Accordingly, there is a clear aim for promoting specific models for the deployment
of sustainability-focused excellence in different industrial sectors. In the specific scope of
this work—focusing on water, energy, and food as critical issues and looking specifically at
the agro-industrial sector—this model proposes to integrate excellence and sustainability
because of the WEF nexus.

Thus, in summary, the contributions of the present article are:

• Exploring possibilities and criteria for the use and selection of BEMs concerning WEF
nexus elements.
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• Proposing and showing the use of a theoretical and novel model to integrate the BEM
and the WEF nexus approaches for agro-industrial companies.

• Stimulating and validating agro-industrial companies to perform more sustainable actions.

3. Research Methods

In the face of the interdisciplinary challenge to build a sustainability-focused excellence
model, this article adopted the conceptual analysis methodology described by Jabareen [46].
This approach was extensively applied in the scientific literature, providing a compre-
hensive understanding of the researched phenomenon [47–51]. To this end, the criteria
relationship interactions were highlighted throughout the following adapted steps: Selec-
tion and description of business excellence (BE) models (reading and categorizing of data);
highlighting of the criteria used to evaluate them (identifying concepts); integration of the
previous items, performed based on similarities that were found (deconstructivity, catego-
rizing, synthesizing, and integrating concepts); and constructing a new conceptual model to
integrate sustainability and excellence (presenting and validating the final framework) [46].
For that purpose, the researched keywords included synonyms dealing with combinations
of the terms “water–energy–food nexus” or “water energy food nexus” (“WEF nexus”;
“FEW nexus”), “WEF nexus analysis” (“WEF nexus”, “WEF nexus model”, “WEF nexus
tools”, “WEF nexus approaches”), “Agroindustrial WEF nexus”, and “Agrifood industries
WEF nexus”, resulting in a database with 241 articles (with duplicates).

Therefore, we begin by describing and selecting the major BEMs, justifying their selec-
tion and relevance to provide context and reliability to the research process, as mentioned
by Silverman [52], and Yin [53]. We also looked into criteria that may be used to evaluate
the aforementioned BEMs. Finally, based on the former results, the integrated models
were built and presented considering their applications in the agro-industrial area. For
that purpose, indicators were grouped by using the similarity analysis method to form
indices [54]. In the end, similar criteria were disposed into a conceptual model. A detailed
explanation will be provided assessing sustainability standards that can be applied to WEF
nexus approaches targeting agro-industrial production companies [55]. Additionally, we
will highlight the differences between the proposed model and the existing ones found in
the scientific literature.

4. Sustainability-Focused Model Development

4.1. Benchmarked Excellence Models

Our development of a sustainability-oriented excellence model followed the logic of
aligning the different needs and concerns related to sustainability (in particular, those in
the agro-industrial sector and pertaining to the WEF nexus) with the different enablers
of excellence. Four different BEMs were considered for this purpose. The selection of
these BEMs was based on their use, reach, and proximity to areas where agro-industrial
companies have important production or sales volume. Additionally, the scientific literature
connects them with sustainability [8,56–58].

Accordingly, the European Foundation for Quality Management (EFQM) excellence
model was selected due to its widespread adoption by European companies, as well as for
its results in improving organizational performance [44]. Similarly, the Malcolm Baldrige
National Quality Award (MBNQA) excellence model was selected due to the fact that it is
the most used in the USA and its proven advantages in promoting productivity in a large
number of companies [59].

The Brazilian National Quality Award Model (BNQA) not only represents one of
the largest and most important economies for the agro-industrial sector in the world but
has also proven to be helpful in improving companies’ performances by identifying their
strengths and driving their improvement actions [60]. Likewise, the ZED Model—Zero
Defect, Zero Effect scheme—from India [61] was selected. Not only is it promoted by the
government, but it is also focused on the specific reality of micro, small, and medium
enterprises in one of the most populated and largest economies of the world.
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To better understand the contributions of each of the selected BEMs, further details
are provided next.

4.1.1. EFQM—European Foundation for Quality Management (EFQM) Excellence Model

The European Foundation for Quality Management (EFQM) excellence model has
been widely adopted in Europe and elsewhere. Efforts have been made to highlight the
connection between the EFQM model and its impact from a management perspective [62].
Later in this article, we will focus on the importance of integration in the implementation
of the EFQM model. Evidence shows that the more integrated this model is, the more
effective and innovative it can be. However, we still lack mechanisms to achieve this
integration [63]. One of the main impacts that is expected to demonstrate an innovation
path for the purposes of its implementation.

There are eight fundamental enablers of excellence considered by the EFQM Model,
which are the following: (1) achieving balanced results; (2) adding value for customers;
(3) leading with vision, (4) inspiration and integrity; (5) managing by processes; (6) suc-
ceeding through people; (7) nurturing creativity and innovation; (8) building partnerships;
and (9) taking responsibility for a sustainable future [44].

4.1.2. ZED—Zero Defect, Zero Effect scheme (Indian Program for MSMEs)

The “Zero Defect, Zero Effect” program was launched in 2014, as the Council of India
established that companies should strive to manufacture their products with both zero
defects and with zero effects on the environment. In this sense, a plan contemplating
50 parameters was designed to help micro, small, and medium enterprises pursue these
objectives [61].

Its implementation includes process assessment and certification considering the
corresponding maturity levels achieved. For that purpose, it includes a maturity model
designed for different organizational areas. Among its specific parameters, the follow-
ing can be found [61]: (1) manufacturing capabilities; (2) design capabilities; (3) qual-
ity/environment/safety assurance systems; (4) people development and engagement
systems for quality and environment; (5) learning and improvement Systems; and (6) legal
compliances (hygiene factors).

4.1.3. Malcolm Baldrige National Quality Award (MBNQA) Excellence Model

The MBNQA and its associated excellence model were launched in 1987 in the United
States of America. It is aimed at increasing the productivity of national and international
companies through the implementation of quality criteria. Indeed, many companies
have improved their quality performance after applying the MBNQA [64]. A significant
difference in terms of quality performance is evident when comparing organizations using
the excellence model and winning the MBNQA with those that do not [65].

Therefore, the excellence model of the MBNQA is built on the following set of interre-
lated enablers: (1) visionary leadership; (2) customer-driven excellence; (3) organizational
and personal learning; (4) valuing workforce members and partners; (5) agility; (6) focus on
the future; (7) managing for innovation; (8) managing by the fact; (9) societal responsibility;
(10) focus on results and creating value; and (11) a systems perspective [59].

4.1.4. Brazilian National Quality Award (BNQA)

Similar to its worldwide counterparts, the Brazilian National Quality Award is aimed
at enhancing the national quality performance of industrial companies [66]. It was launched
by the Brazilian National Quality Foundation (FNQ) around 1992. For the present research,
we considered the following enablers of the BNQA criteria: (1) leadership; (2) strategies
and plans; (3) clients; (4) society; (5) information and knowledge; (6) people; (7) processes;
and, finally, (8) results [60].
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4.2. Sustainability-Focused Model Presentation and Discussion

To build a sustainability-focused excellence model, several evaluation-related items
have been considered. Thus, isolated efforts are no longer effective given the complexity
of such an interdisciplinary research effort. In this sense, quality management systems
have proved to provide a multiscale and holistic view, ranging from product production
to societal challenges defined on a global level [67]. Based on this perspective, and on the
previous excellence model principles explicated in Table 1, the following dimensions were
considered: drivers, agents, process, and outcomes. Based on the previous discussion, our
sustainability-focused model targeting agro-industrial companies is proposed based on the
WEF nexus approach, as illustrated in Figure 1.

Table 1. Enablers used by the EFQM [44], ZED [61], MBNQA [59], and BNQA [60] models with their
similar correspondents on the proposed sustainability-focused model.

Sustainability-Focused
Model

EFQM ZED MBNQA BNQA

DRIVERS

Legislation Legal compliances

Requirements Manufacturing capabilities Managing by the fact

Operational Managing by process Processes

ESG (Environmental,
Social, and Governance)

Taking responsibility
for a sustainable future

Quality/environment/safety
assurance systems

People development and
engagement systems for
quality and environment

Focus on the future
Societal responsibility Society

Optimization Learning and
improvement systems Agility

Financial Achieving
balanced results

Focus on results and
creating value

Systems perspective
Results

AGENTS

Leaders
Leading with vision,

inspiration, and
integrity

Visionary Leadership Leadership

Workforce Succeeding
through people

People development and
engagement systems for
quality and environment

Valuing workforce
members and partners People

Partners Building partnerships Valuing workforce
members and partners

PROCESS

Learning Design capabilities Organizational and
personal learning

Innovation Nurturing creativity
and innovation

Managing for
innovation

Strategies
and plans

Valorization Adding value
for customers

Customer-driven
excellence

Clients
Information

and knowledge

OUTCOME
Quality assurance diagnosis

sustainability recommendations

Source: Own elaboration.
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Figure 1. A novel model for sustainability-focused excellence based on the WEF nexus approach for
agro-industrial companies. Source: Own elaboration.

A comprehensive description of these dimensions is presented in the following topics,
and the similarities between the models can be seen in Table 1.

For the fulfillment of the proposed objective, this article presents this overall con-
ceptual model at the level of its main dimensions and criteria, but in future publications,
additional details about its indicators and guidelines on how it can be used will be provided.

4.2.1. DRIVERS

Drivers guide the actions of organizations. They are the reason behind the need to
change and encourage companies to transition to a more sustainable perspective. Based
on the reality of the agro-industrial sector, the present research proposes a discussion that
includes the following constituents: (1) legislation; (2) requirements; (3) operational drivers;
(4) environmental, social, and governance drivers; (5) optimization; and (6) financial drivers.

Legislation

When it comes to environmental protection, legislation is required in order to control
and limit the use and exploration of resources. In this sense, governments and national
institutions play a significant role in the stimulation of better operational practices. In
fact, legislation has been responsible for a positive impact on organizations regarding
sustainability changes, innovation processes, and even safety and consumer protection [68].
From another perspective, inefficient legislation can cause damage to sustainable operations,
for instance, when low policy measures permit non-circularity actions [69]. In this sense,
many initiatives must be proposed to overcome these problems.

The previous concepts are consonant with what the WEF nexus approach targets when
it calls attention to the need to reduce inequalities in natural resource uses and generate
additional cost–benefit outputs. To illustrate this item, previous examples of legislative
drivers being considered in excellence models can be found in the ZED model under the
“Legal Compliance” criterion.

Requirements

In an agro-industrial activity, requirements rely on many factors, such as finality, food
specificity, and consumer needs, among others. In this sense, for inclusion in our model,
requirements are considered from two perspectives: manufacturing vision and customer
behavior. Regarding the selected BE models, the following were chosen to represent this
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perspective: manufacturing capabilities from the ZED program, managing by the fact, and
society from the MBNQA excellence model

The first consideration is directly connected to the production site, and the second one
is related to the customer relationship management department. Therefore, considering
the aim of the present research, those actions relate to the WEF nexus approach. When
specifying the connection between quality and the management of requirements, quality
management systems (QMS) and the ISO 9001 standard can be useful. ISO 9001 is a
valuable tool to determine, validate, and implement the quality policy, which includes
the management of information and knowledge, thus supporting the management and
development of production capabilities [70].

Regarding customer behavior, it is important to highlight that this may require a
transformation in the organization’s policy. In this sense, companies need to be concerned
with multiple issues, not only from the environmental perspective but also economic and
social ones [71]. Thus, as mentioned before, this article aims to fulfill the knowledge
gap to transform the WEF nexus approach—generally used for macroanalysis—into a
micro-evaluation for, in this specific case, agro-industrial companies.

Operational Drivers

Operational performance is also important when reflected in the company’s compet-
itiveness [72]. It can be measured by many indicators, such as cost and quality, among
others. This research highlights operational drivers as a result of the following excellence
criteria: managing by process from the EFQM model and process from the BNQA model.
Therefore, a major focus on processing activity is highlighted, as well as concerning the
overall quality that will be delivered to the consumers.

We look at operational performance in this model from the point of view of external
processes and operations related to supply chain management (SCM). SCM deals with all
the processes, including how to go from raw material acquisition all the way to packaging
disposal after consumer usage [73]. In this sense, throughout the various food processing
stages, SCM-controlling tools become critical. Therefore, water, energy, and food should
be included in the mentioned tools but, as stated in this research, in an integrated way.
On this subject, it is important to innovate and find new indicators that can quantify the
relationship between these elements [12].

Environmental, Social, and Governance (ESG)

Over the last few decades, environmental, social, and governance aspects have re-
ceived increasing interest from a company perspective. Elements such as consumer behav-
ior, policy, and emerging technologies are driving these concerns worldwide. In this scope,
and in our proposition, this reflects a novel sustainability-focused excellence model; many
ESG perspectives must be considered. To that end, the following excellence criteria are
emphasized: taking responsibility for a sustainable future from the EFQM excellence model;
quality/environment/safety assurance, people development, and engagement systems for quality
and environment from the ZED program; focus on the future and societal responsibility from
the MBNQA excellence model; and society from the BNQA model.

Most excellence models already have a perspective that considers environmental, so-
cial, and governance concerns. This is a consequence of the increasing interest in corporate
social responsibility [74]. Agro-industrial companies are increasingly exposed to social
responsibility concerns, as their operations contribute to natural resource depletion and
face huge challenges to avoid and reduce waste [75]. This exposure is reinforced by changes
in consumer behavior, with growing expectations for companies to adopt alternatives with
less environmental damage, as well as to create the possibility for social inclusion along the
production chain [76].

In the scope of the agro-industrial sector, the role of the environmental, social, and
governance concerns promoted in driving the transition to a greener and more sustainable
state can be easily connected to the United Nation’s Sustainable Development Goals (SDGs),
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whose use presents great potential. The SDGs adopted by the United Nations, and propelled
by the United Nations Sustainable Development Solution Network [25], offer a suitable
framework for concerns about ESGs.

It is strongly recommended that agro-industrial companies relate all of this evidence
to daily production, building, for instance, indicators that are consolidated and included in
their quality management systems.

Optimization

The scientific literature has a wide variety of articles tackling optimization in the
agro-industrial chain. They concern important challenges, such as aiming to monitor food
production [77] or the development of new products [78,79]. Nevertheless, optimization
efforts are mostly concerned with a productivity perspective. In this sense, implementing
integrated quality systems helps to better standardize the operational activities, with
recognized positive effects on financial gains and product quality [80,81].

In our sustainability-focused excellence model, the inclusion of the optimization
perspective follows criteria from the ZED program—learning and improvement systems—
and the MBNQA excellence model—agility.

Financial Drivers

Financial performance is, obviously, a driver beyond any agro-industrial company.
For that reason, in the present research, the inclusion of financial drivers is supported by
the following criteria: Achieving balanced results from the EFQM model; focus on results and
creating value and the systems perspective from the MBNQA excellence model; and, finally,
results from the BNQA model. Under this scope, for the present research, two concepts will
be highlighted: the production chain cost analysis and the green finance perspective.

Financial analysis is a well-known challenge in the agro-industrial production chain
due to the need for a proper definition of the cost method, investments, and other economic
indicators [82]. In this sense, the WEF nexus approach aims to quantify the relationship
among natural elements, and one of those numbers can be expressed using cost analy-
sis [83]. Thus, this point is a driver of sustainable change because it can stimulate more
agro-industrial companies to make their own investments, considering the mentioned
costs. Consequently, this action needs to be considered in the definition of a com-
pany’s subsequent steps, guiding the best ecofriendly decision and balancing it with
financial imperatives.

4.2.2. AGENTS

Agents are change promoters that significantly impact the transition to sustainability.
In the scope of this work, they are the stakeholders of agro-industrial companies. Agents
will be divided here into the following categories: leaders, the workforce, and partners.

Leaders

Undoubtedly, sustainability driving change is a challenge typically faced by leaders,
especially targeting social aspects [84]. Hence, they are responsible for promoting good
conditions from which the whole organization can advance. In the present research, support
for the attention given to leaders is based on the criteria leading with vision, inspiration, and
integrity from the EFQM excellence model; visionary leadership from the MBNQA excellence
model; and leadership from the model of the BNQA.

Organizations rely on the responsibility and impact that the leader’s vision has on
the transition path. For the proposed model, this research highlights the importance of
leadership in two different perspectives: climate governance leadership and leadership
under the quality management systems approach.

According to Carvalho et al. [85], leaders need to make decisions based on climate
governance. This means that the sustainability implications of each decision should be
considered. To that end, leaders need to use diverse information and knowledge to decide
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what is best in the context of transitioning to sustainability. Recent studies on the WEF
nexus indicate that internal policies should include, among other issues, how to deal with
wastage in the production chain, as well as guidance to implement a circular economy
perspective in agro-industrial companies [86].

Workforce

As in the previous agent, the workforce is also an important driver to change behavior.
Efforts should be made to include more productivity by enhancing people’s knowledge.
For that purpose, in the present research, this topic will be represented by the following con-
cerns: succeeding through People (EFQM excellence model); people development and engagement
systems for quality and environment (ZED program); valuing workforce members and partners
(MBNQA excellence model); and people (BNQA). In practice, the proposed model will focus
on evaluating the promotion of increased workforce skills, tools, and capabilities that can
support the pursuit of both increased productivity and sustainability. According to In-
gram [87], these skills, tools, and capabilities are aimed at improving workforce knowledge
of the food processing chain’s impact on topics such as food security and safety, sustain-
ability, and health. WEF nexus approaches should be presented from a comprehensive and
educational perspective. Workforce knowledge proved to be beneficial, with evidence that
it impacts the collaborators’ environmental mindset, as well as consumer behavior [88]. In
this sense, continued training constitutes a critical action to help agro-industrial companies
become more sustainable.

Partners

Building partnerships is required to control the agro-industrial production chain.
One of the main reasons for that is the need for traceability, which is essential to ensure
final product quality. Thus, it needs to be constructed with records from all processes,
including origin and production processes, but also from product characteristics such as
temperature, size, and color, among others. These can have a positive impact on standards
audits, and, finally, they can also potentially avoid sanitary barriers [89]. According to
Tomich et al. [90], partnerships are more effective when they have multiple stakeholders.
In the case of the agro-industrial sector, this means that the production chain should be
built upon partnerships. Specific to the present research, in order to lead to a successful
implementation, all food transformation paths should be aware of the WEF nexus approach
information. Quality control should become the responsibility of every actor, and all
partners can become agents of sustainable change by using audits, requirements, and other
requests in agro-industrial companies.

The inclusion of partners in this model is inspired by the EFQM excellence crite-
rion building partnerships and the MBNQA excellence criterion valuing workforce members
and partners.

PROCESS

In the context of sustainable excellence, continuous improvement should be a high-
lighted aim of any process. Agro-industrial companies should look for process improve-
ments that can be translated into more agility, fewer costs, and, finally, more sustainability.
Under this scope, the process improvement presented is based on three main objectives in
the present research: learning, innovation, and valorization.

Learning

Organizational learning is required to transform the process, both in terms of pro-
ductivity and sustainability. It can be defined as the recognition that society changes
and that organizations should change accordingly [91]. It can also lead to more sustain-
able practices. The development of learning process classes is critical. In the case of the
proposed model, continuous organizational learning regarding both the WEF nexus and
quality and excellence are required. According to Moore et al. [92] learning those issues can
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avoid biased decisions, and pieces of evidence indicate that the results positively impact
organizational improvement.

The focus on organizational learning is helpful for the following uses: Design capabilities
in the ZED program and organizational and personal learning in the MBNQA model.

Innovation

Innovation has a strong link to excellent performance and can also support the pursuit
of greener, more sustainable solutions. According to Kafetzopoulos and Gotzamani [93]
enablers from some excellence models are intrinsically linked to innovation. In this sense,
it is essential to provide conditions to develop such activities. In the specific case of
agro-industrial companies, all actors are expected to be able to contribute to innovation,
regardless of their jobs. For that purpose, it is important to highlight that there is a huge
challenge in transforming the WEF nexus perspective into a feasible methodology that can
be used by a company since this concept has mainly been applied at the macro level, for
instance, to cities, regions, and countries, among other similar analyses [94]. Therefore, to
address this concern, it is strongly recommended that the companies should include in
their innovative actions the three nexus elements combined together.

In this present research, the innovation issue mainly has to do with joining the follow-
ing criteria: nurturing creativity and innovation (from the excellence model of the EFQM);
managing for innovation (MBNQA excellence model); and strategies and plans (from the model
of the BNQA).

Valorization

Increasing the valorization of resources, as a social aspect, is a growing concern for
organizations. Customers are willing to pay for differentiation in some products and then
valorize them. In the specific case of agro-industrial companies, sustainability valorization
is highlighted [95]. Changing customer behavior is responsible for several companies
promoting a transition to greener products. Likewise, the perception that the quality of a
product depends on how it is produced is changing.

In the present research, this topic is supported by covering the following topics: adding
value for customers (EFQM excellence model); customer-driven excellence (MBNQA); and
clients (BNQA).

4.2.3. OUTCOMES

In the context of sustainable excellence, continuous improvement should be high-
lighted as a major aim for any process. In particular, agro-industrial companies should
look for process improvements that can be translated into more agility, fewer costs, and,
finally, more sustainability. In this scope, process improvement in our present research can
be related to the following main objectives: quality assurance diagnosis and sustainabil-
ity recommendations.

Quality Assurance Diagnosis

One of the outcomes that is expected from the proposed model is a quality assurance
diagnosis (QAD). In practical terms, companies using the model should be able to describe
actual conformities and nonconformities according to an evaluation made according to
an integrated vision analysis. As stated by Thrän et al. [96], environmentally integrated
analysis can positively impact final products. In this case, the result will be translated
into a more cost-competitive final product. Therefore, the mentioned QAD can be used
as a control tool to establish indicators that should be followed. In the specific case of
agro-industrial companies, it should help in the identification of impacts that deal directly
with WEF nexus elements.
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Sustainability Recommendations

Based on the previous QAD, recommendations should guide an action plan re-
garding the definition and implementation of proper corrective actions. According to
Sharma et al. [73] an action plan is one of the required tools to implement sustainable
performance in agro-industrial companies. The mentioned action plan should capture the
experienced model results and transform the suggestions into practical terms.

Additionally, those recommendations should reflect the WEF nexus concept, which is
to manage the elements in a joint manner. Likewise, those actions should enhance efforts to
overcome the tradeoff in order to take the concept from a macro-perspective to a micro-
perspective applied, in this case, to agro-industrial companies. These recommendations are
expected to result in actions such as increases in productivity, decreases in costs, and, most
critically, greener, more effective, and more sustainable production.

4.3. How Agro-Industrial Companies and WEF Nexus Aspects Can Be Targeted in the
Proposed Model

The agro-industrial sector plays a significant role in feeding mankind in relation to
the WEF nexus approach. However, this sector is very energy intensive, with important
negative environmental impacts. In this sense, for the purpose of reducing GHG emis-
sions, alternative energy sources (solar and wind energy for instance) and water resources
(sustainable water production) should be employed [97].

Additionally, water pollution owing to agro-industrial activities is a crucial problem to
human beings and the ecosystem [98]. Approximately 85% of global water consumption is
used for irrigation, and the demand is still increasing [99]. In order to avoid wastage, ade-
quate water treatment and reuse through non-pollutant methodologies are suggested [100].

The food scenario is no different. One out of nine people in the world go hungry every
day according to the “State of Food Insecurity” section in the World Report [101]. Annually,
one-third of food produced for human consumption is wasted in the food production
chain [102]. Thus, it is a major challenge for all agro-industrial chains to produce food
while avoiding food wastage.

Therefore, to implement the WEF nexus in the agro-industrial sector, these aspects
should be evaluated during the model’s implementation. It means, that during its imple-
mentation, these aspects should be evaluated in each of the following aspects: drivers,
agents, processes, and outcomes. In this sense, problems such as the implementation of
renewable energy sources [29], the treatment of water sources [103], and actions to avoid
food wastage [104] should be ranked in an evaluation model. Regarding the particular
aspects of this sector, it is good to integrate with quality global standards such as the Hazard
Analysis Critical Control Point (HACCP) [105], ISO 22.000 [106], and good manufacturing
practices [107], among others.

5. Model Verification and Validation

To verify and validate the model, the proposed results were validated by experts.
Thus, based on the citation of Carvalho et al. [108], the presented model was discussed by
researchers and agro-industrial producers from Portugal, the United States of America,
Italy, Brazil, and Kenya. Following that, to clarify possible uncertainties, this article
highlights how to use the proposed model and a benchmark study on the diversity of
evaluation models.

5.1. How to Use the Proposed Sustainability-Focused Model

Integrated management approaches have proved that organizations can become more
effective, more efficient, more responsive, and enjoy better performance outcomes [109]. In
this scope, the integration of productivity and sustainability also manages the perceived
tradeoff that is felt by organizations regarding the need to have a superior level of business
performance and the need to promote social, economic, and environmental sustainabil-
ity [110]. Additionally, the proposed model has synergies spawning from this integration,
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and it shows that a proper balance is essential to achieve the mentioned goals. Thus,
the practical deployment of this integrative vision’s model represents a well-structured
approach, promoting two main visions: a framework promoting performance assessment
and improvement while also ensuring an increased focus on the sustainability demanded
by multiple stakeholders.

To practically apply the proposed model, it is important to highlight its constituents
and interdependencies. Beginning with the drivers, these elements should be discussed
after the evaluation with respect to the reasons that connections between the WEF elements
are not occurring. After that, based on the previous results, agents must show how commit-
ted they are to leading these organizational changes. Following this path, the process must
be evaluated from a sustainability perspective; in this sense, it could bring some ideas on
how to promote innovation in agro-industrial companies by solving problems with the
underscored evaluation. Finally, summarizing all the insights, the outcomes should bring,
firstly, a diagnosis of the real situation; after that, it should find suggestions on how to
perform better, with indications for an action plan (ideally with changing actions, employee
responsibility, and dates to implement these suggestions). Accordingly, it is possible to
see the interdependence between the elements completing the proposed analysis made by
this model.

Following the previous discussion, with respect to many quality management models
(ISO standards, Food Safety System Certification (FSSC), and national legislations, among
others), the presented novel model can be integrated within the sequence of the Plan, Do,
Check, and Act (PDCA) cycle program. The first part is represented by the driver and
agent dimensions so that every analyzed item should be included in the planning stage.
The application part of the program—relative to the “do part”—focuses on the process.
In this case, every issue discussed before should be implemented. The check components
will be credited to the quality assurance diagnosis from the outcome, highlighting the
non-conformities that should be targeted. Finally, the Act part should try to overcome
the previous diagnosis, thus finishing the quality cycle and restarting the evaluation.
Therefore, the proposed model should be responsible for the sustainability transition that
was discussed in this article. An illustrated overview can be seen in Figure 2.

Figure 2. Illustrated overview of the sustainability-focused excellence model integrated with the
PDCA cycle. Source: Own elaboration.

5.2. Benchmarking with other Evaluation Models

The scientific literature covers plenty of articles relying on the connection between
quality management systems and sustainability concerns [111–117]. Additionally, accord-
ing to Zink [113], the concept of quality management implicitly brings a sustainability
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perspective, especially when considering total quality management principles. In this
sense, some studies rely on the efficiency of indicators, expressing items relative to these
concerns [112,115]. However, a major novelty in our proposed sustainability-focused model
is the fact that it aims to unite the WEF nexus approach with quality management systems
models, specifically BE models. Thus, BE models can be integrated with an increasing
variety of other subsystems implemented according to other standards and subsystems
raised from specific standards designed for specific activity sectors [70,118]. Finally, it is
important to consider that, in 2020, the EFQM model adopted a new version that reinforces
sustainability indicators [92], although it is not customized to agro-industrial companies,
as is the case of our suggested model.

Following the previous discussion, agro-industrial companies have been implementing
many greener actions, not just because of environmental concerns, but also because of
the benefits deriving from sustainable initiatives [119–123]. In this case, it is important to
highlight that the mentioned actions are independent of company size and are trying to
overcome situations such as the provision of natural resources [119]. Thus, demands for
WEF nexus resources, in this sector, are increasing rapidly [124]. In this context, it is a major
challenge for the overall agro-industrial chain to produce food while avoiding the excessive
use of energy and water and preventing food waste. For that purpose, Table 2 lists five
articles that involve WEF nexus approaches for agro-industrial companies, highlighting
their objectives and evaluation methods, as well as the major differences and advantages
connected with our suggested conceptual model.

Table 2. Articles discussing the implementation of the WEF nexus approach in the agro-industrial
production chain, highlighting their objectives and evaluation methods, as well as their main contri-
butions to our sustainability-focused excellence model.

Reference Objective Evaluation Method
Sustainability-Focused Excellence

(SFE) Model

[124]
This article aims to mitigate

climate change in the
agri-food sector.

Construction of a method to
evaluate the WEF nexus and

energy use through the agri-food
production chain.

SFE model aims to build a model based
on BE model approaches and,

additionally, focuses on a specific
company, not in a sector.

[125]
Analyzes the WEF nexus

approach in rice production on
a watershed scale.

Material flow analysis using a
Sankey diagram.

SFE model applies QMS approaches and
is focused on process operational phases.

[126]
Improving water governance in

a farm operation in
South Africa.

Use of the WEF nexus approach
integrated to financial indicators,
enhancing the farm’s profitability.

SFE model uses the WEF nexus approach
for food supply chain transformation, not

only in the farm component.
Additionally, the impact can be viewed in

three aspects, not just with respect to
water concerns.

[127]
Improving the offer of WEF

resources in beef
cattle production.

Model development based on the
WEF nexus that focuses on water
reuse, greener energy resources,
and improving food production.

SFE model focuses on a food
transformation process and is based on

the QMS models, specifically
benchmarked with BE models.

[128]
Improving biorefinery processes

according to the WEF
nexus approach.

Integration between the WEF
nexus approach and sustainable

biorefinery processes.

SFE model focuses on agro-industrial
processes, also dealing with productivity

indicators using BE models
as benchmarks.

Source: Own elaboration.

Table 2 shows the important contribution of the sustainability-focused excellence (SFE)
model to the present discussion. Thus, existent WEF nexus models focus on a macro-
perspective, and, in this case, we propose to focus on a microanalysis, namely, with respect
to agro-industrial companies. The contents of Table 2 underscore that the use of BE models
should bring other evident novelties to the system. We believe that the use of this model
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will be an important tool for leaders, academics, decisionmakers, and lawmakers, as well
as for guiding new policies.

6. Conclusions and Future Work

This article presents a sustainability-focused excellence model by integrating the
principles and objectives of the water–energy–food (WEF) nexus with existing excellence
models and proposing its application for agro-industrial companies. The development of
this model was based on the conceptual links between productivity and sustainability and
the need to transition from one perspective together with the other. Accordingly, the novel
model is presented with a focus on change, being constituted by the following dimensions
(and respective evaluation criteria): drivers (legislation, requirements, operational drivers,
ESG drivers, optimization, and financial drivers); agents (leaders, workforce, and partners);
process (learning, innovation, and valorization); and outcome (quality assurance diagnosis,
and recommendations).

We believe that this novel model can become a decision-support tool to help agro-
industrial companies make the transition toward improved sustainability while managing
existing tradeoffs and synergies. From this perspective, the sustainability-excellence model
can be used in a dynamic and integrated way with the WEF nexus.

In terms of limitations and future research work, it is important to note that this model
has not yet been tested in practice, an essential step toward complete validation. However,
our aim with this publication is to perform a broader validation. Model validation can
be performed in several ways. Although practical validation is often used, the theoretical
validation of models through publication is notably prevalent as a first step in the vali-
dation process, with reviewers’ inputs and insights serving as a basis for improvement
and scientific validation. Some authors, such as Maqsood Ahmad Sandhu and Ahm Sham-
suzzoha [129], and Carvalho et. al. [108], have published their conceptual models before
advancing to empirical validation. Accordingly, our aim is to use this publication to make
the model available to the scientific community, which should be considered the first step
in this validation process, gaining broader acceptance from academics and practitioners
before advancing the model’s applicability validation in practice. Furthermore, during this
time, the model can serve as a basis for the development of other models in this context
of action.

As such, once the evaluation criteria and methods are defined, the next step will be
to consider additional model validation with actual agro-industrial company case studies.
From this perspective, the use of companies in different countries is desired since every
country has different legislation and may provide different perspectives.
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Abstract: Amazonia is facing growing environmental pressures and deep social injustices that prompt
questions about how sustainable development may emerge. This study sought novel sustainability
initiatives in the Brazilian Amazon based on interviews conducted with diverse practitioners in 2021
using a horizon-scanning approach and snowball sampling for selecting interviewees, who then
described the initiative most familiar to them. The interviews resulted in 50 described initiatives
and 101 similar initiatives that were listed but not described. The results reveal the emergence
of a range of sustainability initiatives, which we classify into seven types of new seeds of change
ranging from eco-business opportunities, territorial protection by grassroots movements, and novel
coalitions promoting sustainability. However, most of these new seeds are still being established and
have a limited or uncertain potential for replication, and most offer only incremental rather than
transformative development. Therefore, although these initiatives provide weak yet real signals
for alternative futures, they also suggest that much more needs to be done to support the needed
transformation toward sustainable and equitable development.

Keywords: sustainable development; innovative solutions; bioeconomy; new business; horizon scanning

1. Introduction

The question of what constitutes “sustainable development” in Amazonia is of plane-
tary significance, yet it remains uncertain and contested. This is because fostering sustain-
able development has often focused on balancing the often-competing interests of industrial
agriculture and infrastructure expansion with the needs and rights of forest peoples and
the conservation of forests and other Amazonian ecosystems. The present challenge could
not be greater, as a period of reduced deforestation (2005–2012) has been reversed, with
a return to the rapid advance of the agricultural frontier and growing pressures on forest
peoples in the Brazilian Amazon [1], with increased rates of deforestation [2], conflicts
with local communities, and inequality and poverty [3]. These social and environmental
processes are set within a political context where the consolidation of a strong lobby in favor
of large-scale agricultural operations [4] has weakened environmental governance [5,6].

Despite the alarming recent trends, many of these social and environmental problems
have been occurring in the Amazon for decades. Nonetheless, some of the potential strate-
gies for ameliorating these threats are well-known. The Amazon has been a laboratory
of development initiatives for over 50 years [7], and the many established approaches
used to address long-standing social and environmental issues include the demarcation
of indigenous territories and extractive reserves as a means of protecting forest commu-
nities and maintaining traditional, relatively sustainable uses of forest resources [8–10];
market-based initiatives such as the soy moratorium for preventing agribusiness-related de-
forestation [11–13]; sustainable development projects based on payments for environmental
services (PES), community forestry, etc. [14–16]; and government-promoted environmental
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law-enforcement and development initiatives such as public procurements from family
farmers [2]. The successes and failures of many of these approaches are well-known [15],
and recent syntheses suggest that many of them will continue to play a prominent role in
the coming decades [17].

While established initiatives are increasingly well documented [7], there are two
reasons why novel initiatives, distinct from the established set, may be emerging. First,
recent societal changes and environmental challenges in the Amazon may have created
a fertile space for innovation, driven by rapid changes in social conditions, technologies,
and awareness of climate crises in recent years [17,18]. Second, the breadth of approaches
to sustainability itself have broadened, with recent evaluations including climate and
advocacy coalitions [19,20], forest restoration [21], public–private partnerships [22], and the
bioeconomy [23]. Given this context, it is imperative to evaluate whether a new generation
of sustainable development initiatives is emerging, as these could potentially be some of
the seeds of change promoting promising future scenarios [24].

We addressed this challenge by conducting a cross-sectoral search for recently imple-
mented initiatives broadly (and some contentiously) relevant to sustainable development
in the Brazilian Amazon, with the aim of revealing a practitioner’s perspective of whether
there are new seeds of change. Hence, our focus is on seeds that have been put into practice,
rather than just being ideas, and forms a first step in scanning for novel initiatives that could
be signals of a more sustainable future for Amazonia. Specifically, this study investigates:
(1) What are the emerging sustainability initiatives identified by development practitioners,
who is promoting them, and what are their main novel characteristics? and (2) What are
the key features of these new initiatives in terms of their level of maturity, potential for
scaling up, complementarity with existing initiatives, and transformative capacity? We use
these results to discuss how these novel initiatives may complement—or clash with—more-
established development initiatives, and we outline the capacities of our identified seeds to
either transform Amazonia through radical change or maintain the status quo, seeking a
sustainable future within the existing social, political, and economic structures.

2. Theoretical Framework

The seeds concept can help us to understand the different components of a better
future that people want and to recognize the processes that may foster the emergence and
growth of solutions that fundamentally change human–environment relationships. Bennett
et al. (2016) define these seeds as existing initiatives (social, technological, economic, or
social–ecological ways of thinking or doing) that represent a diversity of worldviews,
values, and regions but are not currently dominant or prominent in the world [24].

Our premise is that scanning for next-generation seeds is insightful because it can
provide signals for pathways towards a more sustainable future, even if those signals
are currently weak [25]. Identifying seeds of change can be a valuable first step in the
decision-making process by creating a comprehensive and transparent basis for subse-
quent assessments of evidence and effectiveness and contextualised considerations for the
practical implementation of different development options [26]. Sustainable development
broadly relates to combining concerns for environmental and socioeconomic issues, but
there are diverse understandings of what sustainable development looks like in practice.
These differences are rooted in contrasting attitudes towards change and means of change,
which vary across particular areas of thought [27]. Hopwood et al.’s seminal paper pro-
posed that pluralistic understandings of sustainable development become clearer when
‘mapping’ initiatives along two axes: a gradient of environmental concern (from virtually
none to eco-centred) and a gradient of concern for human well-being and equality.

Concern for well-being and equality among sustainable development initiatives in
Amazonia is, we expect, highly variable. Hopwood’s first grouping is the status quo,
the view that sustainable development can be achieved within present structures. This
approach emphasizes top-down management and incremental change through existing
decision-making structures and hence would conceive that sustainable development in
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Amazonia does not require changes in the distribution of political power, economic re-
sources, or land. Such incremental initiatives, even if not addressing (or attempting)
transformations, may still have a positive role by engaging with more downstream points
of intervention [28]. To reiterate, transformative development is associated with a change
in paradigm that is preceded by significant shifts in the locus of authority over policy and
experimentation with new forms of development [29].

Transformative initiatives can benefit from ‘leverage points’ in complex systems,
where relatively small changes can lead to potentially transformative systemic changes that
transform the system’s rules, values, and paradigms [30]. In this sense, any transformative
seeds of change are a source of social innovations that rely on alternative views of nature
and social relations [31]. Scholars emphasize the role of civil society in ways in which
it can ‘unsettle established practices and challenge the state’ or how a political culture
favourable to sustainability might be nurtured [32]. Speaking to the notion that seeds
require nourishment, promising social and technical innovations with the potential to
change unsustainable trajectories need to be nurtured and connected to broad institutional
resources and responses [33]. Transformations also imply the need to create ‘change agents’
who can help accelerate change even in difficult circumstances [34]. Transformational
change is defined as ‘shifts in power relations, discursive practices, and incentive structures
that lead away from unsustainable and unjust exploitation’ [35].

Following this theoretical framework, we defined an initiative as the project, practice
or process mentioned by the interviewed expert and seeds as categories used by the research
team to group similar initiatives. New seeds were defined as emerging initiatives that exist
and that represent a diversity of worldviews, values, and regions but are not currently
dominant or prominent in the world [24]. Finally, we defined ‘seeds of transformational
change’ as initiatives that are associated with a change in the development paradigm [29].

3. Materials and Methods

We used a solution-scanning (or horizon-scanning) approach to make a first evalu-
ation of the new initiatives. Solution scanning involves listing all the known options for
addressing a particular problem [36], and it is the first stage of the subject-wide synthesis
of evidence [25]. While a complete review of the evidence base for all available initiatives
would be preferable, the scale and duration of such reviews are often impractical [26],
especially where the solutions are not yet fully developed [37]. Such complete reviews are
impractical for something new, as there is, almost by definition, scant or no literature on
‘new seeds’.

For scanning the new initiatives in the Amazon, we used a classical snowballing
approach as a means for selecting new initiatives. Specifically, interviewees were asked to
describe the initiative they were more familiar with and also to mention other cases and
experts who could be further contacted by the research team. Every interviewed person
was asked to list the new initiatives they had heard about and then describe the one he/she
knew best. The research team followed the received suggestions until the moment when
new mentioned initiatives (or seeds that were equivalent to them) were already described
in our database.

We used two complementary approaches for selecting practitioners and initiatives:
(1) a list of key experts, in which we began with people we had personal contact with and
asked about contact of other people they knew, and (2) a list of initiatives, in which we
also began with people connected to the initiatives we knew and followed the received
suggestions. This study is based on 52 interviews with diverse experts including forest
peoples, rural smallholders, and their representatives (such as farmers’ unions); NGO
managers; government agents; and scholars. Interviews were conducted between July and
December 2021, resulting in 50 initiatives fully described and 101 different initiatives listed
but not described. All but two respondents described one initiative he/she considered to
be novel.
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A definition of new initiatives was provided upfront to the interviewees, who then
listed the initiatives that they considered to fall under these criteria. Interviewees then
selected one case to be described in detail. New initiatives were defined as novel on-
going efforts towards sustainable development that were different from long-standing
initiatives. We invited the interviewees to use their own definition/understanding of
sustainable development.

All interviews were conducted with adults (>18 years) from across a range of sectors
and geographic sub-regions in Brazilian Amazonia (Table 1). The sampling bias towards
adult male respondents who work for NGOs and are based outside the Amazon or in the
states of Pará and Amazonas was an outcome of the snowball approach adopted. To protect
the identity of the interviewees, we de-identified participants by creating different alpha-
numerical codes for each initiative and respondent. Given that the COVID-19 pandemic
severely restricted travel and opportunities for in-person contact in Amazonia, interviews
were conducted remotely using unrecorded video calls on computers.

Table 1. Profile of the 50 interviewed sustainable development practitioners who described the
initiatives reported in this study.

Variables Profile Number of Interviewed Experts

Sector

Grassroots (rural smallholders
and their representatives) 6

NGOs 23
Government 8

Private 7
Academia 6

Gender
Man 35

Woman 15

Focus area

National level (Brazil) 15
Regional (Amazonia) 11

Pará State 11
Amazonas State 11

Other Brazilian Amazonian states 2

In order to characterize the initiatives, the research team followed an interview protocol
structured around four main topics: (1) the initiative’s main features and then the authors’
evaluations of an initiative’s (2) relative power/capacity to address existing threats (i.e.,
varying degrees of environmental and social concerns as identified by the institution(s)
leading the initiative); (3) realistic opportunities for complementing other sustainable
development solutions (i.e., those not identified as novel seeds and instead likely to be
dominant or prominent for attempts to resolve particular social or environmental problems);
and (4) potential for scaling up in terms of area covered and people potentially benefiting
from it. Key features of the initiatives included who is promoting the initiative, its aim, and
what made it novel from the interviewee’s perspective (i.e., unconventional and innovative
rather than replicating existing ideas in Amazonia in a new location). The initiative’s
opportunities for complementing existing solutions was assessed based on its area of
influence and whether it spatially overlaps with protected areas, rural settlements, etc.
Finally, each initiative’s potential for scaling up was assessed with questions regarding its
launch date and its growth since then (i.e., assuming that past growth is a reliable indicator
of future growth potential). For each topic, a group of questions was asked following a
standardized research protocol.

We grouped these initiatives after the interviews into categories based on the problems
initiatives are setting out to solve, the solutions they are attempting to achieve, and the
main sector involved. Single-sector grouping proved infeasible since some sectors such
as NGOS are involved in so many of these activities. Since some initiatives would fit in
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different seeds, we acknowledge other forms of categorization. Given the specificities of
the initiatives, some categories were given subcategories.

4. Results

4.1. The New Initiatives

This section presents the new initiatives identified by interviewees as well as their main
promoters and claimed novelties. Figure 1 presents the spatial distribution of the described
initiatives based on the location of the headquarters of their main institutional promoter.

Figure 1. Locations of the described new sustainable development initiatives in the Brazilian Amazon.

4.1.1. What Kinds of New Initiatives Did the Interviewees Identify?

The interviews resulted in 50 described and 101 similar initiatives that were listed but
not described. The start dates of these initiatives were from 2007 to 2021, with 44% starting
just three years before the interviews, and 88% were within the last six years. The identified
new initiatives were summarized into seven groups:

(1) Eco-business opportunities—Initiatives related to creating new business opportuni-
ties for products from the Amazon. These seeds encompass bioeconomy business
incubators; processing high-value products for niche markets; and innovative market-
ing hubs. These seeds include 13 described and 22 listed initiatives.

(2) Environmental and social accountability in agribusiness supply chains—Initiatives
related to improving traceability and farming practices in the agribusiness commodities
supply chains such as for soybeans and cattle. This group of seeds encompasses trans-
parency and improved field practices and includes 3 described and 22 listed initiatives.
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(3) Private investment in sustainable development—Initiatives by private companies
either as a private investment for profit or responding to environmental or market
conditions. These seeds encompass environmental/business conditions and funds
and investments and include 7 described and 22 listed initiatives.

(4) Territorial protection by grassroots movements—Initiatives by farmers’ unions or
indigenous associations. These seeds encompass territorial protection and socioeco-
nomic development initiatives and includes 4 described and 18 listed initiatives.

(5) Subnational governmental policies—Initiatives by autonomous federal agencies
(mainly the ones that are part of the judicial power and not dependent on the Pres-
ident’s office or a particular ministry in Brasilia) as well as by state and municipal
governments. These seeds encompass initiatives related to socioeconomic develop-
ment, technological development, and environmental protection. They include six
described and seven listed initiatives.

(6) Coalitions that promote rights and environment—Sets of different stakeholders collab-
orating in search of sustainable development alternatives. These seeds encompass either
international or national coalitions and include four described and five listed initiatives.

(7) Civil society activism—Initiatives by individuals or third-sector organizations. These
seeds encompass initiatives related to digital activism; forest restoration and payments
for environmental services; alliances for governance; and other efforts. They include
13 described and 24 listed initiatives.

4.1.2. Which Institutions Were Promoting the New Initiatives?

The described new initiatives were promoted by different place-based stakeholders
such as governments (n = 10); NGOs (n = 21); rural communities, individuals, and social
movements (n = 10); and private companies (n = 9). Some of the initiatives’ costs were
covered with people’s own out-of-pocket money (n = 12), but a considerable number of
them relied on external support (n = 38).

Key external sponsors include international cooperative organisations (n = 16) such
as USAID and the Norwegian NORAD; private companies (n = 11) such as the banks
Bradesco, Itaú, and Santander, and the cosmetics company Natura; Brazilian state and
federal governments (n = 5) such as the states of Amazonas and Pará and the Ministry of
Agriculture, or other sources (n = 6).

4.1.3. What Did the Interviewees Claim as Novelty?

We used our groupings to examine novelty based on the assessments of the intervie-
wees. Based on the initiatives’ main perceived innovations (Figure 2), we summarized
seven types of novelty presented in the described initiatives:

(1) Bioeconomy as a business opportunity for sustainable development—Interviewed
sustainable development practitioners emphasized the current effort to promote
bioeconomy mainly through eco-business. The 13 described and 22 listed eco-business
opportunities were mainly focused on tapping the green market by exploring the
bioeconomy as a business opportunity for sustainable development.

(2) New use of technology—New technologies and solutions such as blockchain, crowd-
funding, big data, and cell phone apps were used to connect development projects
and sponsors and to increase transparency in supply chains in initiatives such as
Nature Invest and Do Pasto ao Prato. Digital activists included NGOs and unions that
organized on different kinds of social media as well as in demonstration campaigns
in favour of conservation, fighting deforestation, and denouncing illegalities. In some
ways, these efforts can be seen as an extension of previous initiatives that occurred
decades ago such as Sting’s activism with the Kayapo people and traditional media
campaigns but using social media. However, there are two key differences. First,
these latest initiatives use social media for the large-scale mobilization of civil society
as a means for demanding actions from governments, private-sector companies, etc.
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Second, our interviews revealed an emergence of the influencer/activist on social
media, especially by indigenous women.

Figure 2. An overview of the new sustainable development initiatives identified in the Brazilian Amazon.

(3) New connections among actors and across boundaries—The interviews revealed a
number of new coalitions that promote rights and environmental protection, including
new multi-stakeholder and relatively egalitarian assemblies and decision-making
forums. These contrast with former initiatives that were more limited in scope and less
horizontal in terms of power balance. Much of this current mood comes from the fact
that key stakeholders identified clear limits in individual actions and realized the need
and the benefits of cooperation, which includes an opportunity to exert soft power
and influence dynamics. International coalitions range from academic coalitions such
as the Science Panel for the Amazon and political coalitions such as the GCF Task
Force, initially promoted by the republican former governor of California Arnold
Schwarzenegger and the Leaf Coalition recently promoted by the democratic national
US government. National coalitions include private-sector initiatives to network for
development such as Uma Concertação pela Amazônia and Coalizão Brasil Clima Florestas e
Agricultura. The novelty is the mutual effort to cooperate in multi-stakeholder forums.

(4) Integration of new practices into production—Technological development initia-
tives include the use of biocosmetics and herbal medicines at the Parque Científico e
Tecnológico do Alto Solimões and multiphase fish production by family farmers by the
Piscicultura de Igapó initiative. Agribusiness sectors are also trying to respond to exter-
nal demands for sustainable farming and cattle ranch intensification via initiatives
that improve transparency and governance in agricultural supply chains.
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(5) New private sector actors investing in sustainable initiatives—The private sector is
promoting large-scale financial investments in support of sustainable development
projects in the Amazon. These include private investments by banks, corporations,
and individuals being made in forest restoration and sustainable agriculture projects
such as the investments the Conselho Consultivo da Amazônia recommended to banks
such as Bradesco, Itaú, and Santander.

(6) New use of or creation of legislation—Communities are promoting the local gover-
nance of territories and the use of consultation protocols (previously used mainly by
indigenous peoples) as a means of territorial protection. Governmental subnational
actions encompass socioeconomic development initiatives such as Catrapoa promoted
local food in the PNAE school meals and indigenous education with agroecology
principles such as the technical course in agro-ecology (Curso técnico em agroecologia)
in the Sateré-Mawé Indigenous reserve

(7) Emergence of grassroots actions without significant or permanent external sup-

port—Development initiatives include funds such as the Solidarity fund of the Acai
port (Fundo Solidário Porto do Açaí) established by local communities for financing
better farming practices and market access.

Note 1: Even though some initiatives would fit different solutions, we mentioned each
initiative only once in a specific category.

Note 2: Similar mentioned but not described initiatives are (101 in total): (1) Eco-

business opportunities (22 initiatives): 1.1 Bioeconomy business-incubators: Sitawi; Amazônia
UP; Ecocentro; Rainforest Social Business School; Certi Amazônia. 1.2 Processing of high-
value products for niche markets: Cacau orgânico—CEPOTX; Guaraná—Sateré-Mawé;
Mahá Biocosméticos; Chocolates De Mendes; Mel—Peabiru; Amazônia 4.0; Café Apui;
AmazonMel; Projeto Castanha da RESEX do Rio Unini; Inatú Amazônia. 1.3 Innovative
marketing hubs: Flor de Jambu; Jirau da Amazônia; Polo BioAmazonas; Observatório
da Castanha da Amazônia (OCA); Amazônia 100%; Design & Madeira Sustentável; Man-
ioca. (2) Environmental and social accountability in agribusiness supply chains (13 ini-

tiatives): 2.1 Transparency: Soja na Linha; Conecta; Plataforma Nice planet—SMGeo;
Plataforma da JBS—rastreabilidade do gado; Sirflor (Pará)—regularização de propriedades;
Plataforma de adequação ambiental do Imac (MT); Fornecedores Indiretos na Pecuária
(Amigos da Terra); PrevisIA; Trase; Lucida. 2.2 Field practices: Pecuária Verde; JBS Net
Zero; Pecuariando. (3) Private investment in sustainable development (12 initiatives):

3.1 Environmental/business conditions: Programa Prioritário de Bioeconomia; Waimiri
Atroari e Parakanã—Eletronorte; Borracha—Michelin. 3.2 Funds and investments: Centro
de Orquestração de Inovações (COI)—WTT; The Good Food Institute; KPTL—Fundo de Flo-
resta e Clima; Emerge Amazônia; Impact Hub; Fundo para o Desenvolvimento Sustentável
e a Bioeconomia da Amazônia; Althelia biodiversity fund; Mov investimentos; Parcerias
corporativas—Café Suruí com contrato com a Três Corações. (4) Territorial protection

by grassroots movements (18 initiatives): 4.1 Territorial protection: Campanha Não Abra
Mão da Sua Terra; Protocolos de consulta sobre Asfaltamento da BR 319; Levante popular;
Observatório de Segurança e Soberania Alimentar; Terra sem Males (RO). 4.2 Development:
Fundo Dema; ACOSPER/UNICAFES; Projeto CAR Participativo/STTR Santarém; Pro-
grama Jurisdicional de REDD+; Finapop—MST; Flores do Campo (Grupo de mulheres de
Mojuí dos Campos); Grupo de Jovens do CNS; Casa Familiar Rual de Boa Vista dos Ramos;
Associações de mulheres em defesa da agricultura familiar do Rio Canaticu (Marajó); Banco
Comunitário do Rio Canaticu (Moeda Social Yaça); Canindé (RO)—mobilização indígena;
Comitê Chico Mendes; Surara—Coletivo de mulheres indígenas do Tapajós. (5) Subna-

tional government initiatives (7 initiatives): 5.1 Socioeconomic development; Fundo de
Apoio a Cacauicultura do Estado do Pará—FUNCACAU; GTI Saúde Indígena. 5.2 Techno-
logical development: Instituto Mamirauá; Rações alternativas para piscicultura—IFAM;
Manejo florestal—IFT junto à Verde para Sempre; 5.3 Environmental protection: Força
Tarefa Amazônia—MPF; Amazônia Protege—MPF. (6) Coalitions that promote rights and

environment (5 initiatives): 6.1 International: The Lowering Emissions by Accelerating
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Forest finance (LEAF) Coalition. 6.2 National: Consórcio de Governadores da Amazônia
Legal; Amazônia 2030; Grupo Carta de Belém; Fórum Nacional Permanente em Defesa
da Amazônia. (7) Civil society activism (24 initiatives): 7.1 Digital activism: Portal Pro-
teja;Rede de Podcasts do Xingu; SOS Amazônia; Engajamento de influenciadores—Alok;
Uma gota no oceano; Motosserra de Ouro para Arthur Lira; Floresta sem cortes; Negritar—
Coletivo de audiovisual; Coletivo Jovem de Meio Ambiente Pará; 342 Amazônia; Amazônia
Alerta; 7.2 Forest restoration and payments for environmental services: Aliança para Restau-
ração da Amazônia; Projeto Bacia do Rio Putumayo-Içá; Acelerador de Agroflorestas e
Restauração. 7.3 Alliances for governance: Rede Maniva de Agroecologia; Coletivo do
Pirarucu; Legado Integrado da Região Amazônica—LIRA; Projeto Paisagens Sustentáveis
da Amazônia. 7.4 Other: Ciência Cidadã para Amazônia; App Castanhadora; Brigada de
Incêndio; Instituto Mapinguari (AP); AmIT—Amazon Institute of Technology.

4.2. Features of the New Initiatives

The new initiatives varied in terms of their level of maturity, possibility of comple-
menting existing solutions, potential for scaling up and for transformation. Considering
the initiatives’ maturity level, out of the 50 described, 25 initiatives were reported by the
interviewees as still embryonic, 21 as mature, and 4 as ended. Embryonic initiatives still in
process of being implemented have not yet had the chance to address existing environmen-
tal and/or social challenges and cannot yet be considered viable or long-lasting.

Considering their capacity to complement existing development initiatives, 44 initia-
tives were deemed as building on and complementing existing environmental conservation
efforts, while 6 did not include conservation measures and focused only on socioeconomic
development, in the sense of concern for improving well-being but not necessarily reducing
social inequities. Out of the 44 initiatives we considered to be complementary, 23 were
complementary to various environmental conservation efforts, while 21 complemented
specific sustainable development initiatives such as the protection of indigenous territories.
Out of the 50 described initiatives, 43 claimed to support socioeconomic development
by promoting better farming practices (with the perceived ‘improvement’ reflecting the
logic of a particular initiative), sources of income, or organizational skills, while 7 did not
include support for socioeconomic development and focused only on conservation. To
a large extent, the identified initiatives complemented previous efforts and helped their
maintenance/consolidation, such as by supporting the preservation of indigenous lands
and conservation units and the development of rural settlements.

Regarding their potential to replicate and scale up, 28 initiatives were reported as
having a replication potential limited to specific contexts, while 22 were deemed to be repli-
cable across the whole of Amazonia. Lower-cost initiatives based on local efforts showed
greater potential for replication in practice. However, initiatives such as accelerators (with
greater investments) can also be promoted through public policies.

Regarding the initiative’s transformative capacity as a whole (i.e., our analysis of
whether an initiative sought radical change or instead, reform or incremental change and
maintenance of the status quo), the interviewed practitioners considered that 17 presented
small contributions (incremental tweaks), 29 would deliver significant contributions but
without structural change (reformist adaptations), and 4 promoted structural change (radi-
cal transformations). Despite this variation, all were considered by interviewees to have
some potential value for sustainable development in the Amazon. Interviewees were not
asked to assess the capacity of their initiatives to deliver so-called win-wins (fulfilling
socioeconomic and environmental objectives); these are hard to achieve in practice, and it is
plausible that a new initiative could, for example, be effective in reducing forest degradation
but simultaneously ignore or worsen social inequities.

5. Discussion

The large number of initiatives reported as potential new seeds of change reveal the
emergence of diverse, often contradictory, pathways towards sustainable development
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in the Amazon. Indeed, these initiatives are moving towards different development end-
goals with respect to the weight of concern for the environment and improving human
well-being and equity. Our study assessed some of these promising efforts to conceive
and promote eco-business models, accountability in agribusiness supply chains, private
sustainable development, grassroots rights, governmental policies, coalitions, and civil
society projects. Taken together, these seeds of change connect very powerful stakeholders
such as multinational companies, state governors, and large NGOs that often can count on
important investments made by both domestic and international sponsors.

A key positive aspect of these new initiatives is that they often complement or build
upon well-described solutions such as extractive reserves [8]. Some of these new solutions
were already mentioned in other studies such as climate and advocacy coalitions [20],
forest restoration [21], private investments [22], and the bioeconomy [23]. This study has
attempted to systematically map out stakeholders’ own perspectives on these new potential
solutions, adding to previous efforts listing established initiatives in the Amazon [7].

5.1. Seeds’ Capacity to Address Existing Environmental and Social Challenges

The new seeds are developing at a time in which the Brazilian Amazon is again
experiencing growing rates of deforestation [2], growing number of conflicts with local
communities [1], and increased inequality and poverty. Both classical and new sustainable
development initiatives are overwhelmed by the current context.

Our assessment of the new initiatives’ features reveals some key limitations regard-
ing their ability to address existing challenges. Most initiatives are not yet completely
established and have limited potential for scaling up. In this sense, we agree with previ-
ous studies’ assessment that promising initiatives by themselves, despite their success in
transforming local spaces, are often insufficient for advancing sustainable development at
broader societal scales because the required political and environmental changes are often
beyond their reach [7].

Most of these new initiatives were perceived as delivering incremental change, without
upsetting the status quo of the distribution of resources and decision-making powers
and falling short of offering a realistic prospect for transformative, radical change. Such
incremental changes reflects literature stating that most initiatives do not address (or
attempt) transformations but instead go for more downstream points of intervention [38].
In contrast, transformative initiatives tend to be context-specific and depend on ‘leverage
points’ where relatively small changes can lead to potentially transformative systemic
changes [30]. Brockhaus makes a strong case that achieving sustainable development in
Amazonia and elsewhere requires confronting entrenched patterns of inequality and power
relations [35]. Development success therefore requires addressing the power imbalances
between different kinds of state and non-state actors. Ignoring these kinds of insights from
political ecology [39] creates the conditions whereby certain kinds of seeds of sustainable
development may actually reinforce and reproduce inequalities. These outcomes are
difficult to predict, and incremental new initiatives could still have a positive role in
supporting established initiatives.

5.2. Weak but Real Signals for Promising Future Scenarios

Scanning next-generation seeds is a first step towards decision-making processes that
create a comprehensive and transparent basis for subsequent assessments of evidence [26].
Some of the new initiatives we have described can be seen as seeds of change that provide
some weak yet rea, signals for promising future scenarios that potentially change human–
environment relationships [24]. The history of the Amazon is rich in place-based solutions
such as extractive reserves [9,10] that were tried out in a specific region and under specific
circumstances and then expanded. The diverse approaches create an ‘ecosystem’ of new
initiatives, increasing the chances that one or more will mature into longer-lasting and
far-reaching sustainable development initiatives.
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The fact that some seed types are dominant now does not necessarily reflect their
capacity to bring about sustainable development but may be for circumstantial reasons.
This may be the case for the growing number of efforts for forest restoration given to the
UN Decade on Ecosystem Restoration as well as the ‘fever’ for eco-business solutions
promoted by powerful stakeholders such as USAID and private companies. In the 2000s,
Amazonia experienced great donor-driven support for forest management, while in the
2010s, the focus was on payments for environmental services [14]. Our assessment suggests
that the bioeconomy and forest restoration driven by carbon capture could become the
new donor-driven conceptual solutions for the Amazon, while bottom-up civilian science
initiatives were also prevalent (Figure 2).

5.3. Implications for Practitioners and Policy Makers

This study reveals that most of the initiatives deemed promising and innovative by the
interviewed practitioners are exogenous development concepts such as the bioeconomy that
are promoted by external stakeholders such as NGOs and governmental agencies and are
often sponsored by external donors. At the same time, the list of identified seeds includes
grassroots initiatives mainly focused on territorial protection. Other studies highlight that
endogenous, locally developed farming and governance systems should also form the basis
for sustainable development in the Amazon [10]. These findings highlight the importance
of considering top-down vs. bottom-up management approaches and bringing scholarly
and policy attention back to local populations and their resource-use systems.

These lessons are fundamental for practitioners, policy makers, and donor agencies
that should reconsider their focus on externally driven top-down concepts to provide
increased support for helping communities to improve their existing systems, which
are still being developed and can benefit from external support for improvements in
technological, economic, environmental, and social aspects [40]. Endogenous approaches
to development grounded in local practices and needs can become a viable option for
sustainable development in the Amazon. For such approaches, attention should be given to
farmer-led technological innovation, local governance, and the recognition of marginalized
local knowledge.

5.4. Limitations and Further Research

The methodology used (the snowball sampling approach and the interview method)
focused on the practitioners’ perspectives in a qualitative evaluation of initiatives related
to sustainability development and was neither comprehensive nor representative, meaning
numbers should not be evaluated quantitatively. Although we did include quantitative
questions on the area covered by the initiatives as well as on the number of beneficiaries, the
high diversity of approaches towards sustainable development meant it was not possible
to use the data collected to assess the capacity of the different initiatives to address existing
threats. Some initiatives focus on raising awareness on specific issues and target different
stakeholders in different areas, making it hard to identify their actual impact on the ground.
Even initiatives focusing on specific areas and targeting specific communities found it
difficult to measure their impacts since their actions are often part of other initiatives
and dynamics.

6. Conclusions

The results of this study reveal the existence of new initiatives showing proof of the
concept of seeds of changes that, in many cases, are complementary to existing well-known
initiatives such as conservation areas, environmental law enforcement, and governments
efforts to promote local development. Although these initiatives were new, their capacity
to address existing threats is likely to be highly variable; most of the initiatives are difficult
to evaluate as they were, by their nascent nature, not yet mature. Yet the range of seeds
suggests there is a growing ecosystem of alternatives for sustainable development in the
Amazon that could contribute to future solutions. However, the new initiatives are only
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one part of the long-term continued efforts for sustainable development in the Amazon,
and they must occur alongside other actions such as ensuring the recognition of forest
peoples’ access to land and resources, maintaining all of Amazonia’s biodiversity, avoiding
dangerous tipping points that could alter the nature of the system itself, and providing
more attention to and support for endogenous, locally based development initiatives led
by Amazonian rural communities and family farmers.
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Abstract: Date palm (Phoenix dactylifera L.) fruits are widely grown in rural areas of arid Rajasthan of
India. The grown date palm fruits are generally dried in forced convection mode. However, given the
socio-economic status of farmers, dryer facility affordability has become crucial. Additionally, there is
a critical need for a simple winnower, especially with its operation. To address the highlighted issues
with the dryer and winnower and given a location already receiving abundant solar radiation, a solar
photovoltaic (PV) winnower cum-dryer was designed and developed. The developed winnower
cum-dryer was tested in actual conditions to realize the performance. First, the drying experiment
for dehydrating date palm fruits and, second, the winnower experiment for separating grains from
straw were carried out. The date palm fruits used for experimentation have a moisture content of
65% on a wet basis. During the drying trial, the dryer reduced this moisture content by 39% in 6 days.
In contrast, in the open sun drying, it took 8 days. The drying chamber’s temperature gradient was
reduced to 2–3 ◦C from 6–8 ◦C in the system provided with a preheater, resulting in uniform drying.
The observed effective moisture diffusivity and the dryer’s efficiency are 4.34 × 10−9 m2·s−1 and
16.1%, respectively. A high IRR of 57.4% and a shorter payback period of 2.10 years were found in the
economic analysis, indicating that the dryer is cost-effective. The winnower operation results suggest
that about 200–300 kg grains could be separated daily when used as a winnower without natural
wind. Overall, the developed winnower cum-dryer produced better-quality dried date palms in a
shorter time than open drying by efficiently using solar energy and separating the grains from straw
to enhance the utility throughout the year.

Keywords: Phoenix dactylifera L.; date palm drying; solar dryer; PV winnower; economic evaluation;
hybrid solar dryer

1. Introduction

Date palm (Phoenix dactylifera L.) is one of the first fruit trees in the world to be grown
and the only crop capable of withstanding high temperatures and low humidity levels
throughout the bearing stage. This fruit crop is significantly grown in most arid regions
of the planet. Regarding nutritional value, due to its high sugar content, the date palm
fruit is considered a high-energy food (300 calories/100 g), is low in fat, and is an excellent
source of iodine, iron, calcium, and potassium [1–3]. In Indian conditions, among the date
palm cultivars, Khadrawy is one of the critical cultivars grown commercially, mainly in the
country’s northwestern region. Once this fruit is transformed into chuhara (dry) form, it is
excellent for ingestion. The primary issue with the dates grown in this area is that their
maturation period falls in June, just before the monsoon season begins. Date fruits that
have been exposed to rain develop fruit rot and deterioration, rendering them unfit for
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consumption as fresh dates. According to statistics, heavy rains cause up to 60% of the dates
to rot. To avoid spoiling, dates are therefore picked early and sold before the rainy season.
Given the aforementioned information, it is imperative to close the gap using some effective,
realistic, and useful methods. Therefore, turning these immature dates into goods with the
extra value could increase marketability [4,5]. Drying is the option mostly used by farmers
to remove the moisture present in date palms, which is conventional. It is recommended
to avoid traditional drying, as it has several detrimental consequences on plant materials,
including shrinkage, discoloration, and vitamin oxidation. Given these conditions, it is
imperative to come up with a drying technology that avoids all the issues. However, in
general, when it comes to the agriculture in rural areas of developing nations, especially in
India, drying and winnowing are the two essential tasks that farmers follow when aiming
at a marketable product—drying reduces the moisture content, and winnowing removes
the straw from grains. However, these two do not come in one system, and a farmer needs
to have two separate systems—one for drying and the other for winnowing.

Drying enhances the storability of the date palm product by reducing the loss, and
doing this at the farm level would be more productive [6,7]. However, most farmers rely on
farming only and cannot afford costly devices; instead, they rely on open drying under the
sun. This is commonly seen in India, and the central problems are product defiling and non-
uniform drying. Mechanical or electric drying in the forced convection mode is suggested
as an alternative to open sun drying to avoid defiling and non-uniform drying. However,
the mechanical or electric drying was quite prominent only for industrial purposes, and
it is a bit expensive. The small and marginal farmers cannot afford this hi-tech facility,
especially people living in the Thar desert of India, where date palm farming is common.
Regarding the solar energy potential, India is in a stronger position. The desert area is
fortunate to have access to alternative energy sources including biogas, wind, and solar
electricity. In India’s dry region, solar energy ranges from 5.8 to 6.3 kWh m−2 day−1, on
average [8].

Open sun-drying can be replaced with solar dryers because of their low operating
costs [6,7,9,10]. The solar dryer is very profitable, cheap, and eco-friendly, and it is cost-
effective for rural people. It can be used in sun-drying to ensure the quality product [11].
Numerous studies demonstrate that the solar-based drying technology is preferable to
open drying for the generated dried foods [12–15]. The thermal and PV equipment can
support current energy sources. In comparison to solar thermal collectors and side-by-side
PV modules, PV/T collectors produce more energy per unit of surface area [16]. The dryer
is utilized in the forced convection mode, and the PV powers the fan. No traditional source
is necessary. The integrated photovoltaic thermal hybrid system has a respectable return
on investment [17]. According to Tonui and Tripanagnostopoulos, various inexpensive
modifications could enhance the efficiency of air-cooled PV/T solar collectors [18]. Slices of
tomato were dried, reducing their moisture content from 95% to 9% (wet basis) after 10 h
of solar drying in an indirect-type hybrid solar dryer, and the overall drying efficiency of
the system was estimated as 41% [19]. For drying grapes, Barnwal and Tiwari employed
a photovoltaic/thermal greenhouse dryer [20]. In order to dry Indian jujube, a hybrid
PV/T-forced solar convection dryer was constructed [6,7]. They reported that the forced
convection mode’s average thermal efficiency was higher (16.7%) than the mode’s average
thermal efficiency (15.6%). The greenhouse solar dryer is very effective in elevating the
temperature by 10–14 ◦C over the surrounding temperature, and the dryer also has a quick
payback period of 1.5–2.1 years [21]. Cerci and Hurdogan investigated a hybrid drying
system for the low-temperature drying of peanuts [22]. Tuncer et al. revealed that the
payback period of the PVT hybrid solar dryer varied between 2.98 and 3.51 years [23]. The
optimal conditions for the drying of basil leaves in a hybrid solar dryer were a 63.8 ◦C air
temperature and a bed thickness of 2 cm, and the exergy efficiency varied in the range of
31.78–86.55% [24].

CAZRI, Jodhpur, India, has developed a unique solar dryer that is used for both
drying and winnowing simultaneously [25]. In this mixed mode dryer, the fan was used
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to circulate air inside the drying bin, and provisions were made to let the dehydration
process continue at night through natural circulation. Although it was found to provide
satisfactory results in drying different vegetables and fruits, retaining the color and aroma
of the product, there had been a thermal gradient of 5–6 ◦C or more across the height inside
the drying bin, leading to non-uniform drying, and, therefore, different trays needed to be
reshuffled [25,26]. Moreover, the villagers find it difficult to clean the threshed material if
there is a lull in natural winds. Sometimes, electrical or manual-driven fans are employed
for winnowing. The intermittence of electricity makes the farmer handicapped in using
the electrical device at the time of requirement. In contrast, the manual system is not only
less efficient but adds to human drudgery. However, it was observed to have limited use
only after the harvest, particularly in arid regions. Therefore, the utility of the PV dryer
was extended by using it as a PV winnower [27]. As per the literature review, significantly
less research exists on date palm solar drying; many studies reported on green transition
and the use of renewables as a means for sustainable development, both at the centralized
and decentralized levels [28–31].

Therefore, in this paper, a study was undertaken to develop a preheater to overcome
the problem of the thermal gradient, assess the drying attributes of date palm and the
thin-layer drying process for the solar drying of date palm fruit, and compare it with open
sun-dried date palm fruits. There existed a temperature gradient of 5–6 ◦C inside the drying
chamber, and drying trays had to be reshuffled. An economic analysis of a PV winnower
cum hybrid solar dryer has been carried out.

2. Materials and Methods

2.1. Description of the Photovoltaic Winnower Cum Dryer

The components of the PV winnower cum dryer unit include a PV module-mirror
booster assembly, a suitable winnower, a heating tunnel that is used to pre-heat air, and a
solar drying cabinet that is specifically developed to utilize solar energy effectively. The
interfacing arrangements made in the design will allow the product to be dried more
quickly by using the winnower’s fan. As shown in Figure 1, the winnower is simply
a trapezoidal chamber with a PV-driven blower, a hopper, and a guide for feeding the
material that is to be dried and for boosting the airspeed.

Figure 1. A design of the photovoltaic (PV) winnower.

The system comprises a three-sided aluminum sheet covering an iron-angle frame.
A direct-current (DC) motor (35 W)-run fan is fixed at one of the vertical openings on the
frame and is operated with an output of a PV module. A specifically made tray with a
slope and a slit covers the top, having arrangements to reduce or increase the opening
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size. This tray serves as a hopper while also facilitating airflow toward the product that
is descending from the slit. A dryer of the size 2006 mm × 1400 mm was made using
22 gauge galvanised sheet metal. It consists of twelve trays, each being 870 mm × 620 mm
in size, made of angle frames and wire meshes made with stainless steel. The chamber is
provided with a door facility. As shown in Figure 2, the dryer comprises two clear glass
windows (980 mm × 680 mm) that are 4 mm thick—one was provided on the front side,
and another glass window (450 mm × 700 mm) is fixed on the east side of the cabinet.

Figure 2. Schematic sketch with neat dimensions showing the design of the photovoltaic (PV) hybrid
solar dryer.

The dryer is about 45 cm above the floor. Four holes are provided for ventilation at
the base with detachable caps. The dryer functions in both natural and forced circulation
modes in east and north directions. The dryer is provided with GI wire mesh to ensure
ventilation. Proper provisions have been made to use the fan as a dryer and winnower.
Initially, the 35 Wp PV panel confirmed the dryer’s operation for more than six hours daily.
Later, a booster was provided to capture more solar radiation (22.6% and 35.4% from 9:00 to
11:00 h). The booster had 1.5 and 2 times more length than the length of the PV panel. An
additional 2–3% cost of the booster can ensure 20% more power [25]. The device is installed
as shown in Figure 3. The device worked on the principle of the greenhouse effect, where
the solar radiation was converted into long-wave radiation and was trapped inside, giving
rise to the inside temperature. The PV panel and fan were provided to use the system in
the forced convection mode to ensure the faster drying of date palm fruits.

2.2. Experimental Procedure

The on-field trials were conducted from 13 to 18 June 2020 under clear skies at the
CAZRI in Jodhpur, India (26◦18′ N and 73◦04′ E). In total, 20 kg of date palm fruit was
purchased for the drying experiment from CAZRI’s horticultural block in Jodhpur. Twenty
kilograms of date palm were separated and evenly dispersed on the left- and right-side
trays, and the experiments were conducted between the hours of 8:00 and 18:00. In these
studies, a thermopile pyranometer was used to record the total solar radiation intensity
(Gs) on a horizontal surface hourly. Using a DTM-100 thermometer with point-contact
thermocouples with an accuracy of 0.1 ◦C, the temperatures inside the dryer chamber
are measured. The temperature of the surrounding air was measured using a mercury
thermometer with a 0.1 ◦C precision. Every 60 min, the moisture content of the drying
product was determined using an electronic digital balance (Testing Instrument Pvt. Ltd
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Faridabad, India) with a 0.001 g precision. The sample trays were used to collect 100 g of
the sample.

 
Figure 3. Picture depicting the installation of the PV/T hybrid solar dryer with a winnower at the
CAZRI solar yard in India.

2.3. Moisture Content and Moisture Ratio

The moisture, which is typically referred to as the initial moisture (Mi) content of the
collected fruits, can be estimated using Equation (1).

Mi =

(
Wi − W f

Wi

)
× 100 (1)

Equation (2) was used to estimate the drying rate [6,7]

DR =
ΔM
Δt

(2)

Equation (3) was used to estimate the moisture ratio.

MR =
M − Me
Mo − Me

(3)

2.4. Effective Moisture Diffusivity

Using Equation (4), the effective moisture diffusivity (Deff) is estimated, and it is
defined by Fick’s second law [6]:

MR =
M − Me

Mo − Me
=

8
π2

∞

∑
n=1

1
n2 exp

(
−n2π2De f f

t

4r2

)
(4)

Equation (4) is further simplified and can be expressed in a logarithmic form (see
Equation (5)), and its slope is given in Equation (6).

ln(MR) = ln
(

8
π2

)
−

(
π2De f f

t

4r2

)
(5)
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Slope =

(
π2De f f

4r2

)
(6)

2.5. Thermal Efficiency (η)

The thermal efficiency is the ratio of the moisture removal to the heat gained. Equation (7)
is used to estimate the thermal efficiency [6,10,32]:

η =
ML

A
∫ θ

0 HTdθ
× 100 (7)

2.6. Economic Analysis of the PV Hybrid Solar Dryer

The dryer’s economic viability was examined using five economic factors: net present
value (NPV), payback period (PBP), benefit–cost ratio (BCR), annuity (A), and internal rate
of return (IRR).

2.6.1. Net Present Value (NPV)

Comparing the worth of future benefits to the cost of the initial investment while
accounting for the appropriate interest rate is the goal of calculating the net present value.
The capital cost of a company, or the net present value (NPV), was determined using
a 12% interest rate to calculate the present value of anticipated future cash flow. The
aforementioned rate was applied to all cash inflows and outflows. The NPV of solar
devices was worked out using Equation (8) [33]. Here, the initial cost (IC) = INR 33,089/-,
a = (0.12), and n = 10 years. The gross benefits from the sale of products (E) = INR 19,800/-,
and the maintenance cost of the dryer (M) = INR 1166/-

NPV =
(E − M)

a

[
1 −

(
1

1 + a

)n]
− IC (8)

2.6.2. The Benefit–Cost Ratio (BCR)

The benefit–cost ratio was calculated as the original cost divided by the net present
value, as shown in Equation (9).

BCR =
IC + NPV

IC
and BCR = 1 +

NPV
IC

(9)

2.6.3. Annuity (A)

The project’s annuity (A) shows the average net annual returns, determined using
Equation (10).

A =
NPV

∑t=1ton

(
1

1+a

)n (10)

2.6.4. Payback Period (PBP)

The amount of time needed to recover the initial investment made in a project or
investment was calculated using the payback period formula; see Equation (11).

PBP =
log (E−M)

a −
(

log (E−M)
a − IC

)
log(1 + a)

(11)
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2.6.5. Internal Rate of Return (IRR)

The IRR is determined using Equation (12). For this, the lower and upper discount
rates are considered as 40% and 60%, respectively

IRR = lowerdiscountrate +
Di f f erenceo f discountrate × NPVatlowerdiscountrate
(NPVatlowerdiscountrate − NPVathigherdiscountrate)

(12)

3. Results and Discussion

3.1. Performance Evaluation of the PV Hybrid Solar Dryer

The performance of the system with the different number of fins inside the tunnel
revealed that as the number of fins increased, the air temperature rise was greater, but the
reduction in airspeed was substantial. The average airspeed at the tunnel’s exit varied from
3.5 m/s to 5.5 m/s during different hours of the day without fins. In contrast, it ranged
from 1.2 to 2.8 m/s with fins. Under loaded conditions of date palm fruits, the average
temperature of the air at different points viz. the upper, middle, and lower trays of the
drying chamber is given in Figure 4. The average drying chamber temperature on the left
and right sides of the upper trays varied from 48 to 70 ◦C; in the middle trays, it varied from
45 to 67 ◦C; and in the lower trays, it varied from 42 to 64 ◦C. In June 2020, the average solar
insolation ranged from 430 W.m−2 to 940 W.m−2, and the average air temperature was
39.5 ◦C. A compromise was made to allow the temperature to rise to about 2.5–3 ◦C using a
pre-heating tunnel, which matched the calculated values. The estimated values were for the
mass flow rate of 0.02 kg s−1, when the average ambient temperature was 30.5 ◦C and the
solar insolation was 910 W.m−2, respectively. When the dryer first started, the temperature
was lower; but, as time went on, the temperature increased between 12:00 and 15:00. The
dryer’s inside was found to be cooler after 15:00 h. For the six days of drying time during
the trial period, the temperature inside the dryer was essentially constant. The temperature
has a great impact on the drying time of Indian Jujube (Zizyphus mauritiana) [6,7], date
palm [5], and deglet-nour date fruits [34]. In general, the reduction in drying time was
caused by stronger driving forces for mass transfer and heat transfer (owing to greater
temperature differences due to more significant differences in the relative humidity).
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Figure 4. Observed and calculated average temperature in the drying chamber at different points of
the PV dryer with the tunnel while dehydrating date palm fruits.

The variations in moisture content (w.b.) versus drying time in the PV dryer and the
open sun drying of the fruit on each day of drying are compared in Figure 5. As can be
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observed, the solar dryer lowered the fruit’s moisture content from 65% to 26% in just six
days, and on the eighth day, it had fallen to 20%, but open-air sun drying required eight
days to reach the same result. However, the moisture level dropped to 26% after 6 days of
drying, allowing for secure storage for future use. Date palms that had been dried under
various circumstances had a final moisture content that ranged from 20% to 26% on a wet
basis. Figure 6 shows that the PV dryer’s drying rate was significantly higher than that
of the open-air solar drying [5] of Algerian deglet-nour dates [34–36]. When the moisture
content went below 54%, the dryer’s drying time rose significantly. As the drying time
increased, the elimination of the moisture ratio decreased from its initial high level. As a
result, as the drying time passed, the moisture ratio continued to decline. The internal mass
transfer had been governed by diffusion, as evidenced by the moisture ratio’s ongoing
decline. This was consistent with research findings on Indian jujube and tomatoes [6,7].
This was also in agreement with the results of black grapes and pumpkin [37,38].
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Figure 5. Changes in date palm moisture content as a function of drying time under the solar dryer
and open sun drying.
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Figure 6. Moisture ratio of date palm during solar and open sun drying against drying time.

The thermal gradient varied from 2–3 ◦C inside the drying chamber initially, and then
it increased to 4–6 ◦C as drying proceeded. The temperature rise is due to the energy gain
primarily from the pre-air heater and the top plane due to the high altitude of the sun.
The temperature difference at the top and middle trays of the bin was 6–8 ◦C without the
pre-air heater. The pre-air heater was found to be 2–3 ◦C initially, which also varied in
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different seasons for dehydrating various drying materials. The data of this experiment
were found by the mathematical model for air heating and for predicting the temperature
in the bin to a reasonable extent. In this experiment, the color and aroma of the product
were maintained. Figure 6 displays the variation in the moisture ratio for the drying time.
Figure 6 clearly shows that both solar drying and open sun drying were found to have
a decreasing moisture ratio. Additionally, when compared to open-air sun drying, the
required moisture ratio of (0.3) was accomplished quickly with solar drying.

Figure 7 shows the date palm after solar and open sun drying, respectively. From
Figure 7, it is clear that the quality of fruit in solar drying is much better than that in open
sun drying.

Figure 7. Date palm photographs after drying.

3.2. Effective Moisture Diffusivity (Deff)

Equation (1) was used estimate the effective moisture diffusion coefficient (Deff) of
date palm fruits against drying time. The Deff was then extrapolated. The straight lines
were generated by linear regression, with good correlation coefficients r2 ranging from
0.990 to 0.9957, and they sufficiently reflect the drying behavior over the moisture ratio
range (0MR1.0), a range that comprises the majority of the drying process. Figure 8 ln (MR)
graph against time was used to calculate the effective moisture diffusivity. The experiment
measured the moisture diffusivity of date palm fruits at 30–65 ◦C for a loading rate of 20 kg
in solar drying, which is 4.34 × 10−9 m2·s−1, and when the same fruits are dried under
the open sun, the observed moisture diffusivity is 3.22109 m2·s−1. Because of this, the
majority of food ingredients have Deff values that fall within the broad range of 10–12 to
10–8 m2·s−1 [6,7,39,40]. This is comparable to the outcomes for the thin-layer drying of date
palm at 50–80 ◦C (from 7.53 × 10−9 to 1.11 × 10−8 m2·s−1) [40], for the convective drying of
pumpkin at 30–70 ◦C (4.08 × 10−8 to 2.35 × 10−7 m2·s−1) [41], and for the thin-layer solar
drying of Indian jujube (Zizyphus mauritiana) fruits at 50–70 ◦C (3.34 × 10−7) [6,7]. The use
of varied drying temperatures, the physical or chemical pretreatment, the moisture content
and sample variety, the composition, and the geometrical properties of drying materials
could all contribute to the difference in Deff for different biological materials.
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Figure 8. Date palm drying under sunlight and open sun: ln (MR) vs. drying time.

3.3. Dryer Overall Efficiency

According to Equation (4), which yielded a result of 16.1%, the dryer’s effectiveness
is dependent on the amount of drying time, the temperature, and the sun radiation. Due
to the fact that unbound moisture is initially removed and is influenced by surface area,
it was originally high and decreased in response to a decrease in moisture content. The
outcome was consistent with earlier studies that found that a forced convective, flat-
plate solar heat collector dryer for drying cauliflower had an average thermal efficiency
of 16.5% [42]. Similarly, the average thermal efficiency is around 12.1% for drying ber
(Zizyphusmauritiana) fruit using a low-cost solar dryer [10], and it is 16.7% for drying
Indian jujube using a PV/T hybrid solar dryer [6,7].

3.4. Performance Evaluation of the Winnower

As a winnower, the airspeed at the exit of the winnower was found to vary from
1.6 m/s to 3.5 m/s with a single PV panel, while it was 2.3 to 3.7 m/s with PV panel-
reflector assembly. In contrast, with two panels, it works quite satisfactorily for extended
hours. The system works better with PV panel reflector assemblies compared to the PV
panel. Still, with two PV panels, it works better for extended hours and provides a scope
to store the surplus energy in the battery for use at night. The device was tested for the
winnowing of different threshed materials such as pearl millet, mung bean, moth bean,
cluster bean, and mustard. The system could be operated even with a single panel for a
winnowing of pearl millet. An additional mirror reflector of an extended length could
be used more comfortably to clean mustard and cluster beans. However, if the system
needs to be used for cleaning and illumination in the night, two PV modules with a storage
battery are preferable. On average, 900 kg of cluster bean, threshed manually, could be
winnowed by operating it for 5.5 h each for four days; 350 kg of pearl millet could be
winnowed by operating it for 3.5 h a day for two days; and 450 kg of mustard could be
winnowed by operating it for 8.5 h in two days, indicating that, on average, 34–52 kg
of cleaned grains/seeds could be separated in an hour from threshed material weighing
three to four times more. The device helps to save manpower in completing an important
post-harvest agricultural task, especially during those days when natural winds are not
available.

3.5. Analysis of Economic Viability

The calculations, as per the parameters shown in Section 2.5, were carried out to assess
the dryer’s viability from an economic standpoint. The dryer unit had a 33,089 INR initial
investment (Pi). The annual maintenance cost (M), which is INR 1166, was calculated as
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5% of the initial cost (INR 23,300), and it includes minor replacements, if required. A 10%
deduction from the initial investment was made for the salvage value.

The yearly benefit is mainly accrued from drying date palm, sangri (Pods of Prosopis
cineraria), and Lasora (Cordiamyxa), the labor-saving in winnowing operations, and the
benefits gained through lightning. The benefit accrued from drying date palm and sangri
was INR 3500/each, and the labor-saving in winnowing amounted to INR 9000/-, and that
from lighting amounted to INR 300/-. Thus, the benefits amounted to INR 19,800/year,
whereas the present value of the life cycle cost was INR 33,089, including the initial cost and
the battery replacement charge, the fan replacement, and the drying chamber replacement
cost. By discounting the values to the present, the entire cash inflow and outflow for the
production of the solar dryer’s net present value was determined. The dryer has a ten-year
lifespan and an initial cost of INR 33,089, or 12% of the total cost. Sales of the goods
will generate a profit of INR 19,800. The dryer’s net present value (NPV) was calculated
using Equation (15), which indicates that the investment in the solar dryer had an NPV of
INR 113,023. Based on the NPV, it is determined that the fabrication of the dryer is more
affordable than that of the hybrid solar/biomass dryer [43], the hybrid PV/T greenhouse
dryer [20], and the PVT hybrid solar dryer [6,7].

Equation (9) has been used to determine the benefit–cost ratio by dividing the present
value of the benefit stream by the current price of the cost stream. It comes out, for the
dryer, as 4.41. Swain et al. examined the effectiveness of copra drying equipment powered
by biomass [44]. The findings showed that it required 22 h for biomass-fired equipment
to reduce the initial moisture content from 57.4% (Wb) to 6.8%. (Wb) [44]. For two dryers
tested for producing high-quality copra, the cost–benefit ratio was determined to be 1.4
and 1.19, respectively. The cost–benefit ratio is estimated to be 1.86 for the PVT hybrid
solar dryer [6]. The dryer’s annuity was calculated using Equation (7), which shows that
its average net yearly return is INR 14,415. The payback period, which is 2.10 years, is
shorter than the dryer’s anticipated lifespan of around 10 years. A solar tunnel dryer’s
payback period is four years for basic mode dryers and three to four years for optimum
mode dryers [14]. An analysis of the cost of a hybrid photovoltaic greenhouse dryer was
conducted in [37]. Grapes have been dried using a hybrid PV/T integrated greenhouse
dryer in the forced mode of operation [20]. With an initial expenditure of INR 27,400,
the system’s payback period is approximately 1.25 years. The payback period of the PVT
hybrid solar dryer is 2.26 years, with an initial investment of INR 14,000 [6]. The internal
rate of return can be determined using Equation (9). Table 1 provides the values of the NPV
at various discount rates.

Table 1. Net present values for different rates of discount/interest (i).

Interest Rate i (%)

12 40 60

Net present value (INR) 113,023 13,485 −2032

From Table 1, it may be deduced that the NPV is INR 113,023 at a 12% interest rate.
The net present value is INR 13,485 at a 40% interest rate. However, with a 60% interest
rate, the NPV is negative (i.e., NPV = INR −2032/-). The internal rate of return (IRR) is
as high as 57.4%. Compared to the cost of capital, the IRR is higher. The option with the
highest IRR may be viewed as the superior choice when all other factors are held constant
and may be used as the decision-making criterion. This conclusion is based, in part, on the
fact that a greater IRR denotes a lower risk [33]. The important economic parameters are
given in Table 2.
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Table 2. Economic parameters of the solar PV dryer system.

Parameters Values

Benefit–cost ratio 4.41
Net present value 113,023
Annuity 14,415
Internal rate of return (percent) 57.38
Payback perid (years) 2.10

4. Conclusions

This paper presented a novel design of a solar photovoltaic powered dryer cum
winnower used for drying date palm and separating grains from straw. The date palm
grown in rural arid regions of Rajasthan was used for studying the drying experiment.
The characteristics of the date palm fruit dried in a photovoltaic hybrid solar dryer were
analyzed using a mathematical model for the pre-air heating tunnel to reduce the thermal
gradient in the drying chamber. The proposed system provided better a moisture diffusivity
and efficiency. Additionally, the economic evaluation of the hybrid solar dryer unit also
indicated a favorable IRR and a shorter PBP, suggesting it to be cost-effective. The winnower
also showed a good potential for the grain separation from straw. Using such a novel system
considerably reduced the drying time, and, at the same time, it was fully operational using
renewable energy consumption. Using such PV hybrid forced solar convection dryers
at remote locations/rural areas can ensure value addition in dried produce and reduce
pollution.

This dryer could be used for dehydrating various fruits and vegetables in arid regions
and for determining their cost-economics and CO2 mitigation potential. The heat generated
by the PV panel can be diverted to the drying chamber using a fan. This can be carried out
by covering the back position of the PV panel, where the temperature rises to 70 ◦C. Thus,
PV panels could be used in the hybrid mode.
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Nomenclature

Mi Initial moisture content of the sample (w.b.) %
Wi Initial weight of the sample (g)
Wf Final weight of the sample (g)
ΔM Loss of mass of fruit (kg water·kg−1 dry matter)
Δt Interval of time (min)
DR Drying rate
M Moisture content of the sample at a given time
M0 Initial moisture content of the sample
Me Equilibrium moisture content of the sample (kg water. kg−1 solids)
Deff Effective diffusivity coefficient (m2·s−1)
r Half thickness of the sample (m)
n Positive integer
t Drying time (s)
η Efficiency of the solar dryer (%)
A Absorber area (m2)
HT Solar radiation on the horizontal plane (J.m−2·h−1)
L Latent heat of vaporization (J·kg−1)
M Mass of moisture evaporated from the product (kg)
θ Period of test (h)
a Compound interest rate per annum
IC Initial cost of the dryer (INR)
E Gross benefits from the sale of products (INR)
M Maintenance cost of the dryer (INR)
n Number of years
NPV Net present value (INR)
BCR Benefit–cost ratio
A Annuity (INR)
PBP Payback period (years)
IRR Internal rate of return (%)
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Abstract: The apparel consumer, one of the vital stakeholders in the apparel supply chain, has a
significant role to play in moving the clothing industry in a sustainable direction. From purchasing
and care practice to donation and disposal, every step of their decisions impacts the environment.
Various internal and external variables influence those decisions, including culture, customs, values,
beliefs, norms, assumptions, economy, gender, education and others. Therefore, we believe having a
scientific understanding is very important, because consumers need to be aware of what makes eco-
conscious apparel behavior; only then will the circular transition be eased. However, the key concern
is whether the apparel consumers are aware of this knowledge or not. Therefore, we formulated a
prospective study from a life cycle thinking point of view with a key focus on synthesizing apparel
consumer behavior concerning clothing acquisition, maintenance and disposal through the circular
economy lens. Hence, a circular economy lens framework is proposed, followed by three research
questions’ (RQ) formulation: RQ1. What is the current norm of clothing acquisition, maintenance
and disposal behavior?; RQ2. Is apparel consumer clothing acquisition, maintenance and disposal
behavior circular-driven?; RQ3. What is the sustainable way of clothing acquisition, maintenance and
disposal? These questions are followed by circular economy lens framework development for apparel
consumers. Second, following the research questions, state-of-the-art literature-driven decisions
were gathered to form constructive consumer-centric decisions over the apparel lifecycle. Third,
building on this synthesis, a critical discussion is offered, following the decision-tree approach to
inform relevant behavioral guidelines for consumers and other stakeholders in the apparel supply
chain. Overall, our findings on apparel consumer behavior through the circular economy lens could
serve as new guidelines for consumers to exercise mindful clothing consumption behavior.

Keywords: apparel; clothing industry; apparel consumer behavior; circular economy lens; mindful
clothing consumption; sustainable fashion; green fashion; circular textiles; sustainable garments;
green consumer; life cycle thinking of textiles; responsible consumption

1. Introduction

Consumer behavior related to apparel products is mainly associated with acquisition
(purchasing), maintenance (keeping, using, and care) and disposition of clothes (everything
after the primary owner’s use) [1]. Sustainable apparel behavior involves putting social
and environmental considerations into clothing acquisition, maintenance and disposal
decisions. Thus, the environmentally sustainable behavior of apparel consumers can be
understood from three perspectives: eco-conscious acquisition, eco-conscious care and eco-
conscious disposal behavior. These behaviors involve a range of psychological equations
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guided by one’s values, beliefs, aspirations, assumptions, financial conditions, education,
family history and culture [2]. Eco-conscious acquisition is guided by consumer awareness,
attitude, concern and commitment. Eco-conscious care is determined by the number
of uses, laundering frequency, washing methods, drying and ironing methods [3]. Eco-
conscious disposal behavior can be understood from the intention to recycle (upcycling
and downcycling), donate and reuse, throw away (landfill or incineration) and keep in
the closet [2,3]. The most significant environmental benefits are achieved by consuming
less (i.e., responsible consumption) and extended use of garments, broadly falling under
the core principles of the circular economy. Consumer has direct control over consuming
less, extended use and sustainable care practice. Outside consumers’ direct influence, the
other sustainable options are rechanneling, recycling, energy recovery from incineration
and landfilling. Out of all these, landfilling (throwing away) is the worst of all types of
clothing’s end-of-life fate [4]. However, consumers can influence the fate of the unwanted
apparel by being responsible in disposition (for example, donating or dropping in collection
bin). Therefore, responsible consumer behavior is vital to realize a circular vision across the
supply chain.

However, today, clothing consumers are fast fashion-oriented; this started around
the early 2000s [3,5]. Cheap and low-quality materials characterize fast fashion. Due to
cheap, poor-quality materials, apparel loses its appeal quickly. At the same time, due
to the rise in purchasing power, consumers can afford to buy new clothes many times
a week. By swiftly offering new collections and crafting planned obsolescence, brands
allure consumers to refill their wardrobes by throwing away used clothes that still have
their useful life left. Along with them, brands’ attractive marketing strategies, traditional
and social media, opinion leaders, bloggers, celebrities and peers play an essential role in
influencing consumers to consume fast fashion [6,7]. As a result, clothing consumption
has doubled in the last decade, whereas consumers keep clothing half as long as they
did 15 years ago [8]. Their usual apparel purchasing decisions are mainly driven by fit,
color, style, durability and easy care [9]. Mainstream consumers do not care about the
dark side of clothing (i.e., how it impacts our environment and society). One of the main
reasons for this behavior is that the clothing supply chain is complex, and consumers have
a poor understanding of climate change issues and the underlying science associated with
them. Lately, circular economy as a concept for managing resources and mitigating climate
change issues was suggested [10]. Since then, it has become a mainstream strategy in the
framework of waste management, particularly concerning different products and waste
streams [11]. Nevertheless, some concerns been expressed; these are mainly related to
monitoring and evaluating waste prevention activities, which are very critical [12]. The
apparel sector, also facing such concerns, needs critical waste prevention activities.

Why Circular Thinking Is Important for Apparel Consumers, and Key Contributions

Today, most consumers lack an understanding of how clothing is made, and the
impact of their consumption [13–15]. They have limited knowledge of sustainable care
practices [16]. They also have a poor understanding of how their disposal behavior af-
fects the environment negatively [17]. They do not know where to dispose of clothing, or
how [18]. Therefore, it is important to examine what factors influence apparel consumers’
eco-conscious behavior and what behavior guidelines can be made. While previous studies
have identified the factors influencing eco-conscious apparel acquisition [14,15], care [19,20],
and disposal behavior [17,21], no previous study has synthesized this information for con-
sumers to holistically understand their sustainable apparel behavior. Moreover, previous
studies fell short in providing consumers with straightforward guidelines, without a vision
of what makes eco-conscious acquisition, care of and disposal of clothing. Though circular
economy thinking from the perspective of apparel consumers is articulated in the litera-
ture [22–26], only a few studies have comprehensively explored this concept. For instance,
a “sustainability bias” has emerged, through assessing consumer attitudes towards the
fashion sector from the perspective of the bioeconomy and the circular economy [23,24].
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The circular premium concept promotes circular strategy in the fashion industry by bring-
ing all the stakeholders under one roof with a clear vision for transition [25]. Very recently,
Papamichae et al., 2022 presented a study on building a new mindset in tomorrow’s fashion
development, wherein they suggested that this should be through circular strategy models,
and introduced a clear vision and new strategy involving customers, businesses, and poli-
cymakers [26]. From these very recent studies, it is obvious that consumer involvement is
crucial, raising questions such as ‘Is the consumers’ mindset based on scientific understand-
ing of the circular economy?’, and ‘To what extent do consumers consider circular fashion?’
The answers to these questions are still debatable and have no solid evidence. As a whole, it
is clearly seen that consumers lack proper scientific understanding and relevant guideline.
We believe having a scientific understanding is very important, because consumers need
to be aware of what makes eco-conscious apparel behavior; only then will the circular
transition be eased. Therefore, we formulated a prospective study from a life cycle point
of view, with a key focus on synthesizing apparel consumer behavior concerning clothing
acquisition, maintenance and disposal through a circular economy lens.

To realize the proposed aim, three research questions (RQs) are formulated:

RQ1. What is the current norm of clothing acquisition, maintenance and disposal behavior?
RQ2. Is apparel consumer clothing acquisition, maintenance and disposal behavior circular-

driven?
RQ3. What is the sustainable way of clothing acquisition, maintenance and disposal?

The key contribution of this study is the understanding of the apparel consumer
behavior under the circular economy lens framework and decision tree approach, followed
by a synthesis of state-of-the-art literature-driven decisions of apparel consumer behavior
concerning clothing acquisition, maintenance and disposal to inform relevant behavioral
guidelines for consumers and other stakeholders in the apparel supply chain.

2. Framework and Methodology

2.1. Circular Economy Lens Framework for Apparel Consumers

The circular economy lens framework shown in Figure 1 for apparel consumers is
formulated to better understand consumer behavior related to apparel products mainly
associated with three things: 1. Acquisition (purchasing), 2. Maintenance (keeping, using,
and care), and 3. Disposal (everything after primary owner’s use). Figure 1a shows the gen-
eral consumer psychology framework where there is a dual possibility, i.e., consumers may
or may not have a solid understanding of circular economy principles. The framework in
Figure 1b drives consumers’ psychology, mainly with scientific understanding of the circu-
lar economy with appropriate awareness. Hence, the key difference between the proposed
and apparel psychology framework in ref [1] is broader understanding of circular economy
principles, such as ‘regenerate nature’, ‘minimizing or eliminating waste’, ‘eliminating
pollution’, ‘circular products’, and ‘circular materials’-related decisions among consumers,
who play a significant role in moving the apparel industry towards a sustainable path.

2.2. Methodology

Based on the framework presented in Figure 1, a keyword search methodology was
adopted for carrying out the critical study. First, a brainstorming discussion was performed
at the authors’ level in multiple sessions to select the keywords while keeping the research
questions (RQ1, RQ2, and RQ3) in mind, followed by verification and improvements with
expert’s opinions. The contacted experts broadly fall under the category of consumers with
some awareness, textile production and recycling industry personnel, non-profit advocacy
teams and other senior figures in the subject area from academia. The selected keywords
include ‘sustainable apparel(s)’, ‘sustainable clothing industry’, ‘apparel consumer behav-
ior’, ‘circular economy in textiles’, ‘mindful clothing consumption’, ‘sustainable fashion’,
‘green fashion’, ‘circular textiles’, ‘sustainable garments’, ‘green clothing consumer’, ‘life
cycle thinking of textiles’, ‘responsible clothing consumption’. These are used in line with
the circular economy principles keywords, as shown in Figure 1b.
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(a) (b) 

Figure 1. Framework for understanding consumer clothing behavior, (a). General consumer psychol-
ogy framework; (b). Circular economy lens framework for apparel consumers.

Second, these keywords were used in various databases (including Google Scholar,
Web of Science, ScienceDirect, Scopus and other related databases of gray literature).
Third, the obtained articles from the keyword search are further filtered and processed to
pick the most relevant literature for this study. Additionally, duplication in the articles
between the indexed databases was removed. Fourth, the filtered articles were grouped
per the consumer psychology framework categories, i.e., clothing acquisition, clothing
maintenance, and clothing disposal. Fifth, these articles were studied critically under three
groups for addressing the RQ1, RQ2, and RQ3. The detailed steps of the methodological
process of the review are shown in Figure 2.

Figure 2. Literature review methodology showing the data collecting process.

3. Results and Discussion

From the literature review, the brief answers to the research questions are that the
current form of clothing acquisition, maintenance and disposal behavior is not sustainable,
even among highly knowledgeable consumers, suggesting a lack of life cycle perspectives
and circular thinking. It is also clear that there is no standard sustainable way that is
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followed among consumers in terms of clothing acquisition, maintenance and disposal. In
the below sections, our findings are explained in detail, along with the discussion leading
to mindful clothing consumption.

3.1. Clothing Acquisition

Consumer knowledge and awareness of sustainable apparel influence their purchasing
decisions. However, it is not true that highly knowledgeable consumers will always buy
sustainable clothing. There exist many other factors that impact the decision. For example,
a knowledgeable consumer might have a financial limitation in buying sustainable apparel
(by paying a higher price) [19]. Moreover, it is difficult for consumers to research and
identify sustainable clothing during their purchase. Often, they rely on their perception of
the brands they are purchasing from, and justify their purchase on the basis of the reputation
of those brands [19]. As Harris et al. [15] mentioned, consumers fall short of demonstrating
sustainable behavior because (1) clothing sustainability is complex, and consumers lack
knowledge, (2) consumers are diverse in their concerns, and (3) sustainability is less
important in consumer purchase decision criteria.

Concerning obstacles, Hiller Connell [14] identified two internal and four external
barriers. Internal barriers include knowledge about eco-conscious apparel acquisition
(ECAA) and attitudes about environmentally preferable apparel (EPA), while external
barriers include limited availability of EPA, economic resources, less enjoyable secondhand
stores and society’s expectations. Consumers have limited knowledge of what materials
are more environmentally friendly, how apparel is manufactured and its associated impact
on the environment. On the other hand, spending extra money, putting extra work into
acquiring EPA, and less social acceptance play their part in consumers not purchasing EPA.
Likewise, consumers perceive financial, performance-related, psychological and social risks
while making responsible decisions [27]. While forming purchase decisions, consumers
carefully consider possible monetary loss, functional deficit, compromise of self-image and
social unacceptance.

Among the enablers, ethical commitment to apparel purchase and ethical values were
mentioned by Niinimäki [28]. However, product attributes are key to attracting consumers
to buy EPA [14,28]. If EPA cannot compete with fast fashion in terms of attributes and price,
the process of consumer acquisition of EPA would be slow. Creating competitive, sustain-
able fashion that has the same appeal as fast fashion is easier than making consumers aware
of environmental issues and driving them to act. Six overarching values drive consumers’
sustainable apparel acquisition: self-expression, self-esteem, responsibility, protecting the
planet, sense of accomplishment and social justice [29]. On the other hand, consumer
knowledge of green industry initiatives and green brands, beliefs relating to corporate
responsibility, subjective norms, motivation to research, search and buy green apparel and
attitudes toward purchasing green clothing were found to influence purchase intention
and purchase behavior of green textiles and apparel [30]. Consumer demography (i.e.,
geography, age, etc.) influences sustainable clothing purchases [31]. For instance, younger
consumers show more favorable attitudes toward environmentally responsible clothing
consumption [32]. Consumers’ belief that they can positively impact the environment
through their buying of sustainable apparel (a term called ‘perceived consumer effective-
ness’) positively impacts the purchase intention of sustainable apparel [33]. Additionally,
consumers’ belief that a particular product matches their personal style and value (a term
called ‘perceived personal relevance’) positively impacts the purchase intention of sustain-
able apparel [33]. Similarly, the subjective perception of ease or difficulty of engaging in
any behavior (termed ‘perceived behavior control’) is associated with sustainable apparel
purchases [34].

However, as stated earlier, environmental knowledge does not often translate into
behavior [35]. For example, a study found that understanding clothing production’s
environmental impact did not positively influence environmentally friendly consumption
behavior [36]. Similarly, peers’ sustainable choices may not influence purchase decision-
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making [37,38]. Therefore, it is understandable that knowledge, values, beliefs, attitudes,
commitment, subjective norms, demographics, external factors and different types of
internal and external barriers play a significant role in consumer intention and decision-
making toward acquiring EPA. These variables can drive consumers to purchase sustainable
apparel in favorable circumstances.

As shown in Figure 3, consumers perceive various risks, hold different values, face
many barriers and are driven by many enablers. Subjective norms (i.e., peer pressure),
product attributes and brand reputation also play an important role in consumers’ purchase
decisions. For instance, while perceiving the financial risk of acquiring EPA (i.e., in relatively
costlier products), consumers demonstrate poor intention to purchase. Similarly, the bad
reputation of EPA brands leads to poor intention to purchase. Conversely, consumer
knowledge of the environmental impact of clothing production, positive attitudes towards
EPA and higher subjective norm score lead to higher purchase intention. From the above
discussion, it is evident that there needs to be an interplay of many favorable factors in
order for consumers to make EPA purchasing decisions. However, it can reasonably be
said that consumer knowledge of the environmental impact of products, their attitudes
towards purchasing EPA, willingness to research and ability to afford are the main drivers
of sustainable clothing acquisition [31]. These drivers might also be the precursor of other
enablers (such as perceived consumer effectiveness) and personal values [31].

Figure 3. Factors affecting sustainable clothing acquisition. Authors own compilation based on
referred literature [19,27–31,33–36,38].

3.2. Clothing Maintenance

Clothing maintenance is a significant environmental hotspot for many clothing types
(such as cotton) [16,39]. Laundering culture and frequency are the main defining factors
of clothing maintenance. Clothing maintenance is mainly influenced by everyday habits,
customs, social norms and culture [21,40]. Most consumers do not know the impact of
their clothing maintenance activities. A very negligible portion of consumers might see
the impact; however, they do not necessarily act due to the attitude–behavior gap and lack
of infrastructure. The attitude–behavior gap exists where consumers have the knowledge,
but cannot act due to various internal and external limitations. On the other hand, lack of
infrastructure also hinders sustainable behavior. For example, in most developing countries,
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such as India and Bangladesh, hand washing and line drying are prevalent. Therefore,
the reduced impact from clothing maintenance of those consumers is due to social norms
and infrastructure, rather than awareness. On the other hand, machine washing and
drying are the social norm in the United States and other developed countries. As a
result, the environmental impact of consumer clothing maintenance is simply a result of
cultural norms.

A slight modification of consumer behavior in the use phase might bring signifi-
cant environmental benefits. For instance, the elimination of tumble drying and ironing
along with washing in low-temperature settings might lead to a 50 percent reduction
in the global climate change impact of clothing products [16]. A lot of other factors de-
termine the environmental effects associated with clothing care, for example, types of
clothing cared for, lifetime number of washes, washing machine type (i.e., efficiency, front-
loading/top-loading), washing machine setting (i.e., cold or hot), geographical location,
cultures, etc. [16,39,40]. In the case of an automatic washing machine, the environmental
impact is determined by the machine type (i.e., horizontal vs. vertical loading), age of
the machine, temperature setting, load size and the number of washes. In contrast, the
impact of manual washing is determined primarily by the water and chemicals used. The
wash cycles vary by country and size of the household, and so do the energy and water
consumption. Japan was found to carry out the most significant number of wash cycles per
household, followed by North America and Australia [40]. The average water consumption
per washing cycle also varies by the type of washing machine used. The vertical axis
machine requires twice as much water as the horizontal axis machine per cycle. Water
consumption per wash cycle is the highest for North America, followed by South Korea
and Japan [40]. Electricity consumption per wash cycle was found to be greatest for Turkey,
followed by East Europe, West Europe and North America [40]. The annual electricity
consumption per household for North America from clothing wash was reported as about
124.3 kWh [40]. This variation in wash cycles and energy and water consumption suggests
that different kinds of interventions are needed for different geographical locations to make
clothing care habits sustainable. Changing consumer clothing care practice is not easy, but
rather ingrained in multiple layers of knowledge, cultures, habits, customs and geography.

Furthermore, benchmarking the environmental impact of clothing care requires know-
ing the number of times consumers wash different types of apparel. Most literature
assumed either 25 or 50 wash cycles [16,39,41]. However, in order to update the data,
Daystar et al. [3] surveyed 6000 respondents from China, Germany, Italy, Japan, the United
Kingdom and the United States to characterize the use of T-shirts, knit collared shirts and
woven pants. They determined the global average of total washes per lifetime as 17.3, 22.2,
and 23.5 washes for T-shirts, knit collared shirts and woven pants, respectively. Therefore,
it seems that the assumption of 25 cycles is logical. The average first-life use period was
determined as 37, 40, and 42 months for t-shirts, knit collared shirts and woven pants,
respectively. This result suggests a greater overall maintenance impact for the T-shirt as
it has a shorter lifetime. Still, diverse types of apparel and more geographical locations
need to be included in future studies to upgrade the global average. In addition, a detailed
analysis of the environmental impact of consumer clothing maintenance activity is needed.
Such analysis should consider a variety of existing washing machine types, their settings
and variation in consumers’ maintenance habits.

3.3. Clothing Disposal

Waste generation from throwaway clothes is a big problem that has its root in fast
fashion. Fast fashion is produced in shorter lead times, typically made with low-quality and
inexpensive materials and built-in planned obsolescence [3,5]. The low price of garments
and increased individual purchasing power entices consumers to buy a lot of fast fashion,
often impulsively [42]. However, they lose interest in the products quickly because of
fast fashion’s low quality and obsoleteness. As a result, most of these items are thrown
away long before their actual usability ends; this is termed “throwaway culture” [18]. The
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average American throws away 82 pounds of clothes yearly [43]. In 2015, the United States
generated about 16 million tons of textile waste, of which 65.7% went into landfills, 19% to
the incinerator, and 15.3% was recycled [44]. An average UK consumer throws away about
66 pounds of clothing and textiles (a total reported as 2.35 million tons), of which 74% go to
the landfill, 13% to incinerators and 13% to material recovery [16]. The average European
Union consumer generates 57 pounds of textile waste [45]. Globally, 91 million tons of
clothing are thrown away yearly; this is equivalent to one garbage truck of clothing every
second [46]. The environmental cost of this massive amount of clothing waste is enormous
in terms of groundwater pollution (from leachate), greenhouse gas (GHG) emissions and
land occupation.

Three scenarios might arise during consumer decision-making of garment disposi-
tion: (1) keep it (i.e., reuse, downcycling, etc.), (2) permanently dispose of it (throwaway,
giveaway, etc.), and (3) temporarily dispose of it (loan, rent, etc.) [1]. Based on Jacoby’s [1]
classification, the factors impacting the decision to dispose of garments can be grouped
into three categories: psychological attributes of the decision-maker (personality, attitudes,
learning, etc.), the intrinsic value of the product (condition, fit, durability, etc.) and factors
extrinsic to the product (finances, fashion change, legal, etc.). Table 1 presents the key
factors affecting clothing disposal behavior [10], as published in literature from 1980–2013.

Table 1. Factors affecting clothing disposal behavior.

Agenda Focus

Destinations Mainly focuses on where clothes go after disposal. Primary channels
identified as charity, giving away to friends and family, donations, etc.

Motivations
Focuses on the reasons behind choosing specific disposal methods. The
main motivations identified are the convenience of recycling, donating as
a form of helping others and social and environmental concerns.

Disposal reasons
Focuses on why consumers dispose of their garments. Disposal reasons
can be categorized into wear and tear, fit or size, fashion, taste or
boredom, and other reasons.

Demographics Focuses on the effect of gender differences on clothing disposal behavior.

However, there is a research gap in understanding the clothing disposal behavior
of consumers. A recent study by Bernardes et al. [47] reviewed 51 studies concerning
clothing disposal behavior. They reported that studies mainly examined how clothing
is disposed of, not why they disposed of them. Based on their review, they proposed
immediate investigations in four research directions: (1) investigating the decision-making
process of consumers’ clothing disposal, (2) examining sustainable disposal behavior,
(3) exploring external factors, and (4) improving the current methodology of understating
the issue. Nevertheless, changing consumer behavior related to discarding clothes and
waste generation is challenging. The problem is ingrained into cultural, social, and national
practice, and it requires both individual and institutional efforts to bring the desired change.
Clothing disposal is a vital consumer behavior because disposal creates the demand for
consuming virgin materials, along with incurring a significant environmental cost. Thus,
responsible behavior in the disposal phase involves actions associated with diverting
waste from landfills or incinerators through repairing, donating, reusing, repurposing
and recycling.

3.3.1. Clothing Donation

Studies reported both self-oriented reasons and others-oriented reasons behind cloth-
ing donations [48]. Self-oriented reasons are freeing up closet space, and remaining guilt-
free [44,49] and others-oriented reasons are social and environmental concerns and helping
others [50,51]. The primary motivation for donating clothes is to free up closet space [49].
Cloth donation is not primarily influenced by social consciousness, and consumers do
not regard donating clothes as valuable as donating money or food [49]. Consumers keep
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expensive and high-quality items as long as they can. They try to donate those items they
do not want to keep anymore. They throw away those items even after one-time use, long
before their useful life ends [18]. The subjective evaluation of the quality of the garment and
the sentimental value attached to it play a significant role in deciding what to donate and
what not to donate. If the sentimental value is higher, consumers tend not to donate the item
regardless of physical condition, for example, an item that reminds a memory or incident.
Consumers also hesitate to donate intimate items, for example, underwear [49]. Consumers
feel guilty about how much clothing they own and their limited use of them [49]. Putting
in environmental terms, Morlet et al. [46] reported that the clothing industry loses nearly
USD 500 billion each year due to the un-utilization of clothes.

During donation, consumers choose close family members and friends as their first
choices [49]. Charity donation is another common method of sustainable clothing dis-
posal [18]. The convenience of the donation channel is an important factor in determining
where the clothes would be donated [49]. Through the overall act of donation, consumers
gain both hedonistic (i.e., good feeling) and utilitarian value (i.e., freeing up closet space)
from donating clothes [49].

On the other side of the spectrum, a consumer who shops for donated clothes from sec-
ondhand, thrift store, and vintage shops presumably does so for both self-oriented reasons
(to look different and unique) and others-oriented reasons (economy, sustainability and
recycling) [52,53]. There exist attitudinal and contextual barriers to acquiring secondhand
apparel [54]. Attitudinal barriers include consumers’ evaluation of secondhand shops as
unhygienic, unattractive, less socially desirable, etc. In contrast, contextual barriers include
unappealing store ambience, unattractive product offerings and the price mix [54]. Among
the motivations, waste-efficiency and economy were found to be important [55]. Whatever
the case, secondhand clothes need to compete with mainstream fast fashion products to
fulfill the basic attributes of clothes, such as price, style, fit and attractiveness.

Donation is important for extending product life. Extending product life potentially
saves virgin materials and reduces waste. Previous studies estimated the extent of saving
new items from secondhand use of clothing. For instance, Patwary [56] estimated that using
100 pieces of secondhand clothing could substitute between 63–73 pieces of new clothing
for US consumers. Based on this substitution rate, the study reported that reusing 100
pieces of 100% cotton t-shirt may reduce an estimated 1.48 kg CO2, eq. of greenhouse gas
(GHG) emissions. Similarly, Nørup et al. [57] estimated that every 100 pieces of secondhand
clothing used substitutes around 45 pieces of new clothing. In the case of the United States,
clothing donation might potentially divert 10 million tons from landfills and 3 million from
the incinerator, assuming those clothes were still in their useful life [44]. Considering the
global scale of textile waste, the number would still be significant if 10% of all textile waste
were still in usable condition. Therefore, clothing donation should be encouraged.

3.3.2. Clothing Reuse and Recycle

The prolonged use of a garment can potentially reduce the overall environmental
impact of the supply chain. Prolonged use can be direct reuse after mending or repair-
ing, or reuse by others through sharing/donation, as long as the products retain some
value throughout it. Prolonged use of garments would reduce the associated manu-
facturing need and hence minimize environmental impact from the production phase.
Allwood et al. ([16], p40) reported, “Extending the life of clothing so that demand for
new products is reduced by 20% leads to a reduction of about 20% in all measures in the
producing country”. Other studies also reported the highest energy and CO2 equivalent
savings from the direct reuse of clothing [56,58]. Reducing clothing requiring 1 kg of virgin
cotton fibers through secondhand clothing or reusing might save 65 kWh. In the case of
polyester, it might save up to 90 kWh [59]. This suggests that establishing a reuse mecha-
nism for synthetic fibers (i.e., polyester, nylon) is more important than natural fibers. Fisher
et al. [58] estimated the environmental benefit of reusing cotton t-shirts and woolen jumpers
in the UK. They reported that direct reusing (e.g., from a charity shop and eBay) saves
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approximately 6.6 lbs. CO2 eq for a cotton t-shirt and 8.8 lbs. for a woolen jumper. Sandin
and Peters [60] reviewed the published literature focusing on the environmental impact
of textile reusing and recycling. Their review lent strong support to the idea that reuse
and recycling are better choices than incineration and landfill, with reusing being a better
option than recycling. However, there are cases where reusing and recycling might not be
environmentally beneficial. For example, if the use of recycled garments does not reduce
the purchasing of new clothes (i.e., low replacement rate), if the recycling is powered by
fossil energy and if the avoided production as a result of the reuse is environmentally clean.

4. Towards a Decision-Tree Framework for Mindful Clothing Consumption

Mindful clothing consumption is essential as it reduces the burden of waste from
overconsumption. It was observed from the results that clothing acquisition does not
solely depend on life cycle or circularity thinking, as there were many other factors that
influenced consumers. On the other hand, sustainable clothing maintenance seems to
be relatively more doable among consumers, if provided with the right information and
proper infrastructure. The following steps might be recommended to provide simple
instructions for sustainable clothing maintenance, as they are observed to play a critical
role in extending the useful life of the clothing [40,61].

• Wash less if you can
• Utilize the full load of the machine
• Use a cold setting (30 degrees or less)
• Use liquid detergent (because it is less abrasive)
• Use softener (because it reduces friction)
• Reduce spin speed (it provides less agitation)
• Dump lint fibers into the bin, not in the sink

Besides, extending clothing’s lifetime is vital as it reduces the need to buy new clothes.
During the care phase, consumers should wash less, utilize a full load of the machine, use
a cold temperature setting (30 or less), select the right detergents (i.e., liquid detergent),
use softener (to reduce friction and fiber breakage), reduce spin speed, empty residual lint
into a bin (not in the sink) and finally, air-dry clothes. If clothing loses its appeal to the
primary consumer but still has its useful life left, it should be channeled to others for reuse
(donate, swap, garage sell, etc.). Giving away to needy family and friends is a better option
than putting garments into donation and recycling bins. The less the clothes travel to be
reused, the better. For example, collecting garments from U.S. households and then sorting
them in and selling them in the USA is better than collecting garments from the USA and
sending them to be sorted and sold in some African countries. If a garment cannot be
directly reused, it should be recycled (either upcycled or downcycled).

It is obvious that consumers need to be knowledgeable and responsible. In every stage
of their consumption, from acquisition to disposal, they need to go through a decision tree
that can be linked to seven forms of sustainable clothing, (1) on-demand and custom-made,
(2) green and clean, (3) high quality and timeless design, (4) fair and ethical, (5) repair, re-
design and upcycle, (6) rent, lease, and swap and (7) second hand and vintage [62]. Besides,
consumer decisions should be guided by the 7Rs of fashion: reduce, rent, repair, repurpose,
recycle, reuse and resell [63]. First, consumers need to be mindful of consumption (i.e.,
asking if consumption is necessary). Second, they should rent from clothing banks or
other channels if possible. Third, they should perform a minor repair if that extends the
functional life of the item. Fourth, if repairing compromises functionality, they should
repurpose the item (such as creating other products through upcycling or downcycling).
Fifth, they should channel it to recycling if they cannot repair or repurpose it (because of a
lack of skills, financial resources or other things). Sixth, if they do not have any emotional
or functional attachment to the product, they should resell it or finally donate it for others
to reuse. Based on the above discussion, the following decision tree shown in Figure 4
can be produced for consumers and other relevant stakeholders as related to sustainable
clothing consumption.
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Figure 4. Decision tree for sustainable clothing consumption. Authors own creation following
Parischa’s study in reference [64]. The green color represents sustainable consumption practices.

Needless to say, it is challenging to change consumer habits. Unless consumers
are environmentally concerned and have available resources (in terms of money, time,
willingness, policy, incentive and infrastructure) to act, it is difficult for them to adopt
sustainable practices. Particularly, changing clothing care behavior would be challenging
unless they realize the real impact of their behavior (for example, if the electricity bill goes
up significantly, or they need to pay for the water they use to wash clothes). If consumers
understand the difference in their clothing care practice in terms of money, labor and time,
they might change their behavior. So, consumers need to be educated about the benefit of
sustainable care practices both in monetary and environmental terms [21]. Additionally,
improved technology can offer options to reduce the environmental impact of laundering;
however, it would always be in the consumers’ hands to choose those technologies and
their useful options. Therefore, consumers are key in reducing the environmental impact of
the care phase [65].
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Above all, consumer knowledge of the impact of clothing is considered ‘the best hope
for sustainability’ in the clothing industry” ([66], p. A454). Therefore, they need to be
educated on how to acquire, care for and dispose of clothing sustainably. Alternatively,
a brand-focused mindset of consumers might help to deal with a lack of knowledge [21].
For instance, if brands are held liable to produce apparel sustainably, consumers can
easily follow any brand without dealing with complex knowledge of sustainability. This
approach seems easier than changing the habits and norms of consumers because brands
and retailers operate within specific policy frameworks. Egels-Zanden and Hanson [67]
found that improved company transparency positively impacts consumer willingness to
buy products from that company. Therefore, if consumers purchase from a sustainable and
transparent brand, they can rest assured to some extent. A report published in 20220 by
McKinsey & Company and Global Fashion Agenda also suggests the same on how fashion
industry should act, and how consumers should purchase to urgently cut the greenhouse
gas emissions [68]. However, this comes with a clear understanding of opportunities
and policy implications for the industries [69]. By doing so, value chain flexibility can be
achieved, which ultimately favors the metrics related to sustainable development goals.
Nevertheless, a sector-wise ethics and sustainability guideline needs to be set up by the
legislating body, because an individual initiative might put a brand at a disadvantageous
position [21]. Among all three perspectives of sustainable clothing behavior, it seems that it
would be easier to bring a change in sustainable clothing care behavior than purchasing
and disposal [21]. However, barriers to sustainable clothing are ingrained at an individual
level, social and cultural level and industry level [15]. Therefore, it is not possible to bring
change overnight. It would take interventions on all three levels, and obviously, it would
be a slow process.

5. Conclusions

This study reviewed published studies to synthesize the existing body of knowledge
related to sustainable clothing consumption behavior. We synthesized studies into three
main phases of clothing consumption: acquisition, maintenance and disposal. While re-
viewing relevant information, the study examined typical clothing consumption behavior
and sustainable approaches. It is understood that the current form of clothing acquisition,
maintenance and disposal behavior was not sustainable even among the highly knowl-
edgeable consumers, suggesting the current patterns are not circular and we need many
efforts to make apparel consumers better understand the good practices. It is also clear
that there is no standard sustainable way that is followed among consumers in terms of
clothing acquisition, maintenance and disposal. Building on the synthesis, we provided a
decision tree for guiding consumers to exercise sustainable clothing consumption behavior.
Therefore, it is not possible to bring change overnight. It would take interventions at the
individual, social, cultural and industry levels, and obviously, it would be a slow pro-
cess. Additionally, it is observed that consumer behavior is dynamic, so we believe future
studies should update the decision tree as new knowledge emerges. Additionally, studies
should test the decision tree to educate and measure consumer knowledge of sustainable
clothing consumption.
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Abstract: The broad spectrum of bioresource use makes it challenging to interconnect strategic
objectives and policy planning documents without compromising a coherent development vision.
Bioeconomy development directions have been defined at the EU and Latvian levels. Nevertheless, to
facilitate their implementation, the goals must be consistent with those specified in relevant national
policy planning documents and vice versa. To determine whether internationally defined bioeconomy
objectives are implemented in Latvian policy planning documents and what priority is given to them,
a mixed methods approach was used—a systematic literature review combined with a keyphrase
assignment approach. The results are summarized in an illustrative screening matrix and aggregated
using the TOPSIS method to identify in which policy planning documents bioeconomy objectives are
prioritized and to what extent. The results have shown a high prioritization of bioeconomy objectives
in Latvian policy planning documents, especially in hierarchically higher documents.

Keywords: bioeconomy strategy; policy coherence; policy framework; strategic development

1. Introduction

The year 2022 marks the 10th anniversary of the first European Bioeconomy Strategy
“Innovating for sustainable growth—A bioeconomy for Europe” (further EBS) [1,2]. The
EBS sets out a series of objectives aimed at expanding the use of bioresources and under-
lining the need to move from the “old” to the “new” bioeconomy—knowledge-based and
innovative [2,3]. The aim is to improve the current practices in land use and resources
sustainably, to reduce emissions during resource extraction and processing, to lessen waste
and use by-products to create higher value-added products, to move towards a circular
economy, to minimize the use of non-renewable, unsustainable resources and adopt other
environmentally friendly practices [2,3]. The bioeconomy has not lost its relevance over the
last 10 years. On the contrary, global climate change, the current geopolitical situation, and
rising energy prices further emphasize the need for the sustainable use of bioresources and
the replacement of fossil fuels [4,5].

The economic impact of the COVID-19 pandemic and the tense geopolitical situation
with the active warfare in Ukraine has created a situation where energy and food prices
are rising rapidly due to disrupted and uncertain supply. The objectives of the EBS [6]
are now central and could be a solution in terms of replacing fossil fuels with renewable
resources under the condition of efficient and knowledge-based use of bioresources [5,7].
As the application of bioresources is wide-ranging, the EBS should be seen as a part of a
larger equation, which could be solved by attaining coherence between policies affecting
the bioeconomy and bioresources management at the international and the EU Member
State level. Latvia is no exception. Therefore, bioeconomy development potential in Latvia
should be assessed in order to identify the coherence between policy planning documents
concerning different domains (external coherence) and also within each policy domain
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to verify the consistency of expressed policy goals, instruments, and other policy-related
signals (internal coherence) [8].

Coherent policy-making across sectors could contribute to environmental sustainabil-
ity and the development of successful national and regional cooperation mechanisms for
forming functional regulation mechanisms and achieving common goals [4,8]. National
action plans for the governance of bioresources aligned with international targets could
ease food and energy supply risks, promote more rational and efficient use of bioresources,
and prevent rapid and unpredictable inflation in Latvia and across the EU [5]. It is essential
to identify whether Latvia’s policy planning documents are coherent regarding the internal
and external policy domains of bioeconomy development opportunities [4,8,9]. Whether
the implementation of the overall strategic vision of bioeconomy development is follow-
ing a top-down approach and maintains coherence at all levels is therefore important to
identify [10,11].

2. Materials and Methods

2.1. Systematic Literature Review

A methodology was developed to identify a framework for developing the bioeconomy
in Latvia’s policy planning documents (Figure 1). The authors first identified internationally
important documents that outline the main bioeconomy development trends and priorities.
Three documents were selected: the 2009 OECD report “The Bioeconomy to 2030. Designing
a Policy Agenda” [12]; EBS (2012) [6] and the EBS Action plan “A sustainable bioeconomy
for Europe. Strengthening the connection between economy, society and the environment:
updated bioeconomy strategy” (2018) [13]; UN “Transforming our world: the 2030 Agenda
for Sustainable Development” (2015) [14,15]. The objectives and action lines for bioeconomy
development in these documents were identified through a systematic literature review
(SLR). From the identified objectives, keywords were selected for further work with Latvian
policy planning documents [16] to determine whether their objectives for bioeconomy
development coincide with those set at the international level.

Figure 1. Methodology for assessment of policy planning documents at the international and national
level.

The next step was to select Latvia’s policy planning documents for further analysis.
This step was also necessary to understand whether the documents coincide with the inter-
national purpose of the bioeconomy [11,17]. A total of 10 policy strategies and development
plans directly related to the bioeconomy were selected (Appendix A) using a hybrid search
strategy—SLR in combination with snowballing [18]. The search began with the analysis
of the Latvian Bioeconomy Strategy 2030 (further LBS) and expanded the set to policy
planning documents in relation to it and to the development of the bioeconomy. Further, a
keyphrase/keyword assignment approach (KAA) [16,19,20] in combination with SLR was
used to identify the specification of the internationally agreed objectives in the selected
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Latvian policy planning documents. This would also allow for assessing the level of prior-
ity given to them. The results were presented in an illustrative screening matrix using a
Likert-type scale [21], where more mentions of an objective indicated its higher priority.
The priority of an objective was determined by the number of times it was mentioned in
the policy planning document, as shown in Table 1.

Table 1. Rating scale for the illustrative screening matrix.

Rating Level of Priority Interaction

1 not a priority no mention

2 low priority 1–2 mentions

3 medium priority 3–4 mentions

4 high priority 5–8 mentions

5 essential 9 and more mentions

The SLR has its roots in evidence-based policy and practice. It can be used to ad-
dress environmental issues and evaluate policies and policy instruments [22–24]. One
of the strengths of the SLR is that it allows one to answer a specific question or test a
hypothesis [22,24]. Hence, the SLR method was chosen to identify international objectives
and later to improve the quality of the illustrative screening matrix, showing the priority
given to each of the international objectives identified above in the policy planning docu-
ments. SLR can be very time-consuming; therefore, KAA [19,20] was applied to reduce the
time needed to review all 10 of Latvia’s policy planning documents. The KAA was chosen
because it is less time-consuming and helps to revise a document and the issue more closely
while maintaining consistency [19,20]. Latvian policy planning documents range in length
from 32 pages [25] to 228 pages [26], therefore, looking for pre-assigned keyphrases and
keywords (Table 2) identified at the international level helped to maintain the scope and to
constrain the study to a concise timeframe.

Table 2. Assigned keyphrases and keywords.

No. Identified Objectives and Action Lines Keyphrases and Keywords *

O1 Ensure food and nutrition security food security, ensure food, food availability

O2 Manage natural resources sustainably natural resources; sustainability; resources; natural

O3
Reduce dependence on non-renewable,

unsustainable resources dependence; non-renewable; fossil

O4 Limit and adapt to climate change climate change; adaptation

O5
Strengthen European competitiveness and create

jobs
employment; jobs; promoting employment;

competitiveness

A1
Strengthen and scale up the biobased sectors, unlock

investments and markets
biobased; attracting investment; innovation;

investment

A2
Deploy local bioeconomies rapidly across the whole

of Europe bioeconomy; bioresources; regions

A3
Understand the ecological boundaries of the

bioeconomy ecological; boundaries; biological

* Keyphrases and keywords searched in documents in Latvian by using the word root.

2.2. Multi-Criteria Decision Analysis

An illustrative screening matrix was developed from the results of SLR and KAA.
It shows the priority level of the international bioeconomy development goals in each
of Latvia’s policy planning documents. To determine which of the ten policy planning
documents has the highest level of coherence with the internationally defined bioeconomy
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development objectives, the authors carried out a multi-criteria decision analysis—the
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS).

The advantage of the TOPSIS method is its simplicity and the relatively small amount
of data required to apply it [27,28]. The TOPSIS method is used for decision-making
in various areas, including the evaluation of strategies by determining the proximity of
predefined alternatives to the ideal positive and negative solutions [27–29]. One component
of the TOPSIS calculation is the application of weighted criteria values. The calculation is
then repeated with equal weights to determine the impact of the weights on the obtained
results. [28]. The calculation was performed according to the steps and formulas listed
below [30–32].

D =

C1 . . . Cn
A1
...

Am

⎛
⎜⎝

x11 · · · x1n
...

. . .
...

xm1 · · · xmn

⎞
⎟⎠ (1)

where:
A1 . . . Am—comparable alternatives;
C1 . . . Cn—criteria according to which the comparison is performed;
xij—performance/value of alternative Ai (where i is alternative 1 to m) according to criterion
Cj (where j from 1 to n).

Dnorm =

C1 . . . Cn
A1
...

Am

⎛
⎜⎝

r11 · · · r1n
...

. . .
...

rm1 · · · rmn

⎞
⎟⎠ (2)

The next step is to calculate the normalized rating using the formula:

rij =
xai√

∑n
a=1 x2

ai

(3)

When the normalized evaluation of all alternatives according to the criteria specified
in Table 2 is obtained, it is necessary to determine the individual weight wi of each criterion.
Weights are determined by meeting a condition—the sum of criterion weights is equal to 1.

Expert evaluation is used to determine the individual weight of each criterion. As
criteria weights, expert evaluation was obtained by Dolge et al. [33], analyzing the national
bioeconomy strategies of nine EU countries using the TOPSIS method. The identified
objectives and action lines in Table 2 coincide with the evaluation criteria set out in the
study by Dolge et al. [33] (EBS objectives and EBS Action plan action areas); therefore, in
order to ensure continuity and comparability of the studies, it was decided to use the expert
evaluation in this research as well (Table 3). The expert evaluation was obtained through
an online survey of industry stakeholders involved in any of the primary bioresources
production or processing sectors or in scientific research in the field of bioeconomy, climate,
and environmental sustainability [33]. The experts were asked to rate each of the criteria
to detect the most important ones for the rapid development of the bioeconomy [33]. The
weights of the criteria are the average of the 27 experts’ responses for each criterion, giving a
total of 1 or 100% for all criteria [33] (Table 3). The criterion weights obtained were inserted
into the TOPSIS matrix and used for further calculations. In the next step, the criteria
weight values wi obtained from the expert evaluation are multiplied by the normalized
values ria to obtain the normalized weighted value vai, as shown in Equation (4):

vai = wi ∗ ria (4)
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Table 3. Expert evaluation used for criterion weights [33].

No. Criteria Criterion Weights, wi

1 O1—Ensure food and nutrition security 0.11

2 O2—Manage natural resources
sustainably 0.18

3 O3—Reduce dependence on
non-renewable, unsustainable resources 0.19

4 O4—Limit and adapt to climate change 0.12

5 O5—Strengthen European
competitiveness and create jobs 0.10

6
A1—Strengthen and scale up the

biobased sectors, unlock investments and
markets

0.13

7 A2—Deploy local bioeconomies rapidly
across the whole of Europe 0.08

8 A3—Understand the ecological
boundaries of the bioeconomy 0.09

TOTAL: 1.00 (100%)

When the normalized weighted decision matrix is constructed, the ideal positive
solution d+a and the ideal negative solution d−a are calculated. Initially, the distance to the
ideal solution (MAX) and the distance to the anti-ideal solution (MIN) are determined.
Distances are determined by formulas:

=MAX(va1:va3) (5)

=MIN(va1:va3) (6)

After determining the distance to the ideal and anti-ideal solution, the next step is to
determine the ideal positive and ideal negative solution according to the formulas:

d+a =

√
∑n

j=1

(
v+i − vai

)2 (7)

d−a =

√
∑n

j=1

(
v−i − vai

)2 (8)

The relative proximity of the alternative to the ideal solution is calculated as shown in
formula No. 9:

Ca =
d−a

d+a + d−a
(9)

The result is equal to values that show the proximity of the alternative to the ideal
positive solution and the distance from the ideal negative solution.

To determine the impact of the weights of the criteria set by the expert evaluation
(Table 3) on the evaluation of criteria, a re-evaluation of the criteria is performed, assigning
equal values to all alternatives by using the same equations described above.

3. Results

3.1. International Policy Framework of Bioeconomy

Three leading policy planning documents were selected for identifying internationally
established directions for bioeconomy development. The 2009 OECD report “The Bioecon-
omy to 2030. Designing a Policy Agenda” [12] lays the foundations for a strategic view of
the bioeconomy and the benefits that could arise from the wider use of bioresources and
biotechnologies [15]. The report states that the bioeconomy has all the potential needed to
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ensure long-term economic and environmental sustainability, however, to achieve this, a
broad public and national government support is crucial [12]. The OECD report identifies
nine vital challenges in the bioeconomy till 2030 [12] and they are summarized in Table 4.

Table 4. Objectives and actions identified at international level to develop bioeconomy [12] (pp.
287–293), [6,14] (pp. 9–11), [13] (pp. 10–22).

OECD “The Bioeconomy to 2030. Designing
a Policy Agenda” [12]

UN Agenda for Sustainable Development 2030
[14]

European Bioeconomy Strategy (2012,
2018) [6,13]

reverse the neglect of primary production and
industrial applications;

Goal 2: eradicate hunger, achieve food security and
improved nutrition, and promote sustainable

agriculture;
O1—ensure food and nutrition security;

prepare for a costly but beneficial revolution in
healthcare;

Goal 7: ensure universal access to affordable,
reliable, sustainable, and modern energy services;

O2—manage natural resources
sustainably;

manage the globalization of the bioeconomy; Goal 8: promote sustained, inclusive, and
sustainable economic growth, full and productive

employment, and decent work for all;

O3—reduce dependence on
non-renewable, unsustainable resources;turn the economically disruptive power of

biotechnology to advantage;

prepare for multiple futures; Goal 12: ensure sustainable consumption and
production patterns; O4—limit and adapt to climate change;

maximize the benefits of integration; Goal 13: take urgent action to combat climate
change and its impact;

O5—strengthen European competitiveness
and create jobs

reduce barriers to biotechnology innovation;
Goal 14: preserve and sustainably use the oceans,
seas, and marine resources to ensure sustainable

development;

(A1)—strengthen and scale up the
biobased sectors, unlock investments and

markets;

create a dynamic dialogue between
governments, citizens, and firms;

Goal 15: protect, restore, and promote sustainable
use of terrestrial ecosystems, sustainably manage

forests, combat desertification, and halt and
reverse land degradation and halt biodiversity loss.

(A2)—deploy local bioeconomies rapidly
across the whole of Europe;

prepare the foundation for the long-term
development of the bioeconomy.

(A3) understand the ecological boundaries
of the bioeconomy.

The role of the bioeconomy as a globally significant driver for future development is
reinforced and complemented by the plan—“Transforming our world: the 2030 Agenda for
Sustainable Development”, adopted by the UN in 2015 [14]. The 17 Sustainable Develop-
ment Goals (further SDGs) include a series of actions aimed not only at eradicating poverty
and hunger but also at combating climate change by encouraging responsible and efficient
use of resources and other environmentally friendly measures [14]. Seven of the SDGs are
more closely linked to bioeconomy development and are summarized in Table 4 [14,25].

In 2012, shortly after the OECD report was published, the EU adopted its first EBS [6]
to address ecological, environmental, energy, food supply, and bioresource challenges [15].
As a result, a set of five key objectives for promoting and strengthening the bioeconomy
were brought forward (Table 4) [6]. The EBS was designed to complement existing EU
policies such as the Common Agricultural Policy and Common Fisheries Policy and invited
EU Member States to develop their own national strategies in order to place bioeconomy
on their policy agenda [6].

A few years later in 2018, the existing EBS was revised, and the direction of the strategy
was adjusted by adding new areas of action [2,6,13]. An updated EBS “A sustainable
bioeconomy for Europe. Strengthening the connection between economy, society and the
environment: updated bioeconomy strategy”, and Action Plan were adopted [13]. The
Action Plan identifies three action areas (Table 4), under which a total of 14 sub-activities
are identified [2,13]. The EBS Action Plan (2018) is created taking into account and is closely
interlinked with the SDGs [2].

The objectives and action lines summarized in Table 4 are listed in the order in which
they appear in each document, without attempting to group them thematically or by
importance. Table 4 shows the main goals of the documents and, as they do not show
conflicting ideas, for further analysis only the objectives and action lines from the EBS and
EBS Action Plan will be used in order to reduce the number of keywords to be searched for
in the policy planning documents. An additional argument for the keywords being drawn
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only from the EBS and EBS Action Plan is that the documents adopted by the OECD [12]
and the UN [14] have been taken into account in the development of the EBS [6] and later
EBS Action Plan [13].

In addition, four keywords were added as the major sources of bioresources: agricul-
ture, forest sector, fisheries, and aquaculture. Hence, it would be possible to determine
whether one of these three sectors is being developed more or, on the contrary, neglected.

On average, between 15 and 20 keywords or keyphrases in Latvian were used per
policy document, with the potential to indicate the inclusion of the objectives listed in
Table 4 or the three bioeconomy-related sectors in policy documents.

3.2. National Policy Framework—The Latvian Bioeconomy Strategy

The LBS was adopted in 2017 [25] in regard to Latvia’s highest hierarchical long-term
planning document—the Latvian Sustainable Development Strategy 2030 [34]. Latvia’s
Sustainable Development Strategy 2030 sets a goal “to become the EU leader in the preser-
vation, increase, and sustainable use of natural capital” [25,34], but, to achieve this, the
bioeconomy needs to be given a more important role at the national level, and possible
directions for development need to be identified. Bioeconomy in Latvia encompasses
many economic sectors that can be divided into several groups: primary production of
bioresources (agriculture, forest sector, fisheries); processing sectors of bioresources, where
operation completely or mainly depend on bioresources; processing sectors of bioresources,
where bioresources compete with other raw materials or replace them; service sectors using
bioresources [25].

LBS states that Latvia has ample opportunities to successfully develop the bioeconomy
and use natural resources sustainably and as efficiently as possible [25]. Through the
development of the bioeconomy, land resources could be used in a strategic and sustainable
manner and new well-paid jobs could be created [25]. An important future development
would be the reduction in waste in manufacturing and processing industries and the
substitution of fossil resources for bioresources [25]. Objectives and action directions
defined by the LBS are presented in Table 5 [25].

Table 5. Objectives of the Latvian Bioeconomy Strategy 2030 [25] (pp. 5–22).

Latvian Bioeconomy Strategy 2030

Objectives Action Directions

(1) promotion and preservation of employment
in bioeconomy sectors to up to 128 thousand

employees
Attractive Entrepreneurial Environment

(2) increasing the added value of bioeconomy
products to at least 3.8 billion euros in 2030

Result-oriented Efficient and Sustainable
Resource Management

(3) increasing the value of bioeconomy export
production to at least 9 billion euros in 2030 Knowledge and Innovations

Promotion of Manufacturing the Produce in
Bioeconomy

Socially Responsible and Sustainable
Development

3.3. Latvian Policy Planning Documents Related to the Bioeconomy

For the analysis of Latvian policy planning documents, 10 long-term and medium-
term planning documents (Appendix A) were identified by using SLR in combination with
snowballing. Starting with LBS [25], then expanding the selection to the Latvian Sustainable
Development Strategy 2030 [34] and documents related to waste management [26], achiev-
ing climate neutrality [35], moving towards a circular economy [36], and other thematically
related policy planning documents. To determine how the bioeconomy development
possibilities are covered and to what extent was prioritized by these documents.
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In terms of year of adoption, the earliest document in the set is the Sustainable
Development Strategy of Latvia 2030 [34], adopted in 2010, followed by the LBS [25],
adopted in 2017 (Appendix A). Other policy planning documents were adopted in 2019
or earlier. Most policy documents in Appendix A set out not only the objectives to be
achieved, but also specific action lines and performance indicators. Documents with
actions defined in a generic manner, without specific actions, are the Strategy of Latvia
for the Achievement of Climate Neutrality by 2050 [35] and the LBS [25]. The Strategy
of Latvia for the Achievement of Climate Neutrality by 2050 and LBS are the only policy
planning documents in the selection of documents that are “informative reports” and do
not have action plans. LBS does not set qualitative or quantitative indicators to measure
the achievement of the objectives [25]. An important element in achieving objectives set
out in policy planning documents is an interim evaluation to monitor the progress of the
implementation. Sustainable Development Strategy of Latvia 2030 [34]; Strategy of Latvia
for the Achievement of Climate Neutrality by 2050 [35]; Latvian National Development Plan
2021–2027 [37] and National Energy and Climate Plan for 2021–2030 [38] have incorporated
a periodic or mid-term evaluation. Documents that do not include a mid-term assessment
are the LBS [25]; Action Plan for the Transition to a Circular Economy 2020–2027 [36], and
Environmental Policy Guidelines 2021–2027 [39].

Half of the revised policy planning documents do not have indicative funding for
implementation. In addition, the LBS has no indication of the approximate amount or
possible sources of funding for the promotion and development of the bioeconomy [25].
Regarding the source of funding, some of the policy planning documents (Appendix A)
include a statement that the action lines will be implemented within the existing national
budget, putting a particular emphasis on the possibility to attract funding from the EU
Structural Funds, as well as other sources of funding, including private finance.

3.4. Implementation of International Objectives in Latvia’s Policy Planning Documents
3.4.1. Illustrative Screening Matrix

The results obtained with KAA and SLR on the prioritization of bioeconomy develop-
ment goals in Latvian policy planning documents were normalized according to Table 1.
Acquired ratings were displayed in the illustrative screening matrix (Table 6). The matrix
does not analyze the nature of interactions but looks at the priority of objectives (Table 4) in
Latvian policy planning documents by counting mentioned keyphrases and keywords in
the context of bioeconomy objectives. The assumption is that the more often an objective or
action line is mentioned in a policy document, the higher the priority is given to it and the
more likely it is to be implemented.

The illustrative screening matrix (Table 6) not only allows one to assess the priorities
set in Latvian policy planning documents in relation to internationally defined objectives
and action lines but also allows one to estimate the internal and external coherence between
different policy domains (Figure 2) [8]. Additionally, vertical interactions can be observed—
whether international-level documents are implemented on a national level, and on lower-
level planning documents related to the bioeconomy sector [8]. Horizontal interactions
show whether there is synergy between the objectives set out on international and local
level policy planning documents across external and internal dimensions [8].
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Table 6. Illustrative screening matrix.

Long-Term and
Medium-Term

Planning Documents

Bioeconomy-Related Objectives and Action Lines Stated in
European Bioeconomy Strategy (2012, 2018) (Table 4)
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Sum
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Sustainable Development
Strategy of Latvia until 2030

[34]
4 5 2 5 5 21 4 3 5 12 5 2 3 10

Strategy of Latvia for the
Achievement of Climate
Neutrality by 2050 [35]

4 5 5 5 5 24 5 4 4 13 5 4 2 11

Latvian National
Development Plan 2021–2027

[37]
3 5 2 5 5 20 5 5 4 14 2 2 2 6

Latvian National Energy and
Climate Plan for 2021–2030

[38]
2 3 3 5 4 17 4 3 1 8 4 4 2 10

Latvian Bioeconomy Strategy
2030 [25] 5 5 5 4 5 24 5 5 3 13 5 5 5 15

Latvia’s Adaptation to
Climate Change Plan for the

Period Until 2030 [40]
2 3 2 5 3 15 2 1 3 6 5 4 4 13

National Waste Management
Plan for 2021–2028 [26] 2 5 3 4 1 15 4 1 1 6 2 2 1 5

National Industrial Policy
Guidelines for 2021–2027 [41] 3 3 1 5 5 17 5 5 4 14 4 3 1 8

Action Plan for the Transition
to a Circular Economy

2020–2027 [36]
3 5 1 1 3 13 5 3 3 11 3 1 1 5

Environmental Policy
Guidelines 2021–2027 [39] 1 5 1 5 1 13 2 4 5 11 5 3 2 10

Rating per objectives and
action lines 29 44 25 44 37 41 34 33 40 30 23

Figure 2. Coherence amongst bioeconomy-related international and national policy planning docu-
ments (adapted from [8]).

The illustrative screening matrix indicates that Latvia’s long-term and medium-term
policy planning documents, in general, prioritize the same objectives and action lines that
have been set at the international level by the EU, UN, and OECD. Highest-level policy
planning documents such as the Sustainable Development Strategy of Latvia until 2030 [34],
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Strategy of Latvia for the Achievement of Climate Neutrality by 2050 [35], Latvian National
Development Plan [37], Latvian National Energy and Climate Plan for 2021–2030 [38], and
the LBS [25] give high priority to the international bioeconomy objectives. However, it was
already expected for the LBS to score the highest out of the set of documents considered
because the LBS itself mentions that it has been designed taking into account the objectives
set by the EBS [25]. A lower level of prioritization can be observed in policy documents
that define strategic development in more specific areas such as waste management [26],
circular economy [36], and adaptation to climate change [40], because of having more
specific deliverables but on average showing high results in the overall policy framework
for bioeconomy development.

The results obtained by adding up the objectives (O1–O5), action lines (A1,A2), and
bioeconomy sectors (agriculture, forest sector, fisheries, and aquaculture) were assessed
separately in the illustrative screening matrix (see Table 6). This allowed us to assess the
inclusion of the internationally agreed objectives in Latvia’s policy planning documents,
as well as to identify whether the EBS Action Plan adopted in 2018 is taken into account.
The priority given to bioeconomy sectors in each of the documents was also assessed, thus
showing which of them is being prioritized.

The evaluation of the policy planning documents (Table 6) by adding up the objectives
(O1–O5) showed that the LBS [25] and the Strategy of Latvia for the Achievement of
Climate Neutrality by 2050 [35] have the highest ranking with 24 points. The following
documents are next in order of points—the Sustainable Development Strategy of Latvia
until 2030 [34] with 21 points, the Latvian National Development Plan 2021–2027 [37] with
20 points, and close behind with 17 points the Latvian National Energy and Climate Plan for
2021–2030 [38], and the National Industrial Policy Guidelines for 2021–2027 [41]. Latvia’s
Adaptation to Climate Change Plan for the Period Until 2030 [40] and the National Waste
Management Plan for 2021–2028 [26] obtained 15 points each. The lowest scores are shown
by the Action Plan for the Transition to a Circular Economy 2020–2027 [36] (13 points) and
the Environmental Policy Guidelines 2021–2027 [39] (13 points).

The analysis of the inclusion of action lines from the EBS Action Plan (A1–A3) in
policy documents showed that none of the documents scored the highest possible score
of 15, but both the Latvian National Development Plan 2021–2027 [37] and the National
Industrial Policy Guidelines for 2021–2027 [41] scored close with 14 points each. Two policy
documents scored highly, with 13 points the Strategy of Latvia for the Achievement of
Climate Neutrality by 2050 [35] and the LBS [25]. The Sustainable Development Strategy of
Latvia until 2030 [34] obtained 12 points, and both the Action Plan for the Transition to a
Circular Economy 2020–2027 [36] and the Environmental Policy Guidelines 2021–2027 [39]
scored 11 points. Policy documents with the lowest scores were the Latvian National
Energy and Climate Plan for 2021–2030 [38] (8 points), Latvia’s Adaptation to Climate
Change Plan for the Period Until 2030 [40] (6 points), and the National Waste Management
Plan for 2021–2028 [26] (6 points).

The score per sector (agriculture, forest sector, fisheries, and aquaculture) in policy
planning documents shows a bit of a different breakdown. The LBS [25] obtained the
maximum score of 15 points. The next highest score is reached by Latvia’s Adaptation
to Climate Change Plan for the Period Until 2030 [40] (13 points), and the Strategy of
Latvia for the Achievement of Climate Neutrality by 2050 [35] (11 points). The Sustainable
Development Strategy of Latvia [34], the Latvian National Energy and Climate Plan for 2021–
2030 [38], and the Environmental Policy Guidelines 2021–2027 [39] have the same score
of 10 points. Other policy planning documents have scored less—the National Industrial
Policy Guidelines for 2021–2027 [41] (8 points), the Latvian National Development Plan
2021–2027 [37] (6 points), the National Waste Management Plan for 2021–2028 [26], and the
Action Plan for the Transition to a Circular Economy 2020–2027 [36] (5 points).

Despite the fact that the EBS was taken into account in the development of the LBS [25],
it has not received the highest possible scores, although it shows the greatest consistency
with the internationally defined objectives (O1–O5) and action lines (A1–A3). It should
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be noted that the LBS scored highest in the bioeconomy sectoral assessment, giving equal
priority to all three sectors. Comparatively higher scores in the objective assessment were
achieved by higher level policy planning documents as well as the National Industrial
Policy Guidelines for 2021–2027 [41], which can be considered a positive trend as it shows
that internationally defined bioeconomy development objectives are being taken into
account. The presence of the National Industrial Policy Guidelines among the highest
scoring documents should be seen as a logical outcome, as a knowledge-based innovative
bioeconomy is one of the five knowledge areas (RIS3) identified for Latvia and discussed in
more detail in the document [41].

The assessment of the implementation of the actions (A1–A3) of the EBS Action Plan in
policy planning documents has shown similar results, with the National Industrial Policy
Guidelines [41] scoring second highest. The Latvian National Energy and Climate Plan for
2021–2030 [38] scored relatively low compared to other hierarchically higher documents,
possibly due to its thematic focus on energy and energy efficiency issues, with less attention
to ecological boundaries. The bioeconomy sectors (agriculture, forest sector, fisheries, and
aquaculture) have received varying attention in the policy planning documents reviewed.
As already mentioned, the LBS has given equal priority to all sectors. No clear correlation
can be discerned between the prioritization of bioresource extraction sectors in higher and
lower-level policy planning documents.

Looking at the priority areas assigned to the objectives related to the development of
the bioeconomy in the policy planning documents (Table 6—O1–O5, (A1)–(A3) vertically)
the results indicate that in Latvian policy documents, priority is given to O2—“manage
natural resources sustainably” (44 points) and O4—“limit and adapt to climate change” (44
points). Slightly lower scores are received by (A1)—“strengthen and scale up the biobased
sectors, unlock investments and markets” (41 points) and O5—“strengthen European
competitiveness and create jobs” (37 points); (A2)—“deploy local bioeconomies rapidly
across the whole of Europe” (34 points) and (A3)—“understand the ecological boundaries
of the bioeconomy” (33 points). The lowest priority was given to objectives O1—“ensure
food and nutrition security” (29 points) and O3—“reduce dependence on non-renewable,
unsustainable resources” (25 points).

The priority given to the agriculture, forest sector, fisheries, and aquaculture sectors
in Latvia’s policy planning documents altogether was assessed to determine whether any
bioresource sector is prioritized over others. The assessment shows that the highest priority
in the context of the bioeconomy is given to developing the agricultural sector (40 points);
the forest sector scores lower with 30 points and the least priority is given to developing
fisheries and aquaculture with 23 points.

3.4.2. TOPSIS Results

The TOPSIS criteria were weighted according to expert evaluation [33] (Table 3).
The experts determined which of the criteria (Table 2) could play a crucial role in the
development of the bioeconomy in Latvia. Thus, the TOPSIS analysis results would reveal
which of Latvia’s policy planning documents puts the most emphasis on a particular
objective.

Therefore, the prioritized bioeconomy development objectives in the policy planning
document combined with expert evaluation (Table 3), identifying which of these objectives
are most important, were the ideal positive solution. In the evaluation of the Latvian
policy planning documents using the TOPSIS method, with criteria weights (Table 3), the
LBS [25] (0.98), and the Strategy of Latvia for the Achievement of Climate Neutrality by
2050 [35] (0.98) have the highest score and are the closest to the ideal positive solution for
bioeconomy development in Latvia (Figure 3). The Sustainable Development Strategy of
Latvia 2030 [34] with 0.58 points and the Latvian National Development Plan 2021–2027 [37]
with 0.57 points scored significantly lower; the next closest to the ideal solution was the
Latvian National Energy and Climate Plan for 2021–2030 [38] with 0.46 points. The next
highest scorers are policy planning documents aimed at developing a specific policy area or
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sector—the National Waste Management Plan for 2021–2028 [26] (0.38 points); the National
Industrial Policy Guidelines for 2021–2027 [41] (0.37 points); and the Environmental Policy
Guidelines 2021–2027 [39] (0.23 points). Latvia’s Adaptation to Climate Change Plan for
The Period Until 2030 [40] and the Action Plan for the Transition to a Circular Economy
2020–2027 [36] received only 0.22 points.

 

Figure 3. TOPSIS results on prioritized objectives and action lines in the Latvian policy planning
documents.

TOPSIS results with applied equal criteria weights show similar results as when ap-
plying the criteria weights determined by experts. The policy planning documents closest
to the ideal positive solution are the Strategy of Latvia for the Achievement of Climate
Neutrality by 2050 [35] (0.96) and the LBS [25] (0.95) (Figure 3). The Sustainable Develop-
ment Strategy of Latvia 2030 [34] with 0.76 points and the Latvian National Development
Plan 2021–2027 [37] with 0.76 points scored significantly higher than in the evaluation
with criteria weights set by experts, however, these two documents maintain the third
and fourth highest ranking. The National Industrial Policy Guidelines for 2021–2027 [41]
showed a better result with equal criteria weights by scoring 26 points higher than in the
evaluation with criteria weights determined by expert evaluation (0.64 points). The Latvian
National Energy and Climate Plan for 2021–2030 [38] with 0.43 points has almost a similar
score as in the previous assessment with weights assigned by experts. Farther from the
positive ideal solution are the Environmental Policy Guidelines 2021–2027 [39] (0.36 points),
the Action Plan for the Transition to a Circular Economy 2020–2027 [36] with 0.33 points,
Latvia’s Adaptation to Climate Change Plan for the Period Until 2030 [40] with 0.26 points,
and National Waste Management Plan for 2021–2028 [26] with 0.23 points.

The TOPSIS analysis on agriculture, forest sector, and fisheries and aquaculture in
Latvian policy planning documents (Figure 4), with equal criteria weights, has shown the
following results. One document is the ideal positive solution with 1.00 point—the LBS [25].
Latvia’s Adaptation to Climate Change Plan for the Period Until 2030 [40] is the second
closest with 0.92 points. Other policy planning documents scored lower in the TOPSIS
assessment. The third document that is the closest to the ideal positive solution is the
Strategy of Latvia for the Achievement of Climate Neutrality by 2050 [35] (0.52). The fourth
is the Latvian National Energy and Climate Plan for 2021–2030 [38] (0.46), and the fifth is
the Sustainable Development Strategy of Latvia 2030 [34] (0.45). The Environmental Policy
Guidelines 2021–2027 ranked close to this score [39] (0.38). The National Industrial Policy
Guidelines for 2021–2027 [41] obtained 0.18 points, the Latvian National Development Plan
2021–2027 [37] 0.08 points, and the National Waste Management Plan for 2021–2028 [26]
with 0.03, and the Action Plan for the Transition to a Circular Economy 2020–2027 [36] with
0.01 are the furthest away from the ideal positive solution.
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Figure 4. TOPSIS results on agriculture, forest sector, fisheries, and aquaculture.

4. Discussion

The results of the analysis of Latvia’s long-term and medium-term policy planning
documents by constructing an illustrative screening matrix and a subsequent analysis with
TOPSIS indicate a positive trend in the implementation and prioritization of the interna-
tionally agreed objectives in Latvia’s policy planning. Each of the 10 documents selected
for the study could be linked to the international objectives. Notably, the policy planning
documents that are higher up the policy planning hierarchy, such as the Sustainable Devel-
opment Strategy of Latvia until 2030 [34], the Strategy of Latvia for the Achievement of
Climate Neutrality by 2050 [35], and the Latvian National Development Plan 2021–2027 [37]
performed considerably better than specifically targeted lower-level sectoral plans, as for
example the Environmental Policy Guidelines 2021–2027 [39].

Looking at the priority given to each objective and action line in the Latvian policy
planning documents, a less thematic elaboration on the objective of O1—“ensure food
and nutrition security” [6] and O3—“reduce dependence on non-renewable, unsustainable
resources” can be observed [6]. Food and nutrition safety and food quality are not seen
as an issue in Latvia’s policy planning, because of a well-developed agricultural sector
that is fully capable of meeting current food demand and high EU quality standards [42].
Consequently, it is not considered to be a topical issue that calls for strategic planning at the
national level. References to objective O1 are found in all the policy planning documents
analyzed (Table 6), apart from the Environmental Policy Guidelines 2021–2027 [31].

Despite the negative environmental impact of fossil fuels identified in policy planning
documents [26,34,35], there are no concrete actions outlined to phase out fossil fuels. The
low priority given to the need to reduce dependence on non-renewable and unsustainable
resources (O3) could be an indication of the resistance of policymakers to fossil fuel di-
vestment, given the existing infrastructure of fossil energy sources and the year’s long low
prices of natural gas and oil. This scenario changed rapidly this year.

The development of agriculture and forest sectors was mentioned relatively frequently,
whereas the development of fisheries, except for the LBS, received very little attention.
Latvia is a water-rich country with a long maritime border, which makes it unclear why
fisheries and aquaculture development is given such a low priority in planning documents.
The authors suggest that this may be because Latvia’s fisheries and aquaculture sectors have
historically been based on fishing in the sea [43,44], but the collapse of the Soviet Union and
in later years the introduction of EU fishing quotas due to the depletion of significant fish
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species has led to a stagnation in the development of the fisheries sector [45,46]. However,
innovative technologies and a shift towards growing fish and other marine organisms
in aquacultures could change the situation [47,48]. The efficient management and use of
inland waters and fish, shellfish, and algae these waters contain could be used to produce
innovative products [47,48].

Assessment of the Latvian policy planning documents from a technical perspective
showed that most of them set specific actions to be taken, and indicators and interim
evaluations to track progress (Appendix A). Nevertheless, a critical element for all the
policy planning documents is the unclear financing mechanism. The documents mostly
indicate that financial resources should be allocated within the existing national budget on
an annual basis or applied for from EU Structural Funds or private funding to implement
the measures. This raises concerns about the extent to which the objectives and action lines
for bioeconomy development could be implemented.

5. Conclusions

The methodology developed in this study allows relatively quick and easy identifica-
tion of any pre-defined objectives and actions set out in policy documents. It also allows
for assessing the level of priority given to such objectives and actions. However, rather
than stand-alone research, this methodology can be recommended as a first step in a more
in-depth examination of policy planning documents to determine the level of bioeconomy
development priorities in them. It can be applied as a valuable help to facilitate the evalua-
tion of a larger set of documents. The main drawback of this methodology is its inability to
provide an assessment of direct contradictions that may exist between the elaboration of the
objectives and/or the document itself. For a more detailed in-depth study, the documents
with the highest or lowest scores determined using this methodology should be selected,
depending on the expected outcome.
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Appendix A

Table A1. Latvian policy planning documents linked to bioeconomy.

National Policy
Planning Documents

Related to
Bioeconomy

Information about the Document

Year
Action Lines to

Achieve
Objectives

Performance
Indicators

Interim
Evaluation

Funding
Needed

Source of
Financial
Resources

Sustainable
Development Strategy

of Latvia 2030 [34]
2010 Specific Qualitative and

quantitative
Yes (every 2

years) No information

Under available
national budget,

EU funds,
private
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Table A1. Cont.

National Policy
Planning Documents

Related to
Bioeconomy

Information about the Document

Year
Action Lines to

Achieve
Objectives

Performance
Indicators

Interim
Evaluation

Funding
Needed

Source of
Financial
Resources

Strategy of Latvia for
the Achievement of

Climate Neutrality by
2050 [35]

2019 Generic Qualitative and
quantitative

Yes (every 10
years) Yes

Under available
national budget,

EU funds,
private

Latvian National
Development Plan

2021–2027 [37]
2020 Specific Qualitative and

quantitative
Yes (every 2

years) Yes

Under available
national budget,

EU funds,
private

Latvian National
Energy and Climate

Plan for 2021–2030 [38]
2020 Specific Qualitative and

quantitative Yes Yes

Under available
national budget,

EU funds,
private

Latvian Bioeconomy
Strategy 2030 [25] 2017 Generic Generic No No information Not specified

Latvia’s Adaptation to
Climate Change Plan
for the Period Until

2030 [40]

2019 Specific Qualitative and
quantitative Yes (mid-term) Not specified

Under available
national budget,

EU funds,
private

National Waste
Management Plan for

2021–2028 [26]
2021 Specific Qualitative and

quantitative Yes (mid-term) Yes

Under available
national budget,

EU funds,
private

National Industrial
Policy Guidelines for

2021–2027 [41]
2021 Specific Qualitative and

quantitative Yes (mid-term) Yes

Under available
national budget,

EU funds,
private

Action Plan for the
Transition to a Circular

Economy 2020–2027
[36]

2020 Specific Qualitative and
quantitative No Not specified

Under available
national budget,

EU funds,
private

Environmental Policy
Guidelines 2021–2027

[39]
2021 Specific Qualitative and

quantitative No Not specified

Under available
national budget,

EU funds,
private
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