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Nevenka Popović Šević and Larisa Mihoreanu

Untapped Aspects of Innovation and Competition within a European Resilient Circular
Economy. A Dual Comparative Study
Reprinted from: Sustainability 2021, 13, 8290, doi:10.3390/su13158290 . . . . . . . . . . . . . . . . 5

Boyao Zhang, Ubaldo Comite, Ali Gokhan Yucel, Xintao Liu, Mohammed Arshad Khan,

Shahid Husain, Muhammad Safdar Sial, József Popp and Judit Oláh
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Editorial

The Circular Economy Challenge: Towards a
Sustainable Development

Alessia Amato

Department of Life and Environmental Sciences-DiSVA, Università Politecnica of Marche, Via Brecce Bianche,
60131 Ancona, Italy; a.amato@staff.univpm.it

As it is now known, we have only one earth available for our life and it is our duty to
preserve it.

The more recent manifestations in the squares worldwide confirm the increase of
people’s awareness of this subject. Nevertheless, the forecast is not promising to describe
a resource consumption equal to three planets by 2050 [1] and the effects are in front
of our eyes, just think of the biodiversity loss, the water stress and the climate change.
Furthermore, the effect on the environment is often translated into economic impacts, the
increase of the social gap and the poverty growth [2,3].

In this context the conversion of our economic system, from linear to circular, repre-
sents a challenge to overcome, no longer postpone.

Although the circular economy term is often reduced to the simple recycling concept,
it represents a complex strategy which aims at the achievement of many ambitious targets.
Among these: the increase of product life cycles, the implementation of the industrial
symbiosis, the conversion of products into services, the reduction of waste production,
the creation of secondary raw materials market [4]. The four main actors of the circular
change are the institutions, the industry, the consumers, and the scientific research. Their
actions must be closely linked to push the global markets toward the sustainability. Policies
can dynamizing the low impact production and drive the consumers towards sustainable
choice. On the other hand, the research could supply innovative solutions to the industries,
increasingly interested in low impact technological innovation.

In this regard, the COVID-19 pandemic has given us an important lesson proving
the resilience of our global market and its conversion rate to respond to the sudden
change of consumer demand. The pandemic has proved the capability of consumers,
companies and researchers to act on the product design for example for the production of
disinfectants from residual products and face masks from textile leftovers for hospitals [5].
COVID-19 has tested the ability of countries to provide solutions (in a very short time)
able to combine all the circular characteristics: repairability, reusability, and potential
for remanufacturing, proving the relevance of secondary raw materials stocks and the
competitiveness of countries [5].

Considering the results achieved in the most critical period of COVID-19 crisis, we
should be able to transform the crisis into a chance. The current step of world recovery
from pandemic must be the opportunity for the removal of barriers (bureaucratic, technical
and economical) that often slow down the conversion to an effective circular economy [6].

The possibilities offered by the post-pandemic period to match the targets of circu-
lar economy and the Grean Deal are discussed by Bucea-Manea-Toniş et al., in the first
contribution of Special Issue. They have carried out an analysis of competitiveness and
innovation focusing on Romania and Serbia, an emerging country from the EU and EU
accession country, respectively. They have proved a correlation between the eco-innovation
index and the research and development sector, using a dual comparative analysis. The
authors have demonstrated the essential role of research and human resources that, stimu-
lated through innovative teaching in the circular economy field, produce positive effects
for both society and market levels. In this transition towards a sustainable system, policies
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can make the difference by economic support and the monitoring of the best available
technique use (Contribution 1).

Zhang et al. have analyzed another geographical area, considering the manufacturing
sector of Pakistan. They have deepened the concept of circular economy implemented
in a developing country. They have studied the connection between the constructs of
total quality management and organizational sustainability with the mediating effect of
knowledge management by the implementation of a structural equation modeling. The
authors have proved that the transition towards the circular economy is not a very quick
process and that it does not include only an industrial restructuring. There is the necessity
of a structural shift and a change in the mindset, behavior, and priorities stakeholders
involved in the market. They have concluded the paper discussing the necessity of the
transition from a linear to a circular economy as opportunity to increase the competitiveness
of companies in Pakistan (Contribution 2).

The implementation of an effective circular economy could have positive effects on
several goals identified by The United Nation within the 2030 Agenda for Sustainable
Development. In addition to the most obvious Target 12, related to the responsible con-
sumption and production. In this regard, Buch et al. have proposed the circular economy as
solution to address the issue of waste pickers in developing countries. They have described
a cooperative system able to maximize the collection and the waste sorting (mainly plastic
fraction), with an environmental gain in emission terms and an increase of landfilling
site lifespans. Furthermore, the designed solution could alleviate several issues includ-
ing in the 2030 Agenda, such as poverty, hunger, gender equality, and social inequality
(Contribution 3).

It is evident that circular economy means new opportunities and Ilić et al. have chosen
to analyze the European indicator of competitiveness and innovation considering both
investments and patents related to the circularity field. The regression model performed
by authors has identified the investment as the most crucial factor that stimulates the new
patents. However, they have concluded that other elements should be added to the model
for a sustainable economy, such as creating new jobs in the green field, the policy support,
green public procurement, education for understanding, and the implementation of digital
and transferable knowledge and competencies. The paper represents the starting point
for the development of successful strategies for the overcoming of the old linear model in
Romania (Contribution 4).

The availability of sustainable processes which respect the principles of circular econ-
omy represents an urgent need. In this regard, Almeida et al. have compared different
strategies for the exploitation of tailings from Panasqueira mine, located in Portugal and
classified as the largest Sn-W deposit in Western Europe. As reported by authors, the
extractive industry needs technological innovations to increase its sustainability level and
decrease the resulting environmental burdens and waste to manage. The implementation
of a life cycle approach has allowed to estimate the benefit of an innovative approach able
to combine the recovery of raw material, with the removal of hazardous As and the H2
recovery which could drive the mine towards a clean energy transition (Contribution 5).

An interesting reflection is proposed in the Contribution 6, where authors have dis-
cussed about construction and building sector, one of the key value chains reported in
the European circular economy action plan [4]. They have analyzed the vernacular ar-
chitecture in Egypt, the oldest civilization in the world, identifying the compliance with
the principles of circular economy (i) Refuse, Reduce, Reuse, Repurpose and Recycle, (ii)
Reduce by design, (iii) Repair, Refurbish and Remanufacture. Starting from the case study
analysis, Debaieh et al. have suggested to draw inspiration from vernacular architecture to
considerably reduce the impact of modern buildings (Contribution 6).

A connection with key product value chains could be recognized also in Contributions
7 and 8 (in particular Batteries and vehicles and Electronics and ICT), which have addressed
issues related to end-of-life batteries and printed circuit boards, respectively. As reported by
Giosuè et al. the self-sufficiency in the battery sector is one of the most ambitious European
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targets. Indeed, the demand of raw materials for battery manufacturing is expected to
increase due to the growing diffusion of electric vehicle, in response to the Green Deal
objective of reduction of the transport emissions [7]. The relevance of this topic has pushed
the authors to undertake the study of regulations on end-of-life batteries in different
European countries. The paper has allowed the identification of strength and weaknesses
of policies, highlighting the necessity of a creation of a homogeneous reference schema for
waste collection, able to improve the further recycling. The results have identified the need
of specific regulations dedicated to Li-ion batteries to avoid loss of valuable materials to
send to exploitation (Contribution 7).

The development of urban mining strategies, where the waste becomes a resource of
secondary raw materials in agreement with the circular economy pillars has been discussed
in the Contribution 8. The choice of printed circuit boards as waste to treat has been
due to a double reason: the availability of high quantities of this kind of equipment
(for its use in many applications) and its metal concentrations, higher than that the ores.
Therefore, the identification of sustainable processes is essential to reduce the waste flows
to manage and to create relevant stocks of valuable elements. In this regard, Becci et al.
have developed a biotechnological approach able to extract copper from printed circuit
board with high efficiency, using the fungal strain Aspergillus niger, avoiding the use of
both high temperatures and high impact chemicals which characterize the most common
hydrometallurgical treatments. In the perspective to maximize the eco-design of the
process authors have suggested the use of milk whey as substrate for the fungal growth
(Contribution 8).

The results described in Contribution 9 seem almost a provocation, encouraging the
readers to a critical analysis of the solutions proposed in the circular economy field. The
other authors, and me, have carried out a critical review of the scientific literature about
the exploitation of agriculture by-products for the manufacturing of secondary products.
The impact due to each process has been estimated by a life cycle assessment approach
and compared to that of the corresponding traditional product (from virgin material). The
results have proved that recycling is not always the most sustainable choice and that the
development of innovative solutions should be always combined with a sustainability
assessment, able to evaluate the real convenience of applications. These observations
do not want to discourage the research of innovative recycling but want to sensitize the
stakeholders to a more critical view of the available circular options (Contribution 9).

The development of the circular economy strategy has the great responsibility to face
the current crisis of earth. As reported in the European action plan, the new strategy
must contribute to the climate neutrality by 2050 and decoupling economic growth from
resource use [4]. Innovation means opportunities so the environmental gain should be
translated into the competitiveness of the EU and developing countries, as discussed in
several contributions of the present special issue.

Although the topic of circular economy is a very popular topic in the current scientific
literature, this special issue offers the possibility to broach the subject from different point
of views. Authors belong to very different Department allowing a holistic overview that
should be the foundation of an effective circular economy. The papers combine economical,
scientific, engineering, mathematical approaches to face the challenge of circular economy
in different corners of globe each one with specific criticalities.
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Abstract: The paper aims to develop—based on a particular dual comparative analysis that follows
the current European concerns—the concepts of competitiveness and innovation as pillars uprighting
companies’ resilience, creating ecoinnovative jobs and social inclusion. In their struggle to meet
the Circular Economy principles and Green Deal objectives, the countries chosen for analyses—
Romania and Serbia—have started implementing added-value blockchain concepts in their societies
to thrive in the resilient European market and build empowered societies. According to the World
Economic Forum Global Sources of Competitiveness, skills considered in our study refer to businesses’
versatility and societies’ innovation capability. Based on specific data provided by Eurostat, the results
showed a correlation between the ecoinnovation index and R&D personnel by sector and helped
design a regression model. Hence, we demonstrate that R&D creativity, once stimulated through
innovative teaching, blooms, having positive effects at society and market levels as reflected in the
ecoinnovation index. Furthermore, cluster analysis within E.U. innovation helped identify strengths
and weaknesses, provided new grounds in applying innovation, and led to further recommendations.

Keywords: circular economy; innovation capability and resilience; business dynamics; ecoinnovation
index; R&D personnel by sector

1. Introduction

The European Union has placed a clear emphasis on the recovery of E.U. members
from the COVID-19 pandemic in the Annual Plan for Sustainable Growth in 2021. It is
envisaged that within the national strategies, member states will take special measures to
support the following postulates: productivity, environmental sustainability, equity, and
macroeconomic stability. All the stated goals ensure the full implementation of the Green
Agreement mentioned above and lay the basis for revitalizing the European economy and
society after the appearance of the SARS-CoV-2 virus. In line with these goals, the E.U.
budget for 2021 is planned to be 672.5 billion Euros, including nonrefundable aid to all
member states to “green recover”. In this way, the importance of economic growth and
preservation of the environment is further emphasised through sustainable investments
based on saving resources and maximising the use of available materials (Annual Sustain-
able Growth Strategy, 2021). In addition, there is a “need to encourage a larger contribution
of scholars from the Business and Economics area to explore the viability and profitability
of CE strategies and related managerial practices to overcome akin issues” [1].
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The circular economy (CE) represents a compelling management topic of the last
decades. Expected and designed as a regenerative system, it subsists of effective and
efficient utilisation of all resources of the ecosystem to optimise performance [2]. However,
the scientific literature developed outside of management is mainly focused on defining
innovative models to be adopted and implemented by companies [3].

This paper successfully investigated how Romania and Serbia, emerging country from
the E.U. and E.U. accession countriy, acknowledge and adopt CE principles and Green
Deal objectives, focusing on the CE Fourth Indicator—Competitiveness and Innovation.
A regression model and a K-means cluster analysis showed a correlation between the
ecoinnovation index and R&D personnel by sector, under the assumption that innovative
teaching can stimulate the R&D creativity, as reflected in the ecoinnovation index increase.
The K-means cluster analysis based on the PPIE subcriterion emphasises the (non) E.U.
countries, showing specific week points that are to be acknowledged and corrected.

Regarding the motivation of the research, the authors motivated for their home
countries to follow other countries in their transition from linear to circular economies
reached the agreement that their purpose and tasks have been demonstrated and achieved.
Sustainability is not a race, but there should be a shared interest among scientists, experts,
national authorities, and society regarding the considerable expense in assisting countries
lagging due to insufficient investment, knowledge, or other constraints. The research aims
to help Serbia and Romania to choose the right path.

This article intended to measure innovation and competitiveness within the circular
economy model by focusing on Romania’s and Serbia’s national elements and comparing
each country’s leadership and position with those of other countries. In this way, progress
on Romania’s and Serbia’s paths to a circular economy and resilient development would
be quantified based on current positions, representing the innovative contributions of
the research. The paper touched its purposess, the primary findings indicate a lack of
investment in Serbia and Romania, the critical importance of additional research and
development investments, the use of new technologies (such as blockchain), and the
importance of benchmarking.

One of the significant challenges is the absence of comparable data specific to the E.U.
member countries, since Serbia is not a E.U member yet and compatible data is not available.
This, however, is offset by other types of data and qualitative research. Regarding the study
structure, after the introduction, chapter two presents the theoretical background of the
research, prepared with document analysis. Chapter three outlines the data, variables, and
research process and provides the results of the regression analysis and cluster analysis.
The fourth chapter discusses the study results and divides the narrative into two separate
subchapters: Romania and Serbia. Finally, the fifth chapter, the conclusion, summarises
the most important research results, while chapter six addresses the study’s limitations,
mainly the lack of comparative and empirical data. Results achieved, based on the initial
purposes of the research show that assumptions have been overpassed and goals achieved.

2. Theoretical Background

Innovation and competition within the circular economy are of growing interest for
countries, companies, stakeholders, and civil society. CE is a unique system of achievements
of efficient economies by narrowing and slowing different energy flows [4]. We introduce
here the two socioeconomic terms of resilience and sustainability to better define the need
for robustness and to point the value of innovative structural transformation. Hence,
while sustainability defines the methods or process of harvesting by using resources that
do not use up or destroy natural resources or permanently damage the environment,
resilience represents the ability to create, adopt, and absorb new assets as energy; to
translate knowledge into new types of behaviour and versatile policies; and give to the
society a more comfortable shape after structural changes.

Sustainability or circularity means continuous changes towards the way firms generate
their business and values. Researchers are still analysing these fields as a synergy of
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economic performance and environmental resilience, bringing apparent benefits to future
generations [4,5].

In 2015, the European Commission regulated the investment framework, affecting
it with alterations favouring competitiveness and innovations and leading countries to
foster their growth in the future. On 11 December 2019, the same organisation earmarked
the so-called European Green Deal as an essential work priority in the next decade. This
program is the basis for fulfilling the signed goals from the Paris Agreement, which means
reducing CO2 emissions to 50% by 2030. The idea is for the European continent to become
the first carbon-neutral territory and a world leader in the circular economy. The described
set of economic measures concentrates on reducing and eliminating waste, taking better
care of it, but also on saving energy by 2030 [6]. By 2030, it is estimated that the possible
potential economic gain emanating from the transition to a circular economy would amount
to 1.8 billion Euros [7]. Within the circular economy, creativity and innovation are essential
pillars that support intelligent, resilient companies in their struggle to lead the market by
creating new ecoinnovative jobs and social inclusion. The organisation model needs to be
transformed to production–consumption–reuse as all stakeholders must be represented
within the model [8].

The paper emphasises also the fact that companies need to rethink circular economy
principles and processes by using resilient solutions and, for example, blockchain technolo-
gies in solving environmental problems [9,10]. Once understood and accepted, CE will
drive sustainable behaviour. Blockchain technology is a practical solution that all countries
can use to reduce waste management costs, ecological footprint, and fraud in green pro-
curement as well as to enhance the green economy [11,12]. Nevertheless, the most critical
impact that blockchain has is a significant, resilient change in the life-chain of different
industries, with a positive impact on changing human mindset and sustainability [13,14].
Analysing the January 2021 model of innovation in teal and pluralistic organisations within
CE (Figure 1), we noticed that blockchain facilities for the entire value-added life-chain
infrastructure would create new opportunities for sustainable ecoinnovation within compa-
nies. Furthermore, many studies emphasise that blockchain technologies provide the secure
implementation of CE R-Strategies (reduce, reuse, recycle, recover, repair, remanufacture)
which is also our fulfilled intention [15,16].

Figure 1. Innovation process in teal and pluralistic organisations in the context of circular economy.

Blockchain infrastructure will ensure material certification (expanding the use of non-
polluting materials), smart contracts, and asset tracking (ensuring traceability, transparency,
security of information for all the entire life cycle assessment (LCA)); nudge ecological
behaviour and reward green employees through cryptocurrency, badges, and tokens; and
stimulate corporate responsibility through credit rating trust mechanisms, and distributed
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ledger [17]. Furthermore, the decentralised ledger will facilitate information flux regarding
the materials and their sources [15].

Thus, blockchain technology will also ensure security and privacy, effectiveness, cost re-
duction/profitability, decentralisation, new business models, and streamlining/automation [18].
For these reasons, blockchain may be a good solution in surpassing the challenges of
CE [19]. Digitalisation (networks that provide real-time information about materials and
ensure supply chain transparency and traceability) will be translated into resilient actions
such as circular resource flows and waste management. Human resources have to develop
new ideas for practical innovation [19]. Tracking all the activities in an LCA from a distance
and blockchain safety proved to be an appropriate solution in the time of the COVID-19
pandemic.

The development of information technologies-conditioned changes in business mod-
els, especially the innovations brought by the digital revolution, concerning the fusion of
technologies and their potentials in enabling changes in business and social spheres [20,21],
have had a similar impact on new business models. Companies (especially) need to inno-
vate within their business ecosystem networks. The authors of this paper present a model
monitoring the entire life cycle of a product/service (awareness and training, analysis,
product design, communication/certification) and the supply chain for the large companies
and state institutions, based on blockchain technology, to invest in an open innovation
platform and licenses. All companies with a new idea of a product/service can become
members of the ecosystem (Figure 1) [22–24]. Similarly, Gassman et al. believe that the most
significant innovation potential lies not in products or processes but innovative business
models [25]. The Figure 1 shows innovation process developed by the authors of this paper
as an adaptation after [26]).

Many researchers have already studied the impact of CE on the growth and devel-
opment of environmental protection [27,28]. At the same time, others have focused on
studying the impact of CE on progress in ecology and analysed the importance of its sus-
tainability and the ramifications for the country’s economic development as a whole [8,29].
The main pillars of sustainable implementation of CE principles are innovative and creative
human resources, which can benefit from the hardware and software support of blockchain
technology in developing green products using innovative green methods. These products
can be easier to dismantle and convert into green raw materials, mitigating the energy
expenditure and the ecological footprint. Waste management and averting pollution is
also the responsibility of human resources departments in their struggle to implement
CE strategies [30–32]. Referring to the CE sphere, there is a direct link to the workforce,
investment, employment, and innovation [33]. Other studies have also argued that inno-
vation in, for instance, the recycling sector is the basis for GDP growth [34]. Innovation
is usually considered the most effective tool to achieve a certain standard of living and
overcome environmental problems. However, production and service innovations in the
field of CE are mainly observed from a long-term point of view. They are not always easy
to generate, and therefore more researchers in this field deal with efficient business models
that represent innovation through strategic business policies [35].

Schiederig et al. define ecoinnovation as “an object that is defined by its market orien-
tation as well as its environmental benefit over its entire life cycle and that establishes a new
innovation or green standard for the company, regardless of whether its primary objective
is environmental or economic” [36]. Literature shows many types of ecoinnovation, such
as [24,26,27,35,37–39].

1. Product innovation—involves significant improvements in the capabilities, char-
acteristics, and utility of goods and services, or the design of completely new goods and
services. Improvements are observed in the technical specifications, functional character-
istics, components and materials from which products are made, product software, and
utility and ergonomics in use. Examples include new car models and Tesla batteries [24].

2. Process innovation—involves important improvements in production or deliv-
ery methods. Innovation is based on significant changes in technologies, equipment
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and/or software (AI, machine learning, chatbot, blockchain, IoT, 5G, XR, robots, etc.).
Process innovation creates new jobs and eliminate some of those based on functionally
outdated technologies.

3. Marketing Innovation—involves important improvements in marketing methods
or even the discovery of new methods such as neuroscience or VR/AR (virtual real-
ity/augmented reality) technologies used with great success in marketing. Innovations in
marketing include 7P + 1G (price, product, promotion, placement, process, people, physical
environment/location, green marketing). This innovation can be seen in: (a) product design
and packaging (based on information provided by neuro-marketing/market surveys, focus
groups have proved to be quite ineffective in market research; large companies choose the
best advertising, packaging, presentation, etc. after analysing their impact on an experi-
mental group by monitoring brain and emotional activity); (b) new promotion methods
(e.g., with VR/AR you can place the customer in another time and space); placing products
(e.g., moving a car showroom to the city centre, in very small spaces, where the customer
experiences all the sensations of VR driving); (c) methods of pricing goods and services
(e.g., online prices changing constantly depending on the number of product/service and
web traffic requests and on the principle of auctions); (d) communicating with employees
and customers on the basis of new discoveries in neuroscience; (e) the use of recyclable
materials for production, in ecolabelling, etc. The goal of these innovations is to better
meet the needs of customers and educate them by creating new needs and opening up new
markets [2,7,35,37–39].

4. Organizational innovation—refers to the implementation of new organizational
methods. In this context, leadership has a very strong impact on the modern management
of the company. Large companies like Google invest in relaxation, leisure (meal breaks),
kindergartens specially designed within the company, etc. to provide comfort to employees
at work and stimulate innovation and productivity. Organizational innovation also includes
the implementation of the concepts of corporate responsibility, a circular sustainable
economy and one-health [24,26].

5. Management innovation—refers management principles and processes that ulti-
mately change managerial practice. This is done through project management. Modern
managers use new business resource management methods such as Six-Sigma and new
management methods such as Agile. Outstanding results in human resources have been
achieved in management. Neuroscience has shown that the most innovative and produc-
tive companies present are those that are directly concerned with the health and happiness
of employees, materialised by methods of motivating mindfulness [26,33].

Summarising, the concept of ecoinnovation is important for both business and society.
Correctly approached, it becomes a useful tool for policy makers to fully apply innovations
for the benefit of the market and the environment. The value of ecoinnovation is higher
if its analysis is holistic and serviceable, with environmental benefits. Defined by inter-
national bodies (e.g., OECD, European Commission) as a tool in measuring “the creation
or implementation of the new”, the qualities of ecoinnovation are in line with the most
important book of innovation and quality—the Oslo Manual.

In connection to direct measurement—number of innovations, descriptions of indi-
vidual innovations, data on sales of new products—inputs like R&D or patents help the
indirect measurement of changes in resource efficiency and productivity using decomposi-
tion analysis. This approach, less explored, require a particular attention as it may enlarge
and accelerate the knowledge base [40]. At the E.U. level, only two types of innovations
are standardised with indicators: product and process innovation, which are measured
through enterprises that introduce innovation (product and process innovative enterprises,
PPIE). Thus, we choose to analyse PPIE in our paper and see which factors influence it.

Having these concerns in mind, we moved further and designed a research method-
ology to evaluate the relationship among ecoinnovation, R&D, and PPIE in E.U. coun-
tries. We analysed two primary skills: businesses’ versatility and societies’ innovation
capability (World Economic Forum Global Sources of Competitiveness). Then we ex-
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panded/deepened our study on a detailed comparison of two partner countries, one from
the E.U. (Romania) and one not (Serbia), dedicated to implementing CE principles. The
purpose of this comparison was to see how the two countries (one with the support of the
E.U. and the other without) perform in the context of the circular economy.

3. Experimental Data Complex Analysis and Significant Results

3.1. Data and Variables

The article used data published about Serbia and Romania by WEF and Innovation
Balanced Scorecards. In addition, Eurostat databases were consulted to analyse the factors
and degree of innovation in both countries, and three variables were included in statistical
interpretations. The variables included in the initial conceptual framework were:

1. PPIE = product and process innovative enterprises that introduced innovation by
type of innovation, innovation developer, NACE Rev.2 activity, and size class (Table 1)
(INN_CIS10_PROD$DEFAULTVIEW) (last updated 03/07/2019) [41]

2. ECO-INNIV = ecoinnovation index (T2020_RT200) 2013–2019 (last updated 08/02/2021) [42]
3. R&D = R&D personnel by sector (SDG_09_30) 2013–2019 (last updated 10/03/2021)—

percentage of active population—numerator in full-time equivalent (FTE) [43]

Table 1. Subcriterion of product and process innovative enterprises which introduced innovation PPIE (variable
coding-own source).

E.I. (R&D) Enterprise Itself (R&D Performers)

E.I. (non-R&D) Enterprise itself (non-R&D performers)

E.T. (R&D) Enterprise together with other enterprises or organisations (R&D performers)

E.T. (non-R&D) Enterprise together with other enterprises or organisations (non-R&D performers)

E.A. (R&D) Enterprise by adapting or modifying products and process originally developed by other
enterprises or organisations (R&D performers)

E.A. (non-R&D) Enterprise by adapting or modifying products and/or process originally developed by
other enterprises or organisations (non-R&D performers)

O.E. (R&D) Other enterprises or organisations (R&D performers)

O.E. (R&D) Other enterprises or organisations (non-R&D performers)

We chose to analyse the ecoinnovation index because it brings a holistic perspective
of economic, environmental, and social performance, in accordance with CE principles
of sustainability. It is composed of 16 subindexes, grouped into five categories: (1) ecoin-
novation inputs (related to socioeconomic objectives and HR in science/technology and
investments); (2) ecoinnovation activities (related to certification in innovation); (3) ecoinno-
vation outputs (related to patents, academic publication, and media coverage); (4) resource
efficiency outcomes (GDP, domestic material consumption, freshwater abstraction, primary
energy consumption, and greenhouse gas emissions); and (5) socioeconomic outcomes
(exports of products from ecoindustries and employment/revenue in ecoindustries and
the circular economy) [42]. At a closer look, we may observe that all these subindexes are
in strong correlation with or depend on HR. As the index emphasises that ecoinnovation
depends on research and development, we decided to analyse R&D personnel by sector.
The literature review shows that innovation can be associated with product, processes,
marketing, management, and organization. From Eurostat we can extract information
regarding only two types of innovation (process and product); thus, we decided to include
this PPIE indicator in our research.

3.2. Research Process

Our previous research regarding innovation within a network business environ-
ment [44] urged us to check if there is a relation between ecoinnovation and R&D. Innova-
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tion can be the result of many factors, including product and process innovative enterprises.
Also, the market experience and other international studies provided by OSCE, WEF, CGI
led us to the same assumption. In this regard, we decided to collect data from Eurostat.
Having in mind the opportunities brought by introducing blockchain technology into the
L.C.A. to gain a sustainable economy we collected data from Eurostat to ground our study
on very specific elements that can have an impact on innovation, such as PPIE and R&D.
Literature review and our model (Figure 1) prove that a sustainable economy is facilitated
by using blockchain technology for the entire L.C.A. Also, other studies show that there
is a relation between ecoinnovation and smart working [21]. We applied, in this study, a
more profound analysis to verify how ecoinnovation is influenced by R&D personnel by
sector and PPIE (Product and process innovative enterprises which introduced innovation
by type of innovation, and innovation developer), having the support and security offered
by blockchain technology. Thus, our study evaluates if there is any relation between ecoin-
novation, R&D, and PPIE. In addition, our study evaluates the impact of R&D, and PPIE
(and their subindexes) on the ecoinnovation index. In order to deepen our analysis, we
designed a cluster analysis to find out where innovation potential comes from.

Hypothesis 1 (H1). R&D and PPIE have no influence on ECO_INNOV.

Hypothesis 2 (H2). R&D has a strong and positive correlation with ECO_INNOV, emphasising
the importance of stimulating the creativity, motivation, cooperation, and communication of human
resources, which in turn positively impact ecoinnovation resilient development.

Hypothesis 3 (H3). Product and process innovative enterprises (PPIE) have a significant impact
on the ecoinnovation index.

In the first stage, our research purpose was to choose what kind of data can be
analysed to achieve our aim, based on our previous findings from the literature review:
ecoinnovation, R&D, and PPIE. Different analytical tools were applied to Eurostat data for
the 2013–2019 period [41–43]. A forecast for 2020–2021 was added. The data gathered was
inserted in tables and graphs (Table 1, Figure 2). After correlating data, the variables were
introduced into a regression model assuming that the ecoinnovation index depends on
R&D personnel by sector and PPIE.

Figure 2. Product and process innovative enterprises that implemented innovation in Romania and
Serbia, by type of innovation (polynomial regression).

In the second step of our analysis, a K-means cluster analysis was implemented to
understand the data better and see where Romania and Serbia are situated vis-à-vis the

11



Sustainability 2021, 13, 8290

E.U. from the point of view of competitiveness and innovation. This analysis grouped the
countries by product and process innovative enterprises. which introduced innovation
PPIE subcriteria (Table 1). PPIE represents the criterion for introducing the data into groups
and the countries into a certain particular cluster.

3.3. Results

The results of the study are divided into separate subchapters. The first subchapter
discusses the results of conducted regression analysis, and the second discusses the results
of the cluster analysis.

3.3.1. The First Stage—Regression Analysis Results

The ecoinnovation, R&D, and PPIE variables were introduced into a regression model.
The Pearson correlation coefficient (0.847) shows a strong positive correlation between the
percentage of the active population employed in R&D (R&D variable) and innovation by
circular economy principles (ECO_INNOV variable), with minimal probability of mistake
(Sig. = 0.000 < 0.01), as seen in Table 2. We may assume that the H1 (null hypothesis) was
rejected and H2 (alternative hypothesis) was accepted. Product and process innovative
enterprises, PPIE, had a moderate influence, but an ANOVA test excluded this factor from
the model. Thus, the H3 hypothesis was partially confirmed. We may explain this partial
influence with the fact that innovation in marketing, management, and organizations are
not included in PPIE. For this reason, the PPIE was analysed separately and represented a
criterion in our cluster analyses.

Table 2. Correlation, regression model, coefficients, and ANOVA.

ECO_INNOV R&D

Pearson Correlation ECO_INNOV 1.000 0.847
R&D 0.847 1.000

Sig. (1-tailed) ECO_INNOV 0.000
R&D 0.000

N ECO_INNOV 22 22
R&D 22 22

R Square
Adjusted
R Square

Std. Err
Estimate

Change Statistics Durbin–Watson

R Square Change F
Change df1 df2 Sig. F Ch.

0.718 0.703 15.57 0.718 50.816 1 20 0.000 1.409

Coeff
Unstandardized

Coefficients
Standard.

Coeff.
T Sig.

95% Confidence
Interval for B

Collinearity Statistics

B Std. Error Beta Lower Upper Tolerance VIF
(Constant) 31.052 8.480 3.662 0.002 13.363 48.741

R&D 48.614 6.820 0.847 7.129 0.000 34.389 62.839 1.000 1.000

ANOVA Sum of Squares Df Mean Square F Sig.

Regression 12,312.769 1 12,312.769 50.816 0.000
Residual 4846.004 20 242.300
Total 17,158.773 21

Our regression model well estimated data series, having an R2 = 0.718 with a Sig. =
0.000 < 0.01. The R2 value empowers us to say that 71% of the variance of the dependent
variable (ECO_INNOV) is explained by the variance of the independent variable (R&D),
emphasising the importance of human resources in ecoinnovation. The companies have
to support the creativity and motivation of human resources and stimulate cooperation
and communication between clusters, to gain highly skilled employees. Durbin–Watson’s
statistic confirms this assumption by being very close to the interval 1.5–2.5, where there is
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no autocorrelation between variables. The value of Durbin–Watson’s statistic =1.4 shows
that the residuals might have a very small linear autocorrelation.

Since the adjusted R2 value is close to the value of R2, this allows the extension
of the proposed regression model assumptions to the entire population. In this case,
the variance of the dependent variable decreases with the difference between the two
coefficients (0.718 − 0.703 = 0.015). This difference can be seen to be below 1%. The t-test
for a constant and R&D variable validates the model and contributes to the predictive
power of regression. The significance threshold (Sig.) of the variables is less than 0.01,
meaning that the coefficients are very well estimated.

SPSS statistics offer us the regression equation coefficients with a very small probability
of error. This fact was confirmed by ANOVA analysis. On the other hand, the F-statistic
offers arguments in supporting or rejecting the null hypothesis (H1). As the F-statistic has
a low value (0.00), the probability of making a mistake if H1 was rejected was very small;
thus, H2 (that R&D personnel influence the ecoinnovation index) was accepted.

Regression equation: ECO_INNOV = 31.052 + 48.614 × R&D

3.3.2. The Second Stage—K-Means Cluster Analysis Results

In the second step of our research, the analysis focused on product and process innova-
tive enterprises that implemented innovation PPIE subcriterion because statistics showed a
moderate influence. We observed some differences between Serbia and Romania. When it
comes to R&D performers in Serbia, more enterprises tend to innovate independently or
in collaboration with other enterprises or organisations, or to adapt or modify products
and/or processes developed initially by other enterprises or organisations, than in Roma-
nia. When talking about non-R&D performers, both countries have the same behaviours
(Figure 2).

Designing clusters on these criteria, Italy formed cluster 1, and France cluster 3, by
themselves, with the highest centre values (Appendix A). These countries appear to have
many innovative enterprises, either independently or in collaboration with others, in both
cases: performers and nonperformers of R&D. They make relatively few adaptations or
modifications to products and processes developed by other businesses (Table 3—Final
cluster centres). Italy is known for the high spirit of entrepreneurship. In Italy, there are re-
gions, such as Bassano, where the number of SMEs is higher than that of families. Cluster 4
is formed by Belgium and the Netherlands, and Cluster 5 comprises Austria, Spain, Poland,
Switzerland, the Czech Republic, and Portugal. Belgium and the Netherlands are very
innovative countries [36], but they innovate within consolidated hubs and consortiums.
This is the reason for the lack of many enterprises that innovate by themselves. In cluster
5, there are innovative countries, but in this cluster, the category “other enterprises or
organisations” seems to have a higher weight than other cluster structures. Cluster 2,
which contains Serbia and Romania, is the least innovative across all criteria. The software
allocated countries to clusters. The main criteria were ANOVA and F-test, confirming that
the cluster was chosen to maximise the differences among cases in different clusters.

Table 3. Cluster analysis.

Final Cluster Centres

Innovation
Subcriteria

Cluster

1 2 3 4 5

EIR&D 21,949 934 15,648 5334 3720
EInonR&D 17,674 705 15,092 1147 3148

ETR&D 12,688 666 10,157 3851 2367
ETnonR&D 8682 408 7954 1023 1470

EAR&D 5377 353 5424 1773 814
EAnonR&D 3782 255 4839 545 810

OER&D 2518 222 2650 1148 672
OEnonR&D 3026 260 3308 1029 1331
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Table 3. Cont.

Final Cluster Centres

COUNTRY Cluster Distance COUNTRY Cluster Distance

Italy 1 0.000 Croatia 2 252.595
France 3 0.000 Hungary 2 448.024

Belgium 4 2270.924 Bulgaria 2 558.451
Netherlands 4 2270.924 Serbia 2 656.321

Austria 5 1119.004 Estonia 2 706.716
Spain 5 1387.060 Latvia 2 774.156

Poland 5 1575.197 Slovenia 2 779.269
Switzerland 5 1624.932 Slovakia 2 795.558

Czech R. 5 1821.724 Lithuania 2 935.163
Portugal 5 2268.435 Romania 2 991.201

Luxembourg 2 998.966
N Macedonia 2 1145.697

Cyprus 2 1171.157
Norway 2 1741.533
Greece 2 1992.155
Finland 2 2935.487

4. Discussions and Further Recommendations

Our study started from the innovation process model in teal and pluralistic organisa-
tions in the circular economy proposed by January 2021 [26] (Figure 1). To adapt it to the
opportunities opened by the COVID-19 pandemic, we propose a model that includes the
facilities brought by a blockchain infrastructure for the entire value-added life-chain infras-
tructure (raw material identification and management to reduce the ecological footprint;
data transparency, traceability, and security; human resources training for stimulating inno-
vation and creativity, rewarded by virtual currency, badges, and tokens; product (re)design,
reengineering, and R-strategies; communication/certification through smart contracts; and
new business models adapted to the digital circular economy.)

Numerous studies and case studies demonstrate that the life-cycle value added in the
circular economy (CE) can be implemented using blockchain technology, thereby secur-
ing CE R-Strategies (reduce, reuse, recycle, recover, repair, remanufacturing) in a variety
of activity fields, including information technology/electronics/industries, construction,
agriculture and food, manufacturing, and plastics [15,16]. The ingenuity and creativity of
human resources, as well as the hardware and software support for blockchain, are the
primary foundations of blockchain deployment in the CE. Human creativity is critical in
developing innovative methods for designing green products that are easier to disassemble,
recycle, consume less energy, and have a smaller ecological footprint. The creativity of
human resources is also important in the waste management process and in preventing en-
vironmental pollution. Human innovation is required in R strategies; in transforming waste
into new raw materials, products, or energy; and in saving resources and energy [30–32].

This model is strengthened by the regression model, which shows a positive relation
between ecoinnovation and R&D, meaning that investments in R&D and new innovative
methods of stimulating creativity ensure greater ecoinnovation, which can lead to a sustain-
able economy. In the second step, a deeper K-means analysis was done on the subcriteria
of PPIE. The graphs (Figure 2) and analysis (Table 3) show that both Serbia and Romania
were included in cluster 2, with the smallest values for all innovation subcriteria. Therefore,
we continue with a detailed discussion on Romania and Serbia. The novelty and valuable
contribution to the field of sustainable development might be observed after introducing
blockchain facilities in LCA, implementing the innovation model developed by us and
presented in Figure 1.
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4.1. Discussion on Romania

According to recent data on European innovation calculated by European Innovation
Scoreboard (https://ec.europa.euodest Innovators group—June 2020), based on 27 major
indicators, the E.U. countries fall into four groups—Innovation Leaders, Strong Innovators,
Moderate Innovators, and Modest Innovators. Romania ranks the last group together with
Bulgaria, demonstrating long-term policy and national strategy misconduct. Romania has
some achievements and good results in the field of “innovation-friendly environment” and
“sales impacts”, while the “innovators”, “firm investments”, and “human resources” are
the weakest. “Broadband penetration” and “medium- and high-tech product exports” are
the only two indicators showing close to EU average performance.

In Romania, technological innovation is based primarily on R&D and knowledge
development from a highly skilled young working force driven by experienced special-
ists in different fields. These factors are associated with highly populated countries’
economies [45,46]. Romania exports medium- and high-tech products with outstand-
ing productivity and have “high performance on knowledge generation—both R&D-based
and nontechnological—and are very successful in attracting money (R&D funding, FDI,
ESIF funds, new enterprises), talents, and people into the region. They also have the most
educated workforce and are experiencing positive population change”. Private enterprises
accessed most FP7 funds, demonstrating a direct correlation between innovation and the
R&D system in Romanian enterprises [47]. Universities in Romania became a pillar in stim-
ulating this cooperation, responsible for nudging creativity and “interests in knowledge,
technology, and innovation transfer”, contributing to a robust economy [48]. Furthermore,
in Romania, heritage tourism brings important economic capitalization [48,49]. Green
procurement sustained in Romania depends on market participants’ level of knowledge
and skills [50]. Companies that apply agile management and foster the working force’s
motivation through innovative organisational culture have high productivity rates with a
low footprint on the environment [51,52].

Our regression model’s close relation between ecoinnovation and R&D personnel in-
cludes Romania. Romania holds innovation capability, but the overall business dynamism
is not very relevant because of the very long time needed to start a business and a very high
insolvency rate. A smoother procedure to set up a business, more governmental support,
consultancy, and knowledge technological transfer support are needed for sustainable
innovation. Romania also has to improve its entrepreneurial culture.

4.2. Discussion on Serbia

The Serbian legal framework in the field of innovation started to develop after the
adoption of the Law of innovation in 2010. This law enables the formation of establishments
supports for innovative activities and technological transfers, the setup of intellectual
property rights, and the Serbian Innovation Fund. If ten years ago there were no bodies
effectively tracking the key metrics to evaluate the innovation capacity of companies in
need to assess particular sectors of interest to foreign direct investors, today the situation is
totally different and shows people and market versatility as well as the desire to provide a
strategic and legislative framework for innovation. [53–61].

Infrastructure and support for high-tech research expand academic applicative pro-
grams, create venture/private equity investment, and channel R&D entrepreneurship to
preserve the environment. Serbia has the ability to absorb new knowledge and adapt
imported/purchased technologies—an essential capability to grow and innovate within an
official service enabled to advertise competences and capacities to foreign investors, learn
metrics and innovation auditing, and create a set of key metrics to track for each industry
group [53–61].

Thanks to the analysed effects of competitiveness and innovation in the field of CE in
Serbia, it is certain that the introduction of the circular economy would move the country
from the manufacturing industry to an innovative industry that would automatically
have a higher value of finished products—this would assume a much faster transition
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from manufacturing to services. Multiple connections would be established with foreign
companies and potential investors, so Serbia would become more competitive in offering
products and services in the circular economy. The latter would mean automatic access
to several financial sources that would significantly support innovation processes and
improve relations with those countries that support CE through cooperation programs.
All of the above would inevitably lead to technological and educational independence
and reduce the economic gap between Serbia and other highly developed countries in the
region and beyond. It is important to emphasise that Serbia will not be admitted to the
European Union unless it changes the way it uses existing resources; the implementation
of CE is a unique opportunity for accelerated accession to this community [53–61].

5. Conclusions

We conducted an analysis of competitiveness and innovation in the E.U. based on
Eurostat data: ecoinnovation index, R&D personnel, and PPIE (with its subcriteria). A
regression model on innovation and a K-means analysis proved that investments in human
resources and proper management of LCA, based on blockchain technology, will create
new models of business and innovation that will ensure a sustainable economy. Our
analysis revealed that R&D stimulates HR creativity, innovation, and collaboration, which
in turn have a positive impact on ecoinnovation and sustainable development. Secondly,
product and process innovative enterprises (PPIE) have a relatively moderate impact on
ecoinnovation. Cluster analyses on this criterion grouped the E.U. countries from the point
of view of ecoinnovation. This revealed that Serbia and Romania are weak innovators.

Innovations in a business organisation can be stimulated and initiated, so they can
also be managed, keeping in mind that good ideas may also come from the environment
and the company itself. Wisdom is to recognise which ideas are good, realistic, achievable,
and profitable enough to turn into innovations. It is much easier to copy a product than an
organisation with unique people, ideas, and values. A part of an organisation’s “magic”
reflects its ability to be new, different, and better than the competition, thanks to new
ideas. Combined with other abilities, innovation gives companies a competitive advantage,
depending on how revolutionary the innovation is and how long it takes the competition
to copy it or develop an equally revolutionary idea. The market race never stops.

In implementing these activities, it is desirable to actively involve representatives of
the employees who are part of the team changes that are necessary to implement to achieve
betterment in society. The importance of involving all actors identified through a particular
working group for CE should not be emphasised. Additionally, intensive capacity-building
and training for the economy and public administration are needed in order to be ready to
prepare project proposals for available transitional E.U. grants. It is necessary to actively
monitor E.U. policy regarding the coherent framework of production policies for different
sectors and the measurability of their contribution to CE, but also to monitor the use of best
available techniques in the context of CE. It is also essential to actively raise the capacity
of the economy for the transition to the CE model. It is imperative to harmonise the time
frames for activities in the waste management sector following the new policies and the
needs of CE implementation.

6. The Limitations of the Study and Future Research Agenda

The main limitation of this study is that we based our analysis mainly on Eurostat,
WEF, OSCE, and CGI data in the absence of strong contact with the business field (we got
information only from our universities and their partners, their entire value-added life
cycle). Another problem lies in the fact that Serbia does not have a comparative CE method-
ology as a non-EU country. We have already developed a survey that contains questions
regarding (1) entrepreneurial and hybrid university capabilities and characteristics, (2)
blockchain platform implementation case studies and future recommendations, (3) green
procurement, green methodologies, and policies within the economic–social environment,
and (4) future sustainability pillars regarding ecoinnovation and R&D, especially in relation
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with human resources. This survey will be promoted through the U.S.H. Pro-Business
Centre, the Wallachia Hub Consortium, CERMAND (Centre for Renewable Energy on the
Black Sea and the Danube), the DANUBE Furniture Cluster, the DANUBE Engineering
Hub Bio Concept Valea Prahovei Cluster, and the Smart eHub Consortium in Romania.

As part of the Annual Sustainable Growth Strategy for 2021, the E.U. has focused
on the mechanism for recovery and resilience. With national plans, recovery measures
are expected in the context of a Sustainable Growth Strategy that contains environmental
sustainability, productivity, equity, and macroeconomic stability [61]. The concept of the
circular economy and CE business models, which are increasingly discussed in Serbia,
could create conditions for faster recovery of the national economy. Such a transition in the
industry is possible with a clearly defined public policy of green recovery and financial
support. This document presents the regulatory and economic directions designed to
recover from the economic and social crisis caused by the COVID-19 pandemic through the
transition to a business based on CE principles. The “green recovery” and sustainable ways
of doing business constitute the path that the E.U. has traced and dedicated significant
financial resources to, the latter of which have been made available to both the member
states and the countries of the Western Balkans.
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Appendix A

Table A1. Cluster statistics.

Distances between Final Cluster Centres

Cluster 1 2 3 4 5

1 31,514.587 7383.879 26,745.590 27,162.729

2 31,514.587 25,147.985 5798.475 4428.874

3 7383.879 25,147.985 20,685.780 20,808.642

4 26,745.590 5798.475 20,685.780 3212.406

5 27,162.729 4428.874 20,808.642 3212.406
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Table A1. Cont.

Distances between Final Cluster Centres

ANOVA Cluster Error F Sig.

Mean Square df Mean Square df

EIR&D 149,794,115.544 4 849,412.426 21 176.350 0.000

EInonR&D 111,631,962.669 4 591,626.973 21 188.686 0.000

ETR&D 54,111,814.566 4 476,959.599 21 113.452 0.000

ETnonR&D 27,956,253.821 4 135,775.135 21 205.901 0.000

EAR&D 11,694,031.173 4 173,269.441 21 67.490 0.000

EAnonR&D 7,476,563.816 4 61,461.766 21 121.646 0.000

OER&D 2,697,414.000 4 66,485.071 21 40.572 0.000

OEnonR&D 4,427,127.404 4 101,218.738 21 43.738 0.000
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Eco-Innovation and Smart Working as Support for Sustainable Management. Sustainability 2021, 13, 1437. [CrossRef]

22. Swarnakar, V.; Tiwari, A.K.; Singh, A.R. Evaluating critical failure factors for implementing sustainable lean six sigma framework
in manufacturing organization: A case experience. Int. J. Lean Six Sigma 2020, 6, 1069–1104. [CrossRef]

23. Tokel, A.; Dagli, G.; Altinay, Z.; Altinay, F. The role of learning management in agile management for consensus culture. Int. J. Inf.
Learn. Technol. 2019, 36, 364–372. [CrossRef]

24. Jana, S. Crisis-Triggered Innovation Systems. 2021. Available online: https://www.openinnovation.eu/14-04-2020/crisis-
triggered-innovation-systems (accessed on 18 March 2021).

25. Gassmann, O.; Frankenberger, K.; Csik, M. The Business Model Navigator: 55 Models That Will Revolutionise Your Business; Financial
Times Publishing International: Metro Manila, Philippines, 2014.

26. Jan, S. The Lean Scale-Up: Innovation & Entrepreneurship for New Ventures. 2016. Available online: https://openinnovation.eu/
22-01-2016/the-lean-scale-up-innovation-entrepreneurship-for-new-ventures/ (accessed on 18 March 2021).

27. Hysa, E.; Kruja, A.; Naqeeb, R.; Laurenti, R. Circular Economy Innovation and Environmental Sustainability Impact on Economic
Growth: An Integrated Model for Sustainable Development. Sustainability 2020, 12, 4831. [CrossRef]

28. Trica, C.L.; Banacu, C.S.; Busu, M. Environmental Factors and Sustainability of the Circular Economy Model at the European
Union level. Sustainability 2019, 11, 1114. [CrossRef]

29. Lazarevic, D.; Valve, H. Narrating expectations for the circular economy: Towards a common and contested European transition.
Energy Res. Soc. Sci. 2017, 31, 60–69. [CrossRef]

30. Awasthi, A.K.; Li, J.; Koh, L.; Ogunseitan, O.A. Economia circulară s, i des, eurile electronice. Nat. Electron. 2019, 2, 86–89. [CrossRef]
31. Chen, M.; Ogunseitan, O.A. Zero E-waste: Regulatory impediments and blockchain imperatives. Front. Environ. Sci. Eng. 2021,

15, 114. [CrossRef]
32. Blomsma, F.; Tennant, M. Circular economy: Preserving materials or products? Introducing the Resource States framework.

Resources. Conserv. Recycl. 2020, 156, 104698. [CrossRef]
33. Alfaro, E.; Yu, F.; Rehman, N.U.; Hysa, E.; Kabeya, P.K. Strategic management of innovation. In Routledge Companion to Innovation

Management; Routledge: London, UK, 2019; pp. 107–168.
34. Kihl, A.; Aid, G. Driving Forces and Inhibitors of Secondary Stock Extraction. Open Waste Manag. J. 2016, 9, 11–18. [CrossRef]
35. Zoboli, R.; Nicolò, B.; Ghisetti, C.; Giovanni, M.; Paleari, S. Towards an Innovationintensive Circular Economy. Integrating Research,

Industry, and Policy; FEEM Report: Milano, Italy, 2019.
36. Schiederig, T.; Tietze, F.; Herstat, C. Green innovation in technology and innovation management—An exploratory literature

review. RD Manag. 2012, 42, 180–192. [CrossRef]
37. Kijek, T.; Kasztelan, A. Eco-innovation as a Factor of Sustainable Development Ekoinnowacje jako czynnik zrównoważonego
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Abstract: Despite the growing importance of the concept of circular economy, the case of developing
countries remains under-explored. Against this backdrop, the present research aims to examine
the association between the constructs of total quality management (TQM) and organizational
sustainability (OS) with the mediating effect of knowledge management (KM) from the perspective of
a circular economy. The data were collected from the manufacturing sector of a developing economy
(n = 510) to serve the purpose of the current research through a self-administered questionnaire
(paper-pencil technique). Structural equation modeling (SEM) was employed for hypothesis testing
of the current survey. Six TQM dimensions were drawn from the Malcolm Baldridge National Quality
Award (MBNQA) model. OS is composed of economic, social, and environmental sustainability,
and KM is composed of four dimensions including acquisition, creation, sharing, and application
of knowledge. The empirical examination suggests that TQM positively relates to OS, with KM
playing a partial mediation role between this association. This study provides important insights
for the management of the manufacturing industry of Pakistan on how to ensure organizational
sustainability in the age of a circular economy by using the constructs of TQM and KM.

Keywords: organizational sustainability; knowledge management; total quality management; sus-
tainable development; circular economy; linear economy

1. Introduction

Due to the technological, social, political, and environmental changes that emerged
over the past few decades, sustaining a viable and competitive organization has become
a real challenge [1]. These changes not only create more opportunities for consumers
but also change their needs and wants patterns [2]. It also aims to reduce consumers’
unnecessary usage of natural resources including, water, air, and soil [3], and encourage
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companies to improve their environmental footprint through the use of environment-
friendly activities. Currently, companies like to follow several methods simultaneously
and continue to support their strategic guidelines to achieve sustainable development
objectives [4].

According to a report by the United Nations Brundtland Commission, if businesses
sense the requirements of upcoming generations without compromising their ability to
fulfill their specific business needs, such businesses are referred to as “businesses with
sustainable development practices” [5]. This information applies to individuals who
value and share concerns for future generations, especially for the non-renewable natural
resources, so that the goal of sustainable development may be achieved. Organizational
sustainability (OS) is three-dimensional. That is, it comprises social stability, which implies
a stable economy that focuses on people, society, a stable environment, i.e., the natural
resources, and is also focused on the economic growth of the enterprises [6]. Previous
studies have also used the term triple bottom line (TBL) for these measurements [6–8].

With the rise of sustainability concerns and sustainable development, the notion of a
circular economy has been receiving a lot of attention from scholars and policymakers in
recent years [9]. When businesses embrace the essence of circular economy, it benefits not
only the environment but the organization as a whole, as reducing the level of wastage is
one of the primary objectives of such an approach [10]. Perhaps this is the reason that in
the current age, many corporations are striving to incorporate sustainability and practices
relevant to the notion of a circular economy. Undoubtedly, embracing the concept of a
circular economy not only benefits organizations by mitigating the level of waste but also
helps an economy to improve its environmental footprint [11].

The words “reduce, reuse, and recycle” are at the heart of the philosophy of circular
economy and sustainability [12]. This implies that corporations need to incorporate such
strategies through which they can reduce not only their wastage but also can incorporate
such practices that can enable them to reuse and even recycle their wastage for further
manufacturing processes. Central to the concept of circular economy is the concern for
waste reduction [13]. To do this, businesses are required to conduct a waste audit to
identify defects in business operations that are producing more waste than necessary. In
this scenario, the importance and relevance of total quality management (TQM) are self-
explanatory as one of the basic concerns of TQM is cost reduction through waste reduction.
Therefore, one of the objectives of the current research is to investigate the relationship of
TQM and organizational sustainability (OS) from the perspective of circular economy.

Given the large business competitive market landscape, regulated environment,
customer care, quality products, and authorized incentive, companies believe in well-
established modeling methods including TQM and knowledge management (KM). TQM
recognizes the method of improving organizational and individual performance to enhance
competitiveness [14]. This not only improves business economic health but also increases
customer and employee satisfaction [15]. The goal of TQM is to focus on sustainable perfor-
mance, using the least resources to maintain a well-functioning working environment [16].
In addition, the effective implementation of TQM, a key component of sustainability, will
have a significant influence on OS [17]. As Abbas, [18] noted, activity-focused companies
(one of the critical factors of TQM) can offer an eco-friendly product or service.

Specifically, the implementation of the concept of circular economy is not an easy task
as this includes a shift from a linear economy (the traditional one) to an iterative economy
(circular) [19]. This requires specific capabilities and KM abilities of an organization.
More specifically, from the perspective of a circular economy, a close knowledge-related
collaboration from all stakeholders and continuous improvement in the specific business
processes are preconditions for OS and for a circular flow of manufacturing processes [20].
Moreover, the process of circular value creation is imperative for improving ecosystems [21],
implying that KM has a significant place in all these processes. Therefore, another objective
of the current research is to investigate the mediating effect of KM between the relationship
of TQM and OS from the perspective of a circular economy.
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The proposed relationships were tested in the manufacturing sector of Pakistan. This
sector was taken into consideration purposefully. Firstly, the majority of the manufacturing
sector of Pakistan follows the linear economy pattern which results in an inefficient resource
management approach [22,23]. The approach of circular economy is more holistic to extract
value from the waste to achieve sustainability objectives [24]. In the current context, along
with other issues, inefficient management, poor knowledge, and quality standards are the
critical factors that restrict this sector’s adoption of a circular economy. Thus, the findings of
the current study will be helpful for this sector towards a circular economy by considering
KM and TQM practices. Secondly, Pakistan produces approximately 90,000 tons of solid
waste daily. The contribution of the industrial sector to this huge solid waste is critical [25].
To address this discouraging situation, an approach of the circular economy characterized
by proper knowledge-based and quality management approaches may improve the current
situation. Hassan and Daud [26] argue that the OS can be achieved through efficient KM
activities. Despite the importance of these ideas, researchers have paid limited attention to
the relationships between the “key operating structures” of TQM KM and OS.

The current study offers some significant contributions to existing knowledge. To be-
gin with, this is one of the pioneering studies from the perspective of developing economies
that attempt to bring to focus the importance of circular economy. Specifically, the current
study has a special focus on the manufacturing sector of Pakistan. Notably, the adoption
of the concept of circular economy is still in its evolving stages in most manufacturing
cases in the country [22]. To further aggravate the issue, the concept of a linear economy
still prevails and the full potential of the concept of circular economy has yet to be ana-
lyzed [27–29]. Moreover, the bulk of literature on circular economy has largely focused
on sectors from developed economies [9,11,30], whereas the case of developing countries
is still underexplored, which clearly highlights the dire need to conduct more research in
this area. Especially, in the case of Pakistan, almost every sector follows the concept of
the linear economy (take → make → waste), rather than adapting to a circular economy.
Given that there is no synergic approach between different industries for a cyclical sharing
of resources. This has led Pakistan to a situation of scarce resources along with different
environment-related issues. Poor waste management including unmanaged dumps has
placed Pakistan on the list of the countries with high solid wastages. The country, on
average, wastes more than 3 million rupees of plastic each year [31]. With the current
approach of the linear economy, it will not be possible for Pakistan to achieve a sustainable
future. Clearly, the circular economy model is at the heart of a sustainable approach. In this
regard, the scientific knowledge-related capabilities and TQM practices may be helpful for
enterprises of Pakistan to achieve sustainable manufacturing practices along with achieving
the circular economy objectives.

Moreover, the current study also enriches the available literature by introducing KM
as a mediator between the relationship of TQM and OS which has barely been discussed
from the perspective of a circular economy in the context of developing countries, though
there have been some studies highlighting the importance of KM from the perspective of a
circular economy [32,33]. However, these studies did not consider developing economies.
In this context, it is to be stated that, due to the environmental complexity which changes
from sector to sector and region to region, it is not possible to generalize the findings of pre-
vious studies in the context of an emerging economy. In line with the above arguments, the
current research study investigates the effect of TQM practices on OS with the intervening
effect of KM practices in the manufacturing sector of Pakistan.

The remainder of the current work is divided into four major divisions. The coming
section deals with the related theories, literature, and hypotheses followed by the method-
ology section in which we discuss the sample, data collection, and instrument-related
discussion. The last two sections are relevant with the analysis of the data and discussion
of the results along with the implications.
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2. Literature and Hypotheses Development

The current research seeks support from the concepts of knowledge management,
sustainability management, and the concept of TQM. The perspective of corporate sus-
tainability management stresses how corporations and communities, together, can thrive
environmentally and socioeconomically in the long run [34].

More specifically, this theory asserts that by embracing sustainability practices, corpo-
rations not only improve their environmental footprint but also can thrive with economic
efficiency as at the heart of sustainability management is the use of the least resources
to produce the greatest good. Meanwhile, in recent years, the importance of TQM has
also been emphasized on all grounds. As a full-fledged organizational philosophy, TQM
intends to grow across all departments of the organization [18]. This component is strongly
associated with organizational stability [35]. The TQM spectrum can expand economies to
a broad-based perspective ranging from a social to an environmental perspective. Likewise,
to accomplish this objective, enterprises must accept the concept of quality management by
selling valuables to consumers, even after the sale [36]. KM is generally regarded as a pro-
cess of knowledge-creating, utilizing, sharing, storing, and managing by an organization
in order to achieve its business objectives [37]. During the past couple of decades, different
studies reported on the relevance of KM with sustainable development [38–40]. The general
argument in this perspective is that contemporary organizations are likely to lose their
competitive position if they do not incorporate sustainability into the core of their business
operations. To this end, sustainability management requires an extensive and continuous
learning orientation from organizations based on several trial and error interventions to
prepare a solid organizational knowledge for decision making and problem-solving [41].
In a nutshell, all these perspectives seem helpful to develop the theoretical framework of
the current research.

2.1. TQM and Organizational Sustainability (OS)

The European Foundation for Quality Management (EFQM), the Swedish Quality
Award (SIQ), and the Malcolm Baldridge National Quality Award (MBNQA) describe
the basic TQM based on its key themes. The American MBNQA model combines the
strengths and weaknesses of TQM with a focus on regulatory governance in both public
and private enterprises. The sample model includes six variables, i.e., strategic planning,
leadership, process management, customer focus, information and analysis, and human
resource focus [42]. Because of the integrity of this model, this study used it to examine the
relationship between TQM, OS, and KM.

Manufacturing companies are quickly utilizing natural resources to increase their
profits; they produce more products. Compared to the services sector, manufacturing
organizations utilize more natural resources which cause environmental mutilation in
the form of pollution, especially water and air contamination [43]. Such practices have
now led to a constant increase in the temperature of the planet and a decrease in natural
resources. In response to this problem, many environmentalists, including several interna-
tional organizations and NGOs are attempting to raise awareness on environmental issues.
Enterprises of the recent era focus on stability, diversity, and cost savings [44].

The natural resource-based view (NRBV) focuses on organizational resources and
capabilities as a way of integrating its operations along with a sustainability perspective.
Moreover, NRBV provides a basis for determining the relationship between TQM and
organizational sustainability [35]. These characteristics are related to the conditions that
allow companies to achieve sustainable development to attain a long-term sustainable
competitive advantage, in line with NRBV. This method is similar in the manufacturing
and service industries [45]. From the stand of green organizational practices, it is important
to discuss the three dimensions of the survival of an organization [46]. Companies that
invest in organizational sustainability perform better, sell more to their consumers, and
are more competitive in their maneuvers [47]. The theme of a sustainable environment
focuses on the steps taken by corporations to preserve nature for future generations. It also
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examines the environmental effect of business activities, the utilization of natural resources,
and preservation [48].

Saving resources and energizing a sustainable environment is essential for the sur-
vival of future generations. Organizations cannot neglect their moral responsibilities for
society and the environment in the current age. Thus, different stakeholders, particularly
government, communities, and consumers expect enterprises to participate in society-
environment-enhancing initiatives to balance the negative effect of their operations [49].
Companies that take steps to protect the environment have a constructive effect on their cus-
tomers and a satisfied workforce as well. Unlike economic stability, which is more abstract
and numeric, environmental and social stability are more theoretic and conceptual [50]. In
the social landscape of sustainability, organizations have moral programs for social welfare
that go beyond their financial and economic well-being [51], for example, organizations’
contributions to community development programs, such as contributions to NGOs and
participating in public awareness programs, including information on improving products
and quality responsibilities [52].

This dimension of OS also takes into account the effect of the organization’s social
actions on social structures, health protection, work ethics, etc. [53]. In this context, TQM
focuses on continuous improvement while striving for optimal performance; there is a
long-standing association with longevity, which is important for OS. TQM and OS are one
of the priorities of many organizations—their practice is crucial for the production and
service businesses [54]. As a result, many companies claim their environment is kind and
sustainable in their operations. Since TQM is a process, it can be lengthened to contain
all aspects of the OS, as TQM aims not only to improve performance planning but also to
make better use of resources. Poor products or services not only lower the economy but
also deplete natural resources, resulting in an unsustainable environment. Therefore, we
propose the following hypothesis.

Hypothesis 1 (H1). TQM positively relates to organizational sustainability.

2.2. Knowledge Management and Organizational Sustainability

Knowledge is an inimitable asset for enterprises to base their competitive position
on a solid foundation. KM is the process of ensuring that a company’s representatives
have accurate information at the right time and place to make an efficient decision [18].
Companies based on KM foundations have a high level of quality and efficiency. Effi-
cient management and understanding processes of new products rely heavily on the KM
system [55]. As a result, KM has been considered as a solid foundation for companies to
become more competitive in the various industries in the current age. Moreover, KM has
every potential to improve the company’s innovative potential which is a critical factor of
competitive advantage for an organization. According to Zizakov et al. [56], for the ability
of a company to develop new products, the process of workflow is highly dependent on
efficient KM practices. Thus, KM creates a footing for enterprises to become more advanced
and competitive in the market.

With the help of KM practices, organizations translate tacit knowledge into a clear
idea so that it could move freely within the organization [57]. KM, through the knowledge
workers, leads to knowledge-based economics and companies can receive knowledgeable
insights to improve their process [58] and be able to produce new products and services.
Commitment to leadership and organizational repute are key factors in shared knowledge.
Enterprises can only use KM efficiently and effectively when they use knowledge from
diverse foundations. The company should use the knowledge gained from customers,
employees, and other shareholders to improve the overall operation of the company.

There are different research studies in which the relationship between TQM and KM
has been established. For example, scholars like Stewart and Waddell [59] asserted that
enriching the intervention of quality to a wide range of business process including product
specifications, customer needs, and continuous improvement indicate a clear relationship
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between TQM and KM. Moreover, KM practices of organization support in establishing
a quality culture which is essential for an organization’s success in a competitive land-
scape [60]. Likewise, the work of Lin and Wu [61] also indicated that there exists a positive
relationship between TQM and KM. The study of Colurcio [62] showed that the TQM
orientation of an organization positively influences the KM capabilities of an organization,
especially for successful knowledge creation and dissemination. To sum, companies that
successfully implement TQM include KM in their operations earn a high-profit share.
Therefore, the following hypothesis is proposed.

Hypothesis 2 (H2). TQM positively relates to knowledge management.

2.3. TQM, Knowledge Management, and Organizational Sustainability

Relating KM with OS has become a critical business imperative for present organiza-
tions to achieve business goals and objectives effectively. Knowledge is essential for the
development of an individual, an organization, and a nation. Ashraf [63] and Abbas [18]
argue that KM is an important factor in the development of a sustainable organization.
Knowledge-based companies are more innovative as compared to other organizations,
as they can see new signs of organizational stability [64]. Companies that incorporate
knowledge management activities into their business operations are responsible for shar-
ing information with the community [65]. KM helps organizations to develop sustainable
use of information resources, social considerations, and environmental and economic is-
sues [66]. Organizations involved in KM activities encourage the sharing of information
within and outside the organization. Organizational strengths focus on the efficient organi-
zation of KM across all organizational strategies to achieve sustainability in all areas [67].
KM activities support an organization in achieving its sustainability objectives. Thus, the
following set of hypotheses is framed. Figure 1 shows the conceptual framework of the
current study.

TQM  
(X) KM (M)  

 

OS 

(Y) 

Figure 1. Research model of the current analysis: TQM (X) = the independent construct, OS (Y) = the outcome construct,
KM (M) = the intervening construct.
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Hypothesis 3 (H3). KM positively relates to organizational sustainability.

Hypothesis 4 (H4). KM mediates the relationship between TQM and OS.

3. Methodology

3.1. Data Collection

We collected the data from manufacturing organizations in Lahore city, Pakistan. It is
to be mentioned here that Lahore city is the industrial hub of Pakistan which constitutes a
population of several million. We intentionally selected this city to serve the purpose of the
current survey. The specific reason for this intention lies in the fact that during recent years,
the city has been declared more than one time as the most polluted city in the world [68].
In this regard, industrial malpractices have been regarded as one of the major reasons for
this poor environmental situation [69,70]. Mainly, we visited the Quaid E Azam industrial
estate and the Sunder industrial zone of Lahore to collect the data. We only contacted
ISO-certified organizations because these ISO-certified organizations are ready to apply
environmental certification and social responsibility (for example, ISO 14000 and 26000).
In this regard, we formally contacted the selected organizations to support us in the data
collection process in the larger interest of academia and the industry. After receiving their
formal approval, we then planned a detailed schedule indicating the timing and frequency
of our visits in different organizations.

We included low, middle, and senior executives in our dataset, as they responded
positively to the survey. Not only did they understand their organizational policies, but they
were able to understand different concepts like TQM, KM, and sustainability. Moreover,
before starting the data collection phase, we ensured that the ethical guidelines given in
the Helsinki Declaration [71] were met accordingly. For example, informed consent from
each respondent was obtained to participate in the survey voluntarily. For this purpose,
a separate sheet was attached with every questionnaire. Likewise, each respondent was
given an equal opportunity to quit the survey at any stage if he/she felt uncomfortable
disclosing the information during this process. The instrument for collecting the data
was a questionnaire (self-administered) which was given to each participant. Initially,
we distributed 800 questionnaires to different organizations. As happens in most data
collections through surveys, we did not receive back in full what we distributed. Of
those 800 (initial distribution), some questionnaires were incomplete, thus, we could not
include them in the final dataset. In this regard, we received 510 valid responses that were
processed to analyze the data. This method of data collected is also supported by different
scholars [72,73]. The data were collected between December 2020 and March 2021.

3.2. Measures

The questionnaire consisted of three parts. The first part included 36 items based on
six TQM dimensions adapted from the MBNQA model. Specifically, the items of TQM
were taken from the studies of Saraph et al. [74], Samson and Terziovski [75], Kaynak [76],
and Sila [77]. The second part included 14 OS-related items, taken from Turker [78] and
Kaynak [76]. Finally, part 3 included 22 items of the KM construct which were taken from
Darroch [79] and Lee and Wong [80]. All items were rated on a 5-point Likert scale ranging
from 1 = strongly disagree to 5 = strongly agree. To confirm the reliability and validity of
the questionnaire, we conducted a pilot study and collected 42 responses from companies
located in Lahore. Preliminary analysis showed an internal consistency of 0.89 for TQM,
0.90 for OS, and 0.82 for KM, which met Hair et al. [81] guidelines of a 0.70 cut-off value.

4. Results

4.1. Common Method Bias

The general approach to detect a common method bias issue is suggested by Podsakoff
et al. [82]. Thus, we followed several sequential steps. For instance, the respondent was
told that the questions must be answered honestly and that there are no “good” or “bad”
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answers. This strategy attempts to reduce the fear in practice and prevents them from
giving important social responses. (2) The structure of the instrument was designed very
carefully to avoid any possible ambiguity. This is why the instrument had short, simple,
and straightforward questions. (3) The importance of the study and the responses from the
respondents’ participation were explained to them in details. We also initiated a single-
factor analysis as recommended by Harman [83]. All items of the instrument were loaded
on a single factor using exploratory factor analysis. The results confirmed that there is
no single dominant factor that explains more than 50% variance which means there is no
issue of common method bias. The above information shows that the general bias of our
research does not indicate a major problem [84,85].

4.2. Structural Equation Modeling (SEM)

SEM is an advanced-level data analysis technique that has some significant advan-
tages over conventional multivariate techniques. For example, SEM provides an explicit
assessment measurement error. It also enables a researcher to estimate a latent variable
through observed variables [86]. In addition, SEM helps an analyst carry out a simultane-
ous evaluation of the complex models, especially models with mediators or moderators,
which was not possible through the conventional data analysis techniques. On a final
note, a fully developed model can be tested against the data using SEM as a conceptual or
theoretical structure or model and can be evaluated for the fit of the sample data. This is
why researchers in the current age prefer to analyze the data by employing SEM [87–89].
According to Chin, Peterson, and Brown [85], SEM is suitable for analyzing the cause and
effect analysis of complex models, as is the case with the current study. Similarly, SEM is
useful when used to evaluate the implementation of multiple modeling, multiple paths,
and/or multi-segment models for each structure. For these reasons, we felt SEM was a
useful technique for data analysis of the present study.

To test the hypothesized model, we used a two-step SEM analysis, for all parameter
estimations, we used the maximum likelihood method using AMOS. Similarly, to measure
the modeled constructs and evaluation, we used confirmatory factor analysis (CFA). With
the help of CFA, we were able to examine convergent and discriminant validities along
with a reliability analysis of the measurement model. The values of average variance
extracted (AVE) were examined to assess convergent validity and composite reliability
(CR) values were analyzed to evaluate the reliability of the instrument. Similarly, the
discriminant validity was established by taking the square root of AVE. The results of AVE
and CR are presented in Table 1, and the results of discriminant validity are shown in
Table 2. According to these results all variables have acceptable CR values greater than
0.6. Similarly, the values of AVEs were also within the acceptable range as each construct
showed a variance greater than 50%, which means that captured variance by the variable
is greater as a result of measurement error [90]. All these results indicate that our proposed
model has good internal validity and reliability. As a matter of fact, convergent validity is a
measure of association between two observed factors measuring the same construct. Factor
loadings more than 0.5 are considered significant loading in the context of convergent
validity [90]. In this regard, all factor loadings in our final measurement model exceeded
the cut-off level of 0.5. We had to delete some standardized factor loadings due to their
weak loading on the respective latent construct. Finally, we examined the discriminant
validity of our data by observing square root values of each construct and comparing them
to correlation values among other constructs. The rule of thumb is that if the square root of
AVE exceeds the correlational values, it means there is evidence of discriminant validity.
These results are shown in Table 2.
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Table 1. Convergent validity and reliability.

Variable Items
FL b

(Min–Max)
T-Value b

(Min–Max)
α b CR b AVE b

TQM second order CFA 6 0.77–0.94 12.06–18.56 0.92 0.96 0.69
Customer focus 4 0.91–0.96 23.49–31.57 0.84 0.86 0.86

Strategic planning 3 0.74–0.82 13.76–17.91 0.88 0.90 0.61
Process management 6 0.75–0.94 11.24–19.78 0.82 0.85 0.69

HR focus (HR) 4 0.75–0.86 14.52–18.86 0.88 0.91 0.65
Information and analysis 4 0.73–0.90 17.94–23.55 0.87 0.89 0.67

Leadership 7 0.76–0.91 16.39–22.82 0.81 0.84 0.67
OS second order CFA 3 0.71–0.95 13.97–21.25 0.89 0.93 0.64

Economic sustainability 3 0.74–0.87 12.84–17.11 0.84 0.87 0.65
Social sustainability 4 0.71–0.95 13.91–19.54 0.92 0.95 0.70

Environmental sustainability 3 0.73–0.84 15.79–20.66 0.86 0.89 0.57
KM second order CFA 4 0.58–0.97 14.48–22.47 0.79 0.82 0.74
Knowledge application 4 0.78–0.96 15.34–21.77 0.91 0.93 0.76

Knowledge creation 4 0.76–0.90 15.92–20.09 0.87 0.90 0.73
Knowledge acquisition 5 0.78–0.94 10.54–16.98 0.80 0.83 0.71

Knowledge sharing 4 0.81–0.90 19.80–24.74 0.92 0.94 0.75

Note: b FL, factor- loading; α, Cronbach’s α coefficient; CR, composite reliability; AVE, average variance extracted.

Table 2. Discriminant validities and correlations.

CF SP PM HR IN LD KP KS KC KA ES SS EN

CF 0.93
SP 0.49 ** 0.88
PM 0.53 ** 0.66 ** 0.87
HR 0.41 ** 0.48 ** 0.56 ** 0.81
IN 0.33 ** 0.39 ** 0.53 ** 0.59 ** 0.81
LD 0.48 ** 0.33 ** 0.47 ** 0.62 ** 0.54 ** 0.84
KP 0.50 ** 0.47 ** 0.51 ** 0.46 ** 0.60 ** 0.64 ** 0.92
KS 0.49 ** 0.45 ** 0.59 ** 0.47 ** 0.52 ** 0.53 ** 0.58 ** 0.88
KC 0.54 ** 0.48 ** 0.54 ** 0.53 ** 0.56 ** 0.51 ** 0.49 ** 0.41 ** 0.84
KA 0.49 ** 0.39 ** 0.51 ** 0.59 ** 0.59 ** 0.53 ** 0.43 ** 0.48 ** 0.65 ** 0.87
ES 0.57 ** 0.52 ** 0.58 ** 0.42 ** 0.58 ** 0.45 ** 0.31 ** 0.34 ** 0.61 ** 0.47 ** 0.81
SS 0.56 ** 0.44 ** 0.50 ** 0.54 ** 0.35 ** 0.54 ** 0.52 ** 0.36 ** 0.57 ** 0.61 ** 0.54 ** 0.80
EN 0.42 ** 0.48 ** 0.53 ** 0.58 ** 0.59 ** 0.47 ** 0.32 ** 0.48 ** 0.64 ** 0.48 ** 0.49 ** 0.56 ** 0.77

Note: **, significant at 95 % level. CF = customer focus, SP = strategic planning, PM = process management, HR = HR focus, IN = information
and analysis, LD = leadership, KP = knowledge process, KS = knowledge sharing, KC = knowledge creation, KA = knowledge application,
ES = economic sustainability, SS = social sustainability, EN = environmental sustainability.

4.3. Hypotheses Testing and Measurement Model

We tested the hypotheses of the present study using the maximum likelihood method
in AMOS. Firstly, we tested our measurement model for data fit. For this purpose, we
examined different model fit indices such as CFI, IFI, GFI, RMSEA, NFI, and AGFI. All
values of model fit indices showed statistical evidence of a better model fitting to the data.
We also tested the χ2/df ratio for less than 5 in order to accept the model for data fit. The
findings are shown in Table 3.
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Table 3. Model fit indices.

Indicators Acceptable Range TQM OS KM

Absolute fit index χ2/df 1~5 1.89 * 1.30 * 2.53 *
GFI >0.9 0.93 * 0.93 * 0.91 *

AGFI >0.9 0.96 * 0.94 * 0.90 *
RMR <0.08 0.050 * 0.031 * 0.022 *

RMSEA <0.08 0.061 0.042 * 0.038 *

Comparative fit
index NFI >0.9 0.90 * 0.93 * 0.90 *

CFI >0.9 0.92 * 0.97 * 0.95 *
IFI >0.9 0.94 * 0.96 * 0.95 *

Parsimony-adjusted
measures PNFI >0.5 0.72 * 0.76 * 0.68 *

* within the acceptable range.

4.4. Structural Model Testing

In order to take the analysis to a further level, we tested our hypothesized relations
through SEM in AMOS software with the help of beta values and associated p-values. The
results are shown in Table 4. According to these results, all hypotheses of the present study
showed significant results, which means that all hypotheses were in an acceptable range.
From the statistical results, it is evident that TQM significantly predicts KM (beta = 0.351,
p < 0.05) and KM significantly predicts OS (beta = 0.47, p < 0.05); therefore, H2 and H3 are
accepted.

Furthermore, we tested the mediation effect of KM in the relationship of TQM and
OS with the help of Bootstrapping option in AMOS. The results showed that the indirect
effect is 0.166, p < 0.05. BootLLCI = 0.127 and BootULCI = 0.439. Neither ULCI nor LLCI
include zero, which means zero falls outside of ULCI and LLCI which means the indirect
effect is significant and positive. Hence, KM is a significant mediator in the relationship
between TQM and OS, so H4 is supported. Similarly, the direct effect of TQM on OS is
also significant and positive 0.493, p < 0.05, which means that TQM significantly predicts
OS, implying that H1 is also accepted. It is notable that the effect size is reduced (direct
effect-C) from 0.493 to 0.166 (indirect effect -C’) but remained significant which is indicative
of the fact that KM is a partial mediator in the relationship of TQM and OS. On a final note,
the mediation effect explains more than 25% of the total variance in OS. This effect can be
calculated from the formula given in Equation (1). The structural relationships are shown
in Figure 2.

Proportion of mediation =
Indirect effects

Total effect
(1)

Table 4. Hypotheses testing.

Hypotheses Path Relationship
Beta Value
(p < 0.05)

LLCI/ULCI Decision

H1 TQM → OS + 0.493 *** 0.183/0.392 Supported
H2 TQM → KM + 0.351 *** 0.762/1.138 Supported
H3 KM → OS + 0.473 *** 0.199/0.537 Supported
H4 TQM → TL → SCA + 0.166 *** 0.127/0.439 Supported

Note: *** p < 0.000.
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Figure 2. The structural model.

5. Discussion

The current study was carried out to serve two main objectives. Firstly, the study
intended to investigate the relationship between TQM and OS from the perspective of a
circular economy. To this end, the results of the current study validated that there is a direct
relationship between TQM and OS. Successful use of TQM practices in an organization
can lead to an enhanced level of OS. These results are in line with the study by Abbas [18],
which found a significant impact of TQM on corporate sustainability. However, our results
show a contradiction with the findings of Li et al. [91] in the context of Chinese enterprises,
in which they indicated TQM does not affect the green performance of the organization.
It can now be argued that the basis of TQM is a set of action strategies related to the
sustainable development of enterprises.

Altogether, TQM not only reduces economic inefficiency but also protects the en-
vironment and nature by transporting them to the environmental permanence of the
organization. Improving the level of customer satisfaction, reducing the error rate, and
improving key performance indicators of the TQM program can be directly linked to the
economic sustainability of enterprises.

The enterprises that are more aware of the impact of their work on the environment
seem to be more interested in incorporating the TQM orientation in their business opera-
tions [92]. As TQM and environmental management share the same landscape, as they both
focus on the efficient use of resources to reduce the level of waste during the value creation
processes of a business; they are similar in terms of philosophy. In order to improve its
environmental footprint, an organization should implement a TQM program core to its
business operations. By combining quality with a competitive environment, a sustainable
organization focuses on sustainable development. Moreover, TQM strengthens not only
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the organizational environmental initiatives but also boosts organizational repute and
market share value which ultimately enhances the overall performance of the organization.
Additionally, by applying the TQM approach to a wide range, companies can ensure the
impact of green systems, such as low levels of harmful gases and minimal use of natu-
ral resources in order to be environmentally friendly. According to the results of Kang
et al. [93], TQM had a significant and positive impact on a sustainable social environment.
However, compared to economic and environmental sustainability, many companies have
neglected social stability in their policies due to the low stability of the triple bottom line
(TBL) model [94]. To sum, socially sustainable organizations aim to recognize the impact
of their actions on society and the environment in order to take steps, to improve their
environmental footprint, and to improve their community. Although social sustainability
is complex to understand, it is easy to detect. Thus, the enterprises that understand the
importance of social sustainability give prime importance to the initiatives that can reduce
their negative impact on the environment. These results are in line with the findings of
Andrade Arteaga, Rodríguez-Rodríguez, Alfaro-Saiz, and Verdecho [16], Chen et al. [95],
and [96].

Another objective of the current survey was to investigate the mediating effect of
KM between the relationship of TQM and OS. In this regard, the statistical findings of
the current survey validated the mediating role of KM in the proposed relationship of
TQM and OS. It is stated that if organizations implement the TQM program effectively,
they will improve their performance of KM and this will also have a significant impact
on OS. Moreover, our study confirmed that TQM leads to a higher level of KM activity in
the organization. Intelligent organizations see TQM and KM as elements of collaboration,
emphasizing the importance of individual employees for knowledge sharing, acquisition,
and dissemination in an organization. The results have shown the efficacy of KM to enhance
OS, i.e., social, environmental, and economic well-being. The analysis of the mediation
role of KM between TQM and OS yielded significant implications and shows that the
inclusion of KM in the proposed model is imperative to enhance the overall sustainability
performance of an organization. On a further note, both TQM and KM share the same
values in many ways; for example, one of the core value of TQM is continuous improvement
for which the knowledge repository of an organization is of utmost importance. Likewise,
to reduce the error rate, the role of the knowledge worker of an organization is critical. This
line of reasoning can be seen in the work of Mendes [97]. In brief, our study brings it to the
fore that to attain OS, the role of KM is of paramount importance, as our results proved
that when KM is introduced in the model, it explained a significant amount (more than
25%) of the total variation in OS. Thus, the mediating role of KM between the relationship
of TQM and OS is proven as per the statistical findings of the current survey.

Implications

TQM and environmental management have a common orientation for long-term goals
as both of these concepts emphasize reducing resource utilization, reducing waste, and
improving customer satisfaction. To achieve such long-term goals, organizations must
focus on integrating good standards of quality system management and environmental
management. By combining quality with the environment, a capable organization will be
able to induce its continuous improvement in all three areas of sustainability (environmen-
tal, social, and economic). As TQM promotes environmental management practices, it can
strengthen the organizational image and market share. In addition, by following TQM
practices in a broader context, organizations can ensure the benefits of green manufacturing
practices, such as low greenhouse gas emissions and wastewater and low consumption
of energy and natural resources, making it a more environmentally friendly organization.
These results are also in line with the findings of Green et al. [98] and Sriyakul et al. [99].

Similar to the sustainable environment, TQM has shown significant and positive
effects on social sustainability in previous studies [93,100]. However, in comparison to the
economy and the environment, many organizations have neglected social stability in their
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policies, due to the low level of stability in the TBL model. Smart organizations continue
to recognize the impact of their actions on society, both positive and negative, and take
steps to improve the quality of interaction with primary and secondary partners. Although
it is difficult to classify activities for social care, they are easy to identify. Some of the
generalizations develop a general policy for workers, consumer rights and workers’ rights,
rest of employment, volunteering, living standards, health and safety, welfare, community
involvement, contributions, or participating in public development programs. Organiza-
tions that understand customer experience and relationships recognize the importance of
maintaining relationships and being part of their business plans. Thus, a well-planned
TQM philosophy not only considers environmental sustainability but also takes care of the
social aspect of sustainability.

Our findings also show a positive relation between TQM and economic sustainability.
These findings are consistent with various studies, such as García-Alcaraz et al. [101].
According to the results, TQM practices are also helpful in improving the economic health
of an organization as the philosophy of TQM stresses efficient management of resources at
each level which undoubtedly improves the overall economic efficiency of an organization.
One of the main reasons for these results is that both TQM and KM systems improve
company performance, such as time management, efficient use of equipment, training,
and development, which has an impact on employees and customer satisfaction. Another
important reason for improving the economic efficiency of organizations through TQM is
that TQM systems reduce the cost of operations and inefficiency of operations, resulting
in better and more stable services. While the quality of a product or service can build a
brand and competition, firms need to ensure the quality of their operations and services.
It is important to note that TQM practices are interdependent, and in order to receive
the maximum benefit from them, organizations must supplement the entire process with
proper knowledge management practices. In this regard, leadership can play an important
strategic role, as leaders have a responsibility to plan and implement organizational plans.

The study has some important social implications, which we will explain one by one.
For example, the findings of the current study highlight the importance of TQM and KM in
achieving sustainability objectives. Specifically, the study unveils the importance of TQM
and KM from the perspective of a circular economy. The notion of circular economy is at
the heart of sustainable manufacturing in different developed countries. However, the
situation in the context of the developing countries is very different because most of the
developing countries (including Pakistan) do not have sufficient resources and knowledge
to properly execute the crux of a circular economy. In this context, the current study adds
to the discussion of a circular economy by arguing that a well-planned TQM approach
supplemented by KM practices may be helpful for sustainable manufacturing. More
specifically, the current study adds to the findings of Perey, et al. [102], who acknowledged
the usefulness of TQM for waste management and sustainable practices but ignored the
importance of KM in this process. Thus, the leadership and management of businesses
should increase their commitment to implement TQM programs in the enterprises to
ensure not only the achievement of financial stability but also the social and sustainable
environment in line with the concept of TBL.

Moreover, it is central to implement the TQM mechanism in all enterprises that can
adhere to one of the standard benchmarks such as MBNQA, EFQM, and SQA. However,
in Pakistan, many ISO-certified companies only have Lean Manufacturing, Kaizen, Juran
Training, and other quality management standards that do not properly acknowledge the
philosophy of sustainable development and circular economy. The policymakers of the
enterprises have to realize that in the absence of a comprehensive TQM program, achieving
organizational sustainability will be a difficult task. The current study supports the basic
fundamentals of the MBNQA model and leads to improved quality in organizational
decision-making. The results show that TQM practices are important in the manufac-
turing sector; this study provides a guideline that the TQM philosophy along with KM
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should be fully applied in the manufacturing sector of Pakistan in order to get better and
sustainable results.

Especially from the perspective of a circular economy, the findings of the current
survey have some specific implications. To begin with, it is to be noted that the current
pattern in most of the manufacturing organizations in Pakistan is a linear production
pattern that follows the philosophy of ‘take, make, and waste’ without any significant
consideration of the concept of a circular economy which is an antonym of linear economy.
Although some organizations are striving to incorporate the concept of the circular economy
into their business operations, up until now, such organizations could not reap the full
benefits of a circular economy. For such organizations, realizing the importance of TQM and
KM from the perspective of a circular economy is of utmost importance. More specifically,
Pakistan is one of the nations in the world that is ranked high for waste production, as the
country has been reported to generate more than 70,000 tons of solid waste on daily basis.
In the given scenario, if the manufacturing sector of Pakistan assumes its responsibility
and makes it a priority to follow the essence of a circular economy, there is every possibility
to think of a better and sustainable future for the country. To that end, the findings of the
current survey may be helpful as currently, several industries in Pakistan are ISO certified,
but there is a need to shift the way the current organizations follow TQM philosophy in
order to think of it as an enabler for a circular economy.

6. Conclusions

The current study is helpful for the manufacturing sector of Pakistan to achieve the
sustainability perspective, especially from a viewpoint of a circular economy. It is to be
noted that economic transformation is not an overnight process, nor does it depend solely
on industrial restructuring. It is, in reality, a change in the mindset, behavior, and priorities
of all the concerned stakeholders. Further, to achieve sustainable manufacturing, the
circular economy is a way forward for Pakistani businesses. This view can also be seen
in some recent studies. For example, the studies of Rahman and Kim [29] and Umer and
Abid [103] are some relevant cases in this regard. Furthermore, the industries in Pakistan
have to realize the potential of TQM to achieve sustainability and for a transition from a
linear economy to a circular economy. Presently, different businesses in Pakistan have ISO
standards (14000, 26000, and others); however, most businesses follow such standards to
satisfy state laws or as a requirement imposed by the client organization. This is the time to
assume TQM from a proactive approach, as the full potential of TQM is not just to satisfy
state laws or clients, but beyond that, it can place an organization in a better competitive
position through circular production. Similarly, the businesses in Pakistan need to realize
the importance of a knowledge resource for achieving a successful transition towards a
circular economy. More specifically, proper creation and acquisition of knowledge are
critical for its successful application from the perspective of a circular economy [21]. There
are some theoretical considerations of the present study as well; first, it enriches the gap
between TQM and OS, especially in manufacturing companies of Pakistan. This supports
TQM’s position that effective implementation of TQM activities can significantly improve
an organization’s sustainable performance. This study emphasizes the importance of the
KM role in the relationship between TQM and CS and confirms KM’s principle that good
governance not only has a positive impact on personal and organizational activities but
also increases their ability to excel in a competitive landscape.

In sum, we have to think green before we can act green and ultimately go green. It is
high time to start reimagining the relationship between resources in both our daily lives
and the corporate sector and, as a result, reimagine the future we are creating for our
next generations. On a final note, our study may generate the same findings in similar
economies such as India and Bangladesh. However, in other economies, due consideration
and care are necessary before implementing the findings of the current survey.

There are some limitations to the current research. First, the information collected
does not include any operational staff. Their opinion may add important insights to the
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present research study, so future researchers are required to include operational staff as
well in order to get better insights.

In addition, the information was based on the understanding of the participants and
not on the financial statements provided in organizational documents, so the actual perfor-
mance was not measured in the present study. Therefore, in addition to self-understanding,
the real data of the organization, such as annual reports, may also provide other evidence
of the impact of TQM activity on OS. Data were only collected from industries located in
the Quaid E Azam industrial state and Sundar industrial zone of Lahore so the generaliz-
ability of the present study is under question. In order to better address the issue, future
researchers are required to include more cities in Pakistan.

Author Contributions: All of the authors contributed to conceptualization, formal analysis, investi-
gation, methodology, and writing and editing of the original draft. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from the respondents of the survey.

Data Availability Statement: The data will be made available on request from the corresponding
author.

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

References

1. Cancino, C.A.; La Paz, A.I.; Ramaprasad, A.; Syn, T. Technological innovation for sustainable growth: An ontological perspective.
J. Clean. Prod. 2018, 179, 31–41. [CrossRef]

2. Ali, S.; Ullah, H.; Akbar, M.; Akhtar, W.; Zahid, H. Determinants of consumer intentions to purchase energy-saving household
products in Pakistan. Sustainability 2019, 11, 1462. [CrossRef]

3. Yang, Q.; Li, Z.; Lu, X.; Duan, Q.; Huang, L.; Bi, J. A review of soil heavy metal pollution from industrial and agricultural regions
in China: Pollution and risk assessment. Sci. Total Environ. 2018, 642, 690–700. [CrossRef] [PubMed]

4. Albareda-Tiana, S.; Vidal-Raméntol, S.; Fernández-Morilla, M. Implementing the sustainable development goals at University
level. Int. J. Sustain. High. Educ. 2018, 19, 473–497. [CrossRef]

5. Imperatives, S. Report of the World Commission on Environment and Development: Our Common Future; Oxford University Press:
Oxford, UK, 1987; Volume 10.

6. Braccini, A.M.; Margherita, E.G. Exploring organizational sustainability of industry 4.0 under the triple bottom line: The case of a
manufacturing company. Sustainability 2019, 11, 36. [CrossRef]

7. Henry, L.A.; Buyl, T.; Jansen, R.J. Leading corporate sustainability: T he role of top management team composition for triple
bottom line performance. Bus. Strategy Environ. 2019, 28, 173–184. [CrossRef]

8. Longoni, A.; Cagliano, R. Sustainable innovativeness and the triple bottom line: The role of organizational time perspective. J.
Bus. Ethics 2018, 151, 1097–1120. [CrossRef]

9. Geissdoerfer, M.; Savaget, P.; Bocken, N.M.; Hultink, E.J. The Circular Economy–A new sustainability paradigm? J. Clean. Prod.
2017, 143, 757–768. [CrossRef]

10. Pieroni, M.P.; McAloone, T.C.; Pigosso, D.C. Business model innovation for circular economy and sustainability: A review of
approaches. J. Clean. Prod. 2019, 215, 198–216. [CrossRef]

11. Korhonen, J.; Honkasalo, A.; Seppälä, J. Circular economy: The concept and its limitations. Ecol. Econ. 2018, 143, 37–46. [CrossRef]
12. Kirchherr, J.; Reike, D.; Hekkert, M. Conceptualizing the circular economy: An analysis of 114 definitions. Resour. Conserv. Recycl.

2017, 127, 221–232. [CrossRef]
13. Kerdlap, P.; Low, J.S.C.; Ramakrishna, S. Zero waste manufacturing: A framework and review of technology, research, and

implementation barriers for enabling a circular economy transition in Singapore. Resour. Conserv. Recycl. 2019, 151, 104438.
[CrossRef]

14. Busu, M. Applications of TQM Processes to Increase the Management Performance of Enterprises in the Romanian Renewable
Energy Sector. Processes 2019, 7, 685. [CrossRef]

15. Kim, G.-S. The Effect of Quality Management and Big Data Management on Customer Satisfaction in Korea’s Public Sector.
Sustainability 2020, 12, 5474. [CrossRef]

16. Andrade Arteaga, C.; Rodríguez-Rodríguez, R.; Alfaro-Saiz, J.-J.; Verdecho, M.-J. An ANP-Balanced Scorecard methodology
to quantify the impact of TQM elements on organisational strategic sustainable development: Application to an oil firm.
Sustainability 2020, 12, 6207. [CrossRef]

35



Sustainability 2021, 13, 11514

17. Aquilani, B.; Silvestri, C.; Ruggieri, A. Sustainability, TQM and value co-creation processes: The role of critical success factors.
Sustainability 2016, 8, 995. [CrossRef]

18. Abbas, J. Impact of total quality management on corporate green performance through the mediating role of corporate social
responsibility. J. Clean. Prod. 2020, 242, 118458. [CrossRef]

19. Govindan, K.; Hasanagic, M. A systematic review on drivers, barriers, and practices towards circular economy: A supply chain
perspective. Int. J. Prod. Res. 2018, 56, 278–311. [CrossRef]

20. Zucchella, A.; Previtali, P. Circular business models for sustainable development: A “waste is food” restorative ecosystem. Bus.
Strategy Environ. 2019, 28, 274–285. [CrossRef]

21. Atiku, S.O. Knowledge management for the circular economy. In Handbook of Research on Entrepreneurship Development and
Opportunities in Circular Economy; IGI Global: Hershey, PA, USA, 2020; pp. 520–537.

22. Agyemang, M.; Kusi-Sarpong, S.; Khan, S.A.; Mani, V.; Rehman, S.T.; Kusi-Sarpong, H. Drivers and barriers to circular economy
implementation. Manag. Decis. 2019, 57, 971–994. [CrossRef]

23. Tariq, H.; Ali, Y.; Khan, A.U.; Petrillo, A.; De Felice, F. Sustainable production of diapers and their potential outputs for the
Pakistani market in the circular economy perspective. Sci. Total Environ. 2021, 769, 145084. [CrossRef] [PubMed]

24. Sharma, N.K.; Govindan, K.; Lai, K.K.; Chen, W.K.; Kumar, V. The transition from linear economy to circular economy for
sustainability among SMEs: A study on prospects, impediments, and prerequisites. Bus. Strategy Environ. 2021, 30, 1803–1822.
[CrossRef]

25. Javed, H.; Fazal Firdousi, S.; Murad, M.; Jiatong, W.; Abrar, M. Exploring Disposition Decision for Sustainable Reverse Logistics
in the Era of A Circular Economy: Applying the Triple Bottom Line Approach in the Manufacturing Industry. Int. J. Supply Oper.
Manag. 2021, 8, 53–68.

26. Hassan, H.; Daud, S. Fostering Corporate Sustainability Performance through Integrated Knowledge Management Strategy and
Eco-Innovation in Halal Pharmaceutical Companies: A Malaysia Case. World J. Islam. Hist. Civiliz. 2017, 7, 23–29. Available
online: https//www.researchgate.net/publication/319122947 (accessed on 10 October 2021).

27. Chahal, H.; Fayza. An exploratory study on kaizen muda and organisational sustainability: Patients’ perspective. Int. J. Lean
Enterp. Res. 2016, 2, 81–94. [CrossRef]

28. Siva, V.; Gremyr, I.; Bergquist, B.; Garvare, R.; Zobel, T.; Isaksson, R. The support of Quality Management to sustainable
development: A literature review. J. Clean. Prod. 2016, 138, 148–157. [CrossRef]

29. Rahman, S.M.; Kim, J. Circular economy, proximity, and shipbreaking: A material flow and environmental impact analysis. J.
Clean. Prod. 2020, 259, 120681. [CrossRef]

30. Stahel, W.R. The circular economy. Nat. News 2016, 531, 435. [CrossRef]
31. Asim, A.B. A Circular Economy Business Model with Zero Waste. Available online: https://www.pakistantoday.com.pk/2021/0

6/23/a-circular-economy-business-model-with-zero-waste/ (accessed on 6 October 2021).
32. Acerbi, F.; Sassanelli, C.; Terzi, S.; Taisch, M. Towards a data-based circular economy: Exploring opportunities from digital

knowledge management. In Proceedings of the European Lean Educator Conference, Milan, Italy, 11–13 November 2019;
pp. 331–339.

33. De Marchi, V.; Di Maria, E. Achieving circular economy via the adoption of Industry 4.0 technologies: A Knowledge management
perspective. In Knowledge Management and Industry 4.0; Springer: Berlin/Heidleberg, Germany, 2020; pp. 163–178.

34. Fisk, P. People Planet Profit: How to Embrace Sustainability for Innovation and Business Growth; Kogan Page Publishers: London,
UK, 2010.

35. Li, W. Research on the innovative development mode of quality education of college students based on the perspective of human
resource management. Educ. Sci. Theory Pract. 2018, 18. [CrossRef]

36. Anil, A.P.; Satish, K. Enhancing customer satisfaction through total quality management practices–an empirical examination.
Total Qual. Manag. Bus. Excell. 2019, 30, 1528–1548. [CrossRef]

37. Wu, J.; Lo, M.F.; Ng, A.W. Knowledge management and sustainable development. Encycl. Sustain. High. Educ. 2019, 1049–1057.
38. Ricardo, M.A. Knowledge management and the 2030 agenda for sustainable development in the United Nations context. Cienc.

Adm. 2021, 79–84. [CrossRef]
39. Mohamed, M.; Stankosky, M.; Mohamed, M. An empirical assessment of knowledge management criticality for sustainable

development. J. Knowl. Manag. 2009, 13, 271–286. [CrossRef]
40. Mabudafhasi, R. The role of knowledge management and information sharing in capacity building for sustainable development—

An example from South Africa. Ocean. Coast. Manag. 2002, 45, 695–707. [CrossRef]
41. Metcalf, L.; Benn, S. Leadership for sustainability: An evolution of leadership ability. J. Bus. Ethics 2013, 112, 369–384. [CrossRef]
42. Yusr, M.M.; Mokhtar, S.S.M.; Othman, A.R.; Sulaiman, Y. Does interaction between TQM practices and knowledge management

processes enhance the innovation performance? Int. J. Qual. Reliab. Manag. 2017, 34, 955–974. [CrossRef]
43. Mahmood, Z.; Kouser, R.; Masud, M.A.K. An emerging economy perspective on corporate sustainability reporting–main actors’

views on the current state of affairs in Pakistan. Asian J. Sustain. Soc. Responsib. 2019, 4, 8. [CrossRef]
44. Nikolaou, I.E.; Tsalis, T.A.; Evangelinos, K.I. A framework to measure corporate sustainability performance: A strong

sustainability-based view of firm. Sustain. Prod. Consum. 2019, 18, 1–18. [CrossRef]
45. Donnellan, J.; Rutledge, W.L. A case for resource-based view and competitive advantage in banking. Manag. Decis. Econ. 2019, 40,

728–737. [CrossRef]

36



Sustainability 2021, 13, 11514

46. Calza, F.; Parmentola, A.; Tutore, I. Types of green innovations: Ways of implementation in a non-green industry. Sustainability
2017, 9, 1301. [CrossRef]

47. Lozano, R. A holistic perspective on corporate sustainability drivers. Corp. Soc. Responsib. Environ. Manag. 2015, 22, 32–44.
[CrossRef]

48. Davenport, M.; Delport, M.; Blignaut, J.N.; Hichert, T.; Van der Burgh, G. Combining theory and wisdom in pragmatic,
scenario-based decision support for sustainable development. J. Environ. Plan. Manag. 2019, 62, 692–716. [CrossRef]

49. Advantage, C. Corporate Social Responsibility. In CSR and Socially Responsible Investing Strategies in Transitioning and Emerging
Economies; IGI Global: Hershey, PA, USA, 2020; p. 65.

50. Abbas, J. Impact of total quality management on corporate sustainability through the mediating effect of knowledge management.
J. Clean. Prod. 2020, 244, 118806. [CrossRef]

51. Gorski, H. Leadership and corporate social responsibility. In Proceedings of the International Conference Knowledge-Based
Organization, Sibiu, Romania, 15–17 June 2017; pp. 372–377.

52. Banerjee, S.; Wathieu, L. Corporate social responsibility and product quality: Complements or substitutes? Int. J. Res. Mark. 2017,
34, 734–745. [CrossRef]

53. Ingenbleek, P.; Dentoni, D. Learning from stakeholder pressure and embeddedness: The roles of absorptive capacity in the
corporate social responsibility of Dutch Agribusinesses. Sustainability 2016, 8, 1026. [CrossRef]

54. Unnikrishnan, P.; Tikoria, J.; Agariya, A.K. TQM to business excellence: A research journey (1985–2018). Int. J. Bus. Excell. 2019,
19, 323–363. [CrossRef]

55. Marchiori, D.; Mendes, L. Knowledge management and total quality management: Foundations, intellectual structures, insights
regarding evolution of the literature. Total Qual. Manag. Bus. Excell. 2020, 31, 1135–1169. [CrossRef]

56. Zizakov, M.; Vasic, S.; Delic, M.; Orosnjak, M.; Vulanovic, S. The Interdependencies of Quality Management, Knowledge
Management and Innovation Performance. A Literature Review. In Proceedings of the IFIP International Conference on
Advances in Production Management Systems, Novi Sad, Serbia, 30 August–3 September 2020; pp. 575–582.

57. Demir, A.; Budur, T.; Omer, H.M.; Heshmati, A. Links between knowledge management and organisational sustainability: Does
the ISO 9001 certification have an effect? Knowl. Manag. Res. Pract. 2021, 1–14. [CrossRef]

58. Wilson, J.P.; Campbell, L. ISO 9001: 2015: The evolution and convergence of quality management and knowledge management
for competitive advantage. Total Qual. Manag. Bus. Excell. 2020, 31, 761–776. [CrossRef]

59. Stewart, D.; Waddell, D. Knowledge Management: The fundamental component for delivery of quality. Total Qual. Manag. 2008,
19, 987–996. [CrossRef]

60. Kogut, B.; Zander, U. Knowledge of the firm, combinative capabilities, and the replication of technology. Organ. Sci. 1992, 3,
383–397. [CrossRef]

61. Lin, C.; Wu, C. Managing knowledge contributed by ISO 9001:2000. Int. J. Qual. Reliab. Manag. 2005, 22, 968–985. [CrossRef]
62. Colurcio, M. TQM: A knowledge enabler? TQM J. 2009, 21, 236–248. [CrossRef]
63. Ashraf, A.A. Total quality management, knowledge management and corporate culture: How do they synchronized for

performance excellence. Pak. J. Commer. Soc. Sci. 2016, 10, 200–211.
64. Lopes, C.M.; Scavarda, A.; Hofmeister, L.F.; Thomé, A.M.T.; Vaccaro, G.L.R. An analysis of the interplay between organizational

sustainability, knowledge management, and open innovation. J. Clean. Prod. 2017, 142, 476–488. [CrossRef]
65. Akram, M.S.; Goraya, M.; Malik, A.; Aljarallah, A.M. Organizational performance and sustainability: Exploring the roles of IT

capabilities and knowledge management capabilities. Sustainability 2018, 10, 3816. [CrossRef]
66. Manab, N.; Aziz, N. Integrating knowledge management in sustainability risk management practices for company survival.

Manag. Sci. Lett. 2019, 9, 585–594. [CrossRef]
67. Sanguankaew, P.; Vathanophas Ractham, V. Bibliometric review of research on knowledge management and sustainability,

1994–2018. Sustainability 2019, 11, 4388. [CrossRef]
68. IQAir. Air Quality in Pakistan. Available online: https://www.iqair.com/us/pakistan (accessed on 9 May 2021).
69. Chao, A.C.; Hong, L. Corporate Social Responsibility Strategy, Environment and Energy Policy. Struct. Change Econ. Dyn. 2019,

51, 311–317. [CrossRef]
70. Ahmad, N.; Ullah, Z.; Arshad, M.Z.; waqas Kamran, H.; Scholz, M.; Han, H. Relationship between corporate social responsibility

at the micro-level and environmental performance: The mediating role of employee pro-environmental behavior and the
moderating role of gender. Sustain. Prod. Consum. 2021, 27, 1138–1148. [CrossRef]

71. Declaration, H. Human experimentation: Code of ethics of World Medical Association. Declaration of Helsinki. Br. Med. J. 1964,
2, 177.

72. Qing, M.; Asif, M.; Hussain, A.; Jameel, A. Exploring the impact of ethical leadership on job satisfaction and organizational
commitment in public sector organizations: The mediating role of psychological empowerment. Rev. Manag. Sci. 2020, 14,
1405–1432. [CrossRef]

73. Guo, M.; Ahmad, N.; Adnan, M.; Scholz, M.; Naveed, R.T. The Relationship of CSR and Employee Creativity in the Hotel Sector:
The Mediating Role of Job Autonomy. Sustainability 2021, 13, 10032. [CrossRef]

74. Saraph, J.V.; Benson, P.G.; Schroeder, R.G. An instrument for measuring the critical factors of quality management. Decis. Sci.
1989, 20, 810–829. [CrossRef]

37



Sustainability 2021, 13, 11514

75. Samson, D.; Terziovski, M. The relationship between total quality management practices and operational performance. J. Oper.
Manag. 1999, 17, 393–409. [CrossRef]

76. Kaynak, H. The relationship between total quality management practices and their effects on firm performance. J. Oper. Manag.
2003, 21, 405–435. [CrossRef]

77. Sila, I. Examining the effects of contextual factors on TQM and performance through the lens of organizational theories: An
empirical study. J. Oper. Manag. 2007, 25, 83–109. [CrossRef]

78. Turker, D. Measuring corporate social responsibility: A scale development study. J. Bus. Ethics 2009, 85, 411–427. [CrossRef]
79. Darroch, J. Knowledge management, innovation and firm performance. J. Knowl. Manag. 2005, 9, 101–115. [CrossRef]
80. Lee, C.S.; Wong, K.Y. Development and validation of knowledge management performance measurement constructs for small

and medium enterprises. J. Knowl. Manag. 2015, 19, 711–734. [CrossRef]
81. Hair, J.F.; Money, A.H.; Samouel, P.; Page, M. Research methods for business. Educ. + Train. 2007, 49, 336–337. [CrossRef]
82. Podsakoff, P.M.; MacKenzie, S.B.; Podsakoff, N.P. Sources of method bias in social science research and recommendations on how

to control it. Annu. Rev. Psychol. 2012, 63, 539–569. [CrossRef]
83. Harman, H.H. Modern Factor Analysis; University of Chicago Press: Chicago, IL, USA, 1976.
84. Civelek, M.E. Essentials of Structural Equation Modeling; Zea Books: Lincoln, NE, USA, 2018.
85. Chin, W.W.; Peterson, R.A.; Brown, S.P. Structural equation modeling in marketing: Some practical reminders. J. Mark. Theory

Pract. 2008, 16, 287–298. [CrossRef]
86. Byrne, B.M. Structural Equation Modeling with Mplus: Basic Concepts, Applications, and Programming; Routledge: Abingdon-on-

Thames, UK, 2013.
87. Streukens, S.; Leroi-Werelds, S. Bootstrapping and PLS-SEM: A step-by-step guide to get more out of your bootstrap results. Eur.

Manag. J. 2016, 34, 618–632. [CrossRef]
88. Streukens, S.; Leroi-Werelds, S.; Willems, K. Dealing with nonlinearity in importance-performance map analysis (IPMA): An

integrative framework in a PLS-SEM context. In Partial Least Squares Path Modeling; Springer: Berlin/Heidleberg, Germany, 2017;
pp. 367–403.

89. Mustafa, M.B.; Nordin, M.B.; Razzaq, A.B.A. Structural Equation Modelling Using AMOS: Confirmatory Factor Analysis for
Taskload of Special Education Integration Program Teachers. Univers. J. Educ. Res. 2020, 8, 127–133. [CrossRef]

90. Fornell, C.; Larcker, D.F. Structural equation models with unobservable variables and measurement error: Algebra and statistics.
J. Mark. Res. 1981. [CrossRef]

91. Li, D.; Zhao, Y.; Zhang, L.; Chen, X.; Cao, C. Impact of quality management on green innovation. J. Clean. Prod. 2018, 170, 462–470.
[CrossRef]

92. Dieste, M.; Panizzolo, R.; Garza-Reyes, J.A. Evaluating the impact of lean practices on environmental performance: Evidences
from five manufacturing companies. Prod. Plan. Control 2020, 31, 739–756. [CrossRef]

93. Kang, J.-S.; Chiang, C.-F.; Huangthanapan, K.; Downing, S. Corporate social responsibility and sustainability balanced scorecard:
The case study of family-owned hotels. Int. J. Hosp. Manag. 2015, 48, 124–134. [CrossRef]

94. Shahzad, M.; Qu, Y.; Ur Rehman, S.; Zafar, A.U.; Ding, X.; Abbas, J. Impact of knowledge absorptive capacity on corporate
sustainability with mediating role of CSR: Analysis from the Asian context. J. Environ. Plan. Manag. 2020, 63, 148–174. [CrossRef]

95. Chen, R.; Wang, C.-H.; Lee, Y.-D. Total quality management (TQM) is the lifeline of an organization’s sustainable development:
Leadership is the impetus to change’. Int. J. Innov. Stud. Sociol. Humanit. 2018, 3, 5–18.

96. Hamdan, Y.; Alheet, A.F. Toward sustainability: The role of tqm and corporate green performance in the manufacturing sector.
Int. J. Entrep. 2021, 25, 1–15.

97. Mendes, L. TQM and knowledge management: An integrated approach towards tacit knowledge management. In Handbook of
Research on Tacit Knowledge Management for Organizational Success; IGI Global: Hershey, PA, USA, 2017; pp. 236–263.

98. Green, K.W.; Inman, R.A.; Sower, V.E.; Zelbst, P.J. Impact of JIT, TQM and green supply chain practices on environmental
sustainability. J. Manuf. Technol. Manag. 2019, 30, 26–47. [CrossRef]

99. Sriyakul, T.; Umam, R.; Jermsittiparsert, K. Supplier Relationship Management, TQM Implementation, Leadership and Environ-
mental Performance: Does Institutional Pressure Matter. Int. J. Innov. Creat. Chang. 2019, 5, 211–227.

100. Tasleem, M.; Khan, N.; Nisar, A. Impact of technology management on corporate sustainability performance. Int. J. Qual. Reliab.
Manag. 2019, 36, 1574–1599. [CrossRef]

101. García-Alcaraz, J.L.; Flor-Montalvo, F.J.; Avelar-Sosa, L.; Sánchez-Ramírez, C.; Jiménez-Macías, E. Human resource abilities and
skills in TQM for sustainable enterprises. Sustainability 2019, 11, 6488. [CrossRef]

102. Perey, R.; Benn, S.; Agarwal, R.; Edwards, M. The place of waste: Changing business value for the circular economy. Bus. Strategy
Environ. 2018, 27, 631–642. [CrossRef]

103. Umer, M.; Abid, M. Economic practices in plastic industry from raw material to waste in Pakistan: A case study. Asian J. Water
Environ. Pollut. 2017, 14, 81–90. [CrossRef]

38



sustainability

Article

From Waste Pickers to Producers: An Inclusive Circular
Economy Solution through Development of Cooperatives in
Waste Management

Rajesh Buch *, Alicia Marseille, Matthew Williams, Rimjhim Aggarwal and Aparna Sharma

Citation: Buch, R.; Marseille, A.;

Williams, M.; Aggarwal, R.;

Sharma, A. From Waste Pickers to

Producers: An Inclusive Circular

Economy Solution through

Development of Cooperatives in

Waste Management. Sustainability

2021, 13, 8925. https://doi.org/

10.3390/su13168925

Academic Editor: Alessia Amato

Received: 30 June 2021

Accepted: 9 August 2021

Published: 10 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Rob and Melani Walton Sustainability Solutions Service, Arizona State University, Tempe, AZ 85287, USA;
Alicia.Marseille@asu.edu (A.M.); Matthew.J.Williams@asu.edu (M.W.); Rimjhim.Aggarwal@asu.edu (R.A.);
ashar141@asu.edu (A.S.)
* Correspondence: rbuch@asu.edu

Abstract: The world’s global plastics waste crisis demands policy coordination and technologi-
cal solutions to improve waste management systems, and organizations worldwide have created
momentum around the concept of a circular economy. This paper advances a holistic, inclusive
circular economy framework that aims to empower waste pickers with the following basic pillars:
(1) build collaborative networks of stakeholders to enable inclusion of waste pickers; (2) establish
cooperative enterprise models to integrate waste pickers into the formal economy; (3) build waste
pickers’ technical skills and capacity for entrepreneurship; and (4) provide access to technologies and
markets that enable waste pickers to manufacture upcycled products.

Keywords: circular economy; inclusiveness; stakeholders; capacity building; entrepreneurship;
cooperative business models; collaborative networks

1. Introduction

The world faces a global plastics waste crisis that demands policy coordination and
technological solutions to improve waste management systems at every stage, including
the collection, transport, sorting, treatment, and final disposal or reprocessing of waste.
International organizations, governments, and the private sector have created momen-
tum behind rethinking the after-market plastics economy through a circular economy,
defined as “keeping materials and products in circulation for as long as possible through
practices such as reuse of products, sharing of underused assets, repairing, recycling and
remanufacturing . . . [and] restoring natural systems, designing out waste, and substitut-
ing non-renewable materials with biological and renewable ones” [1]. Circular economy
solutions have the potential to drive economic growth [2] and create between 9 and
12 million new jobs worldwide [3] in addition to alleviating the environmental and eco-
nomic consequences of plastic waste. Critically, circular economy solutions, if designed and
implemented with an eye for the needs of vulnerable workers, also offer new opportunities
to maximize social equity and economic inclusion.

This paper advances an inclusive circular economy solution that aims to empower
waste pickers in the developing world. Waste pickers have the potential to act as environ-
mental stewards by mitigating the effects of waste, contributing to the resilience of urban
systems, reducing greenhouse gas (GHG) emissions through recovery of materials from
waste streams, and saving energy and preserving natural resources by enabling recycling
and reuse [4]. They play critical roles in waste management, but their full potential to con-
tribute to the circular economy remains unrealized due to their marginalized social status,
lack of recognition by authorities, and disconnection from the formal economy. Addition-
ally, they face significant occupational hazards and social exclusion, and their livelihoods
are at risk of being displaced by private-sector-led waste management approaches.
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Due to the prevalence of plastic waste, combined with its unique harms and rela-
tive ease of reprocessing, this paper emphasizes the strong potential of plastics recovery
and remanufacturing as an initial input for this approach to catalyzing greater inclusion
and entrepreneurial capacity for waste pickers; however, the inclusive circular economy
solution described here has wide applicability for nearly any other waste stream. After
describing the global plastics crisis, we discuss the unique social, occupational, and eco-
nomic challenges faced by waste pickers. We then propose a new strategy for empowering
waste pickers through education and capacity strengthening that leverages cooperative
enterprise models, along with low-cost micro-manufacturing technologies, that will allow
waste pickers to create value-added products out of plastic waste—enabling new economic
opportunities for waste pickers-as-producers while realizing their enormous potential to
accelerate the transition to a circular economy.

2. The Growth in Plastics Use and Waste

Plastics are integral to the global economy, acting as an enabling technology in almost
every sector of economic activity. For decades, the production of plastics increased at a
compound annual growth rate of 8.4%, from 2 Mt in 1950 to 380 Mt in 2015—roughly
2.5 times the compound annual growth rate of global GDP during the same period. Only
a relatively small share of plastics produced throughout history have ever been recycled.
By one estimate, of the 6300 Mt of plastics produced from 1950–2015, 79% accumulated
in landfills or in the environment, 12% was incinerated, and only 9% was recycled [5].
The fate of plastics is invariably intertwined with waste management systems that are
poorly optimized for recycling and reuse. Globally 37% of waste is disposed in landfills,
33% is openly dumped, 11% is incinerated for final disposal, and only 19% is recycled. In
low-income countries, 90% of solid waste is still burned or openly dumped, and low- and
middle-income countries are expected to see a threefold increase in total waste production
by 2050 [6]—a fact that is especially significant to the solution described here, given the
large numbers of informal sector waste pickers in these countries.

3. Harmful Impact of Plastic Waste

The harms of plastic waste can broadly be categorized in environmental and economic
terms. Regarding the environment, plastic waste contributes to the destruction of natural
ecosystems, especially oceans and riverways. Ten rivers account for 88–95% of plastic
debris that makes its way to the ocean [7]. Eight million tons of plastic waste are deposited
into oceans each year—the equivalent of dumping a garbage truck full of plastic into the
ocean every minute. By 2050, the rate of plastic dumping into the ocean will increase to
four dump trucks per minute, and the volume of plastics by weight will exceed that of
fish [8]. Plastics that litter the earth also disintegrate into microplastic particles that become
atmospheric pollutants. One study recorded 365 microplastic particles per square foot
falling from the sky [9]. The health consequences of microplastics inhalation and ingestion
are unknown [10]. An additional environmental harm of plastics waste is the production
of GHGs from after-use incineration, estimated at 390 Mt in 2012. From now through 2050,
GHG emissions from the plastics sector will increase from 1% of global carbon emissions
to 15%, contributing significantly to climate change [8].

The mismanagement of plastic waste also has significant financial impacts. Ninety-
five percent of the material value of plastics packaging, estimated at 80–120 billion USD, is
lost after a single usage cycle [8]. Plastics waste annually causes 13 billion USD in damages
to marine ecosystems and 1.3 billion USD in losses to tourism, fishing, and shipping
industries in the Asia-Pacific Economic Cooperation (APEC) region alone. The total after-
use externalities created by plastic waste, accounting for GHGs emitted in production and
incineration, are estimated at 40 billion USD annually [8].
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4. Waste Picking as Informal Sector Labor

The informal sector accounts for 61% of employment globally—approximately 2 bil-
lion people—and comprises 90% of employment in developing countries [11]. Informal
workers are most heavily concentrated in the agricultural sector, but many informal occu-
pations exist ranging from housekeeping to construction. The International Labour Office
estimates that in the developing world, 1% of the urban workforce, or 15 to 20 million
people, is engaged in recycling [12]. Known as waste pickers, they collect, wash, sort,
and process waste from streets, waterways, and landfills. Waste pickers are generally not
compensated for collecting trash, but instead earn income through low-value forms of
resource valorization through volatile commodity markets.

International organizations have attempted to determine the number of waste pickers
from local to global scales, and although some data are available for cities, country-level
and global data are scarce. Waste pickers comprise an estimated 0.1–0.4% of workers
in seven West African cities; 0.7% of workers in South Africa; and 0.1% of workers in
India [13]. These figures, although proportionately small, represent millions of workers.
Some municipal and national governments, such as Brazil, have created employment
classifications to monitor the waste picker population and track the economic impacts
they create.

The level of organization and labor formality of waste pickers varies, and these two
factors bear heavily on their ability to earn a living wage. Generally, waste pickers fall
into three categories: unorganized (independent), organized (e.g., through a business
collective or union), and contract laborers [13]. Local authorities often maintain informal
arrangements with waste pickers who supplement formal private sector contracts by filling
small niches in urban waste management. In Pune, India, municipal authorities offer formal
recognition to waste pickers, providing identity cards and access to health insurance [14],
but this is an exceptional case; in most cities, local authorities reap significant benefits from
the contributions of waste pickers without formally recognizing or paying them [15].

5. Occupational Hazards of Waste Picking

Informal sector workers are uniquely vulnerable to exploitation and mistreatment and
lack the security provided by connection to the formal economy, such as banking services,
business licensure, and insurance. Waste pickers are no exception to these dynamics and
face unique additional challenges. First, waste picking is an inherently high-risk occupation
that brings significant health hazards, such as exposure to hazardous chemicals and biolog-
ical waste; threats to occupational safety; and lack of access to basic sanitation amenities
when working in landfills, such as drinking water, toilets, and places to wash [16]. In one
study of waste pickers in Mumbai, India, the “prevalence of morbidities was significantly
higher among the waste-pickers, particularly for injuries (75%), respiratory illness (28%),
eye infection (29%), and stomach problems (32%), compared to the comparison group
(17%, 15%, 18%, and 19% respectively)” [17]. Secondly, waste pickers face social alienation
and exclusion, ranging from daily mistreatment and humiliation to police harassment and
beatings [18]. Third, waste pickers face a variety of social problems including racial conflict,
violence and infighting, theft, insecure living conditions, and substance abuse [16]. Finally,
waste pickers are often deprived of opportunities for education and social mobility. In
families that rely on waste picking for income, children are often put to work before they
can finish school, reinforcing the cycle of social exclusion and poverty [19]. Importantly,
women in waste picking may also suffer gender-based income discrimination: One survey
showed that where there are larger concentrations of women in informal valorization, junk
shops pay women lower rates for materials [14].
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6. Economic Vulnerability of Waste Pickers

Waste pickers’ livelihoods are constantly under threat due to their dependence upon
volatility-prone commodity markets and the ever-present possibility of losing access to
waste streams as municipalities adopt “cleaner” private sector solutions. Both problems
are exacerbated by their lack of collective economic and political influence. Consequently,
waste pickers are uniquely economically vulnerable and often live at the edge of subsistence:
for example, in Mumbai, waste pickers earn between 2.71 and 3.62 USD per day [20].

Labor informality adds to the challenges that waste pickers face as service providers
at the bottom of the global waste value chain. The primary value that waste pickers
provide is in the highly labor-intensive tasks of door-to-door collection and segregation and
preparation of materials for recycling, which are sold to middlemen who pay low prices—
generally only about 10% of the acquired value of the materials, or one-third of what they
would pay to actors in the formal sector [21]. In recent years, the livelihoods of waste
pickers have also become increasingly vulnerable to displacement by the private sector,
such as when cities establish contracts with waste management providers—sometimes
at the behest of donor agencies [12]. For example, the Inter-American Development
Bank and the World Bank have encouraged Latin American countries to adopt Integrated
Solid Waste Management (ISWM) solutions that include source reduction, recycling and
composting, waste transportation, and landfilling. These systems, if designed without
an eye for inclusion of all stakeholders—including the informal sector—may limit waste
pickers’ access to the waste sources that are most profitable for recycling [19]. Although
some municipalities have consulted with waste picker cooperatives in ISWM planning to
create complementarities between waste pickers and the private sector, waste pickers are
generally left out of deliberation and planning processes that shape their futures [1].

Importantly, top-down, private-sector-implemented approaches to waste manage-
ment not only put waste pickers at risk financially, but also reinforce the linear economy.
Private sector actors handle waste in whatever manner is most profitable, even if it means
incineration—which creates 25 times the emissions of recycling [12]. In contrast, waste
pickers are incentivized to maximize the quantity and quality of recyclable material for
resale, and thus devote significant effort to segregating the waste and connecting to appro-
priate buyers using their local knowledge. One study of six cities found that where private
sector recycling has replaced informal valorization, results have been inconsistent, and
recycling plants have tended to show disappointing performance. The study concludes
that, partially as a result of waste pickers’ reliance on lower technology solutions (such
as human and animal transport of waste), “an integration of the informal sector would
contribute significantly to reducing GHG emissions, as it results in increases in the quantity
of recovered material . . . [and] more material recovery at lower environmental cost” [14].

7. An Inclusive Circular Economy Solution for Waste Pickers

The transition to a global circular economy is often characterized as a solution to
environmental problems, but this effort also presents opportunities to design solutions to
alleviate inequity and social exclusion. Prevailing top-down approaches to waste man-
agement in developing countries, even if they mobilize waste picker cooperatives to
facilitate recycling, encourage a race to the bottom in which waste pickers are squeezed
by middlemen and left to the mercy of commodity market price fluctuations. Holistic,
inclusive circular economy solutions would allow waste pickers to diversify their opera-
tions and develop new revenue streams; increase interdependency between waste pickers
and conventional waste management actors to facilitate mutually beneficial cooperation
that leverages their distinct competitive advantages; and achieve greater efficiency by
shortening waste supply chain movements through decentralized waste processing.

An approach that starts from the bottom up and mobilizes collaborative networks
to empower waste pickers with training, organization, and technology will allow them
to ascend the value chain by utilizing recyclable materials to manufacture value-added
products rather than limiting their role to collecting waste and brokering low-margin sales
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to commodity buyers. The integration of the informal sector into waste management
systems can increase recycling rates, while eliminating child labor; provide waste pickers
with the benefits of formalization such as healthcare, education, and social recognition;
and create new jobs and improved livelihoods [3]. More broadly, an equitable transition to
a circular economy will improve occupational health and safety for waste pickers, create
opportunities for job and venture creation and skills development, and reduce economic
harm and displacement.

Although the needs of waste picker communities vary from city to city and country to
country, a holistic, inclusive circular economy solution should incorporate the following
basic pillars: (1) foster collaborative networks of international, national, and local stake-
holders to support waste pickers; (2) establish and support cooperative enterprise models
to integrate waste pickers into the formal economy; (3) build waste pickers’ technical skills
and capacity for entrepreneurship; and (4) provide access to technologies and markets that
enable waste pickers to manufacture upcycled products.

7.1. Pillar #1: Building Networks of Stakeholders to Include Waste Pickers

The waste management ecosystems of developing countries comprise multiple ac-
tors, including municipalities, waste pickers and waste picker cooperatives, private waste
management companies, purchasers of recyclable material and products, academic insti-
tutions, international development organizations, and community-based organizations.
Successful ISWM planning can ensure the inclusion of the informal sector by facilitating
collaboration between these stakeholders through transparent, accessible, and participa-
tory decision-making and policymaking. Identifying complementary and differentiated
roles for waste pickers within ISWM systems can also improve waste diversion rates,
such as by capitalizing on their natural incentives to maximize collection and sort waste
effectively, and by leveraging their abilities to provide certain services with greater effi-
ciency. Improving the working conditions and income potential of waste pickers—and
realizing their full potential to increase recycling rates in order to reduce GHG emissions,
improve landfill lifespan and utilization, and maximize the economic value of recyclable
materials—requires raising awareness among diverse stakeholders of the benefits that
waste pickers provide. Better understanding and measurement of informal valorization
activities can contribute to national and international recycling goals [14] and facilitate
effective, sustainable collaboration towards common goals related to the empowerment of
waste pickers. Raising awareness among diverse stakeholders of the benefits that waste
pickers provide, and identifying complementary and differentiated roles for waste pickers
within ISWM systems, can ultimately improve waste system operational, financial, and
environmental performance, while improving the working conditions and livelihoods of
waste pickers.

7.2. Pillar #2: Forming and Strengthening Waste Picker Cooperatives

Waste picker cooperatives have proven to be a successful model for integrating waste
pickers into the formal economy and domestic and global supply chains, but realizing their
full potential requires targeted efforts to increase inclusion and empowerment, including
from international non-governmental organizations and development agencies [3]. Co-
operatives are critical to helping waste pickers to secure living wages by increasing their
ability to negotiate with municipalities to maintain access to waste and with buyers to
secure better prices [11]. They provide job security, improved working conditions and
higher wages, resilience to economic shocks, and leadership opportunities for women.
Most importantly, they provide connection to the formal economy, as cooperatives are
legally recognized entities that are considered to be part of the formal sector [4]. Inter-
ventions aimed at empowering waste pickers must therefore invest in the organization of
business cooperatives, especially in cases where cooperatives have not yet been formed or
are weak [22]. To be effective, solutions should strengthen “the internal organization of
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waste cooperatives by providing better business skills [and] management training, with
particular emphasis on the core values and principles particular to cooperatives” [19].

7.3. Pillar #3: Capacity Strengthening for Entrepreneurship

Engaging directly with cooperatives allows local and international stakeholders to
work with waste pickers to establish comprehensive, community-based economic devel-
opment mechanisms. An effective approach for catalyzing enterprise-building should
address topics such as financial literacy, venture formation, business skills, technical skills,
end market development, and cooperative formation and management. Addressing these
issues will empower waste pickers to improve the profitability of their current activities
and begin a shift towards diversified livelihoods, such as micro-manufacturing products
from recycled materials, that give them a larger stake in national and regional economies.
Capacity strengthening will also allow them to maximize their contributions to waste
management systems [23].

7.4. Pillar #4: Access to Technology for Remanufacturing and Production

Critically, even waste pickers who are organized into effective cooperatives and
trained in new business and entrepreneurship skills still find themselves at the mercy of
volatile commodities markets. Recycling machinery is prohibitively expensive for many
cooperatives, and even those that sell fully processed bulk recycled material will remain as
small players in a vast global market as long as their contributions are limited to the base
layer of the recycling value chain [11]. The value added from the work of waste pickers is
in collection, sorting, washing, and reselling of waste resources, limiting their ability to
secure and reinvest financial resources to expand the scope of their operations to engage in
higher value activities.

International organizations can play an important role in helping cooperatives to
ascend the value chain by helping them to obtain affordable, low-tech machines that uti-
lize recyclable materials to produce marketable plastic products. They can work with
waste picker cooperatives and local authorities to create networks of decentralized micro-
manufacturing facilities in low-income and underserved neighborhoods, helping to create
new revenues that revitalize communities. This approach has the added benefit of short-
ening waste supply chains, thereby reducing waste transportation costs and emissions,
as waste pickers can process and remanufacture waste nearer to the areas in which they
collect waste rather than at centralized materials recovery facilities. Several private sector
companies in India have demonstrated that the production of upcycled products can be
profitable, such as Aarohana Ecosocial Development, which produces crafts and clothing
from recycled bags [24]. Examples of the kind of products that can be produced with plastic
waste include yoga mats, shoes, clothing, jewelry, athletic gear, backpacks, tools, building
materials, and furniture. Machines for micro-manufacturing upcycled products can be
obtained at low cost, such as Precious Plastic USA’s open-source machinery, which costs
less than 10,000 USD for a full set including a shredder, compression oven, extruder, and
injector [25].

If waste picker cooperatives can be equipped with the organizational and technological
capacity to diversify into the production of value-added products, they can earn higher
margins by selling upcycled goods locally, nationally, and even internationally. Local
plastic picking and producing cooperatives could scale to become national cooperatives
similar to agriculture-based ones, such as the Amul Dairy Cooperative in India, which
supports nearly 1 million farmers and generates over 1 billion USD in revenue per year [26].
The revenues provided by waste reprocessing and micro-manufacturing, in turn, will allow
cooperatives to be self-sustaining, generating revenues that can support increased member
incomes, ongoing venture diversification, and reinvestment into community resources
such as education.
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8. Conclusions: Circular Economy as a Catalyst for Sustainable Development

Circular economy models are often characterized in terms of concepts such as techno-
logical innovation, policy change, industrial systems, and natural capital. These and other
conceptual lenses are essential, but an intentional focus on equitable, inclusive economic
development that creates new livelihoods and maximizes social value is also necessary to
realize the full potential of the circular economy. The case of waste pickers demonstrates
how top-down approaches—such as focusing on improving the recyclability of plastics, or
companies collaborating to standardize packaging protocols—are insufficient to address
the broader spectrum of socioeconomic concerns surrounding the transition to a circular
economy, especially the working conditions and livelihoods of workers in developing coun-
tries. Although these approaches are necessary, the inclusive circular economy solution for
waste pickers articulated here is an example of how a bottom-up approach can also ensure
that vulnerable workers are not left behind.

Waste pickers have long been marginalized and treated with suspicion by governments
around the world, holding them back from realizing their full potential to contribute to
resilient urban ecosystems as key players in effective waste management strategies. Even
where waste pickers have organized through business cooperatives, their reliance on
traditional business models—based on low-value valorization activities and brokering
the sale of recyclables at margins that barely turn a profit—limits their ability to earn a
living wage. Cooperatives have proven effective in helping waste pickers to earn better
livelihoods, improve their working conditions, and achieve formal recognition from local
governments, but these efforts are limited in their ability to create enduring economic
stability for waste pickers. For example, in Pune, India, the nearly 3000 members of the
Solid Waste Collection and Handling (SWaCH) cooperative provide waste management
services to 70% of the city [27]. However, SWaCH still faces threats from large scale, private-
sector-led approaches that deprive waste pickers of income while driving environmentally
unfriendly practices such as waste incineration [28].

A holistic, intentionally designed inclusive circular economy solution can build on the
success of cooperatives like SWaCH by mobilizing broad networks of stakeholders from
local to international scales to assist waste pickers in forming and maintaining cooperatives
and in brokering sustainable arrangements with local authorities that secure their access to
waste resources. With the training and technology to manufacture products that can be sold
for significantly higher profits than bulk recyclables, these picker–producer cooperatives
can diversify their revenues and realize higher returns for their members, catalyzing
bottom-up economic growth that has the potential to help waste pickers thrive financially
and transform the communities in which they live. Moreover, although plastic waste is
an ideal initial focus for this approach, this solution can readily be applied to many other
waste streams—including construction debris, textiles, and even organic matter.

Circular economy practices are critical to solving the global waste crisis, but with
holistic design that prioritizes inclusion of the world’s most vulnerable workers, they can
also drive the achievement of sustainable development goals related to poverty, hunger,
gender equality, and social inequality [1]. The approach described here is only one example
of how the transition to a circular economy can be leveraged to maximize inclusion and
equitable outcomes for the world’s poorest and ensure that the benefits of the circular
economy are accessible to all.

Author Contributions: Conceptualization, R.B., A.M. and M.W.; methodology not applicable; soft-
ware not applicable; validation, not applicable; formal analysis, not applicable; investigation, not
applicable; resources, not applicable; data curation, not applicable; writing—original draft prepara-
tion, M.W., A.S.; writing—review and editing, R.B., A.M., M.W. and R.A.; visualization, not applicable;
supervision, R.B., A.M. and R.A.; project administration, not applicable; funding acquisition, not
applicable. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

45



Sustainability 2021, 13, 8925

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

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

References

1. Schroeder, P. Promoting a Just Transition to an Inclusive Circular Economy. Royal Institute of International Affairs. 2020. Available
online: https://circulareconomy.europa.eu/platform/sites/default/files/2020-04-01-inclusive-circular-economy-schroder.pdf
(accessed on 25 April 2020).

2. McCarthy, A.; Dellink, R.; Bibas, R. The Macroeconomics of the Circular Economy Transition: A Critical Review of Modelling
Approaches. OECD Environ. Work. Pap. 2018, 130. [CrossRef]

3. Wilson, D.C.; Rodic, L.; Modak, P.; Soos, R.; Carpintero, A.; Velis, K.; Iyer, M.; Simonett, O. Global Waste Management Outlook.
2015. Available online: http://web.unep.org/ourplanet/september-2015/unep-publications/global-waste-management-outlook
(accessed on 20 April 2020).

4. Gutberlet, J. Waste Picker Social Economy Organizations Addressing the Sustainable Development Goals. In Implementing
the Sustainable Development Goals: What Role for Social and Solidarity Economy? UNTFSSE Knowledge Hub (Online): Geneva,
Switzerland, 2019; Available online: https://knowledgehub.unsse.org/wp-content/uploads/2019/06/199_Gutberlet_Waste-
picker-social-economy_En.pdf (accessed on 12 April 2020).

5. Geyer, R.; Jambeck, J.R.; Law, K.L. Production, Use, and Fate of All Plastics Ever Made. Sci. Adv. 2017, 3, e1700782. [CrossRef]
[PubMed]

6. Kaza, S.; Yao, L.; Bhada-Tata, P.; Woerden, F.V. What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050; World Bank
Publications: Washington, DC, USA, 2018.

7. Schmidt, C.; Krauth, T.; Wagner, S. Export of Plastic Debris by Rivers into the Sea. Environ. Sci. Technol. 2017, 51, 12246–12253.
[CrossRef] [PubMed]

8. Ellen Macarthur Foundation. The New Plastics Economy: Rethinking the Future of Plastics & Catalysing Action. Ellen Macarthur
Foundation. 2017. Available online: https://www.ellenmacarthurfoundation.org/assets/downloads/publications/NPEC-
Hybrid_English_22-11-17_Digital.pdf (accessed on 1 April 2020).

9. Allen, S.; Allen, D.; Phoenix, V.R.; Le Roux, G.; Durántez Jiménez, P.; Simonneau, A.; Binet, S.; Galop, D. Atmospheric Transport
and Deposition of Microplastics in a Remote Mountain Catchment. Nat. Geosci. 2019, 12, 339–344. [CrossRef]

10. Leahy, S. “Microplastics Are Raining Down from the Sky.” National Geographic. 15 April 2019. Available online: https:
//www.nationalgeographic.com/environment/2019/04/microplastics-pollution-falls-from-air-even-mountains (accessed on 21
April 2020).

11. WIEGO. Counting the World’s Informal Workers: A Global Snapshot. 2019. Available online: https://www.wiego.org/sites/
default/files/resources/files/WIEGO-Global-Statistics-Snapshot-Pamphlet-English-2019.pdf (accessed on 12 April 2020).

12. WIEGO. Urban Informal Workers and the Green Economy. Available online: https://www.wiego.org/sites/default/files/
resources/files/WIEGO_Urban_Informal_Workers_Green_Economy.pdf (accessed on 12 April 2020).

13. Awad, A.B.; de Medina, R.; Vanek, J. Women and Men in the Informal Economy: A Statistical Picture, 2nd ed.; International Labour
Office: Geneva, Switzerland, 2013.

14. Gunsilius, E.; Chaturvedi, B.; Scheinberg, A. The Economics of Informal Sector in Solid Waste Management. CWG/GIZ. 2011.
Available online: https://www.giz.de/en/downloads/giz2011-cwg-booklet-economicaspects.pdf (accessed on 15 April 2020).

15. Dias, S.M. Waste Pickers and Cities. Environ. Urban. 2016, 28, 375–390. [CrossRef]
16. Schenck, C.J.; Blaauw, P.F.; Viljoen, J.M.; Swart, E.C. Exploring the Potential Health Risks Faced by Waste Pickers on Landfills in

South Africa: A Socio-Ecological Perspective. Int. J. Environ. Res. Public Health 2019, 16, 2059. [CrossRef] [PubMed]
17. Chokhandre, P.; Singh, S.; Kashyap, G.C. Prevalence, Predictors and Economic Burden of Morbidities among Waste-Pickers of

Mumbai, India: A Cross-Sectional Study. J. Occup. Med. Toxicol. 2017, 12, 30. [CrossRef] [PubMed]
18. Dandapani, S. Unpaid and Undervalued, How India’s Waste Pickers Fight Apathy to Keep Our Cities Clean, the News Minute

[Online]. 30 November 2017. Available online: https://www.thenewsminute.com/article/oppressed-and-unrecognised-life-
waste-pickers-crucial-india-s-sanitation- (accessed on 15 April 2020).

19. Marello, M. Waste Pickers: Strategies to Enhance Livelihoods. Master’s Thesis, Boston University, Boston, MA, USA, 2013.
Available online: http://www.bu.edu/pardeeschool/files/2014/08/Sample-Policy-Paper-1.pdf (accessed on 20 April 2020).

20. Global Alliance of Waste Pickers. City Report: Interview with a Local Waste Picker. Available online: https://globalrec.org/city/
mumbai/ (accessed on 15 April 2020).

21. WIEGO. Waste Pickers. Available online: https://www.wiego.org/informal-economy/occupational-groups/waste-pickers#stats
(accessed on 12 April 2020).

22. Dias, S. Three Ways Waste Pickers Can Be Included in the New Circular Economy. Equal Times [Online]. 28 March 2018. Available
online: https://www.equaltimes.org/three-ways-waste-pickers-can-be?lang=en (accessed on 15 April 2020).

23. Talbot, T.C. A Green Army Is Ready to Keep Plastic Waste Out of the Ocean. Scientific American [Online]. 7 October 2019.
Available online: https://blogs.scientificamerican.com/observations/a-green-army-is-ready-to-keep-plastic-waste-out-of-the-
ocean/ (accessed on 24 April 2020).

46



Sustainability 2021, 13, 8925

24. Aarohana Ecosocial Development. Watch Our Story! Available online: https://aarohana.org/how-its-made/ (accessed on 1 May
2020).

25. Precious Plastic USA. Machines. Available online: https://www.preciousplastic-usa.com/machines (accessed on 24 April 2020).
26. Amul Dairy. An Overview. Available online: http://www.amuldairy.com (accessed on 20 April 2020).
27. SWaCH homepage. Available online: https://swachcoop.com (accessed on 24 April 2020).
28. Talbot, T.C. Picking Dignity. Resource Recycling [Online], Updated 6 February 2018. 4 September 2017. Available online:

https://resource-recycling.com/recycling/2017/09/04/picking-dignity/ (accessed on 24 April 2020).

47
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Abstract: The study makes, under a new configuration of the circular economy, a cross-country
analysis based on the Competitiveness and Innovation Indicators in the E.U., i.e., two sub-criteria:
private investments, jobs, and gross value added; and patents related to recycling and secondary
raw materials as a proxy for innovation. The analysis proved that investments influence the number
of patents, and participate in societal transformation. A further cluster analysis classified countries
on the level of innovation. The cluster analysis in SPSS centres on significant potential, weaknesses,
impact, and waste management control through blockchain technology. It is found that the factors
that influence innovation, according to the Global Competitiveness Report, link the business dy-
namism and innovation capability with the capacity to sustain resilient ideas, such as competitive
intelligence and social entrepreneurship. The discussions aim to prove that the efforts to rethink the
circular economy principles contribute to its conceptual and societal transformation role through the
implementation of innovative processes, inventive solutions, and blockchain technologies, and their
social consequences to solve environmental problems. Once understood and accepted, CE will drive
sustainable behaviour.

Keywords: circular economy; competitiveness; investments and patents governance; innovation and
policy for sustainability; societal transformation

1. Introduction

The circular economy sustains economic return, and strengthens the quality of life
through its multiple roles. Its principles can positively impact individuals, establishments,
and economies. In 2020, the European Union set up the Action Plan for Circular Economy
(CE) as the healthiest way to outline sustainability through respect and responsibility within
the environment and society. The circular economy can drive systemic change, and sustain
the value circulation within the ecosystem, eliminating the concept of waste. The circular
economy represents a model to restore ecosystems. Both innovation and habit-altering
define its implicative characteristics [1–4].
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Many scientists consider the circular economy the best model for societal and eco-
nomic benefit [1–3]. This is proved as a suitable solution regarding economic and social
inequality, and deficient political strategies. If risks are in a falling trend in a country,
the country’s risk premium is also experiencing a fall, which positively influences society
and the national economy [4]. The United Nations and OECD, as institutions of global
recognition, highlight the circular economy as a significant social shift towards an original
and inherently energetically efficient system; its general implementation will help competi-
tiveness that will sustain the high technology use, and give a more effective response to
global ecological challenges.

Digital and competitive intelligence skilled human resources are the driving factor
in the circular economy. Adapted innovative human resources with transferable and
digital competencies are trained in educational institutions using new technologies, such
as blockchain, MOOCs, eXtended Reality (XR), etc. [5,6].

This article aims to analyse the elements of innovation and competitiveness of selected
countries within the CE concept to measure the position of these countries. Firstly, the
analysis utilises a regression model that shows that the number of patents correlates with
the investments in innovation. Still, additional factors regarding innovation should be
analysed. Secondly, we performed a cluster analysis to emphasise which countries are more
innovative, and the factors that nudge innovation. This way, with an understanding of
current positions, progress on their path to a circular economy and sustainable development
could be measured.

Contributions of the study are reflected in measuring the “as is” situation in terms of
selected circular economy criteria, identifying obstacles, and making recommendations for
further efforts.

2. Background Research

The European Commission recommended four leading indicators (production and
consumption, waste management, secondary raw material, and competitiveness and inno-
vation) for all European countries to use in their national evaluations to take the appropriate
measures to promote a sustainable circular economy [7]. However, although many qual-
itative types of research were performed on the circular economy, competitiveness, and
innovation, only a few studies have quantitatively evaluated the circular economy concept
and the elements included in the EU CE fourth indicator, as they are usually chosen as
background [8–10].

Ðurd̄ević et al. believe that being competitive in the domestic, regional, or world
market is set as an aspiration and the goal of doing business for many companies. However,
current business conditions on the market impose the need for constant adjustment and
a continual search for ways to raise competitiveness for companies. This is precisely
because of the overproduction and oversaturation of the market [11–13]. Consequently,
companies find it challenging to differentiate and position themselves in consumers’ minds
(i.e., market positioning). Although it is complex and difficult for companies to achieve
competitiveness in the market in the mentioned business conditions, it is not impossible [14].
Ilić and Radnović find that companies constantly have to fight to keep existing leadership
positions by winning new ones in the conditions of increased competition in numerous
industries. For companies to cope with such increased competition, it is necessary to
constantly reinvent and adapt their products and business processes to gain an advantage
over the competition, thus securing the “best in class position”. Today, it can be argued
that innovation, i.e., the introduction and application of new ideas in companies’ business
across many industries, is a strategic ability. The companies with a low innovation index,
i.e., the share of the sales generated by products (processes) existing for less than three
years, can be neither competitive nor successful [15,16].

Janssens and the team address the need for quantity and quality competencies that
are necessary for a circular transition to occur, and that “transversal competencies and
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valorisation competencies are equally important as technical competencies for a circular
economy” [17,18].

The classical meaning of innovation, referring to the creation of new things, is rede-
fined by Stošić as “renewal and expansion of products, services and markets”, so those
“new ways are set up in management, work organisation, conditions and skills” [19].
Miletić et al. find that innovations enable improved quality of products and services,
increase security, and lead to increased competitiveness [20]. Gay and Szostak point out
the importance of innovation and creativity for the small- and medium-sized enterprises
(SMEs), accounting for more than 90% of companies worldwide, which have to be creative
and innovative to survive in their market, and differ from the competition. They find that
SMEs are not the scaled-down versions of large enterprises [21], a view also confirmed by
Torres [22]. Adding that they have their specificities and laws and that, despite specific
inherent difficulties, SMEs provide a favourable environment for developing creative ideas.
However, specific characteristics are preventing them from implementing innovations. Gay
and Szostak believe that innovation is of great importance for driving the competitive-
ness of an enterprise and the growth of a country, which is presented through a dilemma
implying that, although necessary, it brings uncertainty, and is complex to understand
and implement. The dilemma worries all companies regardless of the company size. The
authors, however, note that SMEs are more exposed to uncertainty. Increasing competition
and globalisation have put innovation at the forefront of industrial development. A lack of
the capacity to successfully manage uncertainty risks is particularly detrimental to small
firms [21].

Schiederig et al. identify six characteristics of an eco-environmental innovation as “an
object which is characterised by its market orientation, its environmental benefit over its
whole life cycle and which sets the innovative green standard to the company even if its
primary intention may be environmental or economic” [23].

The technologies’ development and innovative implementation in the market cannot
be conceived outside societal life. They influence everything: work, development, life.
Patents play a significant role in technology, from development as a concept, and marketing
as a tool. Moreover, transferring innovative technologies to third parties opens up new
development and financial opportunities. Gross domestic spending on research and de-
velopment is the first link in the innovation chain. An important step has been taken by
introducing in the Europe 2020 Strategy the leading indicator “research and development
intensity”, a measure that refers to the dimensions of production and output of innovation.
The share of research and development staff in the workforce reached 1.2% of total employ-
ment in 2015, most of whom were employed in the business field. This was observed in
reporting almost half of the EU enterprises’ innovation activity in 2014. At the same time,
the size of GDP per capita was significant; the states with the largest number of innovative
enterprises also had this indicator relatively high. Moreover, one-third of them developed
cooperative activities with other enterprises in 2012–2014 [24]. But, it is true that though
some countries are spreading technologies [25], others use the know-how generated by
other countries [26]. This suggests that research and development is not the only criteria
underpinning innovation. Other factors need to be considered. Raghupathi V and Raghu-
pathi W (2017) noted that the association between living standards and innovation suggests
that to improve innovation and drive growth, countries need to focus on improving living
standards in terms of high minimum wages, and better working conditions. At the same
time, they point out that countries with high foreign patents have low tax revenues as a
percentage of GDP, and this income is mobile. Patent ownership can be found in locations
other than the country in which they were created [27]. Through answers to some questions
about the proportion of patented innovations, the pace and continuity of this process in a
country, how patenting affects the dissemination of knowledge, etc., Mosser shows that
innovation measures are not influenced by local patenting [28]. Having a solid patent
system is not the essential development policy for low- and middle-income countries, as
Bronwyn H. (2020) shows [29]. According to the observation of Gold et al. (2017), the
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relationship between intellectual property and economic growth is a placebo effect rather
than growth, valid locally, both at the level of companies and the macro level [30–33].

3. Experimental Data, Complex Analysis, and Significant Results

3.1. Data and Variables

The European Commission recommended four leading indicators for European coun-
tries to use in their national evaluations to take the appropriate measures to promote a
sustainable circular economy. These are [7]:

• The production and consumption indicator—consider households’ and economic
sectors’ waste product, which has to be reduced as much as possible. It is measured
through green public procurement, and the quantity of waste generation and food
waste to reach self-sufficiency of raw materials for production in the EU [7].

• Waste management indicator—based on the reuse-recycle-repair principle to create
value from treated waste, and is measured by two determinants: recycling rates; and
specific waste streams, such as packaging waste, biowaste, e-waste, etc. [34].

• Secondary raw materials indicator—recycled materials bring added value once re-
introduced into the economy circuits, saving natural resources consumption, mitigat-
ing the environmental footprint, and offering a continuous supply of raw materials. It
is evaluated through the contribution of recycled materials to raw materials demand,
and the trade of recyclable raw materials between the EU member states [28,35].

• Competitiveness and innovation indicator—creates continuously new types of jobs
and sustainable activities, green forms of products, industries, agriculture. Innovation
in technology, raw material, design, production, and methodology will facilitate the
reuse of waste. Private investments, jobs, gross value added, and patents related
to recycling and secondary raw materials as a proxy for innovation. The private
investment and patents will be analysed in this paper.

The authors chose to analyse the competitiveness and innovation EU CE indicator,
collecting Eurostat data [7] regarding the average investment (private investments, jobs and
gross value added related to circular economy sectors—CEI_CIE010) and patents (patents
about recycling and secondary raw materials—CEI_CIE020) for 2012–2018, by country in EU
(Appendix A). We chose 2012 as the starting date for the analysis, referring primarily to the
situation in Romania. In 2012, the industrial production stagnated after 2010, and in 2011, it
registered uninterrupted increases, according to the National Institute of Statistics [36]. We
then looked at how this aspect is found at the European level. Furthermore, in the following
few years, the worldwide growth rate of gross world product fell to the lowest level since
the global financial crisis, with significant losses, especially in the period 2014–2015. For
example, in 2016, 49 countries saw a decline in per capita income [37].

Nevertheless, global growth reached 3.1% in 2017—the fastest pace since 2011. Sub-
sequently, due to increased investment in several sectors of activity, the world economy
experienced a revival. The United States, for example, was supported in 2018 by a fiscal
expansion that offset the deficit of other economies [37].

3.2. Research Process

The analysis is based on public statistical data available, accessed and collected from
the European official statistics databases (Eurostat WEF, Balance Innovation scorecard).
In addition, we also accessed national authorities’ data to understand the dynamics and
impact of the CE policies in selected countries (Appendix A, Table 2). Finally, figures were
used to present the descriptive statistics of the analysed data (Figure 1).
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Figure 1. Composite reliability coefficient.

Based on the data presented, we intend to prove the following hypotheses:

Hypothesis 1 (H1). The level of investments influences the number of patents to some extent.

Hypothesis 2 (H2). The innovation level differs in EU countries mainly due to different levels of
investments, but other factors might be analysed (such as cultural factors).

In the first stage, a regression model was designed to evaluate the influence of invest-
ment over the number of patents in CE in 24 of the EU countries. Because of Eurostat’s
lack of reported data, Liechtenstein, Norway, Switzerland, Czech Republic, Ireland, Luxem-
bourg, Malta, and Iceland were not included. These innovation patents, which now require
10% of ROI, will bring in the future 70% of ROI, proving the future sustainable impact of
innovation on the economy [38–41].

In the second stage, for a clear insight into the impact of innovation on the sustainable
economy in the EU, a cluster analysis was designed using the K-means algorithm, and each
cluster’s characteristics, challenges, weaknesses, and strengths in obtaining sustainable
innovation were emphasised.

3.3. The First Stage—Regression Analysis for Evaluation Relations between Investments
and Patents

Firstly, a regression model emphasising the importance of investments in innovation
on increasing the number of patents for the EU applied to the fourth CE indicator will be
used to obtain the CE outcomes in the EU. Our analysis excludes Liechtenstein, Norway,
Switzerland, Czech Republic, Ireland, Luxembourg, Malta, and Iceland because they do
not provide data on our variable. A strong positive correlation (0.828) is identified between
the model’s two variables (invest and patent). This correlation allows the authors to design
the regression model. The R2 coefficient is 0.68, indicating that the variation of causal
investment variable determines 68% of the variable patent variance, and the model cannot
explain 32% of this influence. As R2 is not very close to 1, in a future analysis, we have
to add some other factors that influence the number of patents, such as culture, technical
facilities (hardware, software), the accuracy of knowledge, etc. Finally, the F-statistic offers
arguments supporting or rejecting the null hypothesis (H0). Having a low value (0.00), the
probability of making a mistake if accepting H1 is minimal. Thus, H1 is proven (the level
of investments influences the number of patents).

R2 (0.67)’s adjusted value is also close to the value of R2, which proves that the
influence of the independent variable (invest) is significant, and explains the variance of
the dependent variable (patent). Since the adjusted R2 value is close to the value of R2, this
allows the extension of the proposed regression model to the entire population surveyed.
In this case, the variance of the dependent variable decreases with the difference between
the two coefficients (0.685 − 0.671 = 0.015). This difference can be seen to be below 1%. The
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t-test generated for the invest variable validates the model, and contributes to the predictive
power of regression. The variables’ significance threshold (Sig.) should be less than or
around 0.05. In our case, Sig. 0.00 is lower than 0.01 for investment, meaning that the
coefficient of this variable is very well estimated, and Sig. 0.44 for constant is higher than
0.05, meaning that the constant could be better estimated.

Durbin–Watson’s statistic strengthens the model, showing no autocorrelation between
variables. Durbin–Watson tests the null hypothesis that residuals are not linearly auto-
correlated. Though the test can take values between 0 and 4, the values around 2 indicate
no autocorrelation. As a rule, values of 1.5 < d <2.5 show no autocorrelation in the data.
The VIF value helps us make the collinearity diagnostics. If the VIF value is greater than 3,
there is a chance of multi-collinearity between independent variables. If this value is above
5, then the chances of multi-collinearity are high. If this value is over 10, the independent
variables indeed show multi-collinearity. In this case, the VIF is 1, meaning there is no
collinearity between variables. In conclusion, the present model is valuable.

The regression equation it might be seen below (Tables 1–3):

Patent = 2.194 + 1.861 × 10−3 × Invest (1)

Table 1. Regression results—Pearson Correlations *.

Invest Patent

Invest Pearson Correlation 1.000 0.828
Sig. (2-tailed) 0.0 0.000

N 24 24
Patent Pearson Correlation 0.828 1.000

Sig. (2-tailed) 0.000 0.0
N 24 24

* Correlation is significant at the 0.01 level (2-tailed).

Table 2. Model Summary.

R R Square
Adjusted
R Square

Std. Error of
the Estimate

Change Statistics
Durbin-
Watson

R Square Change F Change df1 df2 Sig. F Change

0.828 0.685 0.671 11.428 0.685 47.861 1 22 0.000 1.668

Predictors: (Constant), INVEST. Dependent Variable: PATENT.

Table 3. Coefficients.

Unstandardized
Coefficients

Standardized
Coefficients

T Sig.
Collinearity

Statistics

B Std. Error Beta Tolerance VIF

(Constant) 2.194 2.812 0.780 0.444

INVEST 1.861 × 10−3 0.000 0.828 6.918 0.000 1.000 1.000

Dependent Variable: PATENT.

Table 2 shows model Summary for the regression equation.
Table 3 presents Coefficients for the regression equation.
Furthermore, the authors used SmartPLS 3.0 software to calculate the composite

reliability coefficient. The coefficient of composite reliability analysis strengthens our
hypothesis, and shows good internal consistency because it is higher than the accepted
limit of 0.7. In our case (Figure 1), the coefficient is 1 for both variables: investment and
patent. Furthermore, the path coefficient (0.828 higher than 0.7) and p-Value (0.00 smaller
than 0.1) and a very low standard deviation (0.09) also empowers us to consider that the
model is very reliable.

54



Sustainability 2022, 14, 702

3.4. The Second Stage—K Means Cluster Analysis

Secondly, a cluster analysis was performed to emphasise which countries are more
innovative, and the factors that nudge innovation [42–44]. Studying the two criteria (patent,
invest), one may observe that countries such as Italy (cluster 1), France (cluster 2), and
Spain (cluster 6) form clusters by themselves (Table 4). France has almost the same number
of patents as Poland, but France receives a higher investment amount. Spain and Italy have
a small number of patents, under the average. Spain must review their innovation policy
because of such low results while receiving a larger number of investments. Countries such
as Belgium, Netherlands, Austria, Poland, and Sweden form cluster 3, representing the
average sample: they have a medium investment amount and a medium number of patents.
However, in this cluster, three countries, mainly the Nordic countries, show a higher degree
of innovation due to significant investment, competitive human resources, and cultural
background: pro-innovation attitude and the leadership mentality, which urges them to be
creative, and find solutions in hostile environments. Germany and the United Kingdom
(UK) form cluster 4 because they have a high investment, but the highest number of patents
are obtained by Germany, being the most innovative European country. The complex infras-
tructure, technology, pro-innovation attitude, and competitive spirit make the difference in
Germany’s case. There is no doubt that the same countries show outstanding digitalisation
and competitive intelligence outputs. This helps market actors to easier amass, study,
and use information from all the fields of the market—competitors, decision-makers, or
customers. Other countries, such as Romania, represent the extreme side, and form cluster
5. The low level of investment received reflects a small number of patents [45,46]. Still,
other very complex factors are challenging to measure in figures/numbers, such as cultural
patterns, self-esteem, lack of perspective, and lack of accurate and useful information that
keep these countries far from innovation [46–48].

Table 4. Cluster membership, based on both criteria, Patents and Invest.

COUNTRY Cluster Distance COUNTRY Cluster Distance

Italy 1 0.000 Denmark 5 1,414,072
France 2 0.000 Finland 5 1,149,118

Belgium 3 1,349,409 Cyprus 5 674,931
Netherlands 3 1,501,600 Estonia 5 607,931

Austria 3 668,430 Latvia 5 591,929
Poland 3 489,102 Portugal 5 529,071
Sweden 3 29,544 Lithuania 5 454,932

Germany 4 1,385,379 Romania 5 364,075
U.K. 4 1,385,379 Slovenia 5 332,934
Spain 6 0.000 Bulgaria 5 317,934

Croatia 5 262,936

Greece 5 200,939

Slovakia 5 196,930

Hungary 5 185,074

4. Discussion

The European Union conducted a competitiveness and innovation analysis based
on Eurostat data: the eco-innovation index, R&D staff, and the product and innovative
process enterprise (with its sub-criteria/items). Investments in human resources, and
proper management of life cycle assessments (LCAs), based on blockchain technology,
created new business models and innovations that ensured a sustainable economy. This
assumption was validated by a regression model and K-means analysis [46]. We show
that R&D promotes HR creativity, innovation, and collaboration, which positively affect
eco-innovation and sustainable development. Product- and process-innovative companies
have a limited impact on eco-innovation. We continue our previous research with this
current article. The regression analysis shows a strong and positive correlation between
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investment and patents (0.828—when the investments increase by 1 unit, the number of
patents increases by 0.828 units). Finally, the European Union countries were grouped
based on investment and patent numbers in clusters. The results showed that all countries
in cluster 5 have a poor track record of innovation. In contrast, clusters 3 and 4 countries
are more innovative, having a good infrastructure, competitive human resources, and a
pro-innovation culture [47–49].

The good and bad sides of how waste management and energy consumption are
currently dealt with and treated are subjected to analyses and recommendations for future
solutions. Promoting the CE indicators represents a recommended solution, to be woven
into all educational programs in everyday communication until they become a concept
familiar to all citizens, changing their mindset through ecological sustainability. Data
analytics, digital technologies, and competitive intelligence are essential facilitators of the
circular economy, changing development towards social entrepreneurship [47]. Competi-
tive innovation sustains the idea that learning from what is happening inside and outside
the business box helps increase both competitiveness and chances for catching any new
opportunities. The more one understands, the bigger the profit and the chances to overcome
competitors, satisfying customers, and facilitating operational management development
for society and the environment. This also contributes to a new design of entrepreneurship
to combine the classical and modern professions, develop new ways of business, and speed
up decisions linked to environment preservation.

Executive decisions and societal wellbeing [48–51] could help those countries suffering
because of insufficient investment, limited access to knowledge, and other constraints that
stop their move for a better and more-accomplished life. Here, social entrepreneurs have
an important word to say and a challenging task for the circular economy to drive the next
level of development and impact their future.

Although this research has shown a strong positive correlation between investments
and innovation, using the number of patents as proxy, the creation of patents solely does
not guarantee their usability or an economic return or contribution to societal develop-
ment. Indeed, there are many patents and innovations that never reach the market due to
unfavourable economic and business conditions. An object of further study would be to
assess the quality of patents, and their impact on society and the economy, as it is difficult
to quantify the impact of these patents on the circular economy. It is indeed possible that
some technologies prove to be unsustainable, and rather hinder the progress to a circular
economy. As this study has only explained part of the causes of innovation growth through
investments, further factors that affect this should be identified and included.

5. Conclusions

The CE influences national economies, organisations, and consumers. Given that fact,
each actor participating in either social or business life, and every representative nominated
by the Government, has to find their respective role and interest in sustainable behaviour
to reach Green Deal objectives.

The regression model shows that investment proved the most crucial factor that
stimulates patents in CE innovation. However, some other elements deserve to be added
to the model for a sustainable economy, such as creating new jobs in the green economy,
governmental support, green public procurement, education for understanding, and the
implementation of digital and transferable knowledge and competencies.

Based on quantitative and qualitative analyses, the paper helps better understand
Romania’s current situation regarding innovation and competitiveness.

Some results confirm the hypotheses: (a) the level of investments influences the
number of patents to some extent; (b) the innovation level differs in EU countries due to
investment and cultural factors. Therefore, if Romania has an intention to approach the
EU average, it has to increase in investments, which will be reflected in the number of
patents and technology transfers, which would bring numerous benefits to the economy
and society, as well as to sustainable development.
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The importance of the article is subjective. However, the authors are highly motivated
for their home countries to take a better course in their transition from linear to circular
to follow the results of other countries in the lead. Sustainability is neither a race nor
a competition; it might be a run through different shades of interest in science and pro-
fessional education. Executive decisions considering societal wellbeing could help those
countries in suffering because of insufficient investment, limited access to knowledge, and
other constraints that stop their move for a better and more-accomplished life. Here, social
entrepreneurs have an important word and a challenging task for the circular economy to
drive the next level of development and impact their future. And they could be assisted
by competitive intelligence to unlock the creation of new frameworks; help align targets,
activities, and operations across information systems; and increase the speed of circular
economy transformation into a resilient cornerstone for both people and society.
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Appendix A. Average of Investment and Patents for 2012–2018, by Country in EU

Table A1. Average of Investment and Patents for 2012–2018, by country in EU.

Country Investments Patents

Belgium 2856,585714 10,79428571
Bulgaria 530,2142857 0,642857143
Denmark 2262,257143 4,097142857
Germany 29732,47143 86,87714286
Estonia 240,4 0,804285714
Greece 646,9166667 0,428571429
Spain 11221,92857 25,29142857
France 21276,82857 43,99142857
Croatia 585,4714286 0,504285714

Italy 17974,21429 21,32
Cyprus 173,46 0,471428571
Latvia 255,6857143 1,628571429

Lithuania 392,5714286 0,827142857
Hungary 1033,085714 3,46

Netherlands 5708,085714 15,59714286
Austria 3537,657143 9,47
Poland 4695,042857 38,02714286

Portugal 1376,857143 2,488571429
Romania 1211,785714 4,092857143
Slovenia 514,8285714 0,635714286
Slovakia 650,9142857 1,8
Finland 1996,9 12,75857143
Sweden 4234,271429 5,308571429
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Abstract: Currently, the development of new sustainable technologies to recover raw materials from
secondary resources has shown a lack of available data on the processes and supplies involved, as
well as their environmental impacts. The present research has conducted a life cycle assessment of
electrodialytic (ED) technologies to improve critical raw materials recovery in the Portuguese mining
industry. To critically appraise the activities from the mining sector and gather data on technical
and environmental issues, three waste management scenarios were considered: (1) ED treatment
with a deep eutectic solvent as an adjuvant; (2) ED treatment with simultaneous H2 recovery; and
(3) ED treatment with sodium chloride as an enhancement. The data presented were based on
global databases, technical reports from official sources, and peer-reviewed published experimental
outcomes. The estimated results indicated that one of the constraints in applying ED technologies is
energy consumption and thus the impacts are highly dependent on energy source choices. On the
other hand, as a consequence of the H2 inherently produced by ED technologies, there is a direct
potential for energy recovery. Therefore, considering an upscale approach of the ED reactor based on
bench scale experimental results, the H2 could be reused in the ED facility or stored. Additionally,
according to experimental data, 22% of the tungsten from the fine mine tailings could be recovered.
Finally, the possibility to remove 63% of arsenic from mine tailings could decrease contamination
risks while creating additional marketable co-products.

Keywords: life cycle assessment; secondary mining resources; electrodialytic process; upscale;
tungsten; arsenic; hydrogen

1. Introduction

The European Union 2030 climate action targets aim to reduce 55% of the greenhouse
gases emissions compared to the values in 1990 [1] and increase the total renewable energy
share in energy consumption by up to 32% by 2030 [2]. Moreover, the Sustainable Devel-
opment Goals include targets for water and energy consumption, waste and biodiversity
management, and adaptation of mining operations to climate changing conditions [3].

The European Commission has recently launched the fourth critical raw materials list,
where tungsten (W) continues, together with other 29 elements, to be included as a material
of high risk of scarcity and economic relevance [4]. Strategies for sustainable reprocessing
of mine tailings should be applied to extract valuable raw materials before their disposal
or further reuse options.

Tungsten is a valuable transition metal that can be extracted from tungstate min-
erals [5], such as scheelite (CaWO4) [6] and wolframite ((Fe,Mn)WO4) [7]. Tungsten is
applied to produce hard metal and metal carbide powder that can be further treated by
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powder metallurgical methods for hard metal tools production [8]. If Europe could take
full advantage of its own resources, the dependency on other countries to produce hard
metal tools could be overcome.

Panasqueira is an underground mine located in Portugal, on the southern edge of the
Estrela mountain near the Zezere river, which has operated for more than 130 years. The
Panasqueira ores are composed of a series of subhorizontal, stacked, and hydrothermal
quartz veins, promoting the mineralization of wolfram-bearing schists and shales. The
mineralized area at the Panasqueira mine is 400–2200 m wide, 2500 m long and 500 m
deep. During the mining process two types of mine waste are generated: coarse aggregates
derived from rock blasting and fine tailings conveyed into dams, both of which have
accumulated for more than 100 years [9].

Storage and/or deposition of mine tailings constitute the main threat to the surround-
ing environment of Panasqueira, particularly via water contamination due to their physical,
chemical and mineralogical characteristics and to the volume/area occupied by them.
These residues, namely, the most ancient, may leach harmful elements from storage sites,
designated by acid mine drainage [10]. These residues are more exposed to oxygen and
water, increasing the chance of acids being formed due to sulfide minerals (e.g., pyrite).
Other problems that may arise are related to high levels of cyanide and nitrogen com-
pounds in waters at mine sites from heap leaching and blasting. Particulate matter can be
released by the wind from mining activities, such as excavations, blasting, transportation of
materials and wind erosion. Moreover, exhaust emissions of the vehicles from mining sites
increase the levels of particulates [11]. To prevent and control the pollution from several
streams, the Panasqueira mine has an environmental license that complies with limits and
conditions for the management of the environmental pressures [12].

The current decrease in ore grade has prompted the assessment of existing resources,
energy needs and environmental impacts of mine tailings in a life cycle overview, concern-
ing a circular economy perspective. These approaches play not only an important role in
supporting cleaner production, resource management and decision-making in the mining
industry, but also in identifying new business opportunities. The current demand and
metal prices have leveraged the interest in secondary mining resources for critical raw
materials, where the recycling of W has lower-energy negative impacts (<6000 kWht−1)
compared to virgin production (10,000 kWht−1), depending on the grade and cut-off [13].

The impacts from the processing of raw materials should be considered during the
selection of the Best Available Techniques (BATs), which are the up to date technologies for
preventing and minimizing emissions and impacts on the environment [14]. Generally, the
BATs promote the improvement of the output and energy efficiency of the raw material
production process through replacement of the old equipment with new apparatus, which
is less energy consuming [15].

One feasible method to alleviate the impacts of rejected fractions from mining ac-
tivities is the electrodialytic (ED) process, which consists of the application of a direct
low-level current density (mA/cm2) between pairs of electrodes, to remove substances
from different environmental substrates. In the ED treatment of mine tailings, anion (AEM)
and cation exchange membranes (CEMs) were used to separate the matrix from the elec-
trodes’ compartments [16]. This aimed at controlling the pH conditions of the electrolyte
and the matrix, improving the selectivity of the removal of contaminants [17]. The mem-
brane surface attracts dissolved ions with the opposite charge (counter-ions) from the
pore water of membranes. Thus, the counter-ions are transported through the membrane
due to the electrical current while co-ions, that have the same charge of the membrane,
are rejected [17].

Research has been performed to assess the feasibility of applying the ED treatment
to W mine tailings to (1) recover W contents and other elements of interest [16], (2) re-
move harmful compounds [18], (3) to recover H2 that is inherently produced during the
treatment [19,20], and (4) to provide a suitable matrix for further reuse in the construction
sector as a supplementary cementitious material [21]. Furthermore, the ED process has
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demonstrated potential to extract W present in fine tailings (approximately 22%) in the
presence of biodegradable acid adjuvants—natural deep eutectic solvents (DES) [18].

Life cycle assessment (LCA) is an analysis technique applied to assess potential en-
vironmental impacts of a product/service from, e.g., raw material acquisition to waste
disposal. LCA provides an estimation of cumulative impacts under environmental cat-
egories such as global warming, ozone layer depletion, soil and water acidification, eu-
trophication, and abiotic depletion of non-fossil and fossil resources [22]. According to ISO
14040 [23] and ISO 14044+A1 [24], the LCA process is systematic and divided into four
phases: (1) goal and scope definition; (2) inventory analysis; (3) impact assessment; and (4)
interpretation [25]. LCA requires a detailed inventory analysis to ensure a representative
assessment of all the inputs and outputs of mass and energy across the whole phases of the
product life cycle, designated by life cycle inventory (LCI) [26].

The upgrades on technical processes should, therefore, consider the environmental,
social, and economic consequences of managing mine tailings throughout the value chain.
For instance, orebody characterization, mine planning, processing, disposal, reprocessing,
recycling, and reuse should be integrated. From an economic point of view, decreasing mine
tailings is a top priority, followed by reuse, recycling, recovery treatment and disposal. Cir-
cular business models supported by public policies could have strategic importance, where
economic benefits/incentives could be essential to optimize the recycling management
system while increasing recycling rates [27].

The trade-off between raw material extraction from secondary mining resources and
the environmental harmfulness of mine tailings after the ED process, as well as the need
to critically understand the information that LCA studies can offer, were the base of the
present work. Thus, this research shows the potential environmental impacts that should
be considered in an LCA when the ED technology is applied to Panasqueira fine tailings.
In addition, an upscale hypothetical approach of the ED reactor, based on laboratory
experimental results, was developed. The impacts estimated and determined in several
scopes are presented in terms of mine tailing management scenarios (direct disposal vs.
ED remediation prior to discharge/further reuse options). In this context, three different
operational ED conditions were considered: (1) ED treatment with a deep eutectic solvent
as an adjuvant; (2) ED treatment with simultaneous H2 recovery; and (3) ED treatment
with sodium chloride as an enhancement.

2. Materials and Methods

2.1. Case Description and Production System

The Panasqueira mine, located in the Centro region of Portugal (Figure 1) and de-
scribed as the largest Sn–W deposit in Western Europe, has changed its layout over the
years due to the W market downturns. In this way, the optimization of mechanical pro-
cesses and the exploration of alternative ores were considered. The Panasqueira mine
process is summarized in Figure 2. The mine has a production plan extending to 30 years
in the future [9].

Wolframite, cassiterite and chalcopyrite are the minerals extracted and used to produce
W, copper (Cu) and tin (Sn) concentrates, respectively. The extraction process consists
of a room and pillar method, considering geo-mechanical and geological properties of
the rock mass. The first stage for the production of W is crushing and milling of the
ore, promoting the release of the W mineral from the material. Then, a heavy media
separation (HMS) between fine and coarse fractions is performed. This stage promotes the
removal of 80% of the ore that does not contain W. Then, the W preconcentrated fraction
is subjected to a conventional gravity concentration technique, followed by magnetic
flotation in the presence of sulfide and dry magnetic separation [29]. The process is mostly
gravitational due to the relative density of the concentrated products in relation to the
sterile material [30].
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Additionally, there is a wastewater treatment facility, the Mine Water Treatment Station
(MWTS), located in Salgueira. The MWTS was projected to treat a maximum of 500 m3/h,
where the wastewater comes from the mine, wash activities and heaps [30].

 

The Panasqueira Mine

Figure 1. The Panasqueira mine geografic location—Covilhã, Portugal, 40◦10′11.0604” N, 7◦45′23.8752” W (source: Google maps).

Figure 2. The Panasqueira mine process and scenarios considered for the management of mine tailings generated (based
on [28]). HMS—Heavy media separation.

2.2. System Boundaries and LCA Road Map

Figure 3 shows the steps considered for the present LCA study. The analysis starts
on the exploration of the ore for the W concentrate production. Then, for the rejected
fraction of the mining process, three waste management scenarios were considered: (1) ED
treatment with DES as an adjuvant; (2) ED treatment with simultaneous H2 recovery;
and (3) ED treatment with sodium chloride (NaCl) as an enhancement. Based on the
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analysis of the ED scenarios, an ED upscaling study was carried out that also coupled
financial projections.

Ore exploration

The Panasqueira 
Mine

ED with DESED with DES

Scenario 1

ED with hydrogen 
recovery 

ED with hydrogen
recovery

Scenario 2

ED with NaClED with NaCl

Scenario 3

Mine tailings
W concentration 

process

Data collection

Water and air emissions

Resources consumption 
and generation

Energy consumption

Analysis of 
environmental 

impacts

Panasqueira mine 
process description

Rejected fraction

Carbon dioxide 
emissions

Energy consumption 

Removal of As

Recovery of W 

ED up-scale 
prospection

Analysis of technical and 
environmental impacts

40°10′11.0604″N
7°45′23.8752″W

ED technology

Financial projections

Figure 3. Flowchart of the life cycle analysis performed for the production of W concentrate and the electrodialytic treatment
of mine tailings.
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2.3. Data Collection

The data used to build the LCA were selected from three main sources: Ecoinvent
database version 3.7.1, technical reports published from the European Commission and
results from laboratory works published in international scientific journals (Table 1).

Table 1. Main sources used for the Life cycle assessment (LCA) data collection.

Source Topic Documents Consulted

Ecoinvent version
3.7.1

Tungsten
concentrate
production

- Tungsten mine operation and beneficiation [31]

European
Commission

technical reports

Mining industry
operation

- Integrated Pollution Prevention and Control (IPPC)
reference document on best available techniques in the
nonferrous metals industries [8]

Research works
published in
international

scientific journals

Electrodialytic
process

- Exploring hydrogen production for self-energy
generation in electroremediation: A proof of concept [20]
- Electrodialytic hydrogen production and critical raw
materials recovery from secondary resources [19]
- Hydrogen recovery in electrodialytic-based
technologies applied to environmental
contaminated matrices [32]
- Electrodialytic removal of tungsten and arsenic from
secondary mine resources—deep eutectic
solvent enhancement [18]

2.4. Mine Tailings Characterization

Considering the Panasqueira mine plant (Figure 2), the processing of 1000 kg of ore
(from excavation activities) was considered as the functional unit for the LCA study. Table 2
presents estimations regarding W concentrate production and mine tailings generation
from the processing of 1000 kg of ore. The calculations were based on scientific data
available on Panasqueira resource compositions, as referenced in Table 2.

Table 2. Resources consumed and generated during the production of tungsten concentrate at the
Panasqueira mine.

Item
Value per Functional

Unit
Units References

Panasqueira mine resources–ore 1000 (functional unit) kg -
W content in Panasqueira

mine resources 3.0 kg/t ore 0.3% WO3 [33]

W concentrate after the
concentration process 2.3 kg/t ore 75% WO3 [29]

Mine tailings generation 997.4 kg/t ore -
W in mine tailings 0.8 kg/t ore [29,33]
As in mine tailings 3.7 kg/t ore [16]

W price 25,500 EUR/t [34]
H2 price 2.7–6.5 EUR/kg [35]

Thus, concerning Table 2, from the processing of 1000 kg of ore, only 2.3 kg of W
concentrate is produced, with grades of 75% of WO3. This means that around 997 kg of
fine tailings are generated from the processing of 1000 kg of ore. From the mine tailings it is
possible to recover 0.8 kg of W/t of ore. The W price (25,500 EUR/t) makes the W recovery
attractive from an economic perspective.
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2.5. Water and Air Emissions and Resources Consumed

The processing of 1000 kg of ore was selected as the functional unit for the LCA. Water
and air emissions during W concentrate production were determined based on Ecoinvent
database [31]. In the Ecoinvent platform, the information is presented considering 1 t of W
concentrate production. Thus, an extrapolation based on the W concentrate production at
the Panasqueira mine was used to estimate its environmental impacts.

The resources consumed and generated during the production of tungsten concentrate
at the Panasqueira mine were determined, considering the amount of fine tailings that
results from the processing of 1000 kg of ore. In this sense, the amount produced from
fine tailings generation was determined by subtracting the initial fraction (1000 kg ore) of
the quantities of W, Cu and Sn concentrates produced. The W contents in mine tailings
per functional unit were determined based on the concentrate grade of W trioxide (WO3)
produced in the plant—75% [29].

The plant also produces Cu and Sn concentrates. However, the amounts of Cu and Sn
were only considered to estimate the fine tailings generation, and production impacts were
not considered for this study.

2.6. Energy Consumption and CO2 Release

To estimate the energy consumed by the ED system, Equation (1) was applied:

E (kWh) =
Vi × A × t

1000
(1)

where Vi is the average voltage (Volts) in time i, A is the current intensity (Amperes) and
t is the duration (hours) of the experiment. To convert the energy consumed into the
quantity of CO2 released for the environment, a conversion factor of 0.23314 kg CO2 per
kWh was considered [36].

3. Results and Discussion

3.1. Tungsten Concentrate Production at the Panasqueira Mine: Environmental Impacts
3.1.1. Energy Consumption

During the W concentrate production at the mining site, there are several high energy
consuming phases. The overview presented in Figure 4 is based on data from technical
reports. Herein, an average of the energy consumption of each processing step per ton of
processed ore during the W production is shown.

0 2 4 6 8 10 12 14

Drilling

Blasting

Digging

Ventilation

Dewatering

Materials handling

Crushing

Grinding

Beneficiation general

Energy (kWh/  t ore)

Figure 4. Energy consumption of mining processing activities (adapted from [37]).

The high energy consuming stages are materials handling (more than 14 kWh/t
ore) and grinding (14 kWh/t ore). On the other hand, crushing, dewatering and drilling
activities present lower energy consumptions (below 1 kWh/t ore). In addition, the envi-
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ronmental categories which are more affected by those processing steps are global warming
potential (12.6 kg CO2 eq/t ore), cumulative energy demand (133 MJ eq/kg), terrestrial
acidification (0.29 kg SO2 eq/t ore) and human toxicity (3.4 × 10−5 CTUh/t ore) [37].

3.1.2. Air and Water Emissions

During the processing of 1000 kg of ore, air and water emissions are generated,
causing the main environmental pressures. Table 3 presents the emissions that were
determined for Panasqueira mine processing based on Ecoinvent data from W concentrate
production impacts.

Table 3. Emissions to the environment during the tungsten concentrate production (determined
based on Ecoinvent data for tungsten concentrate production [31]).

Emissions Value per Functional Unit Units

Air

Carbon dioxide, nonfossil 0.35 kg/t ore
Carbon disulfide 7.74 × 10−6 kg/t ore

Particulates < 2.5 μm 0.01 kg/t ore
Particulates > 10 μm 0.13 kg/t ore

Particulates > 2.5 μm and < 10 μm 0.11 kg/t ore

Water

Aluminum 9.26 × 10−6 kg/t ore
Biological oxygen demand (BOD5) 2.08 × 10−3 kg/t ore
Chemical oxygen demand (COD) 4.15 × 10−3 kg/t ore
Dissolved organic carbon (DOC) 1.54 × 10−3 kg/t ore

Hydrocarbons 1.29 × 10−5 kg/t ore
Iron 3.66 × 10−5 kg/t ore

Nitrite 1.29 × 10−5 kg/t ore
Phosphorus 1.29 × 10−5 kg/t ore

Total organic carbon (TOC) 1.54 × 10−3 kg/t ore
Tungsten 1.29 × 10−5 kg/t ore

Water 0.26 m3/t ore

Carbon dioxide is the major substance released to air (0.35 kg/t ore) and as observed
in Figure 4, the materials handling and grinding are the main operations contributing
to its release, in addition to the emission of particles. Regarding water load emissions
per ton of ore, the chemical parameters that have higher impacts on aquatic systems are
chemical oxygen demand (COD) (4.15 × 10−3 kg), biochemical oxygen demand (BOD5)
(2.08 × 10−3 kg) and total organic carbon (TOC) (1.54 × 10−3 kg).

COD is generally used to indirectly determine the amount of organic compounds in
aquatic systems and is useful as an indicator of the degree of organic pollution in surface wa-
ters [38]. The COD is the most affected parameter by mining activities (4.15 × 10−3 kg/t ore),
indicating that not all forms of organic matter (biodegradable and nonbiodegradable)
are available.

The BOD5 presents the second highest impacts (2.08 × 10−3 kg/t ore), meaning a
decrease in the amount of oxygen consumed, by aerobic biological organisms, to decompose
the organic matter in 5 days. An excessive microbial activity causes a reduction in the
quantity of oxygen in the water, which may foment the growth of anaerobic organisms and
decay the development of other existing communities [39].

The dissolved organic carbon (DOC), which is a potential source of carbon and energy
for ecosystem metabolism, plays a central role in many limnological processes, since it
is largely derived from terrestrial vegetation, deposited from lake catchments either by
streams or by overland flow [40]. The mining impacts in terms of DOC are less pronounced
(1.54 × 10−3 kg/t ore), although changes in DOC cycling can result in air–water exchange
of CO2 alterations [41].
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Mining processes demonstrated the lowest impacts on the total organic carbon (TOC)
(1.54 × 10−3 kg/t ore), mainly in the form of DOC. The TOC measures the amount of
carbon found in an organic compound. A high organic content means a higher oxygen
consumption and, consequently, an increase in the growth of microorganisms that deplete
oxygen supplies [42].

The chemical water contamination is reflected in composition changes, while physical
contamination results from the presence of fine material, affecting both surface water
and aquifers. In the case of metallic ores, chemical contamination can be relevant due
to the oxidation of pyrite producing sulfides that may leach heavy metals. In addition,
yellowish to red Fe(OH)3 precipitates are formed when acidic water meets neutral water
in river basins. These precipitates affect the growth of aquatic plants [30]. Physical
contamination by fines occurs when there is a discharge of treatment effluents in water
courses. Contamination by suspended solids seriously affects fish communities [30]. In the
case of the Panasqueira mine, the Zezere river is the main concern of water pollution.

Mining at levels below the water table will subsequently promote risks of evaporation
of aquifers, water degradation by eutrophication and chemical contamination [43]. Acid
mining drainage is characterized by a pH below 5 and is related to the sulfides (S2− and
S2

2−), sulfur (S) or thiosulfate (S2O3
2−) being in contact with water and the atmospheric

oxygen (oxidizing conditions). Acid water results from the oxidation of pyrite (FeS2), usu-
ally catalyzed by bacteria. Other sulfides such as blends (ZnS), galena (PbS), chalcopyrite
(CuFeS2), pyrrhotite (Fe7S8) and arsenopyrite (FeAsS) can contribute to acidifying water
resources. Generally, acidic effluents present high concentrations of Fe, manganese (Mn)
and aluminum (Al) [30].

To decrease water resources contamination in the area, the Panasqueira mine has an
in-house Mine Water Treatment Station (MWTS). The wastewater comes from the surface
through infiltration and from the production process, since a significant amount of water is
used during drilling and irrigation of the work fronts. The wastewater treatment facility
has a volume capacity of 7000 m3. The outlet and the receiving tank were designed to
convert relatively soluble ions, such as Fe2+ and Mn2+, into the respective less soluble
oxidized forms (Fe3+ and Mn4+). The treatment plant is composed of four tanks with
mechanical agitation in which the addition of flocculant and lime is carried out. Lime is
added to increase the pH of acidic water and prevent a possible drop in pH when ions such
as Fe3+ and Mn4+ precipitate in the form of hydroxides. The solid hydroxides formed and in
suspension are deposited at the bottom of the tank, being pumped into the mud dam [30].

3.2. Mine Tailings Management
3.2.1. Electrodialytic Scenarios

Following the assessment of air and water emissions during W concentrate production,
the environmental pressures of mine tailings were studied in particular in terms of ED
process efficiency for elements extraction and recovery, energy consumption and CO2
emissions. This assessment was based on experimental data from previous works. In fact,
the major impacts from waste disposal at mine sites can be divided into two categories [37]:

(1) the loss of productive land following its conversion to a waste storage area;
(2) the introduction of sediment, acidity, and other contaminates into surrounding sur-

face water and groundwater from water running over exposed problematic or chemically
reactive wastes, and the consequent soil contamination.

In this sense, alternative ways to direct disposal of mine tailings are desired. Table 4
presents three different scenarios where the ED technology was studied as an alternative
to direct disposal. The systems defined have diverse extraction ratios of elements and
other features, being important to compare the ED scenarios in terms of achievements and
environmental impacts.
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Table 4. Data from the electrodialytic treatment of mine tailings.

Extraction
(%/kg t ore)

Scenario ED Scheme
Duration

(h)

Current
Intensity

(A)
W As

H2 Purity/
Recovery

(%)

1. ED treatment
with DES 1 96 0.05 22/0.2 16/0.6 n.a.

2. ED treatment
with H2 recovery 2 1 0.1 7.5/0.06 48/1.8 74/50

3. ED treatment
with NaCl 3 120 0.1 13/0.1 63/2.4 n.a.

1 According to [18]; 2 according to [20,32]; 3 according to [19]; AEM—Anion Exchange Membrane; CEM—
Cation Exchange Membrane; DES—Deep Eutectic Solvent; Electrolyte (NaNO3 0.01 M); NaCl—sodium chloride;
n.a.—not applicable.

Scenario 1 involves the use of a DES in the sample compartment during the ED
treatment. DES present advantages in terms of yield, costs and toxicity when compared
to conventional ionic liquids [44], which are composed of strong acids and bases [45]. In
this way, a two-compartment reactor was operated for 4 days at 0.05 A. The electrolyte
and sample sections were separated by an anion exchange membrane [18]. The main
outcome of this reactor configuration was the quantity of W extracted from the matrix. The
use of choline chloride/oxalic acid (1:1) promoted a higher solubilization of the W and,
together with the current applied, a synergetic effect on the recovery of this critical element
was observed.

Scenario 2 includes a three-compartment ED reactor and the simultaneous collection
of self-produced H2 in an eco-friendlier manner. This configuration presented the lower
W recovery, where only 7.5% of W was extracted. However, it should be noted that this
system operated only for 1 hour at 0.1 A. Applying this current intensity was possible to
access the production of H2, an energy carrier, with 74% H2 purity. Electrokinetics have
been coupled with electrodialytic technology for H2 production during the removal of
pollutants [20], where the energy requirements for this system are considerably smaller
owing to the higher conductivity of the matrix [46]. Additionally, regarding the As removal,
a better performance was achieved (48%) in comparison with scenario 1 (16%). Considering
the functional unit defined for this study, hypothetically, this system could avoid 1.8 kg of
As contamination (Table 4).

Finally, in scenario 3, a three-compartment ED reactor was tested at 0.1 A for 5 days
using NaCl to improve the current passage [19]. The main achievement of this system was
a 63% As removal from a total of 3.7 kg As/t ore (Table 2), meaning less than 2.4 kg of As
contamination per t of ore (Table 4).

Regarding different market segments and environmental concerns, the scenarios con-
sidered may show different potentials. In this way, the trade-off for the three scenarios
was studied to understand the impacts on resources consumption and its economic fea-
sibility. Table 5 presents an energy assessment for the three bench scale ED treatment
scenarios. These tests were performed to treat 39 [18] and 22 g [16,20] of fine tailings in
a two- and/or three-compartment ED reactor, respectively. The energy was determined
according to Equation (1).
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Table 5. Estimation of the energy consumed and CO2 released during the electrodialytic laboratory
treatment of mine tailings.

Scenario 1. ED Treatment with DES

Measure
Voltage

(V)

Current
intensity

(A)

Energy
consumed

(kWh)

kWh/g W
extracted

kWh/g As
extracted

g CO2

Day 0 32.30

0.05

2.0 × 10−3 1.0 × 10−2 4.2 × 10−5 0.38
Day 1 13.20 1.0 × 10−3 5.0 × 10−3 2.1 × 10−5 0.15
Day 2 11.10 1.0 × 10−3 5.0 × 10−3 2.1 × 10−5 0.13
Day 3 10.80 1.0 × 10−3 5.0 × 10−3 2.1 × 10−5 0.13
Day 4 11.80 1.0 × 10−3 5.0 × 10−3 2.1 × 10−5 0.14

Average 1.0 × 10−3 6.0 × 10−3 2.5 × 10−5 0.18

Scenario 2. ED treatment with H2 recovery

Measure
Voltage

(V)

Current
intensity

(A)

Energy
consumed

(kWh)

kWh/g W
extracted

kWh/g As
extracted

g CO2

0 min 35.00

0.1

4.0 × 10−3 6.7 × 10−2 2.8 × 10−5 0.82
10 min 27.50 3.0 × 10−3 5.0 × 10−2 2.1 × 10−5 0.64
20 min 25.80 3.0 × 10−3 5.0 × 10−2 2.1 × 10−5 0.60
30 min 26.10 3.0 × 10−3 5.0 × 10−2 2.1 × 10−5 0.61
40 min 28.00 3.0 × 10−3 5.0 × 10−2 2.1 × 10−5 0.65
50 min 38.80 4.0 × 10−3 6.7 × 10−2 2.8 × 10−5 0.90
60 min 59.50 6.0 × 10−3 1.0 × 10−1 4.2 × 10−5 1.39

Average 3.0 × 10−3 6.2 × 10−2 2.6 × 10−5 0.80

Scenario 3. ED treatment with NaCl

Measure
Voltage

(V)

Current
intensity

(A)

Energy
consumed

(kWh)

kWh/g W
extracted

kWh/g As
extracted

g CO2

Day 0 98.40

0.1

1.0 × 10−2 1.0 × 10−1 5.3 × 10−5 2.29
Day 1 77.25 8.0 × 10−3 8.0 × 10−2 4.2 × 10−5 1.80
Day 2 46.80 5.0 × 10−3 5.0 × 10−2 2.7 × 10−5 1.09
Day 3 41.65 4.0 × 10−3 4.0 × 10−2 2.1 × 10−5 0.97
Day 4 27.85 3.0 × 10−3 3.0 × 10−2 1.6 × 10−5 0.65
Day 5 14.70 1.0 × 10−3 1.0 × 10−2 5.3 × 10−6 0.34

Average 5.0 × 10−3 5.2 × 10−2 2.7 × 10−5 1.19

The highest energy consumption occurred in scenario 3, where a three-compartment
reactor and NaCl were used. An average of 5.0 × 10−3 kWh was consumed, with a
release of 1.2 g CO2. In fact, this system was operated at a higher current intensity
(0.1 A) and thus, it was expected to have a higher energy consumption, and consequently,
higher amount of CO2 release. However, the addition of NaCl promoted the control of
the power consumption once it led to an increase in media conductivity and therefore
lower resistance [47].

On the other hand, scenario 1, performed with natural extractants (DES), demon-
strated a decrease in the energy consumption of more than 80%. In this set-up, a current
intensity of 0.05 A was applied, which was the main contributor to the energy consump-
tion decrease (1.0 × 10−3 kWh) when compared to the other two scenarios. This means
approximately 0.9 g of CO2 emissions to the environment. In fact, this scenario presented
the lowest energy consumption per mass of elements extracted (6.0 × 10−3 kWh/g W and
2.5 E × 10−5 kWh/g As).

Scenario 2, which includes H2 recovery, demonstrated an intermediate energy con-
sumption. In scenario 2, as in scenario 3, a current intensity of 0.1 A was applied. However,
due to the use of a totally sealed reactor (to ensure no leakage of gases), a decrease in the
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voltage occurred and thus a decrease in the resistivity inside the reactor was observed.
Based on Ohm’s law, if the current intensity is constant, the voltage and the resistivity
(or conductivity) are strongly related. The decrease in the ED cell voltage is linked to a
conductivity increase in the electrodes’ compartments [20].

This may explain the lower energy consumed (3.0 × 10−3 kWh) compared to scenario
3 (ED with NaCl). Additionally, the possibility to recover the self-hydrogen produced by
the ED treatment and reuse to feed the reactor in terms of energetic requirements could
provide energy savings of up to 50% [32].

Regarding the water needs for sample suspensions and electrolyte preparation with
sodium nitrate (NaNO3), ED configurations that have three compartments require 700 mL
(32 times the sample weight) and the two-compartment systems require 600 mL (15 times
the sample weight). However, the reuse of secondary water resources during the ED
treatment (e.g., secondary effluent) have shown promising results [16] that may contribute
to alleviate tap water needs.

Summing up, the laboratory experiments could follow structural designs, such as a
central factorial design. However, it is pivotal to properly assess the industrial interest. In
a scale-up perspective, the experiments should be carried out sequentially, followed by a
process analysis and economic evaluation. Even in the first steps of the research, which can
affect the experimental domain of interest, the quality of the information provided could
be improved and be key factor for a pilot unit.

3.2.2. Electrodialytic Treatment Upscale Prospection

In order to increase the understanding of the scenarios studied, a perspective of
a full scalable ED reactor model to support commercial roll-out was carried out. The
implementation of the theoretical ED pilot reactor would result in a full running removal
and recovery of the target compounds from the fine mine tailings, hypothetically aiming
zero liquid or solid discharges. A full closed-loop of residues would change the perspective
of mine tailings, which would become a valuable resource instead of a costly waste stream.

The ED plant, which can be either vertical or horizontal, is presented in Figure 5,
showing a simplified flow sheet of a loop reactor. It is important to point out that the
design of the reactor does not need to be similar to the laboratory scheme. However, it
has to be designed to achieve the best data, both in terms of fluid dynamics and transport
properties. In Figure 5, the design of the reactor is used as an example of the concept, and
merges the best parts of both scenarios 1 and 2:

(1) two-compartment reactor design, which is easier to operate;
(2) DES as enhancements, alleviating the consumption of strong acids and bases while

incrementing the W recovery;
(3) cation-exchange membrane, which allows H2 recovery for depreciation of implemen-

tation and maintenance costs, as well as flexibility in different market segments.

A balance between the ED treatment plant and downstream units needs to be ensured
in order to decrease environmental pressures from the disposal of mine tailings. The
final product (after the ED treatment) needs to have such a quality that consecutive ED
phases will work optimally at minimal operational costs. Since the Panasqueira mine
has available land, the installation of solar panels in the south direction with 144 cells at
400 W (2025 × 996 × 40 cm) [48] will promote the use of renewable energy and overcome
the environmental pressures and costs regarding ED technology. The use of solar panels
decreases the investment cost by avoiding the use of batteries, solar inverters, and power
supplies and the maintenance cost since there is no battery waste to manage [49].
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Figure 5. Theoretical electrodialytic plant facility based on bench scale experiments.

Additionally, the scaled-up reactor was dimensioned addressing issues related to a
seamless operation with minimal needs for cleaning. The material selected for the reactor
was polyethylene due to its chemical and impact resistance, electrical properties and low
coefficient of friction. In addition, polyethylene is lightweight, easily processed and offers
near-zero moisture absorption [50]. The reactor was dimensioned to treat 10 m3 per day (8 h
running time, based on average labor schedules in Portugal) in five conjugate sequential
units. The capacity of each block is 2 m3, as reported by other pilot studies [51]. These
dimensions promote the treatment of the volume of mine tailings produced per day (0.4 m3),
considering: (1) mud’s density of 3031 kg/m3 [52]; (2) 997 kg volume of mine tailings; (3)
water needs both for the electrolyte (NaNO3 0.01 M) and sample suspensions. The ED
facility was projected to be fully distributed by individual blocks. Each section includes
pumps (when gravity transport is not possible), membranes, and sample and electrolyte
compartments. Additionally, it includes reservoirs for ED treated and nontreated mine
tailings (before the ED process), water, electrolyte and H2, to either reuse or storage. This
simplifies the maintenance of the reactor and, consequently, reduces the problems during
the treatment.

Scaling in ED occurs due to inorganic species, e.g., PO4
3−, NH4

+, Mg2+, Ca2+ and
CO3

2−, forming low-solubility minerals. The more effective the process is at removing
these elements, the less scale will be formed and therefore the maintenance costs for the
ED unit will be lower [53].

A constraint of the ED facility is the goal of achieving total reuse of water, since there
is a need to treat and/or crystallize the salt from the brine stream (NaNO3) and the effluent
suspension produced. There are several technological options for waste brine crystalliza-
tion. The projection of the ED facility intends to concentrate and crystallize the salts in the
brine solution. Crystallization plays an important role in many industries where water
recycling is implemented. If it is not possible to perform the purification of brine solutions,
the Panasqueira MWTS (capacity = 500 m3/h) [30] could also include the treatment of
both brine solution and effluent suspension. In addition, treated water resources from the
Panasqueira MWTS could be used to prepare the mine tailings suspensions, aiming for
circularity of by-products. This step would promote savings in water consumption by the
generation of suitable mixtures to reuse in the ED system.
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Moreover, the proposed ED unit combines a reservoir for the collection of the self-
produced H2, increasing the value proposition of the ED pilot. Lead-acid batteries are the
most useable storage systems, as well as rechargeable batteries, supercapacitors, and redox
flow batteries. The most promising systems for renewable energy storage are the lithium-
ion batteries and redox flow batteries [49]. Coupling a unit for H2 recovery at the mine can
direct the site towards a clean energy transition [54]. In fact, the implementation of H2 as
a flexible energy carrier in future energy systems is a top priority in the new EU Green
Deal. The smart integration across sectors is encouraged and promotes investments on
cutting-edge research and innovation for clean energies [1]. Together with W recovery and
As removal, the H2 transfer to be used in the mine ED facility could have socio-economic
impacts both on recovery of raw materials and clean energy transition, since it addresses
applicable solutions to industries. This stimulates the fostering of synergies in industrial
sectors, the creation of new services and the transition and adaptation to eco-innovated
systems. The ED treated fine tailings can be further used in construction materials with
compatible applications with conventional concrete and fired brick masonry walls [21]. On
the other hand, the As can be used in purification processes of zinc leach solutions [55],
and residues containing As could be recovered by glass industries, since arsenates can be
turned into silicoarsenates during vitrification [56].

Further roll-out may be hampered by the lack on financial commitment to implemen-
tation in a declining industry, where investments in utilities are not seen as strategic to
the core business. However, low investment solutions with limited capital expenditures
(CAPEX) and operating expenditures (OPEX) costs are required. Table 6 presents the
financial projections of the ED plant for the initial investment, as well as the first and the
fifth years of ED operation.
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It should be noted that Table 6 shows a simplified economic approach of the ED
concept, considering only its physical implementation. Through this assessment it is
possible to understand the impact of these figures on the broad uptake potential in the
mine industry. This section does not cover the fully CAPEX or OPEX estimating procedures.
Nevertheless, it provides concepts that can be used in the project evaluation to help the
understanding of its application in a full implementation mode. Moreover, Table 6 also
details the costs of the components needed for the ED facility. The materials for the ED
plant construction (e.g., electrodes, membranes, pumps, tubes) and the reagents needed
for the electrolyte and sample suspensions (NaNO3 and DES) are the main contributors
of the costs reported in the first- and fifth-year projections. Together with the costs for
the manufacturing, and, therefore, the total investment in the first year, a set of other
expenses to guarantee the success of the ED process during its lifetime is also foreseen.
The total investment before developing the ED facility in a full run mode is approximately
51,000 euros, increasing from around 1 to 7 millions of euros in the first and fifth years,
mainly due to NaNO3 and DES consumption.

The investments can be considered high, although further optimization of the pro-
cesses and research could decrease the values presented. Additionally, the up-scaling
theoretical approach should be further optimized, based on a pilot study, to decrease
inputs related to energy and resources in a more positive way. This strategy may promote
minimization of the negative pressures in the environment and the adaptation of industrial
sectors to eco-innovative markets. In particular, the ED plant presented could leverage new
market possibilities, the requalification of mining areas after close and the development of
new technologies with regard to achieving the Sustainable Development Goals [3].

4. Conclusions

Mining industries have been stimulated to operate in a more sustainable way, reducing
their environmental burdens and improving resource management. In this way, eco-
efficient processes and alternative scenarios to direct waste disposal of rejected fractions
are desired.

This research work evaluated the impacts on the environment that may come from
mining processes and three potential scenarios that involve the ED treatment of fine tailings
from the Panasqueira mine.

Regarding the impacts of mining processes, materials handling and grinding presented
the highest energy consumption and, consequently, CO2 release (0.35 kg/functional unit).
A carbon footprint of 12.6 kg CO2 eq/t ore is associated with mining activities. On the
other hand, the chemical parameters that have the highest impacts on aquatic systems are
COD (4.15 × 10−3 kg), BOD5 (2.08 × 10−3 kg) and TOC (1.54 × 10−3 kg).

The analysis of previous ED data at the bench scale was a key factor to estimate the
potential environmental burdens involved in an ED plant conception. In particular, energy
consumption is a major concern at an industrial scale. Herein, the ED technology could
have a central role in the recovery of metals below 45 microns, a main challenge for the
mine. In addition, the mine has a project spanning more than 30 years, which means that
new market segments could be explored to keep the development and the requalification
of the Panasqueira area after its closure. In this context, aligned with the removal of As
contents, the recovery of W and H2 seems to be attractive for the development of the
Centro region of Portugal, considering a circular economy perspective, both in terms of
raw materials recovery and sustainable energy production. These aspects might decrease
the risk associated with mining activities and leverage new business opportunities in the
mining sector in the upcoming years.

Thus, concerning the three scenarios studied, different advantages were pointed out.
Scenario 1, which involves the use of DES, exhibited a better performance in terms of the
quantity of W extracted from the matrix (22%). Scenario 2 considers self-produced H2
recovery during the ED treatment with 74% H2 purity. Scenario 3 presents an approach with
conventional reagents and the main achievement of this system was the As removal (63%).
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Based on the best features of the scenarios analyzed, a sequential theoretical ED facility
was presented. The dimensioning of the reactor was based on the quantity of mine tailings
that need to be treated and laboratory data. An investment of approximately 51,000 euros
was estimated, increasing from 1 to 7 millions euros in the first and fifth years due to
maintenance and operational costs. Nevertheless, the upscaling effect may reduce the
inputs—namely, those regarding operational costs and energy consumption. In future
works, a pilot study of the ED treatment should be performed to assess the scaling-up
influence on technical aspects and to determine the economy of scale’s percentage.

This study provides new insights for the life cycle of mine tailings and a basis for
environmental decision-support in the application and roll-out of ED technologies.
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Abstract: The mounting climate change crisis and the rapid urbanization of cities have pressured
many practitioners, policymakers, and even private investors to develop new policies, processes,
and methods for achieving more sustainable construction methods. Buildings are considered to be
among the main contributors to harmful environmental impacts, resource consumption, and waste
generation. The concept of a circular economy (CE), also referred to as “circularity”, has gained a
great deal of popularity in recent years. CE, in the context of the building industry, is based on the
concept of sustainable construction, which calls for reducing negative environmental impacts while
providing a healthier indoor environment and closing material loops. Both vernacular architecture
design strategies and circular economy principles share many of the same core concepts. This paper
aims at investigating circular economy principles in relation to vernacular architecture principles
in the built environment. The study demonstrates how circular principles can be achieved through
the use of vernacular construction techniques and using local building materials. This paper will
focus on Egypt as one of the oldest civilizations in the world, with a wide vernacular heritage,
exploring how circularity is rooted in old vernacular settlements and how it can inspire contemporary
circular practices.

Keywords: circular design; circularity; circular economy; vernacular architecture; Egypt

1. Introduction

The growing climate change crisis and urbanization have urged more government
decision-makers, urban planners, architects, and private investors to develop new policies,
processes, and methods for leading more sustainable lifestyles [1]. According to the United
Nations Environment Programme (UNEP) [2], cities consume 75% of the world’s primary
energy capacity (such as crude oil, coal, wind, natural gas, etc.), produce 60–80% of global
greenhouse gas emissions, and produce 50% of the world’s waste [3,4]. Buildings are
considered among the main contributors to harmful environmental impacts, resource
consumption, and waste generation [5]. According to UNEP [6] and the World Resarch
Institute (WRI) [7], buildings account for 40% of all waste generated by volume, 40% of all
material resources use by volume, and 33% of all human-induced emissions. Furthermore,
the construction industry and the built environment are among the greatest contributors to
natural resource depletion [3,8,9]. Thus, it is imperative for governments to start adopting
more sustainable practices in the construction industry.

The concept of the circular economy (CE), also referred to as “circularity”, is one of
the sustainable concepts that has been gaining traction in recent years as an approach
for reducing the environmental footprint of different industries, including the building
sector [5,10–13]. While there is no standard definition for the CE model, it has been
defined by several organizations as the opposite of the linear economy (LE) and its “make-
take-waste” model [12,14]. The linear production-consumption model is concerned with
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producing and consuming goods made from raw materials, selling them, using them, and
then disposing of them as waste [3,5]. This model, however, has become ineffective due
to the increase in global populations and depleting natural resources [12]. In the building
industry, CE calls for reducing the negative environmental impacts on the environment
while providing a healthier indoor environment and closing material loops [15]. CE is not
necessarily considered a new concept but rather one that combines several pre-existing
principles for closing material loops, reducing energy and raw material waste [16,17], and
prolonging the lifespan of products through maintenance and repair [18,19].

Vernacular architecture can also be linked to circular sustainable concepts. Vernacular
architecture is defined as the design of buildings based on local needs, using local materials,
and reflecting the local culture and traditions. In addition, they are usually built by
inhabitants without any formal design training (architecture without architects) [20–22].
Vernacular buildings provide optimal solutions for local problems [22] that are in harmony
with nature, in a durable, healthy, and sustainable manner [23]. Furthermore, vernacular
buildings all over the world are dependent on the use of low-impact natural materials
and construction techniques. Such techniques have proven to be resilient to weather
conditions and fulfill the locals’ needs at minimal cost and with a minimal impact on the
environment [24–26]. Thus, the importance of local architecture is quite evident, along with
the need to return to many of the simple, sustainable solutions that have been devised in
the past [22].

2. Literature Review

2.1. The Circular Economy in the Built Environment

CE in the built environment has gained academic, governmental, and organizational
recognition over the past few years [3]. The EU has developed a series of actions and
legislative proposals for future reuse and recycling targets for construction and demolition
waste [27,28]. Shifting to CE provides several opportunities for reducing primary material
usage and carbon footprints [29], and can positively impact economic, environmental,
and social sustainability [30]. Circular economy concepts can be integrated in the scale
of buildings, products, and components, in two main aspects: circular material usage,
and circular design [12]. The use of circular materials is concerned with the selection of
materials that are renewable (biological cycles), or that are reusable after first use (technical
cycles), while the circular design is defined as the design of products and components
that can be easily disassembled at the end of their use, facilitating their reuse in other
projects [12]. Furthermore, circular building design (CBD) is concerned with buildings
that are designed, planned, constructed, operated, and maintained with CE principles in
mind [31]. To be able to shift toward CBD, CE principles need to be applied to the different
life cycle stages of the building, managing the building and its component parts from cradle
to cradle [30]. This also entails ensuring that all materials used in the building can be
recycled or composted at the end of its lifecycle [32].

Previous studies have approached CE in the built environment from different points
of view. A few examples of recent studies on this topic are outlined in this section.
Akhimien et al. [30], for instance, provided a review for circular economy interventions in
buildings under seven main circular economy principles or strategies and highlighted the
possible gaps in research on this topic. Similarly, Cimen [33] and Eberhardt et al. [5]
presented a review of the literature on the circular economy in the construction and
built environment sector, highlighting key findings and gaps in the reviewed studies.
Munaro et al. [3] provided a state-of-the-art review on CE research and focused on ana-
lyzing what has already been done in terms of circular practices in the construction value
chain. The study also proposed a theoretical framework to be used as a starting point
by designers, researchers, and stakeholders for introducing circular practices in the built
environment [3], while Amory [12] developed a framework (guidance tool) for the design
of circular buildings, based on the “circular design” and “circular material usage” strate-
gies. Furthermore, Cambier et al. [34] presented an overview of the available design tools
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related to circular design that can be implemented at different stages of the design process.
Eberhardt et al. [35] conducted life cycle assessment models that compared linear and
circular building components, suggesting the potential benefits of the re-use and recycling
of building components in the circular approach. Huuhka and Vestergaard [36] presented a
comparison between building conservation and CE concepts, addressing the relationships
among them, their commonalities, and their differences. However, there was a gap in
studies that linked the CE with vernacular architecture.

Moreover, despite the efforts being made, the wide-scale adoption and implementation
of CE in building design and construction strategies still lack a common direction, often
implemented through small-scale and fragmented approaches [3,5,33]. Buildings are
complex and dynamic, involving many different systems and components, each with its
own life cycle, functions, and characteristics. The environmental performance of buildings
depends on several different attributes, such as building design, materials choice, operation,
and maintenance [5,37]. The literature also indicates that CE initiatives are directed toward
different focus areas and use different tools [38]. Thus, it is argued that these fragmented
initiatives prevent the universal adoption of CE in the building industry [33,35]. Studies
indicate that there is also a lack of knowledge on the definition of CE, its fundamental
principles, and its implementation in an innovative manner in the building sector’s business
model [27,36], while Kirchherr and Van Santen [39] indicate that most CE studies focus
on developed countries, making many of the CE studies irrelevant to construction in
less-developed countries. This is due to differences in policy environments, access to
funding, and infrastructure [39]. Cambier et al. [34] have also asserted the need for more
practical examples, such as case studies and best practices for circular buildings. All of
this indicates the importance of providing more studies that investigate CE in the building
sector. In addition, it highlights the need for more studies on best practice in developing
countries [39].

2.2. Circular Design Principles

Various CE design principles were highlighted in the literature in different classifica-
tions. These principles include adaptive design and reuse, design for disassembly (DFD),
and design for repair and manufacturing [17,40–42]. Adams et al. [27] classified the CE
principles regarding: designing for disassembly, flexibility and the reuse of secondary mate-
rials, the reuse of components, and the use of secondary materials in the construction value
chain [5]. Likewise, Akhimien et al. [30] concluded that there were seven main circular
economy principles in buildings: design for disassembly, design for recycling, building
materiality, building construction, building operations, building optimization, and the
building’s end-of-life. Akhimien et al. [30] also highlighted that most studies were focused
on two main aspects: the recycling of waste components and end-of-life. Buildings that can
be disassembled are more adaptable, according to CE principles, since their parts can be
reused, renewed, optimized, or exchanged for others while maintaining their value. Lastly,
UNEP [43] classified CE according to four main principles. These are: (1) reduce by design,
(2) refuse, reduce and re-use, (3) repair, refurbish and remanufacture, and (4) repurpose and
recycle. From these classifications, four main principles were summed up to be adopted
throughout this study. The concluded principles combine most of the principles discussed
in the different sources reviewed and are rooted in vernacular architecture principles. These
are (1) reduce by design, (2). refuse, reduce, and re-use, (3) repair, refurbish, and reman-
ufacture and (4) repurpose and recycle. Table 1 summarizes the various classifications
mentioned and highlights the circular design principles that are adopted in this study.
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Table 1. A summary of the circular design principle classifications in the investigated literature.

Circular Design Principles’ Classification Sources

A
1. Adaptive design and reuse 3. Design for repair and manufacturing [17,40–42]2. Design for disassembly

B

1. Design for disassembly 3. Reuse of components
[27]2. Flexibility and the re-use of secondary

materials
4. Use of secondary materials in the

construction value chain

C

1. Design for disassembly 5. Building operations

[30]
2. Design for recycling 6. Building optimization
3. Building materiality 7. Building end of life

4. Building construction

D
1. Reduce by design 3. Repair, refurbish, and remanufacture

[43]2. Refuse, reduce, and re-use 4. Repurpose and recycle
1. Reduce by design 3. Repair, refurbish, and remanufacture

2. Refuse, reduce, and re-use 4. Repurpose and recycle
The Concluded Design

Principles

2.3. Vernacular Architecture and the Circular Economy

It has been noted that vernacular architecture shares many of the core concepts of
sustainable buildings. Vernacular architecture is concerned with climate-responsive build-
ings that are made from local materials and technology and reflect the local customs and
lifestyle of a community [44]. Using vernacular concepts can create environmentally con-
scious designs that respond to climatic conditions, usually using passive and low-energy
strategies for human comfort [44]. Vernacular buildings correspond to local materials and
the economical use of building resources [44]. Many studies highlight the importance of
learning from vernacular buildings for designing contemporary sustainable buildings and
of returning to local approaches that are most suitable for their local environments [44–46].
Furthermore, vernacular solutions are usually low-cost since they adhere to their local
contexts. This is particularly important for developing countries, such as Egypt.

Research into vernacular architecture design concepts reveals that they coincide with
many CE concepts. According to several studies [47–50], there is still a need for more
research that addresses the use of vernacular knowledge in contemporary architectural
examples. Although CE has been linked to sustainable concepts in the past, a gap was
noted, however, in studies that linked CE to vernacular architecture. In Egypt, sustain-
able and circular design solutions are fundamental for addressing climate change. Egypt
has multiple examples of vernacular and neo-vernacular buildings, thus providing many
opportunities to learn from their techniques. Several studies have also highlighted the
value of learning from vernacular buildings in Egypt. For example, a study by Ahmed [51]
investigated three vernacular buildings constructed by Bedouin residents in Siwa Oasis,
highlighting best practices and appropriate systems that were implemented for climate-
responsive low-carbon buildings. The study also highlighted the lessons learned from
environmentally friendly approaches in terms of building with local materials, passive
cooling techniques, natural daylighting, and the best use of available natural resources [51].
Dabaieh [49] investigated energy-efficient and low passive strategies in a contemporary
vernacular building in Saint Catherine, Sinai, Egypt, highlighting how vernacular design
concepts were integrated when designing modern contemporary buildings. Fouad and
Mostafa [52] discussed the potential benefits of adapting aspects of vernacular architecture
for a more sustainable quality of life in arid regions in Egypt. Fernandes et al. [53] investi-
gated strategies used in Mediterranean vernacular architecture by analyzing cases from
southern Portugal and Northern Egypt, identifying key vernacular climatic strategies that
can be used for improving contemporary buildings’ energy performance. However, more
studies are still needed that explore how learning from vernacular concepts can be useful
in the future adoption of CE in contemporary buildings.
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3. Methodology

This study uses an investigative and exploratory methodological approach. A litera-
ture review initially supported the identification of gaps in research that explore the link
between concepts and examples of circular economy and circularity within vernacular ar-
chitecture. After these gaps were identified, two cases were examined using an exploratory
approach. The first case is a vernacular settlement that shows examples of circular design
and construction techniques, while the second case represents a contemporary settlement
that aims to revive vernacular architecture with respect to context. Four main circular
design principles were elected as indicators of circularity from the literature review and
were used in the case study analysis. The principles are: (1) reduce by design, (2) refuse,
reduce, and reuse, (3) repair, refurbish and remanufacture, (4) repurpose and recycle. The
principles were summed up from the reviewed classifications to include many of the key
circular principles indicated in the investigated literature. In addition, these principles also
share many of the ideas that were found to be rooted in vernacular architecture concepts.
Two of the principles were merged together in our investigation as they resemble the
principle of the 5 Rs, which are: refuse, reduce, reuse, repurpose, and then recycle. The
methodological steps followed in this study are shown in Figure 1.

Figure 1. The methodological approach and steps followed in this study.

3.1. Identifying Gaps in the Literature Connecting the Circular Economy with Vernacular
Architecture

To identify gaps in the literature that make the connection between the circular econ-
omy and vernacular architecture, this research used bibliometric analysis, searching Scopus
database results from the last 10 years. To illustrate the bibliometric analysis, VOSviewer
software was employed to depict the most used keywords within the field of the circular
economy in relation to architecture, as shown in Figure 2. The first keywords used were
“circular economy” and “vernacular architecture”. There were only two publications that
have a close connection to the circular economy. Both publications were based more on
“shape grammar” and product design than on architecture. Shape grammar is considered
a generative and algorithmic language and design tool that was established by George
Stiny and James Gips in 1971 [54]. Yet, when replacing the search phrase “vernacular
architecture” with “architecture” and “built environment”, more links and publications
appeared, with 141 for “architecture” and 200 for “built environment”. Most of the papers
related to architecture and the built environment mentioned topics related to sustainability,
waste management, building materials, life-cycle assessment, economics, and ecology.
These results concretely demonstrate the gap in research that links the circular economy
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and vernacular architecture, compared to research focused on circularity and architecture
in general.

Figure 2. The gap between research on the circular economy and vernacular architecture is shown in
(a), while (b) and (c) show the connection between research on the circular economy and the built
environment/architecture.

3.2. Case Study Investigation

The two case studies chosen are located in the Western Desert of Egypt. The traditional
vernacular case study that was selected is in Balat Town in Dakhla Oasis, whereas the
contemporary case study is Adrere Amellall Ecolodge in Siwa Oasis. Following suggestions
from [55–57] to select a single case study location to maximize what can be learned in terms
of comparability in the period of time available for the study, field trips to the Western
Desert were conducted in 2016 and 2017 to visit the two case-study sites. Several tools
were used during these visits, including field notes, field observations, random semi-
structured walking interviews with 20 locals, structured interviews with two architects,

86



Sustainability 2022, 14, 328

and photography. After a year of site visits, the data was analyzed using circular economy
approaches from the literature review to assess the vernacular architecture.

3.3. Case Study Description

The town of Balat, built at the eastern entrance of the Dakhla Oasis, is situated at
the junction of two old caravan routes in the Western Desert of Egypt [58]. Records refer
to Balat as early as the 14th century [59]. Ancient Balat was a significant kingdom in the
oasis [60] and was considered the chief town and headquarters for the governor of the
oasis in Egypt at the end of the Old Empire (2350-2150 BCE) [61]. The main economic
activity in Balat was and still is farming. They have a self-sufficient system for growing
their local crops, given their remote location. Balat residents rely on underground fossil
water for irrigation and drinking, as there is no water supply or drainage infrastructure.
Furthermore, dry toilets are used, where organic wastes are composted to be used as soil
fertilizers or as bio-fuel dunk cakes. This is one example of “closing the loop”. Inhabitants
have long adapted their dwellings to the tough, hot dry desert climate. Balat’s inhabitants
are accustomed to using passive techniques, especially for cooling. This is evident in the
use of air shafts, shading, cross-ventilation, and high-thermal-mass building envelopes. In
addition, the construction solutions adopted, using locally available materials, decrease the
processing and transportation costs of building materials. Thus, the building outcomes are
less energy-demanding and more environmentally friendly than many modern solutions.
The main construction materials in Balat are clay, palm reeds, and acacia wood, as shown
in Figure 3. Bearing-wall construction using sun-dried adobe mud bricks is the typical
building technique. Such applications in building design and construction are based on
cumulative previous experiences and tacit knowledge through trial and error.

   

Figure 3. The usage of adobe clay bricks, together with reeds and acacia wood, in construction at
Balat Town in Dakhla Oasis.

Adrere Amellal Ecolodge was built in 2000 and is located in Siwa Oasis. It faces the
salty lakes prevalent in the Western Desert and is surrounded by the white mountains
of Siwa. The Oasis offers materials such as limestone, palm and olive trees, salt rocks,
and clay that are unique compared to the typical materials available in the surrounding
environment [62]. One of the most significant resources in the Oasis is the salt extracted
from the salt lakes and the therapeutic mud, which is considered a unique geological
phenomenon of the area [63]. The lodge includes residential units, a restaurant, and a
healing center, which are all built from local salt “kershif” and clay for bearing-wall building,
as shown in Figure 4. In addition, there is a water spring, as well as an organic farm that
produces crops for self-sufficient farming. Adrere Amellal applies circular thinking and
self-sufficiency, inspired by traditional and vernacular thinking. For example, the ecolodge
depends on growing and cultivating its own crops, and the use of locally sourced natural
materials in building construction and for furniture pieces. The eco-lodge has a local waste
management station for treating wastewater and garbage, as well as an organic waste
composting station, as shown in Figure 5. The architectural design of the building includes
many passive strategies, like solar orientation, high thermal mass through the thickness of
the wall, shading, passive cooling, and cross-ventilation.
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Figure 4. The usage of kershif, and palms plastered with salty mud, at Adrere Amellal Ecolodge in
Siwa Oasis.

 

Figure 5. Self-sufficient farming and the water spring in Adrere Amellal Ecolodge.

4. Results

4.1. Refuse, Reduce, Reuse, Repurpose and Recycle

From the field observations and investigations using the UNED circular economy’s
four principles, the researchers noticed that indigenous vernacular communities tend to
apply the “5 R” principles, firstly, “refuse and reduce”, using materials from outside their
local context. They have learned from experience that importing non-local materials causes
more problems than benefits in the long term. If non-local materials are necessary, they are
reduced to a minimum and only brought in for essential needs. After the “end of life” stage
of vernacular buildings, the building’s materials can be easily recycled again. For example,
mud bricks can be easily reused and molded again into new, fresh mud bricks. Wood used
in the construction of roofs, if in good condition, can be repurposed again for roofing or
can be reused for doors, windows, stairs, farming tools, or other homemade furniture, or
upcycled for other functions. As a last option, if the wood is not of good enough quality for
any other use, it can be used as charcoal for heating or cooking. Furthermore, it is possible
to allow wood to rot/biodegrade if it has no further functionality. Similarly, mud bricks
can also be broken down as clay in the soil. One outcome from the interviews with the
locals, from a user-to-user perspective, is that in both the Balat and Adrere Amellal case
studies, reused palm reeds were employed in construction. They were particularly useful
in constructing the ceiling and roof, as well as being integrated into the design of other
products. With almost no extra cost, the use of palm reeds is highly recommended due to
their compressive strength and good resistance to the harsh desert climate.

4.2. Reduce by Design

Vernacular settlements were constructed in a minimalistic way. Indigenous vernacular
communities are used to the principle that “forms follow resources”. Taking Balat as an
example, the main architectural design solutions are based on the concept of reducing
the quantity of raw natural materials used in construction to the greatest extent possible.
Reducing the quantity of materials used in construction and reducing the quantity of waste
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materials was a conscious decision. Vernacular dwellers are aware of how precious raw
materials are, and they know from their accumulated experience how they can most effec-
tively and efficiently use raw materials. Almost no waste is produced during construction,
and any leftovers are used for other functions. From interviews with locals in Balat, an
example of this can be seen in the way the components of palm trees are used in vernacular
construction. The palm wood trunks, for instance, are used as the main beams in the roof
construction. Furthermore, palm reeds are used as secondary beams by bundling them
together as mats and then placing them over the main wood trunk (wood logs). Lastly, the
leaflets around the palm reeds, when taken away, are used in furniture manufacturing or in
weaving different sorts of household utilities, like food baskets and even bags. The palm
fibers, located around the tree trunk, are also taken away and used for weaving baskets.

Adrere Amellal Ecolodge implemented construction methods reflecting the local
vernacular architecture of the region, where the emphasis was on materials that are available
in the desert. This helps avoid using harmful materials that pollute the environment or that
consume more energy, either through construction machinery, transportation, or kiln-firing.
From the interview with the two principal architects who designed Adrere Amellal, they
mentioned that the design morphology of Adrere Amellal Ecolodge is based on thick
kershif (a biodegradable combination of salt-rock and mud mixed together) walls that
can vary between 40 and 80 cm and act as a thermal insulator. Kershif was selected in
the early stages of the design for both the construction of the building and for built-in
furniture design. Raw salt, extracted from the salt lakes in Siwa Oasis, as well as palm reeds
from the site, were also used to construct the built-in furniture. Salt and palm reeds cost
close to nothing to use and helped reduce the embodied carbon in both the construction
process and in lifetime energy usage. Using both kershif and salt that were extracted from
the same site allow reducing the transportation of the materials to the site. It was also
observed that kershif can be easily disassembled as blocks, to be used again in construction
or decomposed in the soil.

4.3. Repair, Refurbish and Remanufacture

Vernacular buildings in Egypt, especially those constructed from earthen materials,
need regular maintenance and repair throughout their lifetime. From our interviews and
field observations, we found that the locals use seasonal celebrations as opportunities
to perform quarterly, annual, or sometimes bi-annual maintenance. Families festively
gather to help each other conduct maintenance on the interior or the exterior of buildings.
These activities keep their buildings fresh and reduce the possibility of any damage or
deterioration due to harsh desert weather conditions. Regular repair and maintenance help
increase the lifespan of buildings and reduce the need to replace parts. When needed, major
repairs, such as the replacement of a structural element, patching walls or roofs, or the
replacement of doors and windows, can also be conducted outside of celebration periods.
Heavy rains can cause earthen building deterioration, thus requiring regular maintenance.

From the interview responses that were received, one interviewee mentioned that in
the high rainy seasons in winter, rain and evaporation cause damage to some buildings,
which then require maintenance. For instance, in Adrere Amellal, the crystallization that
occurs in salt particles due to humidity in the summer can lead to the evaporation of
some salt particles, while during winter, the rain can cause cracks and damage to the
building. Accordingly, depending on the state of damage, annual repairs and renovation
work are required to restore the building to its original state. In this case, two treatments
are performed, either filling the cracks with a new mixture of kershif and plastering it with
clay, or in the case of the total destruction of a wall, an entire wall can be replaced with a
new one.

5. Discussion

From this explorative study, we can deduce that circularity in design should look at
the building as a kit instead of looking at the building as a traditional structure. Design and
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building should be considered from the lens of disassembly, easy maintenance, and being
easy to upcycle or reuse. Architects should design buildings to be easily taken apart so
their materials can be reused in another building. Increasing not only a building’s life span
but the life span of its materials is another essential part of circular thinking and the circular
economy. This might sound a bit challenging, but designers have to not only get used to
working with smaller palettes of reusable materials but also design building components
for disassembly as well as assembly. Yet design for disassembly, or, as some call it, “Design
for Deconstruction” (DfD), offers other concerns that need to be considered. For instance,
the circular design process itself requires new skills; it needs more flexibility in drawings
and designs and more flexibility in terms of deadlines for assembly and disassembly.

Design for disassembly or for re-building was the primary method of conceptualiz-
ing vernacular architecture in Egypt. Designs differ from one building type to another
and depend on the availability and use of construction materials. Earth, reeds, straw,
wood, woven textiles, and jute are raw building materials that are easy to disassemble as
small components and re-assemble again. As shown earlier in this paper, the focus is on
earthen construction, mainly in the form of sun-dried mud blocks and mud-brick (Adobe)
construction. Bricks are modular units that are easy to cast and assemble and easy to
disassemble for rebuilding. The only design drawback of mud bricks is the time it takes to
disassemble them for re-use. The use of mud bricks in construction can be labor-intensive
and time-consuming in terms of casting and drying. However, nowadays, there are several
methods for mechanical casting using hydraulic machines, which is a fossil-free process.
Nevertheless, they are not as fragile as fired bricks, which can later be broken up easily
during disassembly. Additionally, if any damage happens to sun-dried adobe bricks, they
can be easily repaired using mud paste or clay mortar.

Both case studies in this paper were rich in showing the different usage of the local
materials in many ways, whether in construction or in products. In addition, using adobe
and kershif as traditional building techniques through time opens new doors for integrating
many advanced techniques in construction, from 3D printing or robotics to traditional
techniques, to enable faster building. For reducing the maintenance of adobe and kershif
buildings, new additives can be integrated into the mixture that will prevent or reduce
structure cracks and shrinkage with time, like adding lime and natural fibers.

Some circular materials also rooted in vernacular architecture are bio-based materials.
Very soon, natural substances, such as weeds, algae, bacteria, enzymes, and even proteins,
will be used to grow materials that will replace today’s plastics and other industrial
building and construction materials. The main goal of the development of these nature-
based materials is to avoid the production of toxic waste during materials manufacturing
processes and during their reuse and disposal. Ideally, these biomaterials can have positive
impacts once they are no longer used in construction. For example, at the end of their
lifespan, they could be used as animal feed or compost. It is worth mentioning that bio-
fabrication is the future for circular design and soon, a supply chain will be integrated into
the materials for building construction. Figure 6 illustrates a linear way of thinking, using
industrial materials, and a circular way of thinking, using natural and renewable materials.

Still, there are challenges facing circular design and construction. Firstly, even if
buildings are designed and constructed with circularity in mind, we cannot always build
everything from new. Transforming existing old buildings through rehabilitation or adap-
tive reuse must be the number-one alternative, and rehabilitation can be performed with
circular design concepts. One other challenge, depending on the size of the building, is
that the process of assessment for reclaiming old materials can be time-consuming. It can
also be hard to identify every single building component and decide which materials are
reclaimable or not, especially when the issues of toxicity and the carbon footprint have to
be considered. This chain of decision-making can hinder material reuse. Another challenge
is the lack of standardization, in terms of how different architecture firms and contractors
assess and reclaim materials for reuse. Labor cost is another issue, as experienced workers
can be expensive and could be considered an economic burden on the project during the as-
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sembly and disassembly process. Quantifying designs for reconstruction or deconstruction
can still be very undefined since there are not many well-recognized conventional methods.
Moreover, there is a need for professionals who are able to judge which parts of a building
can be reused as reclaimed materials. At this point in the process, circularity needs a strong
desire and a will for change, necessitating dedicated and enthusiastic actors in the building
sector to step in.

 
Figure 6. Comparison between a circular and linear economy in design and construction. The graphic
summarizes the differences in thinking and the impact on the environment.

6. Conclusions

This study discussed four main circular building design concepts in vernacular ar-
chitecture. Two cases in Egypt were chosen for this study’s investigation: a traditional
vernacular settlement and a contemporary project that was inspired by vernacular CE
principles. Points of analysis for the two cases stemmed from key CE approaches that were
found to be common to both circular design and vernacular design.

The focus was on four concepts: reduce by design; refuse, reduce and reuse; repair,
refurbish and remanufacture; and repurpose and recycle. Based on the exploration of these
concepts, this paper posits that the negative environmental impacts of buildings and the
overuse of natural resources can be considerably reduced by drawing inspiration from
vernacular architecture. However, most contemporary buildings are still not designed
according to the principles of circular design, or even close to the concept of circularity.
Available literature focuses primarily on topics such as life cycle assessment for building
materials or the efficiency of innovative materials with low impact and potential for recycla-
bility. A research gap remains on the hands-on design process of circular design and circular
buildings and how architects can integrate circular economy concepts in their designs.

We hope this paper has shown how CE principles are rooted in vernacular heritage
and can still be applicable in contemporary practice. We focused only on four principles
but there are many others that can still be a good source of inspiration. We were limited in
making the comparative work between a contemporary case study and a traditional case

91



Sustainability 2022, 14, 328

study. This research is part of ongoing work on investigating more hands-on circularity
strategies in vernacular architecture. Although case studies from Egypt were displayed
in this investigation, the study findings can surely be applied to other climatic zones and
geographical locations. The methodological approach is holistic and will be applicable in
different contexts.
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Abstract: European self-sufficiency in the battery sector is one of the major EU needs. The key lithium-
ion batteries (LIBs) materials demand is expected to increase in the next decade as a consequence
of the increment in the LIBs production and a massive amount of spent LIBs will flood global
markets. Hence, these waste streams would be a potential source of secondary raw materials to be
valorized, under the principle of circular economy. European governments first, and then companies
in the battery sector second, are addressing many efforts in improving legislation on batteries and
accumulators. This study explores the current legislative aspects, the main perspective from the
producer’s point of view, and the possibility to guarantee a proper recycle of spent LIBs. A monitoring
proposal by means of a survey has been carried out and the Italian context, which has been taken
as an example of the European context, and it was used to evaluate the practical implication of the
current legislation. The main result of the survey is that a specific identification as well as regulations
for LIBs are needed. The benefit from a cradle-to-cradle circular economy is still far from the actual
situation but several industrial examples and ongoing European projects show the importance and
feasibility of the reuse (e.g., second life) and recycle of LIBs.

Keywords: lithium-ion batteries (LIBs); energy storage; Extended Producer Responsibility (EPR);
European Union (EU) legislation; critical raw materials (CRM)

1. Introduction

The demand for lithium-ion batteries (LIBs) is increasing worldwide due to their high
efficiency as well as due to the versatility of rechargeable batteries [1]. This steep increase
has called attention to several challenges that must be faced: on the one hand, the supply
of raw materials, and on the other hand, the valorization of end-of-life products. In the
case of the electric vehicles (EVs) market, the registration of passenger cars in the European
Union (EU) has seen a double-digit growth in most of the Member States. In 2016–2018,
EVs comprised from 8.5% (Poland) to 33.4% (Norway) of passenger cars in European Free
Trade Association (EFTA) countries [2]. Figure 1 summarizes the total global volume of
EVs predicted for 2050 as well as under different scenarios. In 2019, the number of electric
and plug-in hybrid cars reached 2 million (3% of the fleet) and it is predicted that it will
hit 28 million in 2030 (31% of the fleet) [3,4]. However, the estimations vary because of
the several legislative perspectives, the different simulation analyses, and the probable
technological evolution.

Sustainability 2021, 13, 11154. https://doi.org/10.3390/su132011154 https://www.mdpi.com/journal/sustainability

95



Sustainability 2021, 13, 11154

Figure 1. Worldwide stock provision of EVs: 1-Scenario1 and 1-Scenario2 data available in [5],
2-Scenario1 and 2-Scenario2 data available in [6], and 3-Scenario1 and 3-Scenario2 data available
in [7].

Thus, as the LIB technology advances, many end-of-life products will flood into global
markets. The increment is already growing; in Italy, for example, the waste stream of
lithium-based accumulators increased from 11% to 25% [8] during 2014 to 2019.

Within the EU, in 2016, it was reported that only 5% of LIBs had been reintegrated into
the market after recycling [9], thus revealing incomplete regulation and leading to a non-
sustainable scenario. This was also due to the criticality of the raw materials employed [10]
to manufacture LIBs. From this point of view, the last revision of the list of Critical Raw
Materials (CRMs) by the European Commission included lithium as a strategical CRM [11]
and it should be added to the list of elements critical for the EU, such as cobalt or natural
graphite [12,13]. This emergency exists worldwide; in fact, Co and Li in electrodes have
also both been considered significant strategic and economic values. Hence, because of the
increase in LIB production, in 2018, the price per kg of Co reached USD 81 [14]. With the
rapid inflation of the new energy vehicles market, the supply of these raw materials from
natural resources may be unable to satisfy the future demand unless proper recycling of
the retired LIBs is assessed [15].

European self-reliance in the battery field is a major EU objective but the actual market
is far from this point because of the high dependency on the supply of both raw materials
and battery cells [16]. Table 1 shows the main components of CRMs that are used in
batteries and the percentage of reliance of the EU market on the main global producers.

Table 1. List of main CRMs used in batteries [17].

Raw Materials Stage
Main Global

Producers
Main EU Sourcing

Countries *
Import Reliance ** EoL-RiR ***

Cobalt Extraction
Congo DR (59%)

China (7%)
Canada (5%)

Congo DR (68%)
Finland (14%)

French Guiana (5%)
89% 22%

Coking coal Extraction
China (55%)

Australia (16%)
Russia (7%)

Australia (24%)
Poland (23%)

United States (21%)
Czechia (8%)

62% 0%

Germany (8%)
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Table 1. Cont.

Raw Materials Stage
Main Global

Producers
Main EU Sourcing

Countries *
Import Reliance ** EoL-RiR ***

Lithium Processing
Chile (44%)
China (39%)

Argentina (13%)

Chile (78%)
United States (8%)

Russia (4%)
100% 0%

Magnesium Processing China (89%)
United States (4%) China (93) 100% 13%

Natural Graphite Extraction
China (69%)
India (12%)
Brazil (8%)

China (47%)
Brazil (12%)

Norway (8%)
Romania (2%)

98% 3%

Phosphate rock Extraction
China (48%)

Morocco (11%)
United States (10%)

Morocco (24%)
Russia (20%)

Finland (16%)
84% 17%

Phosphorus Processing
China (74%)

Kazakhstan (9%)
Vietnam (9%)

Kazakhstan (71%)
Vietnam (18%)

China (9%)
100% 0%

Titanium Processing
China (45%)
Russia (22%)
Japan (22%)

n.a. 100% 19%

Heavy Rare
Earth Elements Processing

China (86%)
Australia (6%)

United States (2%)

China (98%)
Other non-EU (1%)

UK (1%)
100% 8%

Light Rare Earth
Elements Processing

China (86%)
Australia (6%)

United States (2%)

China (99%)
UK (1%) 100% 3%

* Based on domestic production and import (export excluded). ** IR = (import − export)/(domestic production + import − export).
*** The End-of-Life Recycling Input Rate (EoL-RIR) is the percentage of the overall demand that can be satisfied through secondary
raw materials.

The LIB recycling industry is working on the batteries from EVs, electronics, and
portable instruments nearing their end-of-life. The EU has set a target to improve the
collection rate and recycle percentage of LIB raw materials, as shown in Table 2.

Table 2. European Li-ion battery collection rate and percentage of materials recycling [18].

Key Performance Indicator 2020 2030 Target

Portable battery takeback 45% 65%
EVs and industrial battery takeback 100% (obligation) 100%

Recycling efficiency: overall 50% 60%
Recycling efficiency: Cobalt 90% 95%
Recycling efficiency: Nickel 90% 95%

Recycling efficiency: Lithium 35% 70%
Recycling efficiency: Copper 90% 95%

Actually, the EU is a net importer of nickel-cadmium (NiCd), nickel metal hydride
(NiMH), and lithium-based cells; the volume of these products manufactured in the EU
is around 5% of the global output, which is lower than the EU’s share of the global gross
national product (GNP) [3]. The waste stream of these products is increasing year by year
and it is critical that this becomes a new source of raw material.

It must also be considered that the performance of new LIBs usually decreases with
use. In the case of EV batteries, for example, when the performance drops to 75–80% of
its original value, the battery should be replaced. This means that the battery could have
several usages also after these percentages, as technically proven by research projects and
industrial application [19].
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The absence of raw material and the need to guarantee a sufficient supply of batter-
ies suggest that operators (recyclers) and producers should be directly involved in the
treatment and recycling of waste batteries and accumulators. As far as an EU directive
is concerned, according to Directive 2006/66/EC on Battery and Accumulators (BaAs),
producers of BaAs and associated products are responsible for the related management of
wastes in proportion to the products that are introduced into the market, even in the case of
LIBs [20]. The corresponding directive was consolidated in 2013 [21] and 2018 [22] as part
of larger intent to promote circular economy. Recently, a new document was provided by
the European Parliament that established the new EU regulatory framework for batteries.
Directive 2006/66/EC is currently under revision and the exponential growth of the LIB
market as well as its unique features during recycling processes were considered [23].

A circular economy approach can be summarized in several steps, following the
process from cradle-to-cradle. It begins with the design of the battery (standard formats
and materials, international and standardized methodology for material labeling, and
assembly strategy); followed by a review of the different possibilities of raw materials
mining (from traditional extraction to secondary raw material mining, such as recycled
materials); next, LIB production and use (implementation of new chemistry and technology
for the production of LIBs); post-use collection of spent LIBs (minimum battery collection
rate requirement also from EU directives); re-use (the valorization of end-of-life products
can represent new business opportunities for second-life applications); and the process ends
with recycling (LIB recycling allows for reducing energy consumption and CO2 emissions,
saving natural resources by avoiding virgin materials mining and imports, minimizing
environmental toxicity, creating an economic gain, decreasing waste, and managing safety
issues) [24].

Several promising implementations have already been applied at an industrial scale by
producers and recyclers all over the world [24]. The most representative examples, accord-
ing to the authors’ knowledge and in the interest of this specific research study on industrial
scale and patent, adopted by the major companies in the LIB field are listed below:

• Honda Motors Europe and Snam: are studying the feasibility of re-using end-of-life
batteries (NiMH batteries) deriving from hybrid vehicles.

• The Volkswagen group (production site in Salzgitter) is designing a pilot plant for the
direct production of LIB cells with a specific section for recycling.

• Fortum, BASF, and Nornickel are planning a pilot plant for the recycling of LIBs in
Harjavalta, Finland.

• The Sony-Sumimoto process represents one of the best examples of a circular economy
approach where the recovered Co(OH)2 from Sony’s spent LIBs from electronic devices
is directly re-used in the fabrication of new cells. The process involves the calcination
of spent cells and utilizes the cogeneration resulting from burning electrolytes [25].

• Northvolt recently approved the recycling program Revolt that will aim to source 50%
of recycled material by 2030 in the recycling plant in Västerås, Sweden, and will target
an initial recycling capacity of 100 tons per year due to a hydrometallurgical treatment
of LIBs.

• Chinese Green Eco-Manufacture (200,000 ton/year) and Bangpo Ni/Co (30,600 ton/year)
obtain regenerated cathodic materials through a hydrometallurgical process (992 MJ/ton)
that are required for organic material incineration [24].

• Riciclo Made in Italy is a new patented technology (2018) developed by the collabora-
tion of the Italian consortium COBAT (COBAT RIPA) and CNR ICCOM (Istituto di
Chimica dei Composti Organometallici, Firenze) since 2014.

• Umicore patented a pyrometallurgical process to recover Co-alloy (WO, 2011/035915
A1) and a hydrometallurgical process to recover LIB electrolytes (US, EP 2 410 603 A1).

• Duesenfeld (Germany) patented a recovery process for LIBs electrolytes (US, 2018/0301769).
• Avestor Limited Partnership patented a combined process (pyro and hydrometallurgi-

cal) to recover high grade purity of Li2CO3 (US 7192654 B2) [24].
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Many automotive companies are investing in projects involved in the reuse batteries
from EVs for a second life in different applications, as reported in Table 3.

Table 3. Project of second-life applications of EVs batteries [26].

Company Second-Life Application

BMW Energy storage farm
BYD Energy storage

Chevrolet Data center
Eaton Energy storage

EcarACCU Solar energy storage
EVgo EVs charging

Florida Power & Light Grid management
Nissan/Sumitomo Street lighting, large scale power storage

Nissan/Eaton/Mobility House Renewable Storage, backup power for elevators
Renault Street lighting, large scale power storage

Renault/Connected Energy EVs charging

The clusterification of recycling facilities in a few countries as well as limited areas
raises many challenges, including the transportation of significant quantities of spent LIBs,
which represents the highest effort [27] among them.

This study reports on the current and future European vision of more sustainable
waste prevention and management legislation for LIBs, beginning with an analysis of
the producers’ legislative obligation to a practical checklist for its application in several
EU Member States to better satisfy both the demand of the European market and the
sustainability requirements.

2. Materials and Methods

EU directives on BaAs were considered and analyzed to extrapolate the basic princi-
ples for all the EU Member States.

After an analysis of the European legislation, several national laws were taken as
examples of significant representations of the issue, at least for the EU countries most
historically consolidated (i.e., from 1995, before the inclusion of central and eastern Eu-
rope); for this reason, only the current regulations of Finland, France, Germany, Italy, the
Netherlands, Portugal, and Spain have been compared.

The practical implication of the legislative acts was assessed by means of a survey
and was applied to the collective schemes (consortia) associated with the (Italian) National
Coordination Center for Batteries and Accumulators (Centro di Coordinamento Nazionale
Pile e Accumulatori (CDCNPA), https://www.cdcnpa.it/) (accessed on 4 September 2021).
The Italian case was chosen as it is descriptive at the European level: the legislation
has not undergone a substantial change in recent years. Furthermore, the sample is rep-
resentative because the answers were collected from consortia, but the collection was
coordinated by CDCNPA, an independent center. Currently, the consortium CDCNPA
includes 16 members, 14 of which are collective systems and two are individual systems.
The answers were collected from both oral interviews and online surveys. Comprehen-
sively, 43% of CDCNPA members’ systems completed the survey and both their competent
answers and comments represent a very useful contribution to the legislative issue.

This survey was prepared following the most recent EU directive proposal in terms
of both legislative adaptation and scientific development, and the practical implication of
the legislative acts was assessed and applied to the collective schemes associated with the
national CDCNPA. The answers were both oral and from an online survey.

The survey was organized into two main parts: the first was correlated to the relevance
of the European Waste Code (EWC) 160605, while the second explored the effectiveness of
an efficient valorization of the waste stream by means of a circular economy approach to
the battery value chain. The survey is available in the Supplementary Materials.
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Then, the current EU project and main initiatives were compared.

3. Results and Discussion

Several EU directives and regulations aim to manage wastes from electric and elec-
tronic equipment (WEEE), namely end-of-life vehicles containing LIBs and BaAs. In most
cases, a clear regulation connected with Directive 2006/66/EC (and corresponding updates)
on managing spent battery flows is missing, hence, it represents a limitation to the indus-
trial treatment mostly because of the lack of data sharing, the uncertainty about extended
producer responsibility, and the unrealistic targets for collection and recycling. In fact, LIBs
are actually classified as industrial batteries and their take-back, collection, and recycling
procedures are regulated as products whose safety issues, market availability, and logistic
frameworks are totally different [24]. Following the directive, it appeared appropriate
for us to define industrial battery or accumulator, automotive battery or accumulator,
and portable battery. More precisely, industrial battery or accumulator is defined as any
battery or accumulator that is designed exclusively for industrial or professional uses or is
used in any type of electric vehicle; automotive battery or accumulator is defined as any
battery or accumulator that is used for automotive starters, lighting, or ignition power;
and portable battery or accumulator is defined as any battery, button cell, battery pack,
or accumulator that (a) is sealed, (b) can be hand-carried, and (c) is neither an industrial
battery or accumulator nor an automotive battery or accumulator [20].

3.1. Analysis of the EU Legislation

The key points of the EU active legislation are summarized as follows:

• Collection scheme for the waste of portable BaAs is ensured by the Member State,
wherein producers of industrial BaAs or third parties acting on their behalf will not
refuse to take back industrial BaAs waste;

• Producers of automotive BaAs or third parties will set up schemes for the collec-
tion of waste automotive BaAs from users or from an accessible collection point in
their vicinity;

• Member States shall ensure that producers or third parties acting on their behalf will
finance any net costs;

• Producers and users of industrial and automotive BaAs may conclude agreements
stipulating financing arrangements (and organizations);

• Member States shall ensure that all economic operators and all competent public
authorities may participate in the collection, treatment, and recycling schemes they
are referred to;

• These schemes will also apply to BaAs imported from third countries under non-
discriminatory conditions and will be designed to avoid barriers to trade or distortions
of competition;

• Member States shall ensure that each producer is registered; and
• The technical development of new types of batteries that do not use hazardous sub-

stances should also be considered.

It is worth noticing that despite the research progress and development in this field,
there are still no common labels or codes for the identification of different types of BaA
and their chemistry.

Producers must be registered on the national list, even if they originate from a different
country, and the number of registrations should be evident. Furthermore, the total volume
of the product that is introduced into the national market should be communicated to
evaluate the financial support of the recycling net.

The proposal for the revision was published on 10 December 2020 [28]. The require-
ments relating to sustainability would become mandatory, for example, concerning the
carbon footprint rules, content of recycled materials in being higher than the minimum
percentage and durability criteria, and requirements for end-of-life management, safety,
and labelling for marketing. The proposal also includes due diligence obligations for eco-
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nomic operators with respect to the sourcing of raw materials. The main goal is to ensure
the sustainability and competitiveness of the European battery value chain [23,29]. In fact,
the relationship between the BaAs manufacturing and recycling companies is becoming
increasingly strong in view of a circular economy approach, guaranteeing a cradle-to-cradle
life cycle for LIBs. From this perspective, the newly proposed concept of a Battery Identity
Global Passport (BIGP) represents a viable and economic way to manage the forthcoming
waste flows, offering the chance to precisely identify battery supply chains from the cradle-
to-cradle approach. Furthermore, it perfectly fits within the expected new EU directive for
BaAs, although it should be globally implemented so as not to reduce the chances to recycle
LIBs in responsible and profitable ways [30]. Nowadays, the management of LIB waste
streams in the EU is regulated by the strong connection between the producer and the
recycler. This connection is then translated in the Extended Producer Responsibility tool.

3.2. Analysis of the Legislations of the Target Countries

Each EU country can decide how to organize the collection scheme to comply with
the Extended Producer Responsibility tool. It is regulated in each Member State law, which
represents a translation of the EU directives by their own legislative body. The latest
updates for BaAs legislation and the types of adopted collection schemes are shown in
Table 4.

Table 4. Last legislative update and organization of the BaAs collection scheme of the target countries.

Country Finland France Germany Italy Netherlands Portugal Spain

Last legislation on
batteries (year) 2014 2015 2020 2017 2017 2017 2021

Take-back
collection scheme

Individual,
collective

public

Individual,
Approved

body

Individual, with
more than two

producers

Individual,
collective

Individual,
collective

Individual,
licensed

management
entity

Individual,
collectiv

epublic scheme

All the analyzed countries have a strict definition regarding the Extended Producer
Responsibility tool and how to register is precisely described even if the producer is outside
the national borders; in that case, it is considered to be an import. The total quantity of
materials introduced to the market should include both products and wastes. All countries
must provide instructions for the financial scheme that supports the take-back collection
schemes, which must permit the free-of-charge return of spent batteries from the end users.

• Finland

‘Valtioneuvoston asetus paristoista ja akuista (520/2014)’ and corresponding updates.
Last Finnish waste decree on BaAs was passed in 2014, but the WEEE Directive

2012/19/EU is employed to manage the responsibility of battery producers. However, it is
specified that if a producer has a responsibility that pertains to several areas (for example,
electronic and electrical appliances as well as packaging), the company must organize its
producer responsibilities separately for each area. Authors have described this as relatively
advanced environmental legislation and regulation for e-waste management [31], and the
legislative bodies decided to merge both laws. The costs of the producer’s share of the
organization must be covered pertaining to their sold product volume and category. More-
over, the decree is also explicit about their responsibility for the portion or its equivalent of
so-called orphan products. The portion is determined based on each producer’s market
share and the producers are proportionally responsible (based on the sold market volume)
for the specific type of products. Spent LIBs are treated at the Akkuser plant in Nivala.
According to the Finnish regulation, BaAs should be designed and manufactured as far
away as possible to improve their environmental performance throughout the life cycle. To
reduce harmful substances, the Pirkanmaa Center for Economic Development, Transport,
and the Environment monitors the collection rates of discarded portable batteries and
accumulators in accordance with the monitoring system.
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Maximization of the separate collection of BaAs is also promoted. All separately
collected, identifiable BaAs are recycled to minimize the possibility of the disposal of
BaAs as municipal solid waste. An arrangement for the disposal of spent BaAs following
a minimum service and accessibility level must be guaranteed with a minimum of one
reception point for each municipality.

• France

‘Décret n◦ 2009-1139 du 22 septembre 2009 relatif à la mise sur le marché des piles et
accumulateurs et à l’élimination des piles et accumulateurs usagés et modifiant le code de
l’environnement (dispositions réglementaires)’ and corresponding updates.

The annual declaration of the quantity of products placed on the market is mandatory.
Batteries must meet removal and treatment requirements through individual systems
approved by the public authorities or by collective arrangements approved by the public
authorities of two eco-organizations. Costs should be sustained by the producers and there
should be no costs for end users. In France, there are the treatment operator’s representative
(FEDEREC, FNADE, and SFRAP1), the approved producer responsibility organizations
(Corepile and Screlec) and the approved individual system (MOBIVIA Groupe). The
information for producers is given by a non-profit organization in order to comply with
the legislation. For the industry, it is possible to extend the responsibility individually or to
delegate it to a professional end user. Obligations are distributed between the producers in
proportion to the number of products placed on the market and the permission must be
reviewed and approved by the ministry every six years. The collection of the waste is a
principle of the legislation that is intended to improve the collection rate.

• Germany

‘Bundesgesetzblatt Teil I2020Nr. 50 vom 09.11.2020 Erstes Gesetz zur Änderung des
Batteriegesetzes’.

In this case, the producers must set up, operate, and declare their own collection sys-
tems, requiring the authority’s approval to guarantee the take-back network. Additionally,
the take-back systems must publish the following information annually on their websites,
in compliance with trade and business privacy:

• the ownership and membership relationships;
• the financial contributions made by the members per battery placed on the market or

per mass of batteries placed on the market;
• the procedure for the selection of the disposal service; and
• the recycling efficiencies achieved in their own system.

The responsibilities of the public waste management authorities are also defined. If
the authorities offer the option of returning the waste in the case of automotive batteries,
this must proceed free of charge for the end user.

Clear and public information is an evident priority.
Within the aim of assessing each contribution made by the producers, the take-back

systems are obliged to create incentives. Additionally, there is a strong valorization of the
recycling. In fact, the producer’s obligation is considered complete only if it can guarantee
the recycling of the take-back material. It is considered to be an effective supporting scheme
to correct the lack of critical sources that are necessary for sustainable development [32].

• Italy

’Decreto Legislativo 20 novembre 2008, n. 188’ and corresponding updates.
In 2008, Italian CDCNPA published a guideline for producers, in which they defined

a checklist of the main issues for compliance with respect to the Extended Producer
Responsibility tool.

According to the definition of a consortium in the Italian regulations, these bodies have
the main objective of helping to solve the problem of collecting and recycling scraps [33].
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In this legislation, there are no specific obligations for LIB recyclers, nor are there any
in the European Waste Code (EWC) for LIBs. Only the separate management and a specific
definition for secondary battery (rechargeable one) are indicated.

• Netherlands

‘Regeling van de Minister van Volkshuisvesting, Ruimtelijke Ordening en Milieube-
heer van 9 september 2008, nr. K&K 2008088170’ and corresponding updates.

Since 2008 in the Netherlands, battery producers have been obliged to report on how
the batteries are collected and processed during their end-of-life. The industrial waste must
be collected individually or by delegated professional end users. Moreover, in this case,
the Batteries Foundation Stibat, a non-profit organization, helps the producer to comply
with the legislative obligations.

Producers should also take measures to design the battery with the smallest possible
amounts of substances that are hazardous to human health or the environment, and they
must ensure that end users of batteries and accumulators are fully informed about the
possibility of returning waste portable batteries or accumulators.

• Portugal

‘Decreto-Lei n.◦ 152-D/2017’ and corresponding updates.
In Portugal, the legislation currently mandates that the costs of the collection scheme

are proportional to the type and quantity of battery (used within the country). A financing
system is the obligation of the producers. In the case of third parties, the responsibility is
transferred to an integrated licensed system. Portugal increased the collection rates with
an emphasis on the role of management entities [34].

There is an indirect diversification of the type of batteries and an explicit request for
providing a selective collection service of BaA.

In Portugal, there are currently five entities that manage waste batteries and accu-
mulators with different areas of activity. The producers should promote research and
development towards improving the environmental performance of BaAs.

The obligation to receive the respective waste is extended to both traders and retailers.

• Spain

‘Real Decreto 106/2008, de 1 de febrero, Vigente desde 21/Enero/2021’.
Spanish legislation allows for an additional way to operate collection schemes that uses

the public scheme already established. This policy can be adopted only if the additional
costs derived from the collection and management of batteries and accumulators are
assumed by the producer. The procedures are used together with that implied in the
collection policy of WEEE but with a separate collection.

The last update of the Spanish legislation has defined spent LIBs as a hazardous waste
and a specific European Waste Code (EWC) was assigned to this stream.

Rules are established that must be followed due to a selective collection process
established throughout the treatment and recycling process. Rules and standards for the
collection are also cited. Economic instruments and research studies are identified as useful
tools to promote the collection of spent batteries and ensure environmental sustainability.
The recovery or the controlled disposal of used BaAs should be facilitated by means of
networks of selective collection points for used batteries. The collection points are managed
by the authorities or private parties. Research studies were also conducted in order to
choose the appropriate location points in Spain [35].

Limits from the Analysis of the EU Legislative

The most important limitation is related to the obvious and very rapid development
of new technologies and products that are not yet specified in the legislation. In addition,
the current minimum collection targets and minimum recycling requirements for waste
portable batteries are not defined appropriately [36]. At this time, LIBs have no technology
specification (except in the Spanish legislation) and they are assimilated into lead-battery
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specifications. Along with the specifications of the types of battery (rechargeable or not),
the specific chemistry [37] of LIB materials has also been reported. This possibility can also
bring a higher flexibility to the collective schemes that are nowadays incomplete. Addition-
ally, the lack of a specific definition for LIB waste leads to their misplaced classification as
industrial batteries and their take-back, collection, and recycling are regulated as products
whose safety issues, market availability, and logistics framework are totally different [24].

Besides battery classification, an appropriate definition of the financing scheme needs
to be established. Current schemes are not suitable for the actual spent LIB stream and
they are evaluated based on the quantity of batteries placed in the market by a producer
without any differences between LIS and lead acid batteries (LAB) because the financing
scheme is the same for both type of batteries, despite the substantial differences between
them. Thus, when evaluating the best financing scheme, an analytical comparison should
be done by considering the efficiency and effectiveness. This problem is also related to the
lack of data sharing or a clear and explicit source, as noted previously.

3.3. The Italian Case: Answers from the Survey

The lack of a specific EWC led the consortium to two main conclusions. On one hand,
the spent LIB classification as hazardous waste can improve the management of this waste
stream when collection, transportation, storage, and the following specific treatments are
carried out. On the other hand, the specification of the chemistry can improve the efficiency
of the recycling system.

The lack of a specific EWC also has an impact on quantifying the flow of waste from
LIBs that are managed by the consortium members, even if CDCNPA asserts that the largest
collection flow derives from municipal centers and from the sorting of small equipment
such as laptops, telephones, electronic tools, etc.

Moreover, the overall national value chain seems unable to adequately respond to
the incoming waste stream, which was also foreseen. Concerning this, the locations of the
main global companies operating in battery recycling (lithium recycling) consist of 61%
outside the EU and 39% in the EU. Figure 2 shows the precise locations and it is evident
that no plants are in Italy. These data were collected from an industrial analysis conducted
to identify the main worldwide companies that recycle batteries, i.e., LIBs in this case.
This was confirmed by the survey, which highlighted that at least the 90% of the waste
is exported to other countries to be recycled, since in Italy, there are only plants that sort
battery materials, which is itself a critical step to pre-treat spent batteries. Furthermore, the
volume of the recycled material is negligible.

Figure 2. Lithium-ion battery-recycling companies worldwide.

104



Sustainability 2021, 13, 11154

3.4. The European Challenge: Ongoing Projects

The European limits described above can be overcome through careful studies and re-
search processes. Battery2030+ represents the large-scale and long-term European research
initiative within the battery field, which also maintains an eye on the forthcoming tech-
nologies (not only on LIBs). However, this is just one of the European initiatives/actions
and projects are ongoing in the EU. The importance of recycling was defined as a strategic
pillar of the European Battery Alliance [29]. Table 5 reports the main ongoing European
projects concerning energy storage systems technologies.

This table depicts the flourishing environment of European in the battery field. In
disclosing the future perspectives in the sector of energy storage systems, European govern-
ments and research centers are making many efforts towards the post-lithium-ion batteries.
Indeed, many projects, launched beginning in 2017, are focused on the development of inno-
vative materials aimed to reach higher energy and capacity levels (e.g., 057534–LiAnMAT,
950038—Bi3BoostFlowBat, 771777—FUN POLYSTORE, 770870—MOOiRE, and 864698—
SEED). Moreover, along with the challenges regarding the future technologies, more
efficient battery systems for electric vehicles and smart grids need to be developed (895337—
BatCon, 101009983—ORION PROJECT, 731249—SMILE, and 770019—GHOST). In tandem
with scientific innovations, European funds have been allocated to projects focused on sus-
tainability and environmental evaluations (894063—GEVACCON and 875514—ECO2LIB).
Thus, as mentioned above, the future challenges in the energy and environmental sectors
for Europe, as well as for the whole world, will produce the most diverse fields. Indeed,
far from being entirely covered by European governments, a profound transition will
materialize in the approach to this progress, focusing on the scientific side and promoting
public partnerships with and within universities and research centers. Thus, the ongoing
projects within Europe are clear evidence of this trend.

The list of projects proves how important both the search for new technological
solutions and the need for proper management truly are. Italian consortium members also
monitor the lack of valorization concerning second-life use for batteries and this kind of
use is only now the objective of an innovation project in the framework of the EIT Climate
KIC (https://erion.it/it/ricerca-e-innovazione/lions2life/, accessed on 4 September 2021).

If the project outcome increases the battery durability, health, safety, and life, the
pillars of a circular economy will be completely satisfied. Member States should also
consider the Circular Economy Business Model when writing the legislation that will soon
be necessary.
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4. Conclusions

In order to guarantee the sustainability and the optimum EU management of LIBs, the
unification and communication among the different stakeholders within the whole value
chain are of utmost importance.

This goal becomes fully clear considering that the needs and the challenges of the
legislation in various countries acquire more relevance if tied to the generalized overview
of circular economy needs/challenges. In 2015, the European Commission adopted “The
missing link: a European action plan for the Circular Economy”, in which the interde-
pendence of all the processes in the value chain were analyzed, from the extraction of
raw materials to product design; from production to distribution; and from consumption
to reuse and recycling, inserting measures aimed precisely at designing products in an
intelligent way. The commitment of the European Commission to these issues is also con-
tained in the European New Green Deal presented by the new president of the European
Commission in September 2019. Subsequently, on 11 March 2020, the Action Plan was
updated and, in this version, the European Commission identified some production sectors
as priorities, including the sectors of batteries and vehicles.

In this context, indeed, electric mobility represents one of the main areas requiring the
implementation of circular economy logic, making it necessary to develop best practices to
achieve sustainable mobility.

There is a clear need to apply a “Life Cycle Thinking” type approach that covers the
entire life cycle of the vehicle and its components, and not only that of the LIB. The main
issues to be addressed for a transition to a circular economy by the electric mobility sector
consist of interventions along the entire electric mobility chain, such as (i) the development
of charging infrastructures; (ii) the adoption of an eco-design logic through the choice
of materials on the basis of their availability, recyclability, and ease of reprocessing; (iii)
the spread of innovative and sustainable technologies based on “product as a service”
business models, sharing platforms, and auxiliary services (“vehicle to grid” technology);
(iv) an effective end-of-life management and regeneration system of the equipment and
components; and (v) the development in each national territory of skills throughout the
value chain (production of new vehicles, systems for assistance and repairs, and end-of-life
treatment, where a second-life battery use system as well as LIB recycling and disposal
processes are only one of the issues).

The Extended Producer Responsibility is recognized as an optimum tool to summon
the various parties operating in the LIBs sector. However, after an analysis of the legislation
(both European and of the target state), the following limits were detected:

• the financing systems for the collection schemes are not unique and a comparative
analysis must be performed in order to identify the most effective and efficient systems;

• there is an absence of identification or codes that easily recognize LIBs, thus difficulties
in sorting and recycling them are increasing; and

• there is an absence of specific regulations dedicated to LIBs, implying the loss of
volume that is potentially detectable and valorized.

The upload of directives has been devoted to increasing the sustainability of LIBs but,
at the same time, a revolution in the industrial sector is needed to guarantee the benefit of
a cradle-to-cradle cycle for LIBs. Urgent innovation and legislative adaptation have been
made more difficult considering the awareness that the use of accumulators cannot be the
definitive or long-term solution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su132011154/s1, Main point of the survey.
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Abstract: The growing production and use of electric and electronic components has led to higher rates
of metal consumption and waste generation. To solve this double criticality, the old linear management
method (in which a product becomes waste to dispose), has evolved towards a circular approach.
Printed circuit boards (PCBs) are the brains of many electronic devices. At the end of their life, this
equipment represents a valuable scrap for the content of base metals such as Cu and Zn (25 and 2 wt %,
respectively) and precious metals such as Au, Ag, and Pd (250, 1000, and 110 ppm, respectively).
Recently, biotechnological approaches have gained increasing prominence in PCB exploitation since
they can be more cost-efficient and environmentally friendly than the chemical techniques. In this
context, the present paper describes a sustainable process which uses the fungal strain Aspergillus niger
for Cu and Zn extraction from PCBs. The best conditions identified were PCB addition after 14 days,
Fe3+ as oxidant agent, and a pulp density of 2.5% (w/v). Extraction efficiencies of 60% and 40% for Cu
and Zn, respectively, were achieved after 21 days of fermentation. The ecodesign of the process was
further enhanced by using milk whey as substrate for the fungal growth and the consequent citric acid
production, which was selected as a bioleaching agent.

Keywords: printed circuit boards; biotechnologies; circular economy; Aspergillus niger; copper; zinc;
food waste

1. Introduction

In recent years, the production of electrical and electronic equipment (EEE) has substantially increased
with the development of science and technology [1,2]. At the same time, the average lifetime of electronic
products has also been drastically reduced (to around 2 years), resulting in a massive generation of waste
from electrical and electronic equipment (WEEE) (around 44.7 million tons in 2016) [3,4]. Printed circuit
boards (PCBs) represent about 3–5% of the total WEEE collected every year [5]. They are composed of
metals (around 40 wt %), ceramics (around 30 wt %), and plastics (about 30 wt %) [3,6–9]. The metal fraction
includes 20% Cu, 5% Al, 1% Ni, 1.5% Pb, 2% Zn, and 3% Sn (w/w) [2,4,10,11]. The presence of considerable
amounts of metals represents a very critical issue for their possible release into the environment in
the case of incorrect management [12]. Nevertheless, this aspect also represents an opportunity for a
transition towards a circular approach following the principle “resource–product–regenerated resource”,
where the waste is converted into a resource (urban mining) [13,14]. The most conventional options used by
industries to extract metals from PCBs are pyrometallurgy and hydrometallurgy [6,15]. Pyrometallurgical
approaches produce pollutant emissions (dioxins and furans), and they usually involve high operation
costs. Hydrometallurgy is a low energy-cost process which needs large amounts of chemical agents.
Alternatively, biohydrometallurgy is often simple, environmentally friendly, and economical, responding to
the sustainability principles essential for the development of a circular economy [15–17].
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Several studies have described metal extraction from PCBs using bacteria, mainly Leptospirillum
ferrooxidans, Acidithiobacillus thiooxidans, A. ferrooxidans, and Sulfobacillus thermosulfidooxidans, principally for
the recovery of Cu and other metals such as Zn, Sn, Pb, and Ni [18–30]; Chromobacterium violaceum,
Pseudomonas fluorescens, and Bacillus megaterium have also been used for Au recovery [31–35]. On the
other hand, fungal bioleaching has several advantages since fungi show a greater ability to tolerate
toxic materials, a faster leaching action than bacteria, and the ability to grow in both alkaline and acidic
mediums [36]. Penicillium simplissimum, P. chrysogenum, and Aspergillus niger are the most common
eukaryotic microorganisms used for metal leaching from different solid residues such as electronic
scraps [10,15,20,36], contaminated soil [37], spent catalyst [38–40], flay ash [41–43], and red mud [44,45].
Citric, oxalic, and gluconic acids are the organic acids produced in the highest quantities by A. niger
and are used for waste exploitation [37,46,47]. In detail, bioleaching with A. niger uses PCBs [10,20] or
batteries [15,36] as substrate for metal extractions. High leaching efficiencies of 60% and 100% for Cu and
Zn, respectively, were achieved after 21 days of fermentation with low pulp density of 0.1–0.5% (w/v).

Considering the current end-of-life PCB availability and the relevant content of Cu and Zn,
the present paper aims to improve the sustainability of the process compared to the current state of the
art. The possibility to increase the quantity of treated PCBs makes the treatment more attractive for
stakeholders and suitable for industrial scale-up. Many conditions were investigated, including the
possible inclusion of food industry waste as fungal growth substrate to improve the environmental
sustainability of the treatment.

2. Materials and Methods

2.1. Preparation of Waste Printed Circuit Boards (PCBs)

PCBs used in this paper were obtained from computer devices. They were shredded by stainless
steel blades and pliers after manually removing the main parts of electronic components (e.g., capacitors,
batteries, and resistors). Finally, the residue was crushed to obtain a granulometry smaller than 0.5 mm,
suitable for the bioleaching experiments. The metal fraction was separated from the plastic and flame
retardants by density and the PCB powder was washed with NaCl-saturated water. The resulting PCBs
had mean metal concentrations of 25% Cu and 2% Zn.

2.2. Microorganisms and Inoculum

Fungal microorganisms, classified as A. niger, were isolated in the laboratory from environmental
samples. The inoculation of fungi was carried out inside sterile Petri dishes with a diameter of 100 mm
in YPD broth (10 g/L yeast extract (Y), 20 g/L peptone (P), and 20 g/L D-glucose (D)), where 1.5% agar
was added. The medium, before being used, was stirred and heated to 60 ◦C to achieve a homogeneous
amber color and subsequently autoclaved. Finally, 100 mg/L of antibiotic (rifampicin) was added.
The inoculated plates were incubated at room temperature for about 7–10 days. One-milliliter aliquots
of the prepared inoculums were inoculated to 100 mL of the glucose medium. The glucose medium was
prepared with the following composition: solution A was composed of 2.5 g of (NH4)2SO4, 0.25 g of
MgSO4·7H2O, and 0.025 g of KH2PO4 dissolved in 450 mL of distilled water; solution B was composed
of 1 g of yeast in 50 mL of distilled water; solution C was composed of 150 g of D-glucose dissolved in
500 mL of distilled water; and solution D was composed of 1 g/L ZnSO4·7H2O, 0.05 g/L MnSO4·H2O,
and 0.1 g/L FeSO4·7H2O. The solutions A, B, and C were mixed and autoclaved, and 1 mL of the
solution D was added to the resulting solution. The pH of solution was adjusted to 6.5 in the first day
and readjusted to pH 3 during the bioleaching experiments. The bioleaching tests were carried out in
250 mL Erlenmeyer flasks which were incubated at 30 ◦C and shaken at 120 rpm. Each treatment was
performed in duplicate. The pH was recorded by a pH meter inoLab Multi 720 (WTW).
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2.3. Bioleaching Experiments

The bioleaching processes were conducted to verify the effect of two factors: the PCB addition
at different fermentation times and the addition of two oxidant agents (Fe3+ or Mn7+). The first
factor was monitored by adding PCBs at three different times: at the beginning, after 7 days, or after
14 days of fermentation. The bioleaching process was carried out for 7 days after the PCB addition.
In the case of PCB addition at the beginning, the longest time of 14 days allowed the fungal growth
and acid production. The pH of medium was continuously monitored and readjusted to 3 using
a 2 M NaOH solution. The second factor (the oxidant agent) was tested by adding Fe3+ (40.67 g/L
of Fe2(SO4)3) or Mn7+ (6.14 g/L of KMnO4) simultaneously with the PCB addition at all tested
conditions. The Fe3+ and Mn7+ amounts were determined by stoichiometric ratio with Cu, following
Equations (1) and (2) [8,48,49]:

Cu0 + 2 Fe3+→ Cu2+ + 2 Fe2+ (1)

5 Cu0 + 2 Mn7+→ 5 Cu2+ + 2 Mn2+ (2)

The PCB concentration in bioleaching experiments was 2.5% (w/v). At regular time intervals, both citric
acid production (2, 7, 14, and 21 days) and metal concentration (2, 4, 7, 10, 14, 16, 18, and 21 days)
were monitored.

A chemical control test was carried out at the same bioleaching conditions to confirm the effect
of the citric acid with or without oxidant agents. The operative conditions were PCB concentration
2.5% (w/v), pH 3.0, 30 ◦C, and 7 days. The citric acid concentration chosen was the same as that of the
organic acid produced by A. niger in the bioleaching experiments (15 g/L), and the same amounts of
Fe3+ and Mn7+ were used.

Additional tests were carried out to test the possibility of producing citric acid using an alternative
carbon source to reduce the environmental load due to the glucose consumption for the fungal growth.
Two kinds of agriculture and food residues were used, olive wastewater and milk whey (a cheese production
residue). Both kinds of waste were used without or with an ozonation pretreatment (30 min and a flux
of 7 gO3/L·h). The choice of these residues was due to their high COD content (around 150 g COD/L).
Furthermore, these waste flows represent a relevant management problem in the Mediterranean area [50,51].
Their use allows for the solution of a double problem by decreasing the consumption of raw materials
and the reducing the amount of food waste disposed, in agreement with the circular economy pillars.

2.4. Analytical Determination

The concentrations of Fe (Fe3+ and Fe2+), Mn2+, Zn2+, and Cu2+ were periodically analyzed in
the leaching solutions. The concentrations of Mn, Zn, and Cu were measured by an atomic absorption
spectrophotometer (Techcomp, AA6000). On the other hand, the quantification of the Fe content was
performed by a UV/VIS spectrophotometer by the colorimetric thiocyanate method (Jasco Model 7850).
The total Fe concentration was determined by oxidizing Fe2+ to Fe3+ with potassium permanganate,
and consequently the Fe2+ concentration was calculated as the difference between total Fe and Fe3+

concentrations. The concentration of citric acid produced by A. niger in the medium was quantified by
the Water HPLC instrument.

2.5. Statistical Analysis

In order to verify the effect of oxidant agents (Fe3+ or Mn7+) and the best time for both PCB and
oxidant agent addition (at the beginning, after 7 days of fermentation, or after 14 days of fermentation),
a two-way analysis of variance (ANOVA) was carried out. When significant differences were observed,
an SNK post hoc comparison test (α = 0.05) was also performed. An additional statistical analysis was
also conducted aimed at confirming the leaching role of both citric acid and oxidant agent.
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3. Results

3.1. Bioleaching Experiments

Figure 1 shows the Cu and Zn leaching profiles in the bioleaching tests with PCBs. These results
demonstrated that the leaching efficiency for both Cu and Zn increased when the PCBs and oxidant
agent were added 14 days after the beginning of fermentation. This was achieved thanks to the highest
citric acid production by A. niger when PCBs/oxidant agent were added at the end of fungal metabolism
(Figure 2). In detail, the citric acid reached the concentration of 13.8 ± 4.5 g/L at these conditions,
even though 0.033 ± 0.002 and 1.6 ± 0.7 g/L of citric acid were produced when PCBs and oxidant agent
were added at the beginning of fermentation and after 7 days after the start of fermentation starting,
respectively. The lowest citric acid production by A. niger was due to both the metal toxicity and the
PCB inhibition on fungal metabolism due to the high substrate concentration [5,10,20].

 

Figure 1. Cu (a,c,e) and Zn (b,d,f) leaching efficiency time profile in the bioleaching tests with A. niger
and with the printed circuit boards (PCBs) and/or oxidant agent (ferric iron or potassium permanganate)
added at the beginning (a,b), after 7 days (c,d), or after 14 days (e,f) of the fermentation period.

The results proved the positive effect of Fe3+ as an oxidant agent, with an increase of both Cu and
Zn leaching (Figure 1). On the other hand, the Mn7+ were not relevant at all to the tested conditions.
In further detail, Cu leaching rose from 19.0 ± 0.2% when Fe3+ was added at the fermentation beginning
to 57.0 ± 3.0% when it was added after 14 days. The same trend was observed for Zn leaching efficiency,
from 5.6± 0.1% to 36.5± 4.8%. The highest recovery efficiency of PCBs and Fe3+ added after 14 days was
explained by the highest citric acid concentration, which increased the Fe dissolution from 10.6 ± 2.6%
to 60.5 ± 5.3% (Figure 3). Moreover, the Fe speciation demonstrated that the total dissolved Fe reacted
with PCB powder at the highest citric acid concentration [52]. Therefore, at the end of the experiment,
Fe was completely in the reduced form (Fe2+) due to the reaction with Cu and Zn (Equation (1)).
In the other tested conditions, around 50% of the dissolved Fe reacted with PCBs to leach metals.
The statistical analysis (ANOVA) confirmed the positive effects of both the PCB and the oxidative agent
(Fe3+) addition after 14 days with a P value lower than 0.05. The Fe3+ use produced an additional
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advantage. In the tests without Fe3+, the Zn leaching efficiency after 2 days decreased from 2.8 ± 0.5%,
10.3 ± 0.7%, and 51.5 ± 0.5% to around 0% when PCBs were added at the beginning, after 7 days,
or after 14 days of the fermentation period, respectively. Fe created a stable complex able to prevent
the Zn precipitation in oxalate form [53,54]; this was due to the oxalic acid present as a by-product of
citric acid synthesis by A. niger metabolism [36,46].

Figure 2. Citric acid concentration in the bioleaching experiments with A. niger.

Figure 3. Fe dissolution and speciation in the bioleaching experiments: PCBs and Fe3+ added at the
beginning (a), after 7 days (b), or after 14 days (c) of the fermentation period.
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3.2. Chemical Controls and Statistical Analysis

To verify that both the Cu and Zn extractions were due to the citric acid produced by A. niger
and to the oxidant agent added (Fe3+ or Mn7+), chemical controls were carried out reproducing the
bioleaching conditions. The results in Figure 4 confirmed the positive effect of Fe3+ addition with final
yields of 59.4 ± 0.9% and 24.6 ± 5.0% for Cu and Zn, respectively. The statistical analysis, carried out to
compare the chemical results with the corresponding bioleaching ones, demonstrated that the results
were not statistically different, with a P value higher than 0.05 for both the metal targets (Table 1).
These results confirmed that the Cu and Zn leaching from PCBs were due to the concurrent effects of
citric acid and oxidant agent and excluded the possible effect of glucose or other organic acids (such as
oxalic or gluconic acid) produced by A. niger.

Figure 4. Cu (a) and Zn (b) leaching efficiency in the chemical control carried out with citric acid (C.A.)
and oxidant agents (Fe3+ or Mn7+).

Table 1. The variance analysis comparing the chemical controls with the respective bioleaching experiments.

Treatment

Statistical Analysis (ANOVA)

df
Cu Zn

MS F P MS F P

C.A. 1 2.98 3.74 0.19 2.06 50.75 0.05

C.A.+Fe3+ 1 5.74 0.46 0.57 140.6 2.98 0.23

C.A.+Mn7+ 1 0.58 0.33 0.62 1.48 8.74 0.10

3.3. Citric Acid Production Using Alternative Carbon Sources

When food wastes (olive wastewater or milk whey) were used for the fungal growth, only 0.13 ± 0.01 g/L
of citric acid was produced (Figure 5). The main problems were the toxic effect of phenols on fungal
metabolism in the case of olive wastewater [55–57] and the low availability of lactose as a carbon source
for fungal metabolism in the milk whey experiment [58–62]. The additional pretreatment by ozonation
allowed reducing the concentration of phenols and decomposing lactose in a more available saccharide
such as glucose, galactose, or fructose. After the pretreatment step, A. niger produced around 6.1 ± 0.1 and
13.7 ± 4.4 g/L of citric acid after 14 fermentation days with olive wastewater and milk whey, respectively.
These quantities were enough to complete the leaching of the two metal targets. The decrease of the final
COD concentration in both food wastes simplified the final sludge management.
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Figure 5. Citric acid produced by A. niger using agricultural and food wastes without and with
pretreatment with ozonation after 14 days of fermentation.

4. Discussion and Conclusions

This work proposed a bioleaching process for metal extraction from end-of-life PCBs with A. niger.
The results prove the possibility to increase the treated PCB amount from 0.5% to 2.5% w/v without
Cu efficiency decrease [10,20]. The relevance of the proposed approach is confirmed by two main
reasons: (i) Cu is the main metal of interest in PCBs, after precious metals (Au and Pd). The economic
sustainability of its extraction from these scraps is also connected to its high concentration [4,7,63].
(ii) Cu is the main interferent in Au leaching; therefore, its previous extraction allows for a significant
increase of both efficiency and purity in the Au recovery [32,33,64]. The present paper represents
an example of success in the implementation of circular economy principles described by the New
European Circular Economy Action Plan [65]. Indeed, PCBs are included within the list of key products
in the documents (electronics and ICT). Furthermore, the biotechnological implementation allows the
substitution of hazardous chemicals to protect citizens and the environment. The chance to give value
to the waste (both PCBs and food waste for the citric acid production) pushes the market towards
the creation of a secondary raw materials market, while avoiding export to non-European countries,
in agreement with the modern circular policies. More comprehensively, the biotechnological approach
using the A. niger strain allowed the exploitation of end-of-life PCBs at a low temperature, reducing the
consumption of chemical agents. High efficiencies, around 60% and 40% for Cu and Zn, respectively,
were achieved at the best selected conditions: addition of PCBs and Fe3+ (oxidant agent) 14 days
after the start of fermentation (when A. niger reached the exponential growth phase and produced
the maximum amount of citric acid (around 15 g/L)), 30 ◦C, 7 days leaching time, and 2.5% (w/v)
PCB concentration. A further recovery process allows for the new metal’s placement on the market,
while avoiding the depletion of raw materials. Moreover, the environmental sustainability of the
treatment was enhanced by the use of food wastes (milk whey and olive wastewater) for A. niger
metabolism and was able to replace the glucose from primary sources, solving the criticalities connected
to their management.
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Abstract: The agriculture sector produces significant amounts of organic residues and the choice of
the management strategy of these flows affects the environmental sustainability of the sector. The sci-
entific literature is rich with innovative processes for the production of bio-based products (BBP)
from agriculture residues, aimed at the implementation of circular economy principles. Based on
literature data, the present paper performed a life cycle assessment and assessed the environmental
sustainability of five processes for the exploitation of rice and wheat straw, tomato pomace, and or-
ange peel. The analysis identified as significant issues the high energy demand and the use of
high impact organic solvent. The comparison of BBP with conventional products showed higher
environmental loads for the innovative processes that used organic residues (except for rice straw
case). The obtained results do not want to discourage the circular strategy in the agriculture sector,
but rather to draw the attention of all stakeholders to the environmental sustainability aspects,
focusing on the necessity to decrease the electricity demand and identify ecological agents to use in
BBP manufacturing, in agreement with the most recent European policies.

Keywords: circular economy; agriculture residue; environmental sustainability; life cycle assessment;
bio-based product

1. Introduction

1.1. State of the Art of Exploitation of Agriculture Residues

The agricultural production is genuinely diverse; nevertheless, it focuses on some
central species fundamental for human diet, such as cereals, but also fruits and vegetables,
whose quantities exceed billions of tons of biomass produced [1]. Italian agriculture has a
significant role in Europe, being the 3rd country based on its production value in 2019 [2].
From the ISTAT database, it appears to be dominated by fodder plants, but cereals are an-
other important role in every regional production; besides these main species, horticulture
and fruit growing have another important role to play [3]. Due to the world population
growth in the current century, food demand has increased worldwide and consequently
the residues that food production generates too [4]. This biomass can reach huge quantities
and sometimes its disposal might create environmental or health issues. For this reason,
a further exploitation can be pursued to reduce these negative effects and enhance the
underused potential; in this context, the bio-based products (BBP) can be a viable option [5].
In the scientific literature, several studies have been conducted about agricultural residues
and byproducts exploitation. As shown in Table 1, many studies propose solutions for the
exploitation of residues from species actually produced in Italy (but not only), i.e., cereals to
horticultural species, but also fruits and fodder plants. As reported in the literature, the BBP
manufacturing can start from both residual biomass, collected during harvesting stage,
and industrial processes. The BBP from agriculture residues can be classified on the basis
of the levels of residue manipulation. The first level of manipulation is the lowest (mainly
mechanical, physical treatments, and mixing with other components), e.g., composite
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panels used in the building sector made from sunflower or maize lignocellulosic fibers [6,7].
A greater manipulation level allows the extraction of molecules used in their unaltered
state, such as antioxidants and vitamins [8,9]. A third level of transformation consists of
more complex processes, creating nanoparticles or functional polymers [10,11]. As an alter-
native, they can be categorized as chemicals and composites. Acids, enzymes, and coloring
substances are chemicals used in pharmaceutical and textile industries, as well as food and
biomedical sectors [12]. Among these molecules, there are also the functional ingredients
that improve or provide more value to other products of food and cosmetic industries [13].
Examples of these substances are vitamins, fibers, antioxidants, and pigments derived from
fruits and vegetables peels [8,9]. On the other hand, composite materials are made of two
main elements, a matrix and a filler [14]. Among composite materials, polymers, e.g., hy-
drogel [15] or plastic films [5], have great importance and they can have several structures,
e.g., adsorbent polymers for metal particles [16] or packaging materials. This second type
of products includes the smart polymers that can react to some parameter variations to
point out the initial deterioration, preventing food loss [17]. Moreover, nanoparticles (NPs)
have gained great attraction due to their submicronic dimensions that make them more
performing than macro and micro composites for nanocomposites production [14]. In this
regard, lignin molecule is used as capping and reducing agent on the surface of silver
nanoparticles. Possible applications can be in the textile industry and in biomedical and
electronic fields [18,19].

Several articles carried out a comparison between traditional products on the mar-
ket (produced by conventional manufacturing chain, from raw materials different from
byproducts) and bio-based alternatives from organic residues, identifying as the most
common benefit the use of low value residual biomass available in huge quantities, for ex-
ample wheat, rice, and maize [16,20–24]. A common goal of the processes presented by the
scientific literature about organic residue exploitation is the green production, meaning
low energy consumption and nontoxic agent applications [15,19,23,25]. To complete the
current overview about BBP, mainly in an Italian context, the SPRING cluster deserves to
be mentioned. It is an Italian cluster that involves bio-refineries and innovation stakeholder
with the common goal of enhancing the circular and sustainable economy in the green
chemistry sector [26]. Despite the several advantages of BBP manufacturing, the use of
organic byproducts shows some relevant challenges. The first one is due to the residue
availability, concentrated in a short time span [7], which makes the stocking methods
essential [9]. There are also mechanical-physical observations to do about these materials.
In this regard, the advantage of the use of bio-based polymers, mainly lignocellulosic
materials, is their performance, also as far as it concerns the flammability behavior [7,27].
Nevertheless, they show some disadvantages as the scarce mechanical properties that can
be improved by mixing different polymers [11,28]. Furthermore, the literature underlines
the necessity to combine studies of BBP production with the analysis of the specific aspects
of these products; for example, for human health applications, by clinical tests of the real
physiological action [8,18]. Last but definitely not least, the environmental performance of
manufacturing processes should be assessed, supported by tools able to implement a life
cycle approach.
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1.2. The GRASCIARI RIUNITI Project

The present paper is part of a preliminary analysis of the environmental sustainability
within the GRASCIARI RIUNITI project (within the European plan to support the Regional
development FEASR-PSR MARCHE 2014–2020). Several farms on the Marche territory
have identified a relevant problem due to the management of the organic residue from
their agriculture activity. This problem is mainly due to the growing specialization of the
crops, which has ensured high production levels but it has changed the way of considering
the agriculture residues: from a biomass resource of the past to a waste to dispose of the
present. This practice has disrupted the balance of agriculture in many Italian regions.
The founded project, which combines local farms and research partners, has the ambition
to create a virtuous management system of waste and byproduct, suitable for a real scale
implementation. With this aim many possibilities of agriculture residue exploitation will
be considered (e.g., production of BB materials, active principles with specific action,
fertilizers, biostimulants, energy recovery) in order to combine the best options for the
most sustainable result. Starting from the byproduct criticality, really highlighted by the
local farms, the present manuscript analyzed many papers from the scientific literature
addressed to the BBP production (Table 1) and it selected five case studies (focused on the
exploitation of residues of the main Italian agricultural productions) for an environmental
sustainability analysis. The research did not have the presumption to find a single answer
but to critically observe some possibilities of agriculture residue exploitation, to verify the
effective implementation of the circular economy pillars. With this aim, the environmental
sustainability analysis was carried out by a life cycle assessment (LCA) approach.

2. Materials and Methods

2.1. Methods and Software

The quantification of the environmental impact represents an essential step for the
development of processes for agriculture residue management, consistent with the circular
economy principles [37]. Therefore, the present paper assesses five exploitation processes
of four different types of agriculture residue, from Table 1: rice and wheat straw, tomato
pomace, and orange peel. These species were included among the most common of
the Italian agriculture with the consequent production of huge quantities of byproducts.
Therefore, they have been considered relevant for the national scenario. The analysis,
according to the attributional LCA methodology, has been performed in agreement with
the LCA ISO standard 14040 and 14044:2006 [38,39]. The assessment aims at answering at
two main research questions, inspired by [40]:

- What are the environmental hotspots in the considered exploitation processes of
agriculture residues? What is the environmental impact of these innovative processes?

- What is the environmental impact of these processes compared with the most common
manufacture of comparable products (using conventional raw materials)?

The system boundaries considered for the present paper focused on the byproduct
exploitation (from gate to gate), starting with the produced agricultural residue, excluding
the use phase and the end of life, because they are considered equal between the conven-
tional and the biobased product. The environmental burden of byproduct is considered 0,
since it has been assumed its simple use, in animal husbandry field, in the case of avoided
use in BBP [41–43]. Furthermore, the use of the zero-burden assumption for agricultural
residues is common for attributional-LCA studies [44]. All LCA steps have been realized,
including the optional normalization and weighing, to assess the most affected impact
categories and the most critical steps of each process. The software used for data collection
is thinkstep Gabi software 9.5, combined with the Database for Life Cycle Engineering
(compilation 7.3.3.153; DB version 6.115). The method selected for the analysis is EF 3.0,
including all the environmental categories, recommended models at midpoint, together
with their indicators, units and sources [45,46]. The functional unit selected for the pro-
cess analysis is 1 kg of agricultural residue to produce selected bio-based products (with
emerging technologies). To answer to the second research question, the functional unit
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is a specific amount (reported in Figures 1–4) of bio-based products, resulting from the
treatment of 1 kg of agricultural residue, in order to facilitate a comparison with a conven-
tional production process (baseline scenario). The processes considered for the present
assessment were developed at lab scale (maximum TRL4). The literature reports that in a
higher technology development stage environmental and economic impacts are usually
lower than a lab scale [47]. Therefore, some sensible assumptions are made to realize this
analysis, hypothesizing the further scale-up:

• The electricity consumption reported within the datasheet of real industrial machiner-
ies is considered to calculate the energy environmental load of mechanical-physical
steps (e.g., grinding, sieving, mixing, heating); the further implementation of a re-
newable energy production system by a photovoltaic panel system is considered as
an alternative to supply the energy to the machineries [47]. This possibility is not
considered for the traditional processes (from raw materials) since it is more likely
that a new technology invests in a renewable technology.

• The recirculation of 90% of organic solvents for extraction and washing treatments
is applied. This assumption, consistent with the real-scale conditions, makes the
processes more efficient and environmentally sustainable, thanks to both the reduction
of raw material consumptions and waste flow [47,48].

• The conditions selected for the washing operations have been the residue and the
washing solution ratio: 1:2 ratio and the time: 1 h, if not specified elsewhere.

• Considering the low electricity demand, compared to the other process steps
(<0.002 kWh/kg residue), the filtration energy demand is considered negligible [49].

Figure 1. System boundaries and mass and energy balance of rice straw exploitation (scenario 1) and
traditional process (scenario 3); scenario 2 includes the same conditions of scenario 1 with electricity
from renewable energy. Functional unit: 1 kg of organic residue.
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Figure 2. System boundaries and mass and energy balance of two wheat straw exploitation processes as graphene ((a), sce-
nario 1) and reducing agent ((b), scenario 1) and traditional processes (scenarios 3); in both (a) and (b) options, scenarios 2
include the same conditions of scenarios 1 with electricity from renewable energy. Functional unit: 1 kg of organic residue.
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Figure 3. System boundaries and mass and energy balance of tomato pomace exploitation (scenario 1)
and traditional process (scenario 3); scenario 2 includes the same conditions of scenario 1 with
electricity from renewable energy. Functional unit: 1 kg of organic residue.

Figure 4. System boundaries and mass and energy balance of orange peel exploitation (scenario 1)
and traditional process (scenario 3); scenario 2 includes the same conditions of scenario 1 with
electricity from renewable energy. Functional unit: 1 kg of organic residue.

Further assumptions, specific for each process, are reported in the supporting materials
(Table S1).

2.2. Exploitation Processes

In this section, the five processes (selected among the options in Table 1) are described
and showed through mass and energy balances flow charts. The choice of these processes
has been determined by the will of the authors to prove the possible use of BBP in a wide
range of application fields (e.g., building field of the composite panel and the medical
sector of silver nanoparticles).

Currently, rice straw is separated from rice after harvesting and threshing and it is
used in animal husbandry, as bedding [41]. As an alternative, the exploitation process in
Figure 1 is realized through cutting the residue, mixing with Lignin bioplastic Arboform®,
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extrusion and injection molding, obtaining 5 kg of composite panel for interior design as
final product [27]. On the other hand, the manufacturing of a traditional panel involves
wood and polypropylene, by a process comparable to the innovative one [50].

As well as rice straw, wheat straw is produced after harvesting and threshing and
it is used in animal husbandry, as bedding [42]. Two processes have been considered as
alternative enhancements of this residue and they both represent innovative solutions in
electronics and biomedicine, respectively: graphene (Figure 2a) and lignin as reducing
agent for silver nanoparticles (Figure 2b). More in detail, the graphene is produced through
hydrothermal treatment, pyrolysis and graphitization [23]. Lignin, as reducing agent is ex-
tracted from wheat straw, purified, and mixed with silver nitrate [18,51]. There are several
techniques currently used for the graphene and lignin productions. The present study con-
siders, as traditional scenario, the electrochemical exfoliation of graphite, which produces
graphene monolayer [52] and the production of sodium citrate, as reducing agent [53,54].
In the reducing agent case, system boundaries exclude the silver nitrate addition for the
nanoparticles production, since it is a common step in both innovative and traditional
scenarios and does not affect the comparison results.

Tomato pomace is a byproduct of the transformation industry and it is currently used
in animal feed composition [43]. In the study taken into account (Figure 3), this residue is
exploited through the extraction of fatty acids that are used to produce a polyester polymer,
after hydrolysis and fraction separation. The product shows many promising qualities, it is
insoluble, nontoxic, biodegradable, and waterproof, which are optimal features resulting
from the chemical composition of the initial biomass matrix [5]. The comparison has been
carried out with a traditional polyester production described in the Gabi database [55].

Orange peel is a byproduct of the juice industry [16] and it is currently used as animal
feed, as some of the previous agriculture scraps analyzed [43]. In the innovative scenario
(Figure 4), this residue undergoes several steps: it is cut into small pieces, washed and dried,
crushed and sieved during the pre-treatment. Thereafter, it is crosslinked with epichlorohy-
drine [16,56], a crosslinking agent that, owing to covalent bonds with the polymer, makes it
more stable in acid conditions improving its adsorbing capacity [57]. The polymerization
is realized with methyl acrylate and the following steps aim at the product purification.
The process produces 1 kg of polymer characterized by a high adsorbent capacity, useful
in wastewater treatment. This purification mechanism can be achieved with different
techniques, mainly with activated carbons [16]. This material is selected for the comparison
with the innovative proposed adsorbent; in detail, the manufacture of activated carbons
includes a chemical activation with potassium hydroxide and pyrolysis of biomass [58].

3. Results

3.1. Classification and Characterization

The step of the analysis including classification and characterization steps has been
performed (by thinkstep Gabi software 9.2.1, Database for Life Cycle Engineering, Sphera,
Chicago, IL, USA) with the aim to identify both the strengths and weaknesses of the
considered processes. The total results for the considered impact categories (referred to
the functional unit) are reported in Table 2; the detail of each process is reported in the
supporting materials.
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Table 2. Results of classification and characterization. Functional unit: 1 kg of organic residue.

Environmental Impact Category

Resulting Bio-Based Products (BBP)

Composite Panel Graphene Lignin Polyester Film
Metal-Adsorbent

Polymer

Acidification terrestrial and freshwater (mole of H+ eq.) 1.66 × 10−2 1.32 × 10−2 1.02 × 10−2 1.11 × 10−2 2.85 × 10−2

Cancer human health effects (CTUh) 9.81 × 10−10 1.92 × 10−9 1.66 × 10−9 1.37 × 10−9 3.93 × 10−9

Climate change (kg CO2 eq.) 3.64 7.91 6.64 6.20 1.26 × 10+1

Ecotoxicity freshwater (CTUe) 2.87 × 10+1 7.10 × 10+1 5.98 × 10+1 4.88 × 10+1 1.90 × 10+2

Eutrophication freshwater (kg P eq.) 1.33 × 10−5 8.50 × 10−5 6.06 × 10−5 7.28 × 10−5 2.95 × 10−4

Eutrophication marine (kg N eq.) 2.37 × 10−3 3.97 × 10−3 2.74 × 10−3 3.20 × 10−3 7.60 × 10−3

Eutrophication terrestrial (mole of N eq.) 2.55 × 10−2 4.06 × 10−2 2.74 × 10−2 3.18 × 10−2 7.17 × 10−2

Ionizing radiation-human health (kBq u235 eq.) 1.40 × 10−1 1.04 1.13 × 10−1 5.96 × 10−1 1.41
Land use (Pt) 6.25 5.15 × 10+1 3.85 2.73 × 10+1 1.69 × 10+1

Non-cancer human health effects (CTUh) 7.20 × 10−8 7.43 × 10−8 8.41 × 10−8 6.76 × 10−8 2.10 × 10−7

Ozone depletion (Kg CFC-11 eq.) 2.48 × 10−14 2.46 × 10−13 8.73 × 10−13 1.29 × 10−13 1.01 × 10−9

Photochemical ozone formation-human health
(kg NMVOC eq.) 1.05 × 10−2 1.04 × 10−2 1.01 × 10−2 8.64 × 10−3 2.52 × 10−2

Resource use, energy carriers (MJ) 1.75 × 10+2 1.13 × 10+2 1.66 × 10+2 1.17 × 10+2 3.47 × 10+2

Resource use, mineral and metals (kg Sb eq.) 5.89 × 10−5 3.07 × 10−6 5.64 × 10−7 1.66 × 10−6 1.63 × 10−5

Respiratory inorganics (disease incidences) 1.33 × 10−7 1.30 × 10−7 9.38 × 10−8 1.11 × 10−7 2.44 × 10−7

Water scarcity (m3 world equiv.) 1.12 2.26 1.16 1.25 2.22

3.1.1. From Rice Straw to Composite Panel

Figure S1 in Supplementary Materials shows the results of classification and char-
acterization steps of LCA carried out on the rice straw treatment for the manufacturing
of the composite panel. Overall, it can be observed that the lignin bioplastic Arboform
causes the most relevant impact, irrespective of the impact category with a minimum
contribution of 55%, which reaches values higher than 95% of the total results. This result is
explained by the energy demand and the extraction phase included within the production
process of lignin bioplastic Arboform [59,60]. On the other hand, the extrusion step has
a non-negligible impact on ionizing radiation-human health effect, land use, and ozone
depletion categories due to its high-energy demand. The effect of electricity consumption
on the land use category can be justified by the electricity grid mix considered for the
analysis (supplied by Gabi database) composed of energy from: 44% of natural gas, 15%
hydroelectric, and 12% hard coal (and other lower contributions from additional resources).
Instead, the chopping step and has no substantial influence, with a contribution lower than
1% overall, thanks to the low energy demand.

3.1.2. From Wheat Straw to Graphene and Nanoparticles

Considering the availability of two processes for the exploitation of wheat straw,
a double result is shown in Supplementary Materials (Figure S2) the contribution of every
step on the environmental load of each treatment and the comparison between the two
options in all the impact categories. The results show that graphene production has a higher
impact than lignin production for most of categories. The pyrolysis step explains this result,
due to the energy demand to reach high temperature, around 800 ◦C for three hours.
The effect of the pyrolysis operative conditions is mainly highlighted in the categories of
ozone depletion and water scarcity with a contribution of pyrolysis phase around 87%
for each of them (Figure S2 (m) and (r)). On the other hand, the pre-treatment stage
results as not significant, since its share does not exceed 2% in any category. Even if it
is the least influencing process, the lignin production shows as main critical point the
purification step. This stage represents the most significant share in most of the categories,
affecting by 67% the whole enhancement process and the reason can be identified in
the ethanol use. In addition, alkali extraction has an impact due to the use of toluene.
This organic compounds use makes the graphene production the best choice mainly in the
categories connected to the human health aspects in Supplementary Materials (Figure S2
(l) and (n)). The environmental credit (the negative value) achieved in the water scarcity
category (Figure S2 (r)) is obtained by the treated wastewater that has been discharged in
the environment.
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3.1.3. From Tomato Pomace to Polyester

The results of the tomato pomace exploitation for the polyester film production are
presented in Supplementary Materials (Figure S3). The impact of the different steps
depends on the impact category; therefore, the further normalization and weighting steps
are essential to identify the significant issues of the process. The fraction separation step is
the most influencing phase because of the 72 h-vacuum thermic treatment, whose impact
is higher than 37%. However, in the water scarcity category (Figure S3 (r)), the fraction
separation step has a negative share, an environmental credit derived from the water
recovery from the wastewater treatment. In the same category, the most significant step is
the hydrolysis due to the high request of water. Overall, pre-treatment and polymerization
phases are not negligible with variable contribution to the different categories, between
3% and 48% and between 9% and 40%, respectively. The reasons are the energy demand
in the polymer synthesis and the use of organic solvents (hexane and methanol) in the
pre-treatment. This information suggests the relevance of the organic agents recirculation
to enhance the environmental sustainability of the process.

3.1.4. From Orange Peel to Metal-Adsorbent Polymer

As concern the orange peel exploitation for metal-adsorbent polymer manufacturing,
the highest environmental load of polymerization is shown in Supplementary Materisls
(Figure S4). The main reason of this impact, starting from 35% up, is the use of methyl
acrylate that is an organic compound, essential for the reaction. In agreement to what has
been observed in the tomato pomace exploitation process, the hydrolysis phase causes
the main contribution (85%) in the water scarcity category (Figure S4 (r)). In addition,
the wastewater treatment included in the post-treatment phase produces an environmental
credit in the water scarcity category, even though this step has the highest contribution in
eutrophication freshwater category. On the other hand, pre-treatment is a negligible phase
in almost each category, with a low contribution, steady under 1%, due to the low energy
and water consumption.

3.2. Normalization and Weighing

The classification and characterization steps showed relevant information to identify
the most critical steps in each process. Nevertheless, the normalization and weighting
phases were necessary to assess the whole magnitude of each phase of the treatments
and to estimate the environmental performance index (EPI), able to include all the impact
categories. In agreement with the selected method, this value is expressed as person
equivalent (p.e.), i.e., the number of people (average citizens) that generates the same effect
in one year [61].

Overall, Figure 5 shows that the most affected categories in the five processes are
resource use-energy carriers (in dark blue), ionizing radiation-human health (in yellow)
(both connected to energy issue [62]) and climate change (in plum). More in detail, the effect
on ionizing radiation-human health is due to the radionuclides (potentially toxic for
humans) resulting from both the nuclear energy production, and the mineral oil and gas
extraction, used as energy carriers [63,64]. Moreover, greenhouse gas emissions (e.g., CO2,
CH4, and more) are the main drivers of climate change, whose biggest contribution stems
from energy and industrial activities [65]. From these observations, it is evident that the
main criticalities in the innovative processes are the huge energy demand (e.g., pyrolysis in
graphene production) and the organic solvents use (e.g., methyl acrylate in orange peel
exploitation and ethanol in wheat straw enhancement as lignin). The further detail of
impact category loads for all the assessed scenarios is reported in Supplementary Material
(Table S2).
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Figure 5. Normalization and weighing graphic of the five exploitation processes. Functional unit:
1 kg of organic residue. The impact categories mentioned in the legend are the most relevant only.

More in detail, the assessed EPI for rice straw exploitation for the production of the
composite panel is 0.05 person equivalent. Even though the resource use-energy carrier is
the most affected category, 31% of the whole impact is equally distributed between climate
change and resource use-minerals and metals categories. The most critical step is Lignin
bioplastic Arboform® production that, coherently with the characterization phase, creates
the biggest impact on resource use-minerals and metals. The normalization and weighting
phases confirm the exploitation of wheat straw for lignin production as the best environ-
mental performance choice, if compared to graphene production. Indeed, the EPI resulting
from the assessment of the second process is two times lower than the first one. If graphene
production has its biggest impact on ionizing radiation-human health, lignin production
largely influences resource use-energy carriers. Particularly, pyrolysis weighs 71% on the
graphene production process; moreover, the category ionizing radiation-human health
is the main affected, as well as it happens in other stages of the process. Instead, during
lignin production process the most influencing step is purification; in this case, resource
use-energy carriers is the most critical category, even though there is a significant impact to
climate change category too. The tomato pomace exploitation has an environmental perfor-
mance index of 0.06 person equivalent and the ionizing radiation-human health category
is the most affected category. The most important step is hydrolysis that constitutes 31% of
the total process impact; the three remaining steps of the process have a significant impact
as well and they affect ionizing radiation-human health and resource use-energy carriers
more than any other categories. Finally, the orange peel EPI is 0.2 p.e. and the process
has the highest effect on ionizing radiation-human health category, as shown in Figure 5.
Similarly, to the characterization phase, the most significant step is polymerization, with a
contribution of 51% compared to the others and it generates its biggest impact on ionizing
radiation-human health and resource use-energy carriers categories.

3.3. Comparison with Traditional Production Processes

In this section, the results of the comparison between the innovative methods based
on agricultural residues and traditional methods are shown, considering the normalization
phase only and the functional unit equal to the quantity of final product generated by each
process, with an initial residue biomass of 1 kg.

The composite panel produced through the enhancement of rice straw is compared in
Figure 6 with a traditional composite panel, made of wood and polypropylene. It is evident
that the innovative option allows a relevant decrease of the environmental load (from 0.07
to 0.05 p.e.) thanks to the non-use of polypropylene that is necessary in the traditional
process. In the same figure, the production of bio-based composite panel with renewable
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energy is shown and its impact value is comparable to the EPI of the bio-based composite
panel made with mixed energy, since the electricity production is not a critical issue.

Figure 6. Normalization and weighing graphics of three different composite panel production
scenarios, expressed as person equivalent (p.e.). The impact categories mentioned in the legend are
the most relevant only. Functional unit: 5 kg of product.

The wheat straw as graphene monolayers is compared to electrochemical exfoliation
of graphite [52], obtaining the results in Figure 7. In this case, the residue exploitation does
not show advantages for the environment, if compared to the traditional graphene manu-
facturing. This difference is due to the higher energy demand of the bio-based graphene
production. This aspect is confirmed by the possibility of green energy use, which reduces
EPI of about 50%, even though it still has a higher impact than traditional graphene.

Figure 7. Normalization and weighing graphics of three different graphene production scenarios,
expressed as p.e. The impact categories mentioned in the legend are the most relevant only. Functional
unit: 0.1 kg of product.

In the second exploitation option, lignin production is compared to sodium citrate
production [53,54], which is a reducing agent as well. The comparison between these two
processes is visible in Figure 8 with a resulting EPI five times higher than the traditional
choice: lignin production has a higher value, because of the use of organic agents, missing
in the sodium citrate production. In the same graphic, it can be observed the impact
of the production of lignin using renewable energy. The index is comparable to that of
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lignin made with mixed energy, since the electricity production is not a critical issue of
this process.

Figure 8. Normalization and weighing graphics of three different reducing agents production
scenarios, expressed as p.e. The impact categories mentioned in the legend are the most relevant only.
Functional unit: 0.1 kg of product.

Tomato pomace is used to produce a polyester film. Therefore, the comparison is
made with traditional polyester [55]. As shown in Figure 9, innovative polyester film has
a bigger impact and its EPI is one order of magnitude higher than classic polyester film.
Specifically, both the use of caustic soda and the energy demand are the penalizing factors
of the bio-based polyester film production, making it more disadvantageous compared to
current production methods. In order to reduce this impact, the alternative of bio-based
polyester film made with renewable energy is analyzed and it actually has a smaller value
than bio-based polyester film, but still higher than traditional polyester.

Figure 9. Normalization and weighing graphics of three different polyester production scenarios,
expressed as p.e. The impact categories mentioned in the legend are the most relevant only. Functional
unit: 0.3 kg of product.

From orange peel, a metal-adsorbent polymer is produced, whose equivalent on the
market is activated carbon [58] (Figure 10). The adsorbent polymer has an EPI almost three
times higher than the activated carbon production due to the use of organic solvents in the
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polymer production. The bio-based polymer made with green energy has a comparable
impact to the bio-based polymer made with mixed energy: in fact, as well as for the wheat
straw exploitation as lignin, the impact of the bio-based alternative is generated by the
solvents use and the impact is not significantly reduced by changing the energy source.

Figure 10. Normalization and weighing graphics of three different metal-adsorbents production
scenarios, expressed as p.e. The impact categories mentioned in the legend are the most relevant only.
Functional unit: 1 kg of product.

This comparison with the traditional methods shows that the bio-based alternative
is more impacting than traditional processes; this result is mainly due to relatively high-
energy demand and organic solvents use (as proved by the energy and raw material
balances in Figures 2–4). Therefore, even though bio-based products are accessible and
desirable alternatives, experimentation must proceed further to make these processes as
beneficial as actual production methods.

4. Discussion and Limitation of the Study

The present study implemented an environmental sustainability assessment of in-
novative processes for the use of common Italian byproducts from agriculture sector.
The assessed case studies were extracted from the scientific literature, implemented at
lab-scale. Nevertheless, they were considered interesting for their proposal to use organic
residues in a wide range of application fields. The data used for the implementation of the
analysis can be considered of good quality since they were extracted from an international
peer-reviewed journal. The additional assumptions implemented for the hypothesis of
upscaling followed the literature methods. Comparable observations are carried out for
the traditional products. The possibility to use data from wood handbook (for composite
panel from rice straw) and from the average value of the Gabi database (for polyester film
from tomato pomace) ensured high levels of representativity.

The present assessment shows some limitations:

• Zero burden approach for agricultural residues was used, effects of redirection of
residue from today’s application is not included.

• The effect of using other impact assessment methods or normalization sets was not
evaluated. Nevertheless, the authors selected the updated method EF 3.0 (recom-
mended by European Commission), which ensured the result validity.

5. Conclusions

The circular economy represents one of the main pillars that drive the choices of
countries, all over the world, towards a sustainable development. As confirmed by the
detailed study of the scientific literature and the GRASCIARI RIUNITI project, the develop-
ment of circular strategies within the agriculture field is a primary concern. Nevertheless,
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this analysis proved that there is still a necessity to evaluate the proposed solutions com-
bining technical/experimental aspects with environmental sustainability issues. More in
detail, the LCA of five case studies highlighted some significant issues due to both the
significant energy demand and the high impact organic solvents, despite the reduced
organic agent demand assumed for the upscaling. The obtained results had not the target
to discourage the development of alternatives for the agriculture residue enhancement,
but rather to draw the attention to the environmental sustainability aspects. Indeed, an ef-
fective implementation of circular economy strategy should have a holistic view, able to
consider the effect of the technologies in different environmental categories (as well as in
social and economic spheres). In this regard, many aspects play an essential role (as also
discussed in the European circular economy action plan and the European Green Deal),
as the avoided use of toxic (for both human and environmental health) agents and the
low energy demand. Overall, the implemented LCA proved the significant effect of the
renewable energy transition and the current necessity to identify ecological agents for an
effective environmentally sustainable production of BBP.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13073990/s1, Figure S1: Classification and characterization graphics of rice straw exploita-
tion process. Functional unit: 1 kg of organic residue, Figure S2: Classification and characterization
graphics of two wheat straw exploitation processes. Functional unit: 1 kg of organic residue, Figure S3:
Classification and characterization graphics of tomato pomace exploitation process. Functional unit:
1 kg of organic residue, Figure S4: Classification and characterization graphics of orange peel exploita-
tion process. Functional unit: 1 kg of organic residue, Table S1: Specific assumptions: comparable
raw materials chosen to substitute the raw materials missing in the database, Table S2: Weight of
each impact category on the normalization and weighing results. Functional unit: 1 kg of organic
residue. References [66–76] are cited in the Supplementary Materials.
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