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Preface to “Sustainable Industrial Engineering along
Product-Service Life Cycle/Supply Chain”

To try to answer the challenge of developing sustainable societies, supply chains are compelled
to reinvent their processes and practices by continuously incorporating sustainability guidelines
into their decisions. The International Institute for Sustainable Development defines sustainable
development as development that meets the needs of the present without compromising the ability
of future generations to meet their own needs. To tackle this challenge, supply chains and society in
general must respond effectively to today’s environmental, economic and social challenges.

Industrial engineering is concerned with value creation, building a bridge between technology
and management. Development of new technologies can only take place if technologists and
engineers have a good understanding of the needs of those who will be affected by new technologies.
Engineering innovations need to respond to social demand while taking ecological and economic
principles into account. The design, operation, and assessment of such sustainable manufacturing
systems within the limitations of renewable resource generation and social compatibility are major
challenges in the 21st century. This concern contributes to enhancing the importance of controlling
the product service along its lifecycle using the methodology of sustainability life cycle assessment for
assessing the economic, environmental, and social performance of a product service, from cradle to
cradle. Cleaner production is also a concern for sustainable industrial engineering systems aimed at
making a more efficient use of natural resources and reducing the generation of wastes and emissions
at the source, through the implementation of some practices, such as technology modification,
sustainable operations, reduce, recycling and reuse, and product modification. Cleaner production
strategies, industrial symbiosis, and eco-efficiency strategies are amongst some tools of sustainable
industrial engineering which can help in the achievement of sustainable engineering solutions. These
sustainable industrial engineering practices along the supply chain help to reverse the adverse effects
of the industry, and the use of environmentally friendly and socially beneficial practices may help to
improve business profitability.

Sustainable industrial engineering addresses the issue of the sustainability of industry from an
economic, an environmental and a social and societal point of view. Its application fields are the whole
value chain and lifecycle of products/services, from the development to the end-of-life stages. This
book focuses on how sustainable industrial engineering can contribute to supply chains becoming

more sustainable.

Jodo Carlos de Oliveira Matias, Susana Garrido Azevedo, Carina Pimentel
Editors

xi
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Abstract: Industrial symbiosis, which is characterised mainly by the reuse of waste from one company
as raw material by another, has been applied worldwide with recognised environmental, economic,
and social benefits. However, the potential for industrial symbiosis is not exhausted in existing cases,
and there is still a wide range of opportunities for its application. Through a comprehensive literature
review, this article aims to compile and analyse studies that focus on potential industrial symbiosis in
real contexts, to highlight the margin of optimisation that is not being used. The cases reported in
the publications identified here were characterised and analysed according to geographic location,
type of economic activity, waste/by-products, main benefits, and the methods employed in the studies.
From this analysis, we conclude that there is great potential for applications involving industrial
symbiosis throughout the world, and especially in Europe, corresponding to 53% of the total cases
analysed. Manufacturing stood out as the sector with the highest potential for establishing symbiosis
relationships, and the most common types of waste streams in potential networks were organic,
plastic and rubber, wood, and metallic materials. This article also discusses the main drivers and
barriers to realising the potential of industrial symbiosis. The diversity of industries, geographical
proximity, facilitating entities and legislation, plans, and policies are shown to be the main drivers.

Keywords: industrial symbiosis; potential industrial symbiosis; sustainability; eco-industrial parks;
circular economy

1. Introduction

In recent years, resource-intensive use, rising industrialisation and urbanisation, modern lifestyles,
energy-intensive use, and land use patterns have led to increased greenhouse gas emissions, with
negative consequences for the environment and the population [1-3]. It is therefore urgent to find
solutions that do not hinder economic development but can provide ways to reduce carbon dioxide
emissions, which are largely responsible for greenhouse gases, and to use resources more efficiently.
As a subfield of industrial ecology, industrial symbiosis, which is often defined as a collective approach
in which one company’s waste is used as raw material by another company [4], can help to address
these problems without compromising economic development. This practice is similar to biological
processes, in which different organisms associate in a “mutually beneficial relationship” [5], as it allows
entities and companies that operate separately to come together in the physical exchange of materials,
by-products, energy, and water, with competitive advantages for all participants [6]. In addition to

Sustainability 2019, 11, 7095; doi:10.3390/su11247095 1 www.mdpi.com/journal/sustainability
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waste/by-product exchanges, this sharing of resources also encompasses infrastructure sharing and the
joint provision of services [7,8].

Some of the problems faced by industries, such as increases in waste, waste treatment costs
and high resource consumption, are common in urban areas [9-11]. Thus, if cooperation between
companies is extended to urban regions, there is potential for both parties to achieve environmental
and economic benefits and to mitigate certain common problems. This cooperation has been referred to
in several publications as Industrial and Urban Symbiosis (also called Urban and Industrial Symbiosis)
and takes place when waste generated in an urban area is used as a raw material or energy source in
industry or when industries provide urban areas with waste heat resulting from their operation [12,13].
However, some authors have also used the term Urban Symbiosis to refer to the use of waste from
urban areas as a raw material or source of energy [14-16].

The most well-known case of industrial symbiosis, and the one most often cited in the literature, is
in Kalundborg, Denmark. This network arose spontaneously from a self-organising initiative between
companies to address water scarcity [4,5,17] and over the years has increased not only in terms of the
number of symbioses but also the number of participants and remains a successful case to this day.

However, industrial symbiosis is not confined to the Kalundborg case, and numerous examples
of synergistic networks around the world have been reported in the literature, with a wide variety
in terms of the numbers of participants, types of economic activities, and how they are organised.
In Europe, numerous foci of industrial symbiosis [18] are spread across different countries, and most
of the cases reported in the literature are in northern and north-western Europe, with the United
Kingdom reporting the highest number of cases [19]. This is due to the voluntary programme that
the government has launched to help companies find partners to use their waste as raw material,
called the National Industrial Symbiosis Programme [20]. Finland also has several cases of industrial
symbiosis, largely arising from the strong presence of the pulp and paper industry, which has driven
the creation of synergy relations [21,22]. In Asia, a number of industrial symbiosis initiatives have
also been reported, with the highest number of cases in China, largely due to constraints on carbon
dioxide emissions and the numerous plans and policies that have been implemented to foster circular
economy practices [23-25]. In Japan, there have been cases of industrial symbiosis and industrial and
urban symbiosis across several cities, driven by the Japanese Eco-Town Programme that encourages
the use of industrial, municipal, and commercial waste in industrial applications, with the aim of
boosting the economy and reducing waste disposal [14,15]. In North America, and particularly in
the US, there have been cases of industrial symbiosis that date back to the late 1970s. The case most
frequently mentioned in publications is located in Barceloneta, Puerto Rico, where the strong presence
of pharmaceutical companies has spurred the creation and development of industrial symbiosis
between various companies [26,27]. Several cases of industrial symbiosis have also been reported in
Australia [28,29], Brazil [30], Morocco [31], and Algeria [31].

Despite the recognised benefits that these synergy cases have provided to the environment,
the companies involved and the local population, the potential for industrial symbiosis is not exhausted
in these existing cases, and there is still great potential for application not only in developed countries
but also in countries with developing economies. Of the various articles published on industrial
symbiosis, a significant proportion have focused on the best ways to foster industrial symbiosis and the
most effective ways of overcoming the various obstacles, including economic, technological, legal, and
social obstacles, that are faced in the creation and development of industrial symbiosis. Although some
of these publications have a predominantly theoretical content e.g., [23,32,33], most present in-depth
studies conducted in real contexts, that is, in a given region, with a holistic analysis of those industries,
wastes and products with potential for developing industrial symbiosis e.g., [34-37]. In some of these
studies, the implications of these new synergies for the environment, the economic development
of companies, and the surrounding population have also been studied e.g., [36,38,39]. This article
focuses on the latter type of publication, and identifies these as cases of potential industrial symbiosis.
All articles that study the possibility of implementing new industrial symbiosis relationships in a given
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location and that indicate the types of economic activities and industrial symbiosis are included in
this designation.

The various studies that have been carried out on potential cases of industrial symbiosis have a
wide scope, not only in terms of the characteristics of the synergy network but also in terms of the
existence or otherwise of industrial symbioses in the location under study. In places where symbiosis
networks already exist, relationships of trust are already established, and there is a knowledge of
the benefits of this practice that can help to facilitate the process of mobilising other companies.
Studies carried out of the industrial symbiosis networks in Weifang Binhai Economic-Technological
Development Area, China [40], in the Véstra Gotaland region of Sweden [41], and in the Taranto
provincial industrial district in Italy [42] represent some of these examples. In these cases, proposals
have been put forward to extend the industrial symbiosis network to other companies, with the aim of
repurposing some of the waste that was not yet being shared. However, several studies have been
published that have proposed the creation of industrial symbiosis relationships in areas where this
practice is not yet implemented but bring together a set of characteristics that reveal the potential for
establishing synergy networks. Examples include studies of the development of industrial symbiosis
carried out in Perth and Kinross, Scotland [43], Botosani and Piatra Neamt in Romania [44], and Konia,
Liberia [45].

Although the potential for the application of industrial symbiosis is high, there are a number of
constraints on its implementation. A lack of trust, uncertainty about the benefits, a lack of knowledge
of the concept of industrial symbiosis, and a lack of information sharing [20,33,34,46-48] are the main
factors that have been identified as restraining this process. However, there are also factors that
are often referred to as drivers for the creation and development of industrial symbiosis networks,
such as the need to reduce raw material and waste disposal costs and the potential generation
of revenue [18,34,49-51]. In addition to these aspects, existing policies and legislation have also
been identified as influencing industrial symbiosis practices. Regulatory pressure and landfill tax,
which drive companies to find solutions for using resources more efficiently and reducing waste
disposal [50,52], are examples of these. Policies and plans that aim to foster synergy networks, such as
those in China [23,25] and the United Kingdom [20], have greatly contributed to the spread of these
practices. However, existing legislation can also restrict these practices, for example if it is unclear or
very restrictive on the use of waste, and can thus create difficulties for companies with regard to the
application of industrial symbiosis [53].

A literature review reveals that although there are many studies of the compilation and analysis
of case studies relating to industrial symbiosis [18,19,23,54-58], these focus on synergies that have
already been implemented. Furthermore, although a study of the evolution of industrial symbiosis
was carried out by Chertow and Park [59], with an analysis of the number of articles published and the
countries that were the subject of the various publications, this work only included articles published
until 2014. A comprehensive analysis of the cases of potential industrial symbiosis is still absent.

This article therefore aims to compile and analyse the various cases of potential industrial
symbiosis in real contexts reported in the literature, and to highlight the margin of optimisation
that is not being used. It also aims to identify and discuss the main drivers and barriers to the
implementation of industrial symbiosis, as well as the various strategies for overcoming these barriers.
To this end, the various cases are characterised and analysed by geographical location, type of economic
activity, type of waste/by-product exchange, infrastructure sharing, and joint provision of services.
Moreover, the methods employed in the different cases are analysed, as are the main environmental,
economic, and social benefits that would be achieved if industrial symbiosis were to be realised.
The cases of potential industrial symbiosis have been separated into those concerning the symbiosis
between industries and those concerning the manufacture of new products and new uses for the
different wastes enhanced by industrial symbiosis.

The rest of the article is organised as follows. Section 2 describes the methodology adopted for
the research, selection, and analysis of publications, as well as the inclusion and exclusion criteria.
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Sections 3 and 4 contain the results and a discussion. Section 3 presents the results and an analysis
of the cases of potential industrial symbiosis, in terms of the companies involved, the production of
new products and new uses of waste. Section 4 discusses the main drivers, barriers, and strategies for
overcoming these barriers to the creation of industrial symbiosis networks. Finally, Section 5 presents
the main conclusions and discusses the limitations of this study and the scope for future research.

2. Materials and Methods

In order to fulfil the proposed objectives, a methodology was developed consisting of several
stages, as illustrated in Figure 1. This methodology can be grouped into three main steps: a deep and
systematic collection of the existing literature, the selection of publications and a content analysis.

LITERATURE SEARCH FIRST SCREENING SECOND SCREENING ARTICLES ANALYSIS

Filtering: Articles included:

Keywords:
“industrial symbiosis”,
“potential industrial
symbiosis”,
“eco-industrial park”

Y

Literature search:
Academic databases:
Elsevier (n = 1317),
Wiley (n = 498),

Publications in English;
Type of article: research

articles, review articles,
conference articles, book
chapters and editorials

Is potential
industrial symbiosis
in real context studied
in the article?

No

Analysis of titles, keywords,
abstracts and contexts where
“industrial symbiosis" appears

in the article

Categorization of
articles:

year of publication

Content analysis:

analysis of potential
industrial symbiosis
cases

Springer (n = 585),
Inderscience (n = 113), v
IEEE Xplore (n = 39),

MDPI (n = 31),
Taylor & Francis (n = 159),
ACS Publications (n = 55), No
SAGE (n = 52),
Nature (n = 11), Y
Emeraid (n = 62), Excluded articles

Annual Reviews (n = 6)

(n = 2928)

Is industrial

Articles for the
second

(n=591)

Figure 1. Flow diagram of literature search and screening.

To enable a systematic and thorough review of the existing literature, several steps were
followed. The first was the choice of keywords. To avoid limiting the search and thus obtain
a more comprehensive set of publications, the terms “industrial symbiosis”, “potential industrial
symbiosis”, and “eco-industrial park” were combined. These were used to search for articles in
databases with more publications in this area, such as, Elsevier, Wiley Online Library, Springer,
MDP], Inderscience Online, IEEE Xplore, Taylor & Francis Online, ACS Publications, SAGE Journals,
Nature Research, Emerald Insight, and Annual Reviews. In this research, no time interval was imposed,
and the only exclusions were articles that were not written in English. The publications that resulted
from this initial collection were submitted to a screening process in order to select the most relevant
ones for the study. Titles, keywords, and abstracts were read, with the aim of selecting articles that
focused mainly or significantly on industrial symbiosis. If there were any doubts about the inclusion of
the articles, we analysed the frequency with which the keywords appeared throughout the publication
and the context in which they were inserted in order to verify whether industrial symbiosis was
the focus of the study or whether it only appeared as an example or to contextualise other concepts.
This selection resulted in 591 publications, including research articles, review articles, conference
articles, book chapters, and editorials. In our analysis, the references cited in these publications were
used as secondary sources; however, this resulted in only a few articles, which may indicate the
wide-ranging of the initial research.
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In the next step, the 591 articles on industrial symbiosis were screened with the aim of finding
only the publications whose object was the study of potential industrial symbiosis in a real context.
This resulted in 103 articles, and these made up the final body of articles for which a more detailed
content analysis of potential industrial symbiosis was carried out. Of these 103 articles, 89 concerned
industries and 14 concerned potential uses of industrial symbiosis to manufacture new products or
use different wastes. A content analysis of all these articles was then conducted to gather and analyse
information on potential industrial symbiosis, such as location, types of economic activities involved
in potential synergies, types of waste/by-products, and the existence or otherwise of infrastructure
sharing. We also analysed the methods employed in the different analyses, the main environmental,
economic and social benefits, and the factors underlying the potential for creating industrial symbiosis,
which may condition or favour it.

3. Potential Industrial Symbiosis

The results of the study are presented below and are structured according to the main themes that
emerged from the research and analysis of publications on potential industrial symbiosis, namely its
scope, evolution over time, geographical distribution, and cases of potential industrial symbiosis
relating either to companies or to the production of new products or new uses of waste.

3.1. Evolution of the Number of Published Articles

Of the 591 articles on industrial symbiosis selected and analysed according to the selection criteria
defined in Section 2, 103 related to potential industrial symbiosis, accounting for approximately 17% of
the total. Although these articles on industrial symbiosis were published from 1995 onward, it was only
around 2001 that articles on potential industrial symbiosis began to appear, as illustrated in Figure 2.

100
ZAPIS —o—Total
90 A 86
s
80 §
2
8 70
= 60 58
= 60 4 R 5
= 50,
£ 50 A 47 J
Ha o)
E 40 A 3¢ 35
g o—3a
5 30 26 25
z 20 2 21_»o J 20
20 A o Q 16 g7
13 o |
8 5 = 10 7 %
042 12 3 0 7 2 {1 o3 45 4 5 s | lp % / o
1 T~ on 2 5 o O nr

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019*

Year of Publication

Figure 2. Number of publications on industrial symbiosis and potential industrial symbiosis (PIS)
per year.

Figure 2 shows the growing evolution of the number of publications on industrial symbiosis.
Although low numbers of studies were published during the early years, from 2007 onward, there
was a growth in the number of publications, which continued over the following years. Despite these
small numbers, publications on potential industrial symbiosis have also shown growth. The evolution
of these publications essentially comprises two distinct periods. In the first, between 2001 and 2014,
there was a greater oscillation between the number of publications and in which the growth of articles
was not very significant. In the second, between 2015 and the current year, more pronounced growth



Sustainability 2019, 11, 7095

could be seen, and whilst there was a drop in 2016, this was insignificant in light of the increase over
the following years. Although this second period was shorter in terms of years, the proportion of
publications was clearly higher than those in the first and accounted for 63% of the total number of
publications. This increase coincided with the increase in publications on industrial symbiosis, and
although it began to grow more significantly from 2007 onward, it was from 2014 onward that it began
to obtain greater expression, revealing the growing scientific interest in this issue and the recognition
of its potential to achieve sustainability in terms of its environmental, economic, and social aspects.
The proportion of the articles on potential industrial symbiosis in relation to the total number
of publications on industrial symbiosis did not show significant variation over the years, except for
2001 and 2005, in which these articles made up 50% and 60% of the total number of publications,
respectively. Three periods are of note, due to the fact that the values were very close in consecutive
years—the period between 2006 and 2008, with an average of 20% of the total number of publications
on potential industrial symbiosis; the period between 2009 and 2014, with an average of 12%; and the
period between 2015 and 2018, with an average of 21%. Most of these 103 publications (about 84%)
relate to research articles, while 12% are conference papers, and the remaining 4% are book chapters.

3.2. Geographic Distribution

The study of potential industrial symbiosis has shown great diversity with regard to geographical
location; it has been studied in 31 different countries, revealing the great potential of this practice
both in developed countries and in countries with emergent economies, as illustrated in Figure 3.
Europe leads in terms of the number of publications on potential industrial symbiosis, with 48
articles, corresponding to approximately 53% of the total published. It is followed by Asia, with 26
publications, corresponding to 29% of the total, and North America, South America, and Oceania,
with six, four, and four publications, respectively, corresponding to 7%, 4%, and 4% of the total.
With three publications, equivalent to 3% of the total, Africa has the fewest studies of potential
industrial symbiosis. This distribution is very different from that presented for industrial symbiosis
publications [59]; here, China very significantly predominates in terms of publications, followed by the
US and Australia.
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Figure 3. Distribution of the number of published studies on potential industrial symbiosis by country.

The European countries in which most case studies of potential industrial symbiosis were carried
out were Italy, Sweden, and Finland, with 11, seven, and six articles, respectively. All cases in Sweden
were related to the study of potential industrial symbiosis between industries, while those in Italy
and Finland focused both on synergies between industries and on the investigation of waste and new
products fostered by industrial symbiosis.

Of the eight countries in Asia with studies of potential industrial symbiosis, most related to China,
with approximately 46% of the total for Asia.
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The US occupies the fifth place on the list of countries with articles published on potential
industrial symbiosis, with three articles focusing on the synergy between industries and two more
on the study of new uses for waste produced by the automobile industry. This figure is still low
compared to the countries with the most publications, which is also true for case studies of industrial
symbiosis—although the USA occupies second place on this list, the difference between the number of
articles published compared to China, which ranks first, is very significant [19]. While some incentive
measures have been applied to create synergies, such as an Environmental Protection Agency—funded
project to identify possible synergies in six counties in North Carolina [60], they have not had a major
impact on the increase in cases of symbiosis, and even existing studies of potential industrial symbiosis
between industries date back many years.

In recent years, studies have been carried out to analyse the implementation of industrial
symbiosis practices in developing countries such as the Philippines, Liberia, India, Bangladesh,
Colombia, Mauritius, and Egypt. While these countries have little in the way of a tradition of
synergy practices between companies and the number of published case studies is still small [19],
the important role of industrial symbiosis is recognised as a means to enhance the development of
these regions [34,45,61].

3.3. Cases of Potential Industrial Symbiosis

Although industrial symbiosis is well established in many countries, there are still many
possibilities for creating and developing new industrial symbioses. The numerous studies that
have proposed and evaluated new synergy networks are examples of this. In places where there is
already industrial symbiosis, the process of creating new relationships is facilitated, since there are
already relationships of trust between the actors and the benefits offered by this practice are well
known; however, this is not an essential factor. In places where there is no synergy, factors such as
the location, the waste generated, or the nature of the industries can drive the creation of symbiosis
relationships. Moreover, this potential is not bound to a particular region, country, type of activity,
or number of entities (NE) involved, as proven in the many studies that have been performed to
evaluate the creation of new industrial symbioses (shown in Table 1). This table summarises the main
characteristics of the various cases of potential industrial symbiosis that have been published (Table A1l
in Appendix A provides more details of these cases). By analysing Table A1, it is possible to verify the
huge untapped potential and the huge diversity of opportunities for the development of industrial
symbiosis. These cases are characterised by the location, number of entities involved (NE), type of
economic activity, waste/by-product exchange, sharing of infrastructure, joint provision of services,
methods used in the study, and assessment of the potential of industrial symbiosis. The various
economic activities are grouped into sections, which are defined according to the International Standard
Industrial Classification of All Economic Activities, Revision 4 (ISIC, Rev.4). Of the 21 sections defined
in the ISIC, 16 are relevant to the various cases of potential industrial symbiosis. In Table 1, the section
designations are more concisely defined. The different streams of waste exchanged in these cases are
grouped into types, such as organic (e.g. food and food processing wastes, biomass, livestock and
fisheries wastes); plastics and rubber; wood; metallic; non-metallic (e.g. glass, waste from construction
and demolition, lime-based waste), paper, waste heat and steam; ash, water, and wastewater; chemicals;
sludge; waste oil; and others (e.g. textile waste).
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The cases compiled here are organised by region, and these are arranged into descending order
based on the number of cases studied, i.e., Europe, Asia, North America, South America, Africa,
and Oceania. Within each region, the various countries are also listed in descending order based on
the number of cases studied, and within each country, the same process was carried out in ascending
order based on the date of publication of the article.

In the following sections, the main characteristics of the cases of potential industrial symbiosis,
the methods used in the analyses and the main potential benefits of these synergies are analysed
and discussed.

3.3.1. Level of Implementation

Similar to industrial ecology and the circular economy, industrial symbiosis can be implemented
at three levels: the micro, meso and macro levels [40,125-128]. These are related to the boundaries at
which industrial symbiosis relationships develop, i.e., at company (micro) level; between businesses
with geographic proximity, such as eco-industrial parks (meso level); and activities that are carried
out at regional or national level (macro level). Table 2 illustrates the diversity of potential industrial
symbiosis cases, shown in Table 1, for each level of implementation.

Table 2. Distribution of potential industrial symbiosis cases by level of implementation.

Levels of Implementation Potential Industrial Symbiosis Cases (Refs.)

Industrial park/eco-industrial park: [75,76,87,91,98,104,110,114];
business park: [81]; local industrial network: [64]; industrial districts

Meso (companies with geographical proximity): [67]; nearby companies:
[35,36]; clusters: [73,107]
Region: [43,53,66,80,83,93]; region (residential, industrial, rural
Macro dimensions): [11]; city (industrial park and urban area, industrial and

urban symbiosis): [9,37,39,106]; municipality: [72]; island: [74,122];
agro-industrial symbiosis: [120]; automotive sector: [63]

3.3.2. Industries Potentially Involved in Industrial Symbiosis

The diversity of economic activities with the potential to become part of an industrial symbiosis
network is very wide, as illustrated in Tables 1 and Al. Manufacturing, which comprises activities
involving the transformation of materials into new products, is the predominant sector in these cases of
potential industrial symbiosis, as shown in Figure 4. This figure represents the distribution by country
of all the economic activities involved in the various cases, grouped into sections according to the
format established in the International Standard Industrial Classification of All Economic Activities,
Revision 4 (ISIC, Rev.4). Of the 21 sections defined in ISIC, 16 are relevant to the various cases studied,
with manufacturing accounting for 63% of the total occurrences of all sections. Sections such as
agriculture, forestry and fishing, electricity and water, and waste management and recycling are also
among the most frequently seen.

Within the manufacturing sector, the most frequent economic activities in the cases of potential
synergy involve chemical, iron and steel, pulp and paper, construction materials, and wood and wood
products. While there are cases in which manufacturing is the only sector in the synergy network,
such as the study conducted in the Val di Sangro Industrial Area in Italy [64] or in Achaia in Greece [82],
most of the cases involve several different industries within the manufacturing sector and other entities
in the network that carry out other types of activity. This diversity of sectors has been highlighted by
some authors [18,129] as being very important for the establishment of industrial symbiosis networks,
as it widens the opportunities available.
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Number of activities present in the various cases of potential industrial symbiosis

0 10 20 30 40 50 60 70 80
\ \ \ \ \ \ \ |
Ttaly
China
Sweden W Manufacturing
Colombi
o ombia W Agriculture, forestry and fishing
Turkey
France [ Electricity, gas, steam and air conditioning supply
Finland
Spain B Water supply; sewerage, waste management and
Austeali remediation activities
pstratia B Wholesale and retail trade; repair of motor vehicles and
Brazil motorcycles
Malaysia E Construction
South Korea B Administrative and t tivitis
ministrative and support service activities
Egypt PP
Japan B Public administration and defence; compulsory social

United States of America security
Romania B Accommadation and food service activities
Mauritius W Transportation and storage
Greece
Lithuania B Mining and quarrying
Germany
[ Human health and social work activities
Bangladesh
Liberia [ Professional, scientific and technical activities
Norway
Tndia ok ion and ¢ ication
Scotland O Educat
o ucation
United Kingdom D Other service activities
Latvia

Figure 4. Distribution of the categories of economic activities existing in cases of potential industrial
symbiosis by country.

3.3.3. Types of Waste/By-Product Exchange, Infrastructure Sharing, and Joint Provision of Services

The types of waste/by-product that have the potential to be used in the various cases of industrial
symbiosis are very diverse, and are directly related to the nature of the economic activities that are
carried out in the various networks of potential synergy. The most frequently reported wastes are
organic (food and food processing wastes, biomass, livestock and fisheries wastes), plastics and rubber,
wood, metallic, waste heat and steam, non-metallic (e.g. glass, waste from construction and demolition,
lime-based waste), ash, water and wastewater, chemicals, sludge, and paper.

The sharing of infrastructure and the joint provision of services between companies has also
been highlighted as a kind of symbiosis between entities, with potential to be developed and to
provide benefits to the participants, albeit in lower numbers than for waste flow. The most frequently
mentioned cases are facilities associated with the management and treatment of waste, water and
recycling [34,62,64,65,86]. This type of scheme can assist companies in their waste management by
freeing them of some of the costs associated with the storage and treatment of waste and by facilitating
the direction of waste to various other companies. In addition to these aspects, the sharing of expertise,
consultancy, equipment, logistics and transport, energy, and water supply infrastructure have also
been identified as having potential to be established. Economic, environmental, and social benefits are
identified as being likely to be attained if these types of sharing are established, such as cost savings
in the construction of facilities [111], saving of resources used in waste treatment [62], reduction of
inefficiencies [64], and job creation [65], and these can serve as drivers for the creation of new symbiosis
relationships. Furthermore, the existence of shared and efficient infrastructures can foster new synergies
between existing companies in the area and can also be an incentive for new companies to establish
themselves in the region with the intention of being part of this symbiosis network. The sharing of
services such as transport can also be an important factor in promoting symbiosis networks. Since
most of the waste sold does not have a very high commercial value, any reduction in costs such as via
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the sharing of services can increase the potential economic benefits to the companies involved in these
synergies and can foster the creation of new symbiosis relationships.

3.3.4. Methods Used in the Analysis and Assessment of Potential Industrial Symbiosis

In order to identify potential synergy relationships and assess the feasibility of implementing
various cases of industrial symbiosis, several methods were used, as listed in Tables 1 and A1. The main
objectives of this work were to study the best ways to establish synergy networks with regard to the
most potential waste streams and the companies with the highest potential for integration and to assess
the potential impacts that industrial symbiosis can have on the environment, the companies involved
and the local population.

One of the first steps in the design and analysis of a potential synergy network is the
collection of information and quantitative data. Various methods have been used for this, such as
interviews [44,65,78,82,106], questionnaires [9,37,63,85,111], site visits [64,84,86,112], and focus
groups [53,64,68,85].

To enable the realisation of industrial symbiosis networks, it is also essential to obtain knowledge
not only of the possible participants but also of the numbers and types of waste/by-product available.
Thus, in addition to meetings with local businesses that help foster possible relationships, as achieved
in Emilia-Romagna, Italy [53], the Catania and Siracusa districts in Italy [66], and Colombia [34],
the use of digital programs and platforms can also facilitate this interaction by building a common
base with potential participants and waste and by optimising possible relationships. Examples
of these are the development of a digital web platform for the electrical and electronic equipment
sector [38], the Looplocal tool, which is useful in countries with geographically dispersed industries [72],
the eSymbiosis multilingual service, implemented as an accessible web service [80], the SymbioSyS
tool [87], and the ESOTA®platform, which is based on relationship mimicking [112].

One of the factors that can enhance the realisation of industrial symbiosis relationships is
realisation of the potential benefits to businesses, not only the economic benefits, which are essential in
encouraging companies to create synergies, but also the environmental and social benefits. While some
of the studies carried out only a qualitative analysis, a significant proportion assessed at least
one of these benefits. Of the three dimensions of sustainability, the environmental aspect was the
most frequently discussed, and the most commonly applied method was the use of environmental
indicators [10,13,39,88,105]. The reduction of carbon dioxide emissions was the most frequently
addressed in the various analyses [35,36,38,63,70,73,98], followed by quantification of savings in
the consumption of resources such as energy, water, raw materials and fossil fuels [9,39,63,88,95],
and quantification of the reduction of waste sent to landfills [9,34,39] resulting from the potential
application of industrial symbiosis. Life cycle assessment [9,38,63,84,98] was the method most
commonly used to assess the environmental impact. The economic aspect, which was the second most
frequently assessed, was measured using the life cycle costing method [104] and several metrics that
primarily reflected reductions in raw material [39,60], fuel [13,106], energy consumption [35,36], waste
disposal costs [38,39], and increased revenue [34,35,38,45,109]. Job creation [45,80,120,121] was the
indicator most commonly used to assess the social benefits of realising potential industrial symbiosis
relationships. The material flow analysis method [9,10,39,88,111] has also been used several times to
quantitatively assess potential industrial symbiosis.
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The environmental and economic components of sustainability have also been used to optimise
and select the best potential symbiosis relationships. In order to compare industrial symbiosis with an
equivalent system in which companies remain separate, several forms of synergy network integration
have been evaluated and optimised based on their total costs [69] and carbon dioxide emissions [70]
using the MIND method, an optimisation method based on mixed integer linear programming.
Three models were developed using mixed integer linear programming to model and optimise waste
streams in an industrial park in France with regard to cost and environmental impact [75].

SWOT analysis has also been used several times [67,76,111,114] to study the internal and external
factors in the potential application of industrial symbiosis networks.

3.3.5. Potential Environmental, Economic, and Social Benefits

An analysis of the various cases of potential industrial symbiosis leads to the conclusion that
most of them intend to achieve environmental, economic and social benefits through these practices.
Table 3 gives some examples of this. The environmental component was most frequently measured,
largely due to international constraints on reducing greenhouse gas emissions, as well as national
constraints on emission reductions and the amount of waste sent to landfills and incinerators. It is
therefore important to ascertain whether these practices can be effective in meeting these limitations.

The economic component, which is often cited as a determinant factor in decisions by companies
to establish symbiosis relations [34,130], was the second most frequently quantified component of
sustainability. However, not all cases of industrial symbiosis have the potential to provide economic
benefits to all participants, such as an example of symbiosis in a chemical industrial park in the west of
Urumgi City, China. In this case, one of the companies did not receive economic benefits, largely due to
the fact that the price of the raw material was lower than some types of industrial solid waste that were
used for the production of bricks [130]. The environmental benefits, such as reduced consumption
of natural resources and greenhouse gas emissions, justify the implementation of these networks of
synergy, even without economic benefits, although, in these cases, it is important that local or national
governments provide economic incentives that encourage companies to create these synergies.

It can therefore be concluded that the implementation of these cases of industrial symbiosis can
provide a number of environmental, economic, and social benefits that translate into an efficient use of
waste and resources.
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3.4. Cases of Potential Industrial Symbiosis Applied to New Products and New Uses of Waste

Research into new uses for waste and the manufacture of new products based on industrial
symbiosis is essential in order to reduce the consumption of raw materials and reduce waste sent
to landfills and incineration plants. However, despite the environmental and economic benefits
of this reduction, the process of moving from research to practice is not always rapid or, indeed,
possible. In addition to the barriers to the creation and development of industrial symbiosis, which are
often referred to in the literature, such as a lack of trust among potential collaborators [33,116],
the risks and uncertainties associated with the costs and benefits of such synergies [18,131], and a
lack of knowledge [34,41], there are other more specific obstacles that impede these new uses.
Current legislation restricting the integration of new waste materials into productive processes [132,133]
and the toxicity of some of these waste materials [134] are examples of barriers that can hinder the flow
of waste materials and thus condition the development of future synergies. Thus, several studies have
investigated future relationships of industrial symbiosis with a focus on the use of new waste materials
and their reutilisation in the manufacture of existing or new products. Table 4 presents a summary
of these studies, and in addition to the location and main characteristics of the industrial symbiosis,
describes the methods used in the various studies. The different case studies are grouped into regions,
i.e., Europe, Oceania, North America, and South America, which are sorted into descending order
in terms of the frequency with which they appear in the studies. In cases with an equal number of
articles, the ordering was carried out based on the date of publication, in ascending order.

It can be seen that, although these cases are few in number, a great variety of industries is involved
in potential industrial symbiosis, and there is a wide range of different waste materials and potential
uses of these in the manufacture of new or existing products. The geographical distribution is also
relatively varied, with studies carried out in Europe, North America, South America, and Oceania.
Although not all of these studies were contextualised with regard to a specific location, the vast majority
studied the potential for using new waste materials within a given geographical context.
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In some cases, geographical location was not constraining, and the use of certain waste materials
could be transferred to several locations. For example, waste materials from common industries and
those available in most countries can be used to extend the range of application of industrial symbiosis.
One example of this is a case study of the production of potential symbiosis products such as soil
amelioration pellets, low-competence concrete, and mine filler from a mixture of waste materials from
multiple industries, such as pulp and paper mills, carbon steel plants, mines, and power plants [133].
Although this was studied in the context of Finland, this symbiosis could be replicated in numerous
different locations due to the nature of the industries available. Another example was a study of the
use of wine grape pulp to produce a bio-adsorbent for the removal of copper sulphate from water [145];
this symbiosis between the winery and environmental industries could also be reproduced in several
distinct locations.

In other cases, however, geographical location can condition or incentivise the use of certain waste
materials in the symbiotic process. For example, the strong presence of a particular type of industry
can be an enhancer for industrial symbiosis and the search for new solutions to the waste generated by
the production process. One example is the pulp and paper industry, which has a long tradition in
Finland and is responsible for large volumes of production [21] and consequently high levels of waste
generation. One of the studies focused on the potential uses of sludge resulting from the processes of
wastewater treatment in the forestry industry and of fly ash resulting from the production of bioenergy
for the production of a forest fertiliser [135]. In Brazil, the steel, mining, and construction sectors
have a strong presence and are responsible for large-scale generation of waste and greenhouse gas
emissions, and this has boosted the search for sustainable solutions. Thus, new solutions for the use of
iron and steel mining waste were studied as an example of potential symbiosis in the production of
solid brick/construction blocks in the Quadrilatero Ferrifero zone [143].

Current progress and the consequent emergence of new products have created new streams of
waste, and with them the need to provide solutions which promote a more sustainable end of life.
If these wastes result from or are integrated into a sector or product that has a significant environmental
impact over its life cycle or a certain part of it, industrial symbiosis makes it possible to reduce the
environmental impact of this sector or product. One of the examples found in the literature was the
potential use of end-of-life electric vehicle lithium-ion batteries as storage systems for the renewable
energy produced from photovoltaic systems in the generation of electricity for buildings [138,141].
In addition to using a waste material that is expected to increase over the next few years, this potential
synergy also contributes to the reduction of carbon dioxide emissions from two sectors that are
responsible for high greenhouse gas emissions—buildings and the automotive sector.
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The study of new solutions based on industrial symbiosis is not only due to the inherent
characteristics of certain waste materials, such as their toxicity and associated value, but also to the
fact that the recycling process is often expensive and a large consumer of energy, meaning that it is
not a viable solution. In the case of retrieval of valuable metals such as platinum, the recovered value
sometimes does not cover the costs inherent in retrieval [137] if these are present in low concentrations,
and industrial symbiosis can address this limitation. One example is a case study of Baglan, South Wales,
in which, due to the local proximity between the stakeholders of potential synergy, the recovery of
platinum for the production of catalytic electrodes for dye-sensitised solar cells could be translated
into environmental, economic, and social benefits [137]. The potential direct use of sheet metal scrap
from the automobile industry in the manufacture of new facade systems for the exterior of buildings
could also lead to a reduction in costs of approximately 40% and a reduction in energy consumption of
approximately 67% compared to a conventional recycling process [142].

All these studies were supported by several methods with different objectives. Since the main
aim of these publications was to promote the use of new waste materials or the production of new
products empowered by industrial symbiosis, it is not surprising that the predominant methods were
those associated with laboratory-scale experiments. These tests were carried out to study not only the
characteristics of waste materials [137,138] but also the final products [135,143] in order to guarantee
their functionality and suitability for these purposes. A knowledge of the potential environmental,
economic and social benefits that these new uses of waste can provide is also very relevant, as these can
drive realisation. In the same way as for studies of potential industrial symbiosis between companies,
the environmental component was the most frequently analysed aspect [135,138-140], followed by
economic factors [137,140,142,144], and finally social components [140]. The potential benefits from
the use of new waste materials and the manufacture of new products based on industrial symbiosis
are extremely diverse. Table 5 lists the main environmental, economic, and social benefits that could be
achieved if some of these potential symbioses were put into practice.
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4. Drivers and Barriers to the Realisation of Potential Industrial Symbiosis and Strategies to
Overcome These Barriers

A knowledge of the drivers and barriers to the implementation of industrial symbiosis is essential
in order to develop measures that enhance the application of this practice. Based on the studies of
potential industrial symbiosis analysed above, this section compiles the various drivers, i.e., factors
that promote and facilitate the development of industrial symbiosis, and barriers, i.e., the factors that
hinder the implementation of this practice. Selected strategies for overcoming the various barriers are
also highlighted, as these can create conditions for the various cases of potential industrial symbiosis
to materialise.

4.1. Drivers and Enablers of the Realisation of Potential Industrial Symbiosis

An analysis of the articles on potential industrial symbiosis leads to the conclusion that there are
a number of factors that play important roles in the realisation of industrial symbiosis relationships.
Knowing the environmental, economic and social benefits that this practice provides is important in
promoting the creation of synergy networks [146]; however, these are not always the main drivers of
this practice, and many other drivers have been identified in studies of potential industrial symbiosis
as being conducive for companies to participate in symbiosis networks. In most cases, it is not one
factor but a set of factors that create favourable conditions for the development of symbiosis.

The economic, environmental, political, and social context of a country can be decisive in the
way sustainability issues are addressed and consequently in how they can favour or condition the
development of industrial symbiosis. The distribution of a number of potential industrial symbiosis
articles by country, as illustrated in Figure 3, reflects the characteristic context of each country.

Existing legislation, plans and policies in each country are also repeatedly referred to as drivers
of industrial symbiosis [82,101,115,118,120]. Companies are encouraged to set up synergy networks
through imposing limits on emission or waste disposal through regulations and taxation, facilitating the
use of waste, and allocating funds.

The higher numbers of studies of potential industrial symbiosis in Europe cannot be dissociated
from the efforts that have been undertaken by European countries to reduce greenhouse gas emissions
and to promote the more efficient use of resources. These efforts have been driven by the European
Commission, which has established a number of directives, communications and programs with the
provision of funds. One example is the “Roadmap to a Resource Efficient Europe” communication,
which proposed a framework for action to ensure the sustainable management of all resources without
sacrificing economic growth [147]. Another example is the communication “Closing the loop—An
EU action plan for the Circular Economy”. This communication underlined the importance of
industrial symbiosis and proposed to facilitate this practice through cooperation with the Member
States, guaranteed funding through cohesion policy funds, and the research and innovation framework
program Horizon 2020 [148]. Another initiative launched by the European Commission was Directive
2018/851 on waste; in addition to highlighting the great advantages of improving the efficiency of waste
management and recognising waste as a resource, this acknowledges the importance of industrial
symbiosis and encourages Member States to take steps to facilitate it [149].

The European countries for which the highest numbers of cases of potential industrial symbiosis
have been published are Italy, Sweden, and Finland. All of these countries have common factors
that may have contributed to fostering the study of new industrial symbiosis relationships and
their implementation, such as (i) a greater concern with environmental issues and the search for
sustainable solutions, (ii) the established existence of cases of industrial symbiosis over several
years, (iii) a considerable number of cases of self-organised symbiosis networks, (iv) the existence of
facilitators through national agencies or local governments, and (v) more stringent environmental
regulations [18,21,41,150,151].

The realisation of two cases of industrial symbiosis, involving the automotive [64] and agri-food [65]
industries in the Italian Region of Abruzzo, is another example of the combination of several factors in

32



Sustainability 2019, 11, 7095

realising the potential of symbiosis. In this case, good communication routes, favourable geographical
positions, stakeholder involvement, and the facilitating role of the president of Consorzio Italiano
Subfornitura Impresa (CISI) in the case of the automotive industry were viewed as driving factors in
the development of industrial symbiosis [152].

China has the highest number of published cases of industrial symbiosis [19] and potential
such cases. This may be associated with a set of measures that China has implemented over
recent years, such as the implementation of policies and plans, financial incentives, and research
incentives. These measures have attempted to contain the negative effects of increasing industrialisation
and urbanisation in recent years [153,154], such as increased carbon dioxide emissions [153,155,156],
increased amounts of industrial solid waste [154,157], and increasing resource consumption [39,97]. The
National Pilot Circular Economy Zone Programme, launched by the State Environmental Protection
Administration in 2001, and the laws that have been applied since 2003 to promote the circular
economy, are examples of these measures. While not primarily aimed at promoting industrial
symbiosis, they contribute to the spread of this practice by providing increased awareness of the
importance of resource reuse and recognition of the fundamental role of the circular economy in
China’s development [23,24]. The China National Eco-Industrial Demonstration Programme launched
in 2000 by the State Environmental Protection Administration [25] has also contributed to the increase
in the number of potential industrial symbiosis cases and China’s leadership in the publication of
case studies [19]. This programme has enabled the development of the largest national network of
eco-industrial parks, in which industrial symbiosis practices have been promoted [158,159].

The predominance of certain types of industry within countries can also be a driving factor for
the creation of industrial symbiosis networks. This is particularly true if they are large consumers of
resources and emitters of greenhouse gases, such as the steel and iron industry in China [97,160], and if
they play a key role in economic development, such as the agri-food industry in Italy [65] and the
iron, steel, and cement industries in China [160,161]. Moreover, these industries have a longstanding
tradition in these countries and are located in industrially mature areas, which Jensen et al. [92] have
shown to facilitate industrial symbiosis.

A diversity of industries has also frequently been highlighted as conducive to the establishment
of industrial symbiosis relationships [76,114], since this opens up a range of opportunities due to
the variety of wastes and the numbers of companies that produce them and have the potential to
incorporate them into their processes. If there are several companies carrying out the same type of
economic activity, this can be an added advantage, since it ensures a more constant flow of waste [77],
while if there are no other companies nearby to ensure the incorporation of these wastes into their
processes, the viability of industrial symbiosis is compromised. The fact that there are several industries
carrying out the same type of economic activity may also enhance other synergies, such as infrastructure
sharing and the joint provision of services.

If a company can function as an anchor tenant, this can be an important factor in driving the
realisation of industrial symbiosis relationships [76,82,91,93,114]. These companies are able to attract
and anchor a network of companies, not only in terms of the supply of materials but also the reuse
of waste. There are some examples of such cases reported in the literature, such as a power plant in
Honolulu in the US [162], mining firms in Gujiao, China [163], and a pulp and paper mill in Kouvola,
Finland [164].

Although not an indispensable requirement for establishing the synergy network, geographical
proximity between the potential participants in industrial symbiosis is often referred to as a facilitator [11,
36,82,91]. Establishing symbiosis networks with nearby companies can increase trust in the relationship.
In addition, the fact that waste is mostly of low economic value, transportation and environmental
costs may no longer compensate for the symbiosis connection over long distances.

The existence of industrial symbiosis networks that have already been established in a given place
can be a driving force for creating new synergy linkages and extending the network to new companies,
since the internal structures [114] and trust relationships that facilitate this development [40] are
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already established. In addition, there is evidence that these networks can be of benefit to the parties
involved, not only in terms of the reduction of waste treatment and landfill costs, but also in terms
of the savings made in the acquisition of raw materials, and profits from the sales of waste. If there
are entities that can support and facilitate existing on-site cases of industrial symbiosis, these can also
act as enablers for the creation of new connections. This role can be played either by public entities
such as local governments or by private entities such as business associations [18,41]. These entities,
which are aware of the reality of the site, can more easily identify new partners for infrastructure
sharing and joint provision of services, as well as new companies that may be able to use waste that
is not yet in use, or that can provide waste to companies already involved in industrial symbiosis.
However, in places where no synergy networks have been established, the role of these facilitators can
be highly relevant, as mentioned in some of the cases analysed here [60,76,82,107]. They can provide
training for companies, facilitate the exchange of information [53], foster cooperation and trust between
companies [76], and coordinate and help identify possible symbiosis relationships [107].

4.2. Barriers to the Realisation of Potential Industrial Symbiosis

Despite the recognised environmental, economic and social benefits that industrial symbiosis can
provide, there are a number of barriers that hinder its development. The literature review shows that
these barriers can be of various types, such as economic, technical, regulatory/legal, organisational,
social, and cultural [18,33,47,131,165]. By analysing selected publications on potential industrial
symbiosis, it was possible to identify several of these barriers.

Several studies of potential industrial symbiosis have pointed out the lack of appropriate policies
as a barrier to the application of this practice [53,65,116,122]. Low taxes on landfill disposal [122],
a lack of policies that encourage and regulate industrial symbiosis [116], a lack of funds to promote
this practice [116], and deficient regulatory frameworks [122] are some of these barriers. In addition,
existing legislation may limit the implementation of synergy relationships, especially if it is too rigid,
unclear, or inconsistent. One example is Italy’s regulatory system, which is referred to in studies of
potential industrial symbiosis [53,65] as constraining companies with regard to the use of waste.

There are also others barriers to the creation of industrial symbiosis networks. The first is
associated with the reluctance of companies to establish synergistic relationships, not only due to a lack
of knowledge of the industrial symbiosis mechanism [116,122] but also due to a lack of knowledge of
other companies with the potential to receive or provide waste [9,68]. In addition, a lack of trust [82,116],
resistance to providing data on processes and generated waste [122], and uncertainty related to the
profitability of the symbiosis network [75] and the associated costs and risks [82] were also identified
as barriers to the development of symbiosis relationships.

The fact that companies are implementing measures to reduce waste generation has also been
identified as a barrier to the development of industrial symbiosis [68], as there is a concern that the
stream of waste involved cannot be guaranteed.

The economic component has been referred to by various authors [18,166,167] as being essential
in inducing companies to take the initiative to establish an industrial symbiosis relationship. If the
economic value of raw materials is very close to that of waste, there is no incentive for companies to
use waste in their production processes [37]. Moreover, the price that companies are willing to pay for
waste may not be economically advantageous for the company producing such waste. In this case,
there is no incentive for companies to divert waste from landfills and start a symbiosis relationship [68].
In addition to these factors, the role of stakeholders in deciding whether or not to initiate symbiosis
relations should be highlighted, as there is often a lack of openness [34] and willingness [116] to initiate
this kind of collaboration.

For the establishment of some symbiosis relationships, such as the sharing of waste heat, the initial
costs associated with infrastructure are very high, and this makes companies reluctant to establish
such symbioses [75,106,107]. A lack of availability of technologies required [9,116] and the high costs
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of equipment [85] for the realisation of industrial symbiosis have also been identified as inhibiting the
realisation of this practice.

The social and economic instability of a country can also condition the establishment of synergies,
since although the issue of sustainability is recognised as being important; there may be social issues
which take precedence [168]. In addition, the issue of survival is imperative in some countries with
developing economies, and since the time between setting up projects and achieving results may often
be long in these countries, this may constitute a barrier to the implementation of symbiosis [45].

4.3. Strategies for Overcoming the Barriers to the Realisation of Potential Industrial Symbiosis

Regulations and policies were most often referred to as being important for encouraging or
limiting the establishment of industrial symbiosis relationships [85,111,122,169]. While the decision to
establish a symbiosis relationship is made by a given entity, the role of policies is critical in encouraging
this practice. Thus, in order for these to not function as barriers, it is necessary to provide legislation
and policies that are clear, consistent, and less bureaucratic and can facilitate the process of waste
use [170].

Economic incentives have also been highlighted as being important in the realisation of industrial
symbiosis [9,122]. To create more efficient legislation to facilitate this practice, programmes can be
coupled with the provision of funds to promote industrial symbiosis and offer monetary support for
companies in terms of the construction of infrastructures or the acquisition of the equipment necessary
for the realisation of these relationships [122].

However, even if there are a number of policies and programs that facilitate and encourage
companies to establish symbiotic relationships, the companies themselves are often reluctant to
make such connections. Thus, to drive the implementation of industrial symbiosis, it is necessary
to disseminate information to companies. This can be realised through workshops, working group
discussions, and other actions [116,122] that provide the necessary information to companies on
industrial symbiosis and its potential benefits. A knowledge of this practice can create the willingness
to cooperate, which is fundamental for the realisation of symbiosis networks [68].

The role of facilitators such as local governments and industry associations has also been
highlighted as a way to overcome various barriers [34,111], including a lack of confidence, a reluctance
of companies to share their data and a fear of relying on other companies. These entities can provide
training to various employees on the concept of industrial symbiosis, assist in the creation of trust and
cooperation relationships, and help to identify new symbiosis relationships [34,165].

Some barriers such as a lack of knowledge of companies with potential to start symbiosis
relationships and lack of trust can be overcome using digital platforms and programs [87]. These tools
can enable social interaction between companies and facilitate a search for companies that can provide
or receive waste. In addition, where appropriate, they can facilitate the choice of the best option based
on prices, distances and potential environmental and economic benefits [38,80,87].

In order to overcome the barriers associated with a lack of available technology, there is a need for
increased investment by governments in research and development into technological innovations and
greater involvement with research teams from university or business associations [9,37].

In the case of poorer countries with social problems such as high unemployment rates, low
incomes, illiteracy, or low life expectancy, such as the cases studied in the Philippines, Liberia,
India, and Bangladesh, the implementation of industrial symbiosis practices is more difficult.
However, when properly supported, the implementation of this practice can make a positive
contribution to the long-term sustainable development of these countries, as it makes it possible to
combine environmental and economic issues with social aspects. These advantages translate into
job creation, long-term links between companies and the possibility of small businesses entering the
synergy network [45,61,171]. It is therefore essential to support these countries in the development
of industrial symbiosis. Several authors have proposed measures for overcoming the characteristic
barriers in these countries, such as (i) extending the symbiosis network to other stakeholders such as
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community leaders and government organisations [45], (ii) the establishment of policies that encourage
symbiotic relationships between small businesses, such as small farms [45], (iii) the provision of
subsidies [122], and (iv) helping to obtain international support created specifically for sustainable
projects in developing countries [122].

The main drivers and barriers to achieving potential industrial symbiosis are very diverse,
as illustrated in Figure 5, and overcoming the various barriers and achieving further dissemination of
industrial symbiosis requires concerted action at various levels. It is therefore essential to coordinate
the various entities and resources and to restructure existing regulatory systems. It is also necessary to
support companies in paradigm shifting and raising awareness of the advantages of more sustainable
practices, and in particular industrial symbiosis.

Drivers and enablers

- Knowledge of environmental, economic and social benefits;
- Legislation, plans and policies;

- Concern for environmental issues;

- Existence of cases of industrial symbiosis implemented,;

- Presence of cases of self-organized symbiosis networks;

- Existence of facilitators; Realization of
- Good communication routes; potential industrial
- Good geographical position; symbiosis

- Stakeholder involvement;

- Predominance of some types of industry;

- Diversity of industries;

- Existence of companies or industries anchor tenant;
- Geographic proximity

Barriers

- Lack of appropriate legislation and policies; Strategies to overcome the barriers
- Lack of knowledge of industrial symbiosis practice;

- Lack of knowledge of companies with potential to receive

or provide waste; - Changes to regulations and policies to

- Lack of trust; facilitate the use of waste;
- Resistance to providing process and generated waste data; - Provide economic incentives;
- Uncertainty of the profitability of the symbiosis network; - Provide dissemination actions;

- Associated costs and risks;

- Continuity of waste flow in sufficient quantity and quality;

- Fear of dependence;

- Low virgin material prices and economic value of waste;

- Limited willingness of stakeholders to collaborate;

- Initial cost associated with infrastructure and some
equipment;

- Lack of technology availability;

- Social and economic instability of a country

- Provide training;

- Introduction of facilitating entities;

- Use of digital programs and platforms;

- Greater investment in research and
development of technological innovations

Figure 5. Key drivers, enablers, and barriers to the realisation of potential industrial symbiosis,
and strategies to overcoming these barriers.

5. Conclusions

Despite the large number of existing cases of industrial symbiosis, there is still huge scope
for growth, as evidenced by the various studies that have been carried out to assess the potential
application of this practice. A comprehensive review of the literature reveals that there is potential for
the development of new industrial symbiosis relationships around the world, with a wide diversity
in terms of network size, the types of economic activities involved and the types of waste stream.
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Most existing studies focus on countries where symbiosis is already widely applied, such as China,
Sweden, Finland, and the US. However, the potential for industrial symbiosis has also been studied in
countries where this practice has few or no existing cases, such as Egypt, the Philippines, and Colombia.
Although most of these cases reproduce existing symbiosis relationships with regard to the activities
and types of waste involved, there have been studies that have looked into the potential use of new
waste and the manufacture of new products based on industrial symbiosis relationships. Furthermore,
the potential for applying industrial symbiosis is not limited to replacing resources with waste; there
are also many opportunities for other types of synergies, such as infrastructure sharing and joint
provision of services.

Despite this great potential, it was only possible to verify the realisation of two of the cases of
potential industrial symbiosis in the literature review. It can be inferred that there was either no interest
from industry in the implementation of industrial symbiosis or, if the potential was realised, there was
no follow-up that resulted in a publication. However, it is important to understand that there is interest
from industry in implementing these cases. Some of the studies have a more theoretical character,
and many of them resorted to interviews and site visits, which implies that industry is aware of the
potential for industrial symbiosis. Thus, it is important to monitor the implementation of symbiosis
in order to better understand the dynamics of implementation of this practice and the main factors
enhancing its development. If potential cases of industrial symbiosis are not realised, it is relevant to
analyse with companies the main barriers to this implementation.

The work carried out in this paper regarding knowledge of the potential for industrial
symbiosis and the main barriers and drivers to its implementation may have theoretical implications.
The characterisation of the various cases can contribute positively to the research efforts that have
been developed to increase the application and diffusion of industrial symbiosis. Knowledge of the
main drivers and barriers may also have implications for the development of theory, in terms of an
understanding of industrial symbiosis and the main mechanisms that can drive or hinder it.

While an effort was made to ensure that the review of the bibliography was as comprehensive as
possible, we limited our search to articles written in English and using only research articles, conference
articles, book chapters and editorials, and this may have overlooked some cases of potential industrial
symbiosis that could provide a greater understanding of this topic.

Of the various types of resource sharing available, most studies address the potential use of
waste and the advantages that arise from its integration as a raw material in the production process.
However, in future research, it is important to examine more case studies assessing the potential of
infrastructure sharing, the joint provision of services, and the potential benefits to the companies,
environment, and society. It will also be important to focus on the most favourable conditions and the
factors determining implementation of symbiosis.

Future research could also assess whether various cases of potential industrial symbiosis have
been implemented in order to increase our understanding of the mechanisms that drive or condition
the creation of synergies and thereby promote the growth of industrial symbiosis initiatives.
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Abstract: This study addressed the development of a pilot plant for pyrolysis of scrap tires to
obtain carbon black and other byproducts. The work was motivated by the goal of contributing to
the development and dissemination of knowledge about existing technologies that allow modern
economies to transform waste into valuable products, by documenting and discussing an empirical
application in Brazil. Thispaper describes the development of a market for steel scrap, pyrolytic
oil and carbon black products obtained from a vacuum pyrolysis process. The research work was
conducted in Brazil, and was guided by the twofold purpose of reducing the environmental impacts,
while gaining economical sustainability. Modern economies increasingly need to devise strategies to
address energy generation while preserving natural ecosystems. These strategies include leveraging
the use of renewable energy sources. Acknowledging that scrap tires hold an enormous potential
as a sustainable energy option, this study aimed to contribute to the development and maturity of
eco-friendly processing approaches to realize its full potential. The work involved a preliminary
phase concerned with the operation of vacuum pyrolysis of scrap tires at a laboratorial scale, followed
by the design of the pilot plant that operated for 10 years, at the time of the study, with a 100 kg/h
batch flow. Results show that the yield of the pyrolysis process was 41% pyrolytic oil, 38% carbon
black, 12% gas, and 8.9% steel scrap, with a calorific value of 36 MJ/kg per tire. The carbon black
was composed of 90% carbon, and the pyrolytic oil was composed of 66% gasoline and 33% other
oils, which have higher quality and can be commercialized with a potential profit over 3 million
dollars/year.

Keywords: carbon credit; eco-efficiency; environmental cost accounting; pyrolysis; solid waste

1. Introduction

1.1. The Problem of Scrap Tires

The management of waste associated with end-of-life products is a public concern and a priority
of policy debates. The end-of-life scrap tires represent an important issue notably for the implications

Sustainability 2019, 11, 2076; doi:10.3390/su11072076 69 www.mdpi.com/journal/sustainability
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they hold for public health and environment. Tires are made of non-biodegradable material, i.e.
styrene-butadiene rubber (SBR), and for this reason there is a growing concern among developed
economies about the need to prevent harmful environmental effects associated with tire waste.
One option for improving the management of the scrap tires is processing end-of-life items for
recovering its material. The recovery of scrap tires is done by rubber crumb (fine-grained or granulated
tire rubber) and removal of fiber and steel elements, and by using the resulting outputs for new rubber
products, such as playgrounds, sports surfacing, and rubber-modified asphalt. An alternative for
addressing end-of-life waste tires is subjecting them to processes that yield outputs that are suitable
for energy applications [1].

The amount of scrap tires is increasing significantly as result of rapid economic growth and
development of the transport industry. According to statistics reported by Wang et al. [2] and Li et al. [3],
approximately 3.0 billion tires are generated globally, with a predicted growth rate of at least 1.0 billion
tires each year. North America, Europe, and Asia generate many scrap tires, accounting for almost
90% of global tire production [4,5]. The estimated growth for the worldwide tire demand is about
4.3% per year, and reached 2.9 billion units in 2017, while waste tire disposal in 2015 reached nearly
1 billion units [6-8]. In this scenario, recycling end-of-life tires becomes an urgent need because the
accumulation of discarded tires holds serious environmental risks. While some end-of-life tires are
recapped or ground for particular reuses, a great volume is simply dumped in rural areas or in landfills.
When buried in landfills, they can eventually float to the surface. In piles, the non-biodegradable
rubber can cause serious harm if ignited. Likewise, tires infested with mosquitoes are a subject of
increasing concern [2,5].

Most countries do not yet have specific legislation concerning the collection of waste tires, and
those that do are still researching how to increase their life cycle, as succeeded in Poland with the
implementation of the urban solid waste law in 2012 [9]. In Brazil, an urban solid waste law was
implemented in 2010 [10] andTurkey implemented the urban solid waste law in 2014 [11], Even in
countries such as Spain, which implemented such laws in 2005, problems persist concerning the correct
final destiny of the waste tires [12]. In contrast, countries such as USA, Germany, and Japan have been
deploying this technology since the 1970s [13], e.g. New York has usedthe unserviceable tires for the
generation of energy and production of gas, fuel oil, and carbon black since 1990 [14].

The European Union (EU) has prohibited the disposal of tires in landfills since 2009, and the
recycling rate is 95% for the manufactured tires, at a cost of 1.78 Euros each. A share of 39% is recycled in
retreading and 37% in energy cogeneration. Canada, Japan, and USA disclose that they recycle 89% of
the tires produced by means of diversified processes, mainly in energy co-generation systems [5,15,16].
In the 2000s, Korea and Spain also adheredto pyrolysistechnologyforused tires [16,17].

According to Nourreddine [18], an EU draft directive states a goal that, by 2015, only 5% of a
vehicle’s weight can be disposed to discharge sites, and that a further 10% can be incinerated. Usually,
the recycling of automotive vehicles is focused on recovering metals, while other materials in the form
of shredder fluff are disposed to landfills. This material is currently incinerated for energy and carbon
black production. The challenge remains because many countries donot have technology to meet the
requirements specified in this directive.

The environmental problem caused by used tires is most noticeable in developing countries, as
reported by Osahy et al. [4], who mentioned that 160,000 tons of waste tires are generated in South
Africa annually, and up to 28 million used tires are dumped unlawfully or burned. Moreover, this
figure is estimated to increase by 9.3 million yearly. The authors proposed the elimination of this waste
through pyrolysis of used tires to obtain carbon black.

Banar et al. [19] reportedthat, in Turkey, while 8 million tires are produced per year, which is
equivalent to 285,000 tons/year, the total installed capacity for recovering waste tires is 101 tons/year.
In the same country, Aydin and Ilkili¢ [6] were able to obtain a pyrolytic oil thatcan be used as fuel in
diesel engines, after removal of excessive sulfur.
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In 2012, more than 280 million tires were discarded in China, with a weight of 10.18 million tons.
Scrap tires are insoluble and infusible, and are therefore difficult to degrade naturally. A lack of suitable
techniques and economic factors over the years has led to scrap tires becoming a serious problem in
terms of environmental pollution. At present, most scrap tires aredeposited in open or landfill sites,
resulting in disposal problems and the increased risk of fires [3]. Various recycling methods have been
developed over the years, such as retreading, incineration, and crumbling to produce rubber powder,
but they all have significant limitations or drawbacks [3].

Developed countries have been consistently advised to prevent harmful effects to the environment.
One of the options for the management of the scrap tires is material recovery. A prevalent alternative
to recover scrap tires is rubber crumb, together with the removal of embedded fiberfor the purpose of
new products such asplaygrounds and surfacing solutions [13,20-22]. However, according to Banar
et al. [19], Williams [22], and Martinz et al. [23], pyrolysis must be regarded asa viable and relevant
alternative to recycle the tires because its various derivatives have a greater scope for application
and valorization.

1.2. Pyrolysis as an Ecofriendly Solution to the Scrap Tires

Pyrolysis of scrap tires has evolved as a viable alternative to overcome the practices of incorrect
disposal of tire waste. Pyrolysis processes can produce tire derived oils that may be used as fuel
or added to conventional fuels, producing fuel blends with improved properties at a reduced cost.
Pyrolysis is a process that can contribute to overcome the practices of disposal of tire residues from
inadequate sites, therefore standing out as a sustainable process to produce alternative fuels [15].

Roy et al. [5] defined the vacuum pyrolysis as the combustion of organic substances in the
absence of air. It enables the production of large quantities of pyrolysis oils from organic substances.
Vacuum minimizes secondary reactions such as thermal cracking, repolymerization and recondensation
reactions, gas phase collision, catalytic cracking and redox reactions. If the vapor phase products
are quenched, the yield of organic liquids such as pyrolysis oils is increased at the expense of solid
residues and gases. The physicochemical properties of the end-products are a function of the pyrolytic
temperature [24]. According to Al-Lal et al. [25], Martinez et al. [23] and Raclavska et al. [26], the
pyrolysis processcanbe used to obtain fuel from biomass, coal, lube oil, plastic and tire wastes.

In the last three decades, many products have been derived, thus affirming the interest of
pyrolysis for waste tires. For example, Yousefi et al. [27] developed polymer-modified asphalts
prepared by incorporating recycled polyethylene and a used-tire-derived pyrolytic oil residue in
asphalt. Its characteristics showed superior properties for the modified asphalts at high temperatures.

At low temperatures, the bitumen becomes brittle and cracks, while, at high temperatures,
it softens with the result that the bitumen binder either migrates to the surface or the pavement tends
to be put under stress. To solve these problems, Chaala et al. [28] mixed carbon black with bitumen at
levels between 5% and 30%, reaching significant results on the rheological behavior of asphalt obtained.

Canada ranks among the first countries touse tires as a source of energy and of valuable chemical
products by thermal decomposition of rubber in a pilot plant. Yields are 55% oil, 25% carbon black, 9%
steel, 5% fiber and 6% gas. The maximum recovery of oil isperformed at 415 °C below 2 kPa. The energy
obtained from tire pyrolysis has been estimated in 700 k] /kg, with a mass flow of 200 kg/h [29].

However, according to Roy et al. [5], the pyrolysis of scrap tires has been, thusfar, uneconomical
due to the absence of an established market for oil and, in particular, for the pyrolytic carbon black
product. Therefore, most existing research ontire pyrolysis is more concerned with obtaining pyrolytic
oil, which can be used in diesel engines. Several authors showed that the application of pyrolytic oil
in engines is feasible, because it hasa quality equivalent to diesel oil [4,6,30-36]. Mui et al. [33] also
showed that it is possible to use carbon black in the treatment of textile industries effluents. Debek
and Walendziewski [35] showed that, after hydrorefining oil from tire pyrolysis, it is possible to obtain
good quality fuels that can be used in passenger carsand vans.
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Furthermore, in a survey addressing environmental impacts, Huijbregts et al. [36] calculated
product-specific ecological footprints from consistent and quality-controlled life cycle information of
2630 products and services, including energy, materials, transport, waste treatment and infrastructural
processes. They showed that the disposition of tires to a waste incineration process has an ecological
footprint of 72 m?/year, while its disposal in the landfills hasan ecological footprint equal to
113 m?2/ year, that is, its impact is reduced by almost 40% when incinerated. In this way, it is evident
that the incineration of tires is a greener way than disposal in dumps or landfills.

Currently, this technique ranks among the best to mitigate the contamination from tires discarded
inadequately and consequently it concedes a better end-life to the tires [25,28—41].

According to Umeki et al. [24], the pyrolysis oil of the scrap tires has black coloration, strong odor
and specific gravity around 0.93 g/cm?®. In addition, the compositional analysis of tire pyrolytic oil
(TPO) describes the liquid as a complex mixture, composed mainly of aromatic compounds and olefins,
containing important fuels such as gasoline and diesels. They concluded that the fuel blend’s properties
point to a potential viability of using the TPO in mixture with diesel. This would be an alternative fuel
for automotive and industrial uses and for the replacement of conventional petroleum fuels.

The energy efficiency of the diesel oil blend with the tire pyrolysis oil was tested on a 440 cm?
single-cylinder diesel engine. Engine performance, evaluated at different engine speed and loads,
showed that the use of 20% of weight (%wt) blend does not cause significant differences in terms of
torque, power, specific fuel consumption, and exhaust emissions, compared to those obtained using
diesel fuel [40]. Similar results were obtained by Wang et al. [2] whotested several diesel oil blends
with pyrolysis oil from waste tires on a diesel engine for rotations up to 2500 rpm.

In Iran, Hossain et al. [41] produced a pyrolysis oil from a mixture of scrap tire and rice husk with
characteristics very close to petroleum oil. The highest fuel oil yield was 52 wt% when a mixture of
50 wt% tire and 50% rice husks was used, which was pyrolyzed at 450 °C. The results show that it is
possible to obtain liquid products comparable to petroleum fuels, and valuable chemical feedstock
from the selected wastes if the pyrolysis conditions are chosen according to the products to be obtained.

Ayanoglu and Yumrutas [11] producedgasoline- and diesel-like fuels from waste tire oil by using
catalytic pyrolysis in a heat reactor. After the distillation processes, the fractions obtained were
composed of 18 wt% of light oil (gasoline), 70 wt% of heavy oil (diesel fuel) and 12 wt% of residues.
Furthermore, the carbon distribution of GLF (C4-Cy3) and DLF (Cy3-Cy7) samples was close to the one
of standard fuels.

Lietal. [3] developed a continuous process of pyrolysis from the scrap in the presence and absence
of catalysts. The maximum yield of derived oil was up to 55.65 wt% at the optimum temperature of
500 °C. The catalytic pyrolysis was performed using 1.0 wt% (on a scrap tire weight basis) of catalysts.
They concluded that the derived oil can therefore be used as a petrochemical feedstock for producing
high-value-added chemical products or as fuel oil.

Ahoor and Zandi-Atashbar [1] obtained pyrolysis o0il under an argon atmosphere at 407.3 °C.
They achieved 12 wt% of fuel oil, the highest yield. Several works have shown that the derived oil
contains variable concentrations of valuable aromatic and aliphatic compounds such as butadiene,
D-limonene, benzene, toluene, and xylenes, which could be used directly as substitutes for conventional
fuels or petrochemical feedstocks as a potential source of light aromatics [3,42].

These tire pyrolysis plants are not yet widespread in underdeveloped countries because of their
high cost of deployment. However, researchers have dedicated efforts to enable its implementation
as follows.

In Turkey, Ayanoglu and Yumrutas [11] developed a low-cost tire pyrolysis plant. The main
part of pyrolysis unit cost was US$11,477. The main part can be used for 10 years with a full load
production. Amortization of the pyrolysis unit was 0.157 US$/L, and they realized that the cost of
production of the other derivatives was above the price paid for oil products in Turkey.
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To minimize the cost of production, Luo and Feng [43] used the waste heat of blast-furnace slag in
the production of fuel oil and combustible gas by catalytic pyrolysis, as a novel waste energy recycling
strategy. Their results show that there was an upgrade in the quality of pyrolysis oil.

1.3. Brazilian Situation Regarding the Management of Scrap Tires

According to the National Association of Tire Manufacturers (ANIP), Brazil has 20 companies
that manufacture tires, which are responsible for 150,000 jobs [44]. In 2014, the production reached
68.8 million tires. There was a 26% increase in tire production compared to 2006 and, due to imports,
74.9 million tires were sold that same year [44].

According to Machin et al. [10], the production of tires in 2014 by the Brazilian industry totaled
70.8 million units, which was a small reduction compared to 2013, when the sector achieved a historical
record. According to the sectorial balance presented by ANIP, Brazil closed 2016 with a fall of 1.1% in
total tire production as compared to 2015 [44]. From 2014 to 2015, the accounts also closed in the red,
with a decrease of 1.2%. The ANIP balance sheet presented at the end of December 2017 showed a
growth of 2.4% in tire sales, as compared to the same period in 2016, which suggests a slight recovery
of the sector, following two years of crisis [44].

The Normative Instruction N°001 /2010, from the National Council of the Environmental of Brazil
(CONAMA), regulates the procedure that manufacturers and importers must meet for registration,
calculation of goals and confirmation of the allocation. This law states that 100% of the outstanding
tires in the country should be recycled, and determines that the companies are responsible for handling
the end of life-cycle and end destination of tires [45].

Manufacturers and tire importers must prepare a management plan to collect, store, and dispose
scrap tires within six months after the publication of Resolution No.416/09. The Resolution specifies
that, in cities with over 100,000 habitants, at least onecollection point should be installed, within
oneyear following the publication of the resolution. The new resolution does not consider the reform
of tires as recycling, but as an activity that prolongs tire life [45].

However, in Sao Paulo, for instance, only fourcollection pointswhere created when the regulation
proposed the creation of 120. In addition, there is no report about the volume of discarded tires in
landfills [16]. Currently, there is no register about the collection points in other cities from Brazil.
This demonstrates a disregard of companies towards Brazilian politics, that probably can be explained
by the fact that companies want to avoid the costs associated with the collection and implementation
of ecologically friendly processes for the end destination of the tires [5].

According to ANIP in 2016, the goal established by CONAMA was reached and the manufacturers
of tires were able to give a correct destination to 404,328.13 tons of waste tires and, from January to
September 2017, over 360,000 tons of tires had the correct destination, which corresponds to more
than 4.0 million tons of waste tires collected since 2009 [44]. However, according to Lagaritos and
Tenorio [16], Brazil only repairs half of the waste tires at a cost of US$0.45/tire, which can be proven
by the tires in dumps, rivers and lakes that are constantly caught by public inspection entities.

However, according to Roy et al. [29], all of the tire recycling and treatment processes cited
above have some disadvantages. Retreading can only be performed when the carcass is not
damaged. When tires are used as solid fuel, polycyclic aromatic hydrocarbons and soot are produced.
Therefore, expensive gas cleaning devices are necessary for the removal of potentially hazardous
compounds. Tire grinding is very expensive since it is performed at cryogenic temperatures or requires
energy-intensive mechanical equipment.

A tire recycling technique, used in many countries, but not yet extensively used in Brazil, is the
tire pyrolysis. The outputs of this processing alternative can be used in the preparation of dyes for
paints and varnishes, as blends for rubber or asphalt and obtaining some chemicals such as limonene
and fuel additives [27,28,46,47].
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As noted, tire pyrolysis is a feasible and ecologically friendly alternative as the end destination of
tires [38], since it produces energy and various chemical products used as fuels (including gasoline),
dyes, polymers, asphalts, etc.

This paper describes a case study in Brazil, which illustrates how to reduce the environmental
impacts caused by tire disposal in a sanitary landfill alongside making the process profitable, by
vacuum pyrolysis. Moreover, this work aspires to contribute to the development of a market for the
pyrolytic oil and carbon black products obtained from a vacuum pyrolysis process, in Brazil. Following
a preliminary process of vacuum pyrolysis of used tires conducted in laboratory, the process has been
scaled up over the last 10 years from a batch to pilot plant with 100 kg/h capacity.

2. Materials and Methods

2.1. Layout of Tire Pyrolysis Plant

Figure 1 shows a scheme of the tire pyrolysis tire where this work was developed. The recycling
cycle was composed by a sector tire reception, followed by a sector for storage while pre-heating them
at 100-110 °C. All processing conditions were based on Chaala et al. [28] and Roy et al. [5]. The heat
was generated by a furnace that fires fuel oils. Tire samples were loaded by a conveyor wagon that
entered them into the reactor for putting the samples in contact with internal heat. The reactor has a
capacity of heating two wagon at the same time. Gaseous products from the reactor were condensed
in a distillation tower for separation of gas, light oil, heavy oil, and crude oil, whichare used as fuel,
polymers and asphalt components. The solid products from reactor were cooled in a heat exchanger,
after which a magnetic separation to remove metalwas applied. Afterwards, they were crushed in
a blade mill and mashed to obtain carbon black, which is sold to dyeing companies. However, to
obtain the experimental data, a scale up of the reactor was fed with a mass flow of 25 kg/h of tires at
600 =+ 50 °C and 20 kPa. The reactor temperature was monitored on line by an internal thermostat.
Samples were collected periodically for monitoring the pyrolysis of tires.
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Figure 1. The used tire pyrocycling process flow sheet.
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2.2. Chemical Analysis of Products

Characterization of liquid product: The chemical composition was analyzed by gas chromatography
coupled with mass spectroscopy (GC-MS), near region (NMR) and Fourier transform infrared
spectroscopy (FI-IR) and standard methods of the American Society for Testing and Materials (ASTM).
The inferior calorific value was measured by the ASTM D129 method. The flash points of oils were
determined by the Dean and Stark method. The value of carbon Conradson residue was obtained
by ASTM D524. The ketone index, the sulfur content and density were measuredby the ASTM
D4737, ASTM D3177 and ASTM D4052 methods, respectively [48]. The elementary composition was
determined with a LECO CHN-600 apparatus [30,34,35,38,49].

Characterization of Carbon black: This product wascharacterized by nitrogen adsorption, electron
spectroscopy for chemical analysis (ESCA) and inverse chromatography [49].

A shelf life study of pyrolytic oil was done to assess the possibility of using oil as a fuel additive.
To this end, pyrolytic oil was mixed at 2% and 3% with diesel oil and samples were storedfor 21 days
in dark conditions. Afterwards, all ANP parameters were measured in samples [48] asrequired by
Brazilian laws.

2.3. Price Description and Cost Analysis

Former records registered the investments in plant construction aroundUS$ 1.25 million, for
an estimated 10-year lifetime. The cost for plant maintenance (depreciation) was 4% of the total
investment, thusthe annual fixed costs totaledUS$130,000. The warehouse rate is a revenue source and
thusUS$0.45/tire will be charged tothe tire companies, in accordance with Lagarinos and Tenério [16],
a price already practiced in Brazilian market. According to MFRural [50], carbon black is sold in
Brazil at US$1.50/kg and the fuel additive is sold in Brazil at 3.50 US$/L. According to SEFAZ [51],
steel scrap is sold for0.03 US$/kg and, according to SINDGAS [52], the sale price of the cylinder
containing 13 kg GLP gas was US$19.36 inSeptember 2017, in Brazil. The average costof energy in the
region of the company is 0.13 US$/kWh [53]. The calculation was based on maximum capacity of
pyrolytic reactor of 876 ton/year (100 kg/h), considering its operation in continuous flow feeding by
skip cars. This way, the calculations was based on annual mass processed by the company. All costs
and profits are summarized in Tables 6-8. All calculation procedures were presented by Ayanoglu and
Yumrutas [1]; Almeida et al. [54]; Benvenga et al., [55]; Giragol et al. [56] and Passarini et al. [57].

3. Results and Discussion

3.1. Performance of the Pyrolysis Process

Figure 2 shows the variations of temperatures for the combustion gas (outside), of the inner
wall of the reactor and the reaction temperatures of the materials measured during the pyrolysis
process. Temperature stabilization occurredafter 40 min of process time due to heat transfer between
the environments involved until the thermal equilibrium of the reacting systemwas reached. This time
can be considered as the beginning of the standing state of tire pyrolysis process. Finally, there was
a drop in temperature due to disrupting the power supply of the system, as this is a batch process.
A summary of the thermal analysis is shown in Table 1.

In this continuous process, the reaction heat isused forpreheating the next sample of tire, which
are loaded into the reactor by conveyor wagons and the initial 40 minof the process timeis eliminated,
thus reducing the overall production time [2,29].

To determine the proportion of the liquid formed, and the solid and gaseous products, the masses
of each component were measured. Table 1 shows the mass balance obtained with three assays for
the pyrolysis of crushed tire samples. As noted, the time for the complete reaction was 1.43 h and the
major components of pyrolysis productswere 41% of pyrolysis oil and 38% carbon black.
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Figure 2. Variation of temperatures during the tire pyrolysis process.
Table 1. Mass balance of tire pyrolysis process at 600 °C and 20 kPa.
Carbon Black Pyrolytic Oil Pyrolytic Gas o Reaction Time
Sample ©%) %) %) Stell Scrap (%) )
Tires 38.354+ 0.25 40.72+ 4.16 12.12 £ 4.32 8.95+ 0.05 1.43
Calorific value (kJ/kg) 34,842 + 4,174

Table 2 shows the chemical composition of the gaseous fraction samples that passed in the
distillation column. As noted, the major component of the gaseous fraction are fuel gases composed
0f48.85% natural gas (methane and ethane), 26.45% gas liquefied under pressure (GLP) (propane and
butane), and 24.70% CO, derived from tire combustion. The liquid fraction obtained in this work was
light oil of 0.95 specific gravity and dark color, composed of66% gasoline, 10% hexanes that can be
used as an additive to gasoline (limonene) [6,29,48] and 24% high oils that can be used as fuel for blast
ovens [48].

Tables 1 and 2 show the analysis of lower calorific power and gases obtained from tire pyrolysis.
The calorific values in this study were: 36 MJ/kg for tire, 42 MJ/kg for GLP and 60 M]/kg for natural
gas. These values can be regarded as good since it is a mixture of natural gas and GLP (methane,
ethane, propane and butane). These products can be used as an energy source for heat generation and,
therefore, can be negotiated by the company as further products generated in the process.

In a similar research work, Roy et al. [29] obtained yields around 55% oil, 25% carbon black, 9%
steel, 5% fiber and 6% gas. The specific gravity of this oil was 0.95, its gross heating value was 43 MJ /kg
and total sulfur content about 0.8%. It was rich in benzol and other petrochemical components. This
oil is suitable for mixing with asphalt [27,28].

The yield of the oil was higher than those obtained by Ahoor and Zandi-Atashbar [1] and
Ayanoglu and Yumrutas [11], but smaller than those obtained by Li et al. [3] and Hossain et al. [40].

However, according to Alkhatib et al. [40], the oil composition depends on the heat received by
the scrap tire, and in the best condition they obtained 45% oil. It was observed that increasing the
heating power supplied to the pyrolysis reactor from 750 to 1500W resulted in an 11% increase of oil
produced; however, the tar was too high.
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Table 2. Results of chromatographic analysis gaseous fraction from tire pyrolysis to show its
chemical composition.

Substances Mass Composition (g/g, %)

Carbondioxide (CO;) 24.70 +0.23
Metane (CHy) 36.77 + 4.15

Etane (C,Hg) 12.09 + 1.38
Propane (C3Hg) 9.19 £2.05
Isobutane (C4Hyg) 1.94 +0.20
2-Metilpropane (C4Hqg) 6.57 + 0.67
2-Metilpropene (C4Hqg) 6.30 + 1.38
n-Butane (C4Hyg) 244 +0.20

Natural gas calorific value (kJ/kg) 42,420 +3089

GLP calorific value (kJ/kg) 60,128 +1256

Novicki and Martignoni [58] statedtheir tire calorific value was 30.2 MJ/kg, while the calorific
value of their gas was 33.6 MJ/kg. Thus, the tire pyrolysis and GLP calorific values obtained in this
work were higher than those ofNovicki and Martignoni [58].

However, other authors achieved higher values for energy generated by tire pyrolysis, e.g.
Banar et al. [19] obtained a calorific value of 37.5 MJ/kg and Oliveira et al. [59] measured the calorific
value at 42.0 MJ /kg.

3.2. Pyrolytic Oil as an Additive to Fuel

Table 3 shows the chemical composition of samples of the liquid fraction retained in the distillation
column by gas chromatography. The liquid fraction obtained in this work was light oil of 0.95 specific
gravity and dark color, which was composed of 66% gasoline, 10% hexanes that can be used as an
additive to gasoline (limonene) [28,47] and 24% high oils that can be used as fuel for blast ovens [31].

As noted, the average molecular weight of the blend of oils is low, indicating it as an additive for
other fuels. According to Santos et al. [60,61], even if the oil has a high molecular weight, it would be
an optimal fuel in blast furnaces or cogeneration as shown by Banar et al. [19] and Santos et al. [60,61].

According to Santos et al. [60,61], oil companies have expressed interest in unconventional oil as
alternative resources for energy supply, mainly because an increase of 40% in world market energy
consumption is forecasted for 2035, and this would facilitate the selling of oil produced from pyrolysis
of used tires.

Garcias-Contreras et al. [62] developed a residential boiler of 29.1 kW using a tire pyrolysis liquid
(TPL)/diesel fuel blend (50/50 vol.%), as an alternative to heat in households. When they compared
the exhaust temperature of diesel combustion gases with the TPL blend, there were no differences
and both fuels tested increased the water temperature similarly. This demonstrates the feasibility of
using tire pyrolysis oil in boiler. Wang et al. [2] and Martinez et al. [23] also observed the similarities
of tire pyrolysis oil andpetroleum. However, Frigo et al. [40] noted that in vitro assays on particulate
emission for diesel and TPL/diesel blend had similar cytotoxic potency and no genotoxic effect.

Table 4 shows the results of fluid analyses of quality of diesel oil mixed to pyrolytic oil, ascompared
with the ANP standards [48].

The liquid obtained by condensation of the reaction vapors showed a dark aspect, probably due to
the presence of fine particulate matter in suspension (carbon). To test the liquid fraction as an additive
in fuel, it was mixed at 2% or 3% with diesel oil. Table 4 shows the analysis of diesel oil additive after
21 days of storage. For a better understanding of the values, Table 4 also includes the limits required
by National Agency of Petroleum [48] of Brazil for distillation temperature and the products obtained
from petroleum decomposition process.
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Table 3. Of chromatographic analysis of liquid fraction (oil) from tire pyrolysis to show its
chemical composition.

Substances Mass Percent (g/g, %)
Isopentane (C5Hyy) 1.78 +0.08
1-Pentene (C5Hyy) 1.07 = 0.08
2-Pentene (CsHyg) 7.00 £+ 0.12
1,3-Pentadiene (CsHg) 36.47 + 0.67
2-Metil-1butene (CsHyg) 0.32 +0.08
2-Metil-2butene (C5H1g) 17.84 £ 0.67
n-Pentane (CsH1,) 1.38 £ 0.08
Hexanes(~C6) 10.09 + 4.15
Higher oils 24.05 + 0.67

This analysis aimed to determine the shelf life of the diesel oils by simulating storage conditions
of the fuel and checking the formation of turbidity and precipitation of materials in the liquid. This test
showed that all samples studiedat2% mix remained within this parameter. All 3% samples showed
deposition material and some turbidity, thus did not meet ANP specifications [48].

Table 4. Shelf life study of thediesel oiladditive.

Control Pyrolyticoil

Characteristic ANP Standard
Dieseloil 2% 3%
Aspect Clear Clear Clear Clear
Cor 2 2 Black 3
Boil point (°C) 132 132 131 Note
Temperature (50% evaporate) 274 274 288 245 to 310
Temperature (85%evaporate) 340 340 346 370
Evaporation point (°C) 382 382 392 Note
Specificmass (Kg/m®) 854 854 874 220 to 880
ketone index 0 0 0 45
Sulfur (mg/Kg) 400 400 1150 1800
Flash point (°C) 51 51 57 38

Trying to encourage the recycling of tires, Banar et al. [19] obtained a pyrolytic oil of high molecular
weight from pyrolysis of used tires in Turkey, which canbe used for energy cogeneration according to
the country laws. The oil obtained by Chaala et al. [28] had a specific gravity of 0.95, gross heating
value of43 M J/kg and total sulfur content of about 0.8%. It was rich in benzol and other petrochemical
components, i.e. it was also a heavy oil. However, in this work, pyrolytic oil was mixed with fuel oil
to show it can used as fuel for furnaces, but it also can be used as motor fuel, according to Brazilian
laws [47].

Ahoor and Zandi-Atashbar [1], Ayanoglu and Yumrutas [11], Hossain et al. [41], and
Umeki et al. [24] obtained an oil of similar quality to that presented in this work, reporting that
the oil had properties similar to a gasoline or a petroleum oil. Frigo et al. [43] and Wang et al. [2]
demonstrated the energy efficiency of this oil in the production of energy in a diesel engine. Moreover,
this viability of pyrolytic oil used in engines wasalready confirmed by other authors [4,6,30-36,38,58].

3.3. Characterization of the Solid Fraction

The solid fraction, which is inside the reactor after the pyrolysis process, is scrap metal and/or
coal. The coal, depending on the reaction temperature, can be milled and sold as semi-reinforcing filler
or filler for the rubber and paint industries, and sold as dyes or coal for use as fuel. In the case of metals
contained in tires, they may be sold as scrap tometallurgic companies. To determine the proportion of
carbon, nitrogen, hydrogen and sulfur, elemental composition measurements were performed aiming
at possible application of these materials in the steel industry as a source of “fine” for blast furnace base
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injection. Thus, the parameters Fixed Carbon (FC), volatile and ash were determined. These variables
are chemical parameters of reference for the quality of coal fines for steel.

Table 5 shows thethermogravimetricanalysis results for solid fraction in an oxygen atmosphere.
In this analysis, the carbon was oxidized at 400-600 °C, whereby the organic material was transformed
into pure carbon. The carbon black was 3% volatiles, 9% ashes, and 88% fixed carbon, of which 86%
was pure carbon. According to Roy et al. [29], this composition ensures its use as raw material for
dyeing and inks industries, in addition to other applications cited throughout the text. Sulfur is not a
desirable component in carbon black, and the sulfur content (2%) obtained in this study was consistent
with most research work reported [5,19,28].

Osayi et al. [4] conducted a review and found ranges of 74-86% for C, 5.8-7.5% for H, 0.2-1.8%
for N, 1.0-2.1% for S and 2.1-14% for ashes. However, Banar et al. [19] cited a composition with 82.5%
carbon, 6.9% hydrogen, 8.4% oxygen, 1.7 sulfur and 0.5% nitrogen, for the carbon black obtained in
their work. Therefore, the carbon content of the product obtained in this study was better than those
cited by Banar et al. [19] and Osayi et al. [4].

Novicki and Martignoni [58] stated that a carbon black ideal to steel industry must have more
than 75% carbon content and less than 10% volatile content. Moreover, Banar et al. [19] obtained carbon
black with 24.1% fixed carbon, 65.5% volatiles, 9.63% ashes and 0.84% moisture from tire pyrolysis.
Chaala et al. [28] broughta carbon blackto theCanadian market with 77% pure carbon,19% ash and
4%volatiles. As can be seen, thecarbon black obtained in this study hasa better quality than that of
Banar et al. [19] as well asthose required by the Brazilian steel industries and Canadian market.

Table 5. Evaluation of carbon black obtained in this work.

Source Percent composition (%) Elemental composition (%)
Volatile ~ Ash FC C H N S Other
Carbon Black 3.25 9.05 87.7 86.49 1.30 0.51 1.96 9.74
Deviation 0.55 2.05 2.60 2.70 0.01 0.18 0.13 2.38

OBS: FC, fixed carbon.

3.4. Environmental Cost Accounting of Pyrolysis Process of Tires

Tables 6-8 show the profitability of 876 ton/year (100 kg/h) plant for vacuum pyrolysis of used
tires. Because the pyrolysis process aims to be auto-sufficient in energy, the fuel oil used in the
startup process was not considered in this calculation, because its costs couldbe addressed as relatively
insignificant as they need only one utilization over the whole operation period.

Table 6. Calculation of expenses of process.

Type of Expenditure Quantity Annual Cost (US$/year)
Financial expense 124800.00
Taxes on sale (%) 18 346,923.39
Depreciation (%) 4 5000.00
Cost employees
Engineer 1 18000.00
Technicians 9 75600.00
Administrative offices 2 8400.00
Taxes on salaries (%) 36 36720.00
Sum cost employees 138,720.00
Total expenses (US$/year) 615,443.39
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As shown in Table 6, the higher process costs were associated with the commercial taxes (55%)
due to product sale, salaries (23%) and the financing of the plant (21%). Even in this scenario, the costs
amounted to one third of the revenues.

Table 7 displays the revenue sources for process the tire pyrolysis. It shows that the main products
influencing the revenues (87.6%) were the pyrolytic oil and the carbon black, at 61.5% and 26.1%,
respectively, reaching a total revenue of US$ 1.927 million and a total profit US$ 1.312 million. It is
also noticeable that tire companies need to pay rights concerning the tire disposals, according to the
Brazilian law, thusthe pyrolytic plant has an additional revenue of more than US$78,000 per year for
tire storage [16].

For a pyrolytic plant of 200 kg/h of tire, Roy et al. [29] demonstrated that the process feasibility is
promising, with returns on investment of 31% after three years of operation, in Canada. Based on this
and the data inTable 6, all the company's financing costs can be covered by the total profit of the first
year of operation alone. In this way, the plan proposed by this work proved to be three times more
economically viable than the one described by Roy et al. [29].

Table 7. Calculation of the revenues of the tire pyrolysis.

Product Quantity Price (US$/Unit) I“dw&‘};‘;} l::;’)e““e
Hourly (kg/h) Annual (kg/year) i
Pyrolytic Oil (m3) 40.68 338,539 3500.00 1.184,886.40
Carbon Black (ton) 38.31 335,596 1500.00 50,3393.40
Steel scrap (ton) 8.9 77,964 30.00 2,338.92
GLP (13 kg) 12.1 8,154 19.36 157,893.44
Tire storage (unit) 20 175,200 0.45 78,840.00
Revenues (US$/year) 1,927,325.16
Total Profit (US$/year) 1,311,908.77

Table 8 shows other possible gains with unusual by products such as carbon credit and energy
sale from cogeneration. As can be seen, more than 1600 carbon credits can be claimed after certification
by governmental certifying agency and in addition to the US$15,500 the company gains an image of
ecofriendly company, which favors the marketing of its products. In addition, it is possible to sell the
energy generated during the tire pyrolysis to an energy company, as is the practice in the context of the
Brazilian alcohol industry, leading to an additional gain of US$2.445 million per year. Adding these
values and subtracting commercial taxes due to product sales, leads to a total profit due to unusual
byproducts of US$2.017 million per year.

Table 8. With unusual by products per year.

By emissions Quantity Carbon credit (ton CO,) Price (US$) Part(ll:allsg)r ofit
Tire (ton) 876 1,016.16 9.25 9,399.48
Energy (GW) 26.865 658.20 9.25 6,088.35
Sum 1,674.36 - 15,487.83
. . Conversion Price Partial profit
By cogeneration Quantity Efficiency (%) (US$/KW) Expenses (US$) (US$)
Energy (GW) 26.865 70 0.13 2,444,730.00
Taxes on sale (%) 18 442,839.30
Profit of unusual byproducts (US$/ year) 2,017,379.00
Total profit + unusual profit (US$/year) 3,329,287.77

Overall it is possible to reach a total profit of US$3.329 million per year. If the company wishes to
pay completely the funding, its profit would be US$2.204 million in the first year and US$3.454 million
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in the following years. This project is more economically viable than projects described by Ayanoglu
and Yumrutas [11] and Roy et al. [5].

3.5. Advantages of Tire Pyrolysis

Tire pyrolysis is energetically self-sufficienct, given that the energy required for pyrolysis comes
from the process itself [38,63,64]. The process promotes tire recycling, namely the rubbersand metals
contained in these materials. Moreover, it is a clean production process, because there is no usable
waste recycling so it does not generate environmental liabilities [36,64].

The process has commercial viability since the sub-products generated have a production cost
lower than the market prices [11,36,63,64]. Other advantages include the fact that the process is easy to
operate and maintain, with low costs [11]; it does not generate odors [16,64]; and it is an innovative
and environmentally friendly solution for old tires [63,64].

There will be revenue upon receipt of tires or rubber products, thusthere is no cost for raw
materials, because the Brazilian company manufacturing and marketing tires are required to give
an environmentally friendly end tires; thus, it can charge fees for receiving the tires from these
companies [16,43].

An additional benefit is the possibility of generating carbon credits [55-57] and increase local
employmentas well as financial transactions [36,63,64], adding to the social sustainability arguments.

The pyrolysis process can eliminate problems related to several issues, including the needs for
space for tire storage, anddifficulties in compression, in transport, and in handling. Tires buried in
soil or sunkin water tend to rise to the surface, and stacked tires serve as an ecosystem to rodents and
insects that are disease transmission agents such as dengue, zika virusand yellow fever. When burnt,
tires release a highly toxic waste in thesoil and increaseair pollution. Moreover, a buriedtire hasno
foreseeable deadline forits decomposition.

This process is so innovative that there will be no environmental liabilities, fitting in clean
production strategies [36].

Moreover, it will produce various raw materials that are used in tires, rubber products, chemical,
smelting, recycling and petrol industries, as well as in thermal boilers [5,16,17,38,41].

According to Li et al. [3], pyrolysis as a viable recycling process that has potential advantages in
terms of energy recovery and mitigating the disposal problem. The products of pyrolytic degradation
of scrap tires could be reused as high-calorific-value gas to meet the energy requirements of processing
plants, oil for boiler fuel, or high-value-added chemical feedstocks and the char formed could be used
as low-grade activated carbon or carbon black. It has been proved that the derived oil is more suitable
for making high-value-added chemicals than for use as fuel, because it contains large amounts of
single-ring aromatics [36].

3.6. Strategies to Acquire Raw Materials and the Sale of By-Products

Several alternatives can be advanced for the acquisition of raw materials and the sale of
byproducts. Raw materialscan be channeled via large distribution networks that includemunicipalities,
ANIP, eco-points and companies of retreads or tire sales. As for byproducts, their sale could be
supported by marketing strategies aimed at the valorization of the products that result from the
recycling process, via severalresellers and distributors, according to the characteristics of the different
types of by-products as follows. The metal components are suitable for selling as scrap for industry
and steel production [5,16,17]. Carbon black can be used as a load for semi-reinforcing rubber products
and dye industry [5,16,17]. Coal can be usedas a raw material or as an energy source for steel
companies [5,16,17]. Benzene has applications in chemical industries and laboratories. It is commonly
used as an organic solvent andas a raw material for the production of many organic compounds [39,41].

Toluene can be directed to chemical industries and laboratories, as it can be used as an additive
in fuels, and as a solvent for paints, coatings, rubber, resins, thinners in nitrocellulose lacquers and
adhesives [39,41,47 ,48].
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Xylene alsohas applications in chemical industries and laboratories, being used as solvent and
chemical precursor [39,41,47,48]. Limonene (1-methyl-4-isopropenil-cilohexene) similarly can be used
in chemical industries and laboratories [39,41,47,48], with application as a biodegradable solvent and
additive of fuels (up to 3% concentration). According to Danon et al. [65], at least 2.5 wt% of a steel-free
tire can be converted to di-pentene.

Gas type GLP can be used as an energy source for feeding the pyrolysis process, whereas the
excess could be stored in gas cylinders for sale [11,42,63]. In addition, carbon credits, whichexist in
theory, could be obtained [55-57].

An additional source of profit could involve the application of a price to the collection of tires from
tire resale companiesto eliminate their environmental liabilities [36,66,67]. According to Roy et al. [5],
in USA, fees are charged to dispose tires, for which a value of US$1/tire is estimated, while, according
to Lagarinos and Tenorio [16], in Brazil, this fee is US$ 0.45 /tire.

4. Conclusions

In the conditions described in this study, the yield of pyrolysis process was 41% pyrolytic oil, 38%
carbon black, 12% gas and 8.9% steel scrap, with a calorific value of 36 MJ/kg of tire. The carbon black
was composed of 90% carbon, which has higher quality than required by the steel and ink industries,
and the pyrolytic oil was composed of 66% gasoline and 33% other oils, with sufficient quality to be
used as an additive for fuels, or as fuel for engines and furnaces.The analysis showed that the resulting
products, pyrolytic oil and carbon black, were within the standards established by Brazilian law and
were similar or better than reported in the literature, enabling their use invarious industries.Moreover,
it wouldturn usedproducts into raw materials that can be used invarious industries. The main products
were carbon black and pyrolytic oil.

Revenue obtained from the sale of products generated by pyrolysis of tires was US$ 1.927 million
and the total profit was US$ 1.312 million. It is noteworthy that the total profit could fully pay the costs
to the company in the first year and that the total profit couldbe US$3.455 million carbon credits and
energy were sold.

Thus, the environmental benefits of pyrolysis process of scrap tires include avoiding the disposal
of tires directly into landfills and wasteland, thus avoiding the contamination of the soil, water, and
air due to emission of chemical contaminants formed during the decomposition of the scrap tires. In
addition, there is no need for the extraction of raw materials for the production of steel, fuel and carbon
black produced in the scrap tire pyrolysis plant. The steel produced in the scrap tire pyrolysis plant
is cleaner than the steel produced in the current modes. The carbon black produced in the pyrolysis
process of scrap tires is cleaner than the currently marketed carbon black. The proposed method
produces cleaner fuels than petroleum byproducts, and, as the pyrolysis process generates many
products, the fuels have low cost. The use of gas and fuel oil from the tire pyrolysis process will supply
part of the Brazilian population's need for these fuels. The recycling of scrap tires into fuel production
may reduce the search for new oil fields. Other benefits result from the fact that, as the decomposition
of the tires is via vacuum pyrolysis, there is no consumption of air, biotic or abiotic materials, and, as
water is used only in refrigeration, it can be considered that water consumption is negligible. Since the
plant feeds itself on energy, it does not influence the consumption of renewable sources to supply the
needs of its production (the Brazilian energetic matrix is essentially from renewable sources). As all
gases, liquids, and solids are not emitted into the environment, there will soon be no contamination
of soil, air, and water derived from the plant of scrap tire pyrolysis process, and, consequently, the
population neighboring the plant will have a good image of the company. By avoiding the release of
greenhouse gases, the company will be a creditor of carbon credits, which will make the company
environmentally friendly, and ultimately increase its client portfolio.

Other relevant findings arerelated tothe social benefits of pyrolysis process of scrap tires as follows:
the collection of scrap tires for pyrolysis will reduce the volume of garbage that will be carried to
the dumps and, consequently their costs, which may then be invested in other benefits to society.
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In addition, the negative effects of scrap tire clusters on cities will be avoided. Pyrolysis plants do not
release toxic or greenhouse gases, and thuswill not be responsible for the generation of respiratory
diseases or climate change in cities of the region. As the plant cogenerates energy, the energy excess
will help to supply the energy demand of surrounding cities. The generation of direct and indirect
jobs in the city and region surrounding the tire pyrolysis plant will also contribute to the increase
of the purchasing power of the people and consequently allow access to food, housing, and better
healthcare and education. The increase in the flow of capital in the region will lead to an increase in
trade in goods and services;with the increase of commerce, there will be an increase in tax collection
and, therefore, municipalities may invest in improvements in public spaces, schools and hospitals
in cities.The cities can also concentrate some of the taxes on the improvements of water distribution
networks, and on the collection and treatment of sewage, thus improving their image and avoiding
polluting the environment due to the scrap tire discard. With the increase in the purchasing power of
individuals, the company will be contributing to the improvement in the quality of life of the residents
of the surrounding cities; as the pyrolysis plant is a creditor of carbon, its products are derived from
the recycling of a waste, soon it has a good image before society, as an ecofriendly company.

Thus, the company can gain with energy sale from cogeneration, due to the sale of 1600carbon
credits and gains an image of ecofriendly company, which favors the marketing for selling its
products. Overall, the viability for the proposed alternative for dealing with used tires will depend
on the combination of the implementation of an efficient plant and recycling process, with the
development of adequate marketing and supply chain strategies that allow for redirecting the resulting
recycled products to utilizations that are able to extract value from them, and therefore provide an
attractive return.

This work showed that tire pyrolysis is an innovative and ecofriendly process, offering a clean
production that is economically viable andcan be used as a solution for the disposal of used tires in
Brazil. As observed in [68], a largest benefit of pyrolysis is its ability to effectively dispose a type of
waste that is hard to recycle while offering the possibility of obtaining recycled products that have
economic value in several applications. The economic and environmental gains is relevant to promote
the adoption of environmental practices [69-71].
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Abstract: This paper presents a more active and efficient recycling investment strategy that
considers the balances among the current production constraints, manufacturing profits, and
recycling investments for a sustainable circular economy as compared to the current methods.
While existing production planning has numerous uncertainties and nonlinear characteristics, the
circular economy-based production planning constitutes more complex uncertainties and nonlinear
characteristics that result from an uncertain return rate, demand uncertainties, and nonlinear return
on investment costs. This paper suggests a stochastic nonlinear programming model-based active
recycling investment framework so as to generate a more effective process plan to handle these
characteristics. In the proposed framework, recycling investment strategies are quantitatively
analyzed when considering uncertain demand and unclear production conditions. In addition, the
effective solving techniques for the circular economy based production framework are obtained
while using Monte-Carlo based sample average approximation and memetic algorithm. To prove the
effectiveness of the proposed framework, it is implemented for a given system and the numerical
analyses that were conducted for the various sustainable manufacturing scenarios.

Keywords: recycling investment strategy; demand uncertainty; Stochastic nonlinear Programming;
Monte-Carlo based sample average approximation method; memetic algorithm

1. Introduction

The circular economy among the leading contemporary economy trends considers the
environmental issues and sustainability of the business. Its definitions and concepts have differed in
most research studies, including Geissdoerfer et al. [1]. Based on the relevant research studies [1-3], the
circular economy is defined as a closed-loop system, in which the production resources, environmental
losses, and energy leakages are minimized. Various strategies and techniques have been proposed and
implemented in order to minimize the usages and losses of these resources.

The usages and productions of refurbished products are all the representative activities of circular
economy. The sales of refurbished products and their relevant supply chains activities are among the
most frequently applied circular economy techniques. While many research studies have provided
several effective remanufacturing/refurbishing processes and techniques, most of these studies have
been limited in the domain of plants and the factory planning level. This shows that more expanded
agendas (e.g., the investments and strategies for gathering recycling components) have been studied less
comparatively. This paper provides a new and effective production planning framework that considers
additional recycling investments strategies in order to overcome these issues. While the existing
strategies (e.g., additional installment of collecting facilities, special promotion for the gatherings or
recycling exchange compensation) may boost the collection of more recycling components, excessive
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investments might harm the corporate or business profits. This paper considers both the collection
strategies and current production constraints in tandem with the proposed integrated framework.

The proposed framework characteristics are summarized while considering more vague
uncertainties and the embedded nonlinearities. While a general process planning has several
uncertainties, including unclear demand and supply abilities, the circular economy-based process
planning should consider the more expanded uncertainties, together with the return rates of the
recycling modules. Additionally, the prediction time horizon for the return rate is not aligned with the
overall production planning time horizon. It results from the fact that the gathering of the recycling
modules mainly depends on the number of products sold prior. Subsequently, its gathering pattern
has the typical nonstationary characteristics. Moreover, the efforts for enhancing the return rate for
obtaining a considerable number of recycling modules exponentially increase. This tendency can be
through nonlinear cost functions of recycling investments.

This paper integrates these characteristics when considering the economic and environmental
viewpoints through stochastic programming approaches. The embedded uncertainties are captured
while using time-series data analyses and the relevant probabilities. Nonlinear profit and cost structures
are modelled while using fitted nonlinear functions. The integrated model is a type of stochastic
nonlinear programming models. A more effective and accurate solving method is required for the
proposed framework, while numerous research studies provided effective solving techniques. In order
to solve the circular economy-based process planning including the assertion of gathering investments
for refurbished modules, this paper provides an integrated stochastic programming framework while
using Monte-Carlo’s sample average approximation and the memetic algorithm. The framework is
implemented for a software program supporting circular economy-based production planning, so as
to prove the effectiveness and solving techniques of the proposed framework. Its effectiveness is then
tested through comparisons of the results under various scenarios and analyses in this study.

The following section presents the relevant background information and literature reviews.
Section 3 describes the strategic decision framework and the mathematical model supporting the
circular economy. Section 4 proposes the efficient algorithms for the suggested framework. Ultimately,
its effectiveness is confirmed with the implementation of the framework and its numerical analyses in
Section 5.

2. Background and Literature Review

Circular economy is a main stream economy concept that is being fronted by every government,
municipality, and corporation, as highlighted in the previous section. Circular economy has emerged
fast with cooperative movements and regulations, while similar concepts and activities have been
discussed and implemented widely since 2000. Numerous research studies have defined the term
Circular Economy (CE) and categorized it while using various concepts. Table 1 shows the recent
CE concepts, keywords, and main ideas. These studies can be considered through integrations and
modifications of the past former CE studies.
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Table 1. Concepts and main ideas for Circular Economy (CE).

Research Studies Main Concept for CE Key Ideas for CE
- Conservation of the quantity - Measurement of

of materials resources’ circularity
Cullen [4] e N .

Minimization of dissipative - Recycling of a recoverable

material losses end-of-life (EOL)

Increasing - Challenges for exploiting
Boken etal. 5] product/material’s circularity intuitional opportunities

- Enhancing circularity using ) Categorizing types of circular

EMF [6] . ’ economy using “the
six strategies . »”
butterfly diagram
- Synthesis of “closed-loop ) Necessity of.integre.ited
Ness and Xing [7] activities” and “optimized uses methodologies against

shortcomings of the existing

¢ ts”
Ot assets CE concepts

- circular product design using
Hollander et al. [8] “design for product integrity” and
“design for recycling”

- Viewpoint in regards to “product
design” concepts

- A new Framework of Back-casting
and eco-design for the circular
economy (BECE)

Integration of manufacturing and

Mendoza etal. [9] product design for enhancing CE

While several studies have discussed the concepts and definitions of the circular economy, the
next phase is on how to enhance the current CE. These issues are related to the detailed activities for
CE. Ellen MacArthur Foundation (EMF) [6] used as a main referencing source for many CE research
studies, categorizes these activities into six phases: Reuse, Repair, Refurbishment/Remanufacturing,
Repurpose, and Recycling. Although the recycling method is the broadest CE activity among
them, most of existing activities are too ineffective to generate an executable production planning.
“Refurbishment/Remanufacturing” is focused more as the main CE activity in this paper, since this
study focuses on an executable circular economy-based production planning.

Many research studies examined production planning frameworks on the remanufacturing
processes. Savaskan et al. [10] provided a price strategy for a refurbished product and Kim et al. [11]
developed a strategic pricing framework for a closed loop supply chain while using the remanufacturing
process. Table 2 summarizes the characteristics of the current production planning frameworks in
regards to the remanufacturing processes.

However, most of the research studies ignore investments and the relevant activities that
enhance the product circularity. Existing research studies examine a production planning while
using already recycled products or an estimation of the amount. While the additional investments
for increasing return rate for End-of-Life (EOL) part are comparatively ignored, they establish
mathematical programming models within fixed ranges of the returning rates. Consequently, the
subsequent uncertainties (e.g., customers’ uncertainty and modeling parameters) are modeled into
fuzzy logic-based mathematical programming or nonlinear programming models. As described in the
previous section, the existing studies fail to incorporate efforts for enhancing products” or modules’
circularity in their production planning. In this paper, these strategies are classified as “passive
investment strategies for remanufacturing”. The efforts or investment to enhance return rates for EOL
parts are needed in order to actively enhance CE. However, the bulk of the existing papers have ignored
these efforts and their economic analyses. As a result, this paper suggests an integrated framework
that simultaneously considers existing production constraints and investments for the refurbished
product’s circularity. For this concept, the proposed framework is classified as “active investment
strategies for remanufacturing”.
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Table 2. Characteristics of the existing remanufacturing-based production planning frameworks.

Research Studies Characteristics

- Consideration of three options (direction collection from
customers, offer of incentives, collection using a third party)

- Mathematical programming-based planning

- Passive investment strategy for remanufacturing

Savaskan et al. [10]

- Price based modeling framework for a closed loop supply chain
Kim et al. [11] - Fuzzy logic embedded framework
- Passive investment strategy for “remanufacturing”

- Uncertainty modeling using fuzzy logic

- Fuzzy logic embedded mathematical programming model and
an usage of “Whale-optimization method”

- Ignorance of active investment for remanufacturing

Ghahremani-Nahr et al. [12]

- Aerospace remanufacturing application
Hashemi et al. [13] - Scenario analysis under various changes of “lead time” and
“defect rates”

- Bi-objective probability-based mixed integer programming
Pishvaee and Torabi [14] - Fuzzy logic-based uncertainty modeling framework
- Ignorance of active investment for remanufacturing

- Consideration of all life cycles of a product
Turki et al. [15] - Genetic algorithm-based nonlinear programming model
- Passive investment strategy for remanufacturing

- Stochastic goal programming considering a returning rate of a
Shakourloo [16] EOL product
- Passive investment strategy for remanufacturing

The quantifying efforts for computing the circularity have been attempted by a number of research
studies. Cullen [4] provided a circularity measure with (1) based on the amount of the recovered

EOL material.
recovered EOL material

*= Yotal production demands

)

Linder et al. [17] modified (1) while using the economic values as a product-level circularity
measure. However, these research studies are limited by the fact that the efforts used to increase
circularity are deeply disconnected with the production planning. This paper redefines circularity and
integrates it with production planning. The detailed explanations are described in the following section.
Figure 1 shows several efforts and methods for increasing the circularity of the refurbishing components.

As shown in Figure 1, there are different strategies that can be applied to enhance circularity in
an overall production system. The installation of additional collectors, recycling centers, distribution
centers, or service centers can enhance refurbishing components’ circularity. Reike etal. [18] summarized
several methods for increasing the circularity. Likewise, promotions and advertisement [19] can
reinforce industrial ecology. However, these methods have different Return on Investments (ROI).
Additionally, it is evident that the ROI of each investment has nonlinear characteristics for achieving
the target circularity. Additionally, the investment planning time horizon has to precede the
production planning time. These considerations make it more difficult to effectively generate a
circular economy-based production planning.
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Figure 1. Methods of enhancing the circularity of the refurbishing components.

In regards to uncertainties, embedding on the circular economy is much broader when compared
to those in a general production planning. The circularity rates and relevant uncertainties are
entrenched more in the circular economy-based production planning while a general production
planning handles several uncertainties from its demand and supply. This study simultaneously
considers these uncertainties with stochastic and nonlinear characteristics.

The proposed model is based on an integrated stochastic nonlinear programming model to meet the
economic and environmental planning goals. The stochastic programming model and its analyses are
examined while using a number of research studies [20,21]. However, it is impossible to directly apply
the existing studies’ methods to the proposed framework, since the model in consideration has several
demerits: information uncertainty, disparities in planning/investment time horizon, and nonlinear
price characteristics. As a result, the following section provides a new and effective framework for
maximizing corporate profits that simultaneously meets the criteria of high circularity.

3. Strategic Decision Framework and Its Mathematical Model Supporting Circular Economy

This section describes the overall proposed strategic decision framework for supporting circular
economy. The targeted refurbished product is manufactured while using various components including:
new parts, remanufactured parts, reused parts, and recycled parts. Figure 2 shows an example of a Bill
of Material (BOM) for a refurbished product.

As shown in Figure 2, the refurbished product is manufactured and assembled while using
various types of components, coupled with a variety of remanufacturing methods. This study also
investigates the effective proportions of newly manufactured components and recycled components.
The effective proportions of manufacturing components that were based on this research indicate
that an efficient manufacturing BOM comprise of subcomponents with less production costs that
meet the customers’ needs. This paper is distinguished from other studies due to the consideration
of gathering strategies while there are numerous related research studies on remanufacturing and
recycling economy: extended advertisement, and additional installation of collecting facilities and
incentive policies, as illustrated in Figure 1. While other studies only focus on the effective use of the
already returned components, this paper considers the potential cost of returning components while
using these investments. More collection may be achieved if these investments are effective, hence
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contributing more to circular economy. For this reason, the proposed framework is considered to be a
more active strategy to support circular economy.

New parts

Remanufactured
parts

Reused parts

Recycled parts

Figure 2. An example of a Bill of Material (BOM) for a refurbished product comprising of
various subcomponents.

A refurbished product is comprised of several components or modules. A module is a newly
manufactured part (xll.’t) or a refurbished component (X}I]’.tk). Table 3 represents the descriptions of the
detailed variables and parameters.

Table 3. Descriptions of decision variables and parameters.

Decision Variable

Symbol Description Units (d.v)/Parameter (p)
Wt The ith .Corvnponen.ts comprising of new EA dv.
i part (I) in time period t
The ith Components with recycled parts (II)
It using “remanufacturing (j = 1) or reusing EA dv
ijk (j = 2) or recycling (j = 3) “ method which is o
acquired from the kth investment.
CMII"t Manufacturing cost per each Xf,t unit Unit cost p
CR?]’,tk Refurbishing cost per each x?]’,tk unit Unit cost p
The returned ith component with the jth
RZI.I'.tk remanufacturing method which is acquired ~EA -
o from the kth investment at time period t
Dt The total demand of the product at timet. ~ EA p
B, The number of the ith component in a EA P
product
The return rate of a product using the kth
t t
Tk method at time t w € 01] dv.
Pl The price of a refurbished product Unit cost p

Investment cost for the kth method for .
Cly . . . Unit cost P
increasing returning rate
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Each component has a manufacturing cost per a unit (CM}’t or CRII.I]’,tk) in regards to its

manufacturing types, respectively. While a completely new product only comprises of each x?’t,
s and XM 7
i ijk
is represented as B; in a product. When D' is the customer’s demand for a refurbished product at
time ¢, the number of collected components (R?]’,tk) has to be considered. (2) denotes the constraints for

Lt IL,T top s
X! +Z],kai//_,k >D'B,ieM )

The returned amount RfI]’,tk depends on the return rate Ttk. (3) denotes the relationship between RII,I]’,fk

a refurbished product comprises of several x s. The required number of the ith module

meeting D

t
and T

It _ yi=At t=At R
R, =DM 7B, ®3)

The usage of “t — At” denotes that the reused/remanufactured/recycled components are collected at time
t — At before meeting customers’ demand at time t. As shown in Equation (3), it is reasonable that RII,I]’,tk
at time t is collected not from current customers’ demand D', but from the previous consumed amount
DA%, In this manner, At is interpreted as the returning time horizon of a products. Subsequently, (4)

denotes the relationship between x?’,t and R .

jk ijk
1Lt 1Lt
ik SRy )

In general, a factory tends to produce the product using the refurbished or reused part with the
constraint, CMII.’t > CR?]’.tk if recycling parts exist. However, returned parts may be insufficient for

meeting D' (D' B; > R?]’.tk) in a general situation. While existing production plans attempt to use its
new part in the situatioﬁ: this study considers another alternative plan—efforts in enhancement of the
return rates at planning time t — At.

The investment cost (Cly) is additionally needed when the kth investment is determined while
using an effective strategy. In general, Cly is represented while using a nonlinear function of 7} in (5).

Cly = g(}) 5)

where g(+) is a nonlinear function

However, these investments consider additional efforts for collecting refurbishing products. It
means that a certain constant amount at time t can be collected without additional efforts. (6) denotes
this situation.

—At _ pt-A -A
’[;{ [:T;{ +a,’i g (6)

The estimation of ’T}t(_A can be achieved by a number of statistical methods (e.g., time series analysis
and other data mining methods) with the previous historical data. Section 4 provides the detailed
estimation and analyses. Subsequently, (5) is substituted by (7) in this manner.

Cl = f(o}) @)

Figure 3 shows an example of a nonlinear function explaining the relationship between Cly and a}i.
As shown in Figure 3, each k means an index that represents each investment (1: advertisement, 2:
additional installment of collecting facilities, and 3: incentive policy).
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Figure 3. An example of a nonlinear function between Cly and T)t(.

This research focuses on the effective gathering investment strategy while considering the existing
returned volume, the predicted return rates, and an estimated demand. The demand (D') is determined
while using previous market data and forecasts. Since various uncertainties are embedded in its
prediction, it is only rational that the demand be represented while using a probability density function.
Figure 4 shows the estimated D' that is represented using a probability distribution.

<Demand Forecasting>

1240
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1200

1180
Distribution of
predicted demand

<Demand>

1160

1140

1120

1100 L L L I L L '
0 20 40 60 80 100 120 140

<Time>

Figure 4. Estimation of D' using a probability distribution.
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The Formulas (2)—(7) are used as constraints in determining the effective manufacturing strategy
for a refurbished product. The objective (8) of the decision at time t is to maximize the profit while
considering the difference in price of the product and the overall production cost.

m

n 4 m

11t Lt Lt It ILt t—At | t—=At

max [P1-D = ) M x4+ 3 Y CRY x| = ) Cl- DA ) 8)
i=1 ik =1

The mathematical programming model provided is categorized as a stochastic nonlinear
programming model. The model has the characteristics of a stochastic programming model since D' is
represented while using a probability distribution. Additionally, the model has nonlinear terms from
(7) and (8). Consequently, several parameters that are embedded in the model have to be estimated

through statistical analyses. Figure 5 illustrates the overall procedures for the proposed effective
production planning.

Max {F’ —D"—ii oM x-S oR, X i—i‘_c:_ g e |
rﬂ—Ai—W Prediction T ot ’
T
g S.t K+ T A 208 el
Ay 3 AT
N ai At & o 2
o
& i =Dt
LY ey K
Effort #1 : remanufacturing -
o
] o, = fle)
3
£
Dﬂ—m’ Df_1 Prediction Di
Effort #2 : recycling facility
’ - i i
Strategic Investment Xi ik )(f
| | | Time
Effort #n : recycling promotion e t -1 iy
Current planning time Planning target time

Figure 5. Overall procedure of the proposed framework.

The following section illustrates the detailed methodologies that are applied in solving the
proposed model.

4. Parameter Estimation and Analysis Using Stochastic Nonlinear Optimization

As highlighted in the previous section, the proposed mathematical model shares the characteristics
of a stochastic nonlinear programming. Moreover, statistical analyses have to be satisfied in advance as
the prerequisite determinations for estimating the parameters D' and %;{’A. This study uses a time-series
based method to approximate the model parameters.

Figure 6 shows a flow diagram for implementing the proposed circular economy-based process
planning. The accurately predicted demand (DY) and the collecting volume (%;{‘A) heavily influence on
the solutions and analyses of the proposed model. The estimations of D' and ’i’;;A are estimated while
using the current manufacturing plans and data, and are mainly driven using a time series technique.
This research utilizes Autoregressive Integrated Moving Average (ARIMA) method or other nonlinear
prediction methods for covering nonstationary data. The analyses of many research studies [22-24]
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assumes that most of the production demands and manufacturing related tendencies follow the
nonstationary stochastic characteristics. Although ‘cf{’A can be monitored or directly estimated while
using one of those methods, D' is predicted using several existing time-series methods that enhance
the accuracy of these estimations. These values are then represented while using a random variable
¢ following a Gaussian distribution N(u, 0‘2). Both parameters p and o are estimated while using
the predicted results from several time-series methods. Instead of the single value-based prediction,
the application of this probability distribution enhances the representation power of the estimated
demand. D' can then be replaced with (9) while using a stochastic programming through recourse
model with the bounds.

D' = E[min(q, ¢) | ©)

ILt

x;"+2]‘ Y X
Bl

where q = min( HE i e M).

T

Manufacturing plan

Y

i ; Parameter estimation of
Time-series i resti _
analyses ‘ demand” & "collecting
! volume”

Stochastic Circular Economy
Programming + bazed
Monlinear KKT Stochastic nonlinear Process planning

condition programming model
Metaheuristics v

Determination of
production plan
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Figure 6. Flow diagram for implementing the proposed circular economy-based process planning.

As shown in the objective function (10), the mathematical model is categorized as a two-stage
stochastic programming with the recourse model.

m

n 0 0
max [P E[min(q, &)] = ) [cM' i + )" ) CRIY -2l |- Y e ™)- DAk (10)
i=1 7k k=1

In the case that a nonlinearity condition (7) is excluded, a general method of applying the stochastic
transformations and KKT conditions [20] can be used, owing to its near-optimal solution. However, the
existence of the provided conditions results in the difficulties in determining the global minimum from
the recourse model. In order to overcome this discrepancy, many research of the studies, including
Sakalauskas [25] and Shapiro [26], provided the Monte-Carlo based stochastic nonlinear programming
solving—Sample averaging approximation (SAA) method. This paper applies the SAA method to
generate more effective solutions. However, the solutions that were obtained using SAA method [27]
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are compared with different criteria, such as unbiasedness, consistency, and convergence. According
to Shapiro [28], (9) can be replaced with (11), where p; is the probability for ith scenario.

k
E mm q, Z i (11)

i=1

where &; is the ith sample from N(u, 0'2)
Subsequently, (12) is driven by the Law of Large Numbers [29].

N . )
%n(q’é’) - E[min(q, &)] w.p. 1 (12)

N . )
Z”%m(q'é’) is the unbiased and consistent estimator of

It can be easily ascertained that the estimator
E[min(q, &)], as each &; is an i.i.d. sample and driven from Gaussian distribution N( 1, 0‘2). The sample
size N is determined while using the empirical test following the criteria (13) In order to support the
convergence condition of the estimator, where €, «, and 0 are the parameters from Kleywegty et al. [30].

302 &
N> s ln(;) (13)

(12) and (13) make it possible to solve the proposed model while using the Monte-Carlo based SAA
method. The remaining issues include the handling of the nonlinear conditions and the terms resulting
from (7). These issues can be addressed while using memetic based metaheuristics [31]. The memetic
algorithm [32,33] is a type of metaheuristics method that combines the current metaheuristics and
local searching techniques. While metaheuristic algorithms attempt to discover more solutions that
are more improved when compared to the current local optimum, they are limited in regards to their
searching efficiencies, such as solution accuracy and convergence. In general, the obtained quality
of a local solution using metaheuristics is less than the quality that was obtained while using the
heuristics method with the same input range. The local optimum searching method is combined with a
metaheuristic algorithm in order to overcome these limitations. In a memetic algorithm, an alternative
solution is realized while using an optimization method. It guarantees the quality of the calculated
local solution within its local range. Consequently, the local solution is morphed into a better solution
while using a metaheuristic. Neri and Cotta [34] summarized the existing literatures using memetic
algorithms. Numerous applications and research studies, including the one by Neri and Cotta [34],
use several memetic algorithms that combine various local search methods and metaheuristics to
find finding more efficient parameters or solutions. This paper applies a memetic method for finding
more efficient investment strategies, which supports circular economy. The applied memetic method
utilizes a gradient searching technique in place of the local searching and a Genetic Algorithm as
a metaheuristics method. Choo and Lee [35] applies the similar memetic learning framework to
determine the parameters in a deep learning machine.

As a local searching method, this study uses a KKT based gradient method. Each constraint
((2)-(6)) is combined to (10) with each Lagrange multiplier. Subsequently, each decision variable’s
Il t t-At

o % ) and each
Xij, ieM, je, keK

update is achieved while using the driven Lagrange function L(

differential -2-1 xI'E Lt , ot=At) where ¢ is a decision variable.
IP z k" "k

K e Xty (——CM”+)\‘<)) (14)

where /\él) = a Lagrange multiplier for the constraint type (2).
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and, 11 = a step length

, 1 ;
1, t It It i
Xiik Xt (B_z — M+ Ay ) (15)
(14) and (15) denotes the learning procedures for each production and returning component, respectively.
Similarly, (16) denotes how each investing strategy is learned for the more effective circular economy.

. 1 of(o™)

t-At t—At k k t-At

(Xk — ock +T]a‘ /\(S)E_WCI]{D (16)
k

The usages of different step sizes (n and 1) result from the different resolutions of the decision variables
xg’t, xlI.I]Ctk, and oci’m, The more improved solution is attempted using the Genetic algorithm (GA) when
a loca{lloptimum is arrived using (14), (15), and (16). The genotype conversion is achieved using the
binary number conversion from a decimal number. For instance, an initial value of a decision variable

x?]’.tk is obtained while using (17) and a randomly generated number r.
N o
It Dy ¢ It
ik T B, T Z il m i j/m#-k] 17)
m

!

The generated decimal value is converted into the corresponding binary value. Afterwards, crossover
is achieved while using Single-point crossover [36]. The mutation is achieved with a conversion (0—1
or 1—0) of its binary value in a randomly determined position. This position is determined using (18),
where B(n) is the binary representation of the decimal value n and d(n) is the digit number of n.

D N o

t Lt Lt

d[B 5oL xf,z,,n,z#,n#k]]'rj (18)
m

1
where 1] = the rounded-off value of n.

Table 4 shows the applied Genetic algorithm procedure in this research. The provided algorithm
has four parameters: th, p, r, and m. th is a threshold value specifying the termination criterion of the
algorithm. p is the number of the tested solutions in each GA iteration. r is the fraction of the solution
set that is to be replaced by the crossover operation and m indicates the mutation rate.

Table 4. The applied Genetic Algorithm.

Algorithm: Genetic Algorithm (th, p, r, m)
Initialize the values of the decision variables using (17)
Evaluate each constraint from (2) to (6)
if (constraints is met)
go to Line 8
else
go to Line 1
end
Evaluate the objective value using (10)
While (gap between the objective values > th)
0 select |(1 -1)- p| members from Line 1
11 crossover |7’J| pairs using Single-point crossover from Line 10
12 Mutate |m - p| using (18) number of members
13 Sort with (9) in descending order
14 Select |p| solutions
15 end

=0 00NN Ul W -
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The overall solution procedure for the proposed model combines the Genetic algorithm that is
shown in Table 4 with the gradient based local searching provided in (14), (15), and (16). During these
processes, E[min(q, )] is projected while using the sample averaging approximation method. The
mathematical model provided and the stochastic nonlinear programing based method contributes to
the estimation of effective collecting strategies. As the reputation of circular economy grows more
and more, production/collection quantities and related BOM portions become crucial decision factors.
The relevant collecting investments, together with their budget strategies, have to be considered in
this model. The proposed framework is considered as an effective remanufacturing in support of
the circular economy. The ensuing section describes the developed remanufacturing systems and its
numerical studies” analyses.

5. Development of Remanufacturing Framework and Its Numerical Analysis

This section describes the implementation of the proposed framework and the numerical analyses
while using the proposed software program. The system includes several information/parameter
panels and three graph windows. Table 5 represents the roles and functions of each panel/windows.

Table 5. Roles and functions of each panel and window.

Type Roles Organization Functions

- Plotting the demand data
Window Demanq _ Demand plot - Analyzing data
forecasting - Output: Gaussian dist.-based
predicting demand

- Monitoring return rate

Window Return rate _ Plot of existing Return rate Capturing return rate for circular
estimation economy-based
production planning
- Number of - Specifying BOM and
Panel Main information BOM components related information
- B; - Editing with the real data
- Price of a refurbish product
Price information - newly manufacturing cost - Specifying price information
Panel . - ; .
Setting per module - Editing with the real price data
- recycling cost per module
- number of investment - Specifying information for
I strategies for investment strategies
Panel .n;/estmf'nt strategy circular economy - Nonlinear equations can be
rormation - each investment embedded in the system
cost/product - Editing with user data
i i Parameters for local search . Se““.‘g parameters for the
Memetic algorithm gradient descent search methods
Panel - Parameters .
parameters i - Setting parameters for
for metaheuristics - .
Genetic algorithm
Window Solution - plots Aof objective - Sh‘owi-ng trend§ of the
function values objective function

Table 6 shows an analyzed numerical example to illustrate the effectiveness of the
proposed framework.
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Table 6. Data and Parameters for a case study and its analyses.

Type Values
- Number of BOM modules: 6
- B =12,1,1,1,21]
- CM?’t = [250, 500, 1750, 2000, 2250, 1750]
Input - CR}ICtk =10, 0, 600, 500, 500, 450, 0, 0, 600, 500, 500, 450, 0, 0, 600,
500, 500, 450, 0, 0, 600, 500, 500, 450]
- Cly = [214 389 357 429]
- tl=04/-D"M=8450

- Local search iteration number: 10,000
Parameters - n1=001/-n1_a=0.1"10
- th=0.0001/-p=10/-r=1/6/-m=0.2

- x1=10,0,000,0]
Initial solutions - x;", =[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
- A=

The current return rate data and historical demand data in the customized formats are read in the
system after inputting the initial solutions and parameters in the developed system. These data is then
plotted and analyzed, as shown in Figure 7.

Demand Forecasting Retun Rate Estimation
4 Demand Forecasting Estimated 10000 Retumn Rate Estimation Estimated Return Monitoring 04
1.08 (10 0.46
1.06 0.44 f i ; 5
M - . R I i 2
[ L e ao TR
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\ J A [ i [RYRETIN
1.02 ~ T 4 04t it i It
\ Y [ i ]
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1 s ‘ \{ AVARN o3t i i [l ‘v\,v'\l\ oo
| i : IR §
0.98 [ \ / i v N [ 0.36 i i TR ‘x"
! ( ] \ 36§
c \WwN / [ ooy
J v i i
0.96 1\ 7 0.34 i i
a
0.94 032

Figure 7. Forecasted demand and estimated return rate.

As shown in Figure 7, the data is analyzed while using various time-series methods. The best
fitted model in this scenario is proven to be the ARIMA (3, 1, 2) model and the prediction is presented
while using a Gaussian distribution N(10, 000, 232). In addition, the current return rate is estimated to
be 0.4. Consequently, to generate the solution of the suggested mathematical programming model, the
parameters of the memetic algorithm are inputted to the system.

The solution is then generated and the changes of the objective values plotted, as shown in
Figure 8.
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Figure 8. The execution of the process planning and investment framework supporting circular economy.

As illustrated in Figure 8, the objective function value is enhanced and converged to a
near-maximum value while using the proposed memetic algorithm. The generated solution supports
the circular economy in regard to the fact that the production plan pursues more gathering of recycling
components while considering business profits. In addition, it reduces the environmental pollutions
due to the use of recycling components.

The solution (Case III) is compared with the other cases to prove the effectiveness of the proposed
framework: the case that ignores refurbishing (Case I) and the remanufacturing case barring additional

returning investments (Case II). Table 7 provides these solutions and comparisons.

Table 7. The comparisons among three remanufacturing scenarios.

Comparisons Case I Case II Case III
- production - Using
. . depends on “newly “reusable modules” - additional investments
Main scenario . . . :
manufacturing - additional returning are considered

components” only

efforts are ignored

Profit (under the scenario in
Table 6)

9.89+10°

9.91+10°

9.94+10°

Number of Manufacturing
components

[2000,1000,1000,1000,
2000,1000]

[2000,1000,699,699,1269,699]

[2000,1000,355,355,432,355]

[0,0,137,173,434,137,0,0,148,

i\i\rxrrlnk;r;ft sRecyclmg N/A [0,0,301,301,731,301] 148,434,148,0,0, 53, 53,266,
Yol 53,0,0,355,355,434,355]

Usage rate of recycling _ 40% 82.91%

modules ' o

Returning rate per each N/A N/A [0.2189,0.0741,0.0982,0.0379]

investment strategy

The case with additional returning efforts has the largest profit in addition to the largest utilization

rate of recycling modules, as shown in Table 7. Based on the analyses, the third scenario that applies
the proposed framework has twice the recycling modules keeping the maximal profit compared
to the second case. Additionally, it is inferred that the third case might contribute to sustainable
manufacturing while using less energy as a result. These results can be differ based on the assumed
conditions and parameters. However, the proposed model and the solving framework are considered
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as effective production planning framework that supports circular economy with regards to the
additional investment strategies for increased collection, which are evaluated quantitatively under
stochastic and nonlinear business environments.

6. Conclusions and Further Studies

The circular economy is among the representative trends leading contemporary society. As
more efficient business techniques and management methodologies evolve for maximum corporate
profits, there has been growing concerns regarding the preservation environments for the future
generation, leading to growing with the governmental and municipalities’ regulations. These trends
have a lot of terminologies, including the circular economy, sustainable engineering, and closed-loop
SCM. This paper concentrates on the more active and detailed production planning that supports
circular economy. In particular, more focus is put on the decision making for additional investment
strategies for recycling products collection. There are existing portfolios for investment strategies, such
as promotions, additional installments of gathering facilities, and/or other incentive policies. Existing
production planning constraints have to be considered, although these tasks could guarantee more
returns of recycling components.

The majority of the circular economy environments have more uncertainties when compared to
existing contemporary economies. The uncertainties in returning amount and qualities of recycling
modules are also embedded, despite existing contemporary economies having uncertainties in demand
and supply abilities and production parameters. Consequently, the circular economy-based production
planning has to reflect on the existing planning constraints, additional investments, and more piled
uncertainties. This paper proposes a stochastic nonlinear programming model-based production
planning framework to solve these issues. In the proposed framework, the demand information is
captured through a probability distribution. In addition, the uncertain return rate and the costs of
recycling components are represented while using nonlinear function. It is difficult to obtain the exact
solution set that meets the circular economy criteria because the framework consists of stochastic and
nonlinear characteristics. As a result, this paper presents new and efficient techniques, such as the
sample averaging approximation method based on Monte-Carlo method and the memetic algorithm.
The use of the Monte-Carlo based sample averaging approximation method helps to handle the
uncertainties that are embedded in the circular economy environment. Consequently, the mathematical
model is transformed into a Lagrange function while using nonlinear K.K.T. conditions. To generate
effective solution sets for the function, the memetic algorithm, which combines Gradient based local
search and Genetic algorithm, is utilized. The framework is implemented in a software program
supporting circular economy-based production planning in order to prove the effectiveness of the
proposed framework in addition to its solving techniques. Thus, its effectiveness is proven through the
comparisons of results under various scenarios and analyses. While the proposed framework considers
recycling investment framework with uncertain demand and nonlinear recycling cost, this research
ignores the suggestion of detailed investment strategies, such as additional network generation or
activities for extra efforts. The proposed framework handles these features only in regards to nonlinear
costs. Additionally, this research ignores the current integrations of the environmental effects and
environment assessments. It is considered that the effectiveness of the proposed framework is enhanced
when these assessments are integrated.

As further studies, the broader expansions of the proposed framework are considered. The
production planning framework presented particularly focuses on the existing production parameters
and extra efforts in the enhancement of the returning rate. The framework covering the overall lifecycle
of its supply chain networks is necessary while the current framework handles production planning.
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Abstract: Despite the myriad of possibilities and applications of additive manufacturing (AM)
technology, knowledge about the social impacts of this technology is very scarce and very limited in
some areas. This paper explores how factors generated by the development of AM technology may
create social impacts, affecting the health and social well-being of people, quality of life, working
conditions, and the creation of wealth. This paper presents the results of an exploratory multiple
case study conducted among four Portuguese organizations that use AM technology, aiming to
determine their perceptions regarding the social impacts of AM, its effects, and causes. The results
confirm that AM technology is mainly seen to create positive impacts on health and safety (regarding
physical hazards), on expectations for the future, on leisure and recreation, on low disruption with
the local economy, on economic prosperity, on the professional status, and on innovative employment
types. Nevertheless, a negative impact was also found on health and safety (concerning hazardous
substances), as well as several mixed and null impacts. The main limitations of the research arise
from the use of a case study methodology, since the results can be influenced by contextual factors,
such as the size of the organizations in the sample, and/or social, cultural, technological, political,
economic, and ecological factors. This study gives an up-to-date contribution to the topic of AM
social impacts and social changes, an area which is still little-explored in the literature.

Keywords: additive manufacturing; social change; social impacts; 3D printing; rapid prototyping

1. Introduction

The introduction of additive manufacturing (AM), better known as 3D printing, emerges as a
disruptive technology that seems to bring with it several changes and impacts to the traditional product
lifecycle, conveying new challenges to business models and society in general. AM technology emerged
in the 1980s, through the work of Charles Hull [1,2], in stereolithography. Nowadays, this technology
is used in several industries to describe an additive process where material is added layer-by-layer to
create physical prototypes, parts of products, or a final product, directly from digital data [3,4]. This
technology contrasts with the traditional manufacturing methods which use subtractive processes
to remove material from a slab of raw material. Many processes use “layer manufacturing”, and
the literature identifies this technology with different denominations, such as 3D printing, additive
fabrication, layered manufacturing, direct digital manufacturing, and rapid prototyping.

According to Attaran [5], AM enables innovation and the making of low-cost prototypes and
mock-ups with a reduction of time. It allows the use of a wide variety of different materials, such
as plastics, resins, metals [6,7], glass, ceramics, powders, and rubbers, among others, which can be
applied to various geometries [3,8]. The increasing use of AM in small and tailored productions,
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enabling customization and more competitive prices [9], is changing business models, bringing with
it unpredictable impacts for business rules and society [10-12], and this increasing use could have
the potential for degrowth [13,14]. All these factors result in social impacts and changes which are
still unknown.

The literature on the social impacts of AM is scarce, making further research on the matter
essential [15,16]. Apparently, the social impacts of AM technology are related to job losses [15], intensity
of work, employment schemes and types of work, and the development of new skills [11,17]. Social
impacts on health and safety at work have also been identified in the literature [15,16]. The increase
of population well-being, associated with an increase in life expectancy and quality of life, resulting
from AM applications in medicine, is pointed out as a significant social impact [11,17]. Therefore,
research on the impacts of AM in real case settings is necessary to anticipate future social impacts. This
paper proposes to address this research gap. Four case studies within Portuguese organizations were
developed to provide insights into the social impacts of AM. The present study is guided by three
research questions:

e RQI: What are the causes of AM social impacts?
e RQ2: What types of social impacts are expected?
e RQ3: Do they have a positive or negative effect(s)?

2. Background

2.1. Additive Manufacturing

A growing number of companies and new business models based on AM processes are emerging,
creating enormous opportunities for the economy and society [18-20]. This technology is used by
two groups of companies, those that use low-cost, low-end technologies, and those that use high-end
technologies in cutting-edge sectors, such as in biomedical sectors, nanomanufacturing, [21,22] or
bioprinting, also known as 4D printing [23].

A significant amount of research has been published on AM technologies, regarding their physical
and chemical behaviours, as well as their economic and environmental impacts. These studies proclaim
several AM-related advantages, such as (a) design flexibility with complex geometries [5,11,15,21,24],
(b) reduced “time-to-market” [5,25], (c) design for customization [26,27], (d) reduced environmental
impacts [11,24,28,29], and (e) higher profit due to customer specific solutions [5,15].

However, little is known about the social impacts of AM, and the few studies available on the
topic make it harder to understand the matter [11,15,16]. These studies pinpoint several social impacts
areas, as can be observed in Figure 1.

The impact of AM on intellectual property rights and policy is not clear [17,30,31], since new
forms of intellectual capital property are emerging, such as creative commons licenses, license sharing,
or the open source concept [17]. As has happened before with movies, music, and books, traditional
forms of protection (e.g., design patents or copyright) might change. AM technology requests new
forms of protection and respect for legal rights [17,31].

AM is changing established business models and markets [11,17], namely in terms of product
customisation [10-12], the reconfiguration of supply chains [32], the extension of the product life [10,11],
the reorganization of logistic systems (i.e., local production models [22]), and the potential for repair,
remanufacturing, and refurbishment [10,11]. The possibility of consumers creating and co-designing
their very own objects using printers at home, or by easily accessing them, can also change purchasing
behaviours, resulting in impacts on society [17,22,33].

The social impacts of AM on education depend on the integration strategy into educational
systems [34,35] and on the maturity and gaps of those systems [15]. AM technology brings new
challenges, and its impacts on skills and education requirements remain to be studied [17,36,37]. This
technology presents high potential, especially for engineering training [34,38], since it allows the use of
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physical prototypes for educational objectives [39—-42], for the “Teaching Factory Concept” [43], and as
part of research efforts in universities [36].

Intellectual
proprietary
rights

Health,
Quality of life
and Safety

Business

models and

AM Social markets
Impacts

Education

and skills

Figure 1. The areas of social impact for additive manufacturing (AM).

The literature provides some evidence of AM technology’s social impacts on work and labour
conditions. The apparent “clean” aspect of AM causes little preoccupation about individual safety,
caution around the handling and disposal of materials, and consideration of a proper location for
the equipment [16]. Other authors refer that AM technology can create unemployment and political
destabilization in some economies, leading to changes in labour intensity, employment schemes, types
of work, work conditions, working hours, working places, and employment policies, or even in changes
in labour laws [15,25,44]. Conversely, positive impacts are foreseen, such as digipreneurship (digital
entrepreneurship), allowing the creation of niche markets, access for people without prior knowledge
of design and/or production to create diverse product types, and avoiding the need to go to work to big
cities, among other social innovations related to the easy self-use and flexibility of AM technology [3].
The adoption of AM technology is also mentioned as positive to “especially aging societies, (that)
might benefit from the ability to produce more goods with fewer people while reducing reliance on
imports” [28].

The reduction of health costs for the elderly and the rise of life expectancy and quality are
mentioned in the literature as AM social impacts [16,28], mainly because of the possible customizations
of healthcare products (e.g., surgical implants, orthodontics, etc.) [11,20]. Several authors warn of the
terrorism dangers associated with AM technology, as weapons production (i.e., guns, bullets, bombs,
etc.) can be facilitated using the technology [28,45-47].

2.2. Social Impacts Definition

There is widespread consensus that social impacts are relevant and should be considered as
part of the analysis of sustainability [48]. In the literature, despite recent advances [49], there is still
insufficient knowledge regarding social impact assessment (SIA), namely on conceptual and theoretical
issues [50-53].

There is no unanimity on the concept of “social impact” and its formal definition, which makes
it difficult to distinguish social impacts from social changes, or even from societal impacts. Thus,
some authors use the concept of social impact while others use social change to identify the same
idea [16,54-56]. Also, the term “societal impacts” is used to refer to social impacts [15]. Several definitions
of social impact are proposed in the literature [57,58]. A literature review of 50 papers [59] concluded
that changes, which entail effects, cause social impacts. Some of these changes cause phenomena
experienced by stakeholders and are recognized as social impacts. This definition, by being so broad,
does not allow a crystal-clear identification of the concept of “social impact”. To clarify the concept, the
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following subsections contain the definition of social impact, according to widely accepted operational
guidelines/frameworks and Vanclay’s [54] research.

2.2.1. Social Impact Operational Guidelines/Frameworks

The United Nations Environment Programme (UNEP) guidelines define social impacts as
“consequences of positive or negative pressures on social endpoints (i.e., the well-being of
stakeholders)” [60]. Social impacts are understood to be “consequences of social relations (interactions)
weaved in the context of an activity (production, consumption or disposal), and/or engendered by it,
and/or by preventive or reinforcing actions taken by stakeholders (e.g., enforcing safety measures in a
facility)” [60]. The term social impact does not include the social change processes.

The UNEP Setac Life Cycle Initiative [60] proposes the use of the social life cycle assessment
(S-LCA) methodology to assess social impacts along life cycle stages, considering five categories
of stakeholders: Workers/employees, local communities, society, consumers (covering not only the
end-consumers, but also the consumers), and value chain actors. This S-LCA approach is aligned
with ISO 14040 [61] and ISO 14044 [62], and is well-accepted among professionals and researchers.
The problem lies in the difficulty to quantify social impacts in contrast with environmental ones [63],
and the scarcity of databases with accessible information concerning them [60].

The Global Reporting Initiative (GRI) [64] is a widely accepted sustainability framework to report
social impacts [15,58,65], because it standardizes enterprises’ reports on environmental, social, and
economic aspects. This reporting system [64] presents 19 categories of social indicators, ranking the
indicators as core (i.e., obligatory) or additional, and many of them are qualitative or binary (i.e., “yes”
or “no”). This quantification bias makes it difficult, if not inhibiting, to quantify the indicators and
comparisons [58].

The International Association of Impact Assessment (IAIA) [66] differentiates between social
change process and social impact, because not all social changes cause social impacts. The claim that
social change is (any) process affecting people, and the social impact is any experienced effect [56].
Despite the distinction between them, the definitions broadness hinders the quantification of the
experienced effects.

2.2.2. Vanclay’s Theoretical Framework

Vanclay [54,67,68] established the theoretical foundations of SIA. He discusses in detail the
problem of the distinction between social change process and social impacts:

e Social impacts are “experienced or felt in either corporeal or perceptual terms” [54]. They “will vary
from place to place, from project to project, and the weighting assigned to each social impact will
vary from community to community and between different groups within a given community” [54].
This is a broad concept comprising all aspects that affect people directly or indirectly in one or
more of the following topics: People’s way of life, their culture, their community, their political
systems, their environment, their health and well-being, their personal and property rights, and
their fears and aspirations. Vanclay [67] argues that “direct social impacts result from social change
processes that result from a planned intervention” and that “indirect social impacts are a result of
changes in the biophysical environment”.

e Social changes processes “may be the intention of especially designed activities to influence
the social setting (intended impacts) or may unintentionally result from these activities” [54].
Vanclay [54] also argues that “many of the variables typically measured in social impact assessment
studies are not in themselves impacts, but rather represent the measurable outcomes of social
change processes, which may or may not cause impacts depending on the situation”.

e Vanclay [54] proposes a list of social impacts covering different dimensions (individual, family,
household unit, community, and society) and specificities (corporeal, perceptual, and/or emotional).
The conceptualization of the impacts was divided into seven categories (but according to the
author it is possible to group them in other ways):
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. Health and social well-being: This category is based on health impact assessment (HIA) [69].
Vanclay stresses “while HIA professionals have a wide range of health indicators, they
consider that the dimensions listed are the ones likely to be important from a social
perspective” [54].

. Quality of the living environment (liveability): This category includes impacts related
to the physical environment, like exposure to dust, noise, artificial light, odours, and
other similar issues. It also includes how people feel about their environments, that is, the
recreational opportunities and the aesthetic quality of their surroundings.

. Economic and material well-being (both on individuals and on communities): In developed
countries, employment opportunities, income, and real estate are apparent impact variables,
while in less-industrialized countries the workload, for instance, is more important.

. Cultural: This category “includes all impacts (changes) on the culture or cultures in an
affected region, including loss of language, loss of cultural heritage, or a change in the
integrity of a culture (the ability of the culture to persist)” [54].

. Family and community: This category “includes impacts related to the family, social
networks, and the community” [54]. Changes in family structures and communities are
examples of impacts included in this category.

. Institutional, legal, political, and equity: In this category, the workload and the viability of
government or official agencies is included. Also, it considers alterations resulting from
the implementation of projects with great commercial interest, which can create pressure
on institutions and governments, violating the human rights of individuals.

. Gender relations: Since “women tend to bear the largest and most direct social impacts” [54],
this category encapsulates this social impact.

Despite Vanclay [54] proposing a list of possible social impacts for each category, he warns
against its use as a checklist, since it does not encourage analytical thinking about the impact-causing
mechanism. Furthermore, he adds that any listing of impacts is context dependent, so researchers
must select what impacts should be included and how they should be described, bearing in mind that
the level of detail is crucial.

In the case of the social impacts of AM technology, existing studies are scarce. In the face of such
arguments, this research proposes a list of the social impacts of AM technology, based on the definition
of social impact given by Vanclay [54].

2.3. Social Impacts of Additive Manufacturing

Due to the lack of social impact repositories applied to AM technology, a number of Vanclay’s [54]
categories, and their respective list of social impacts, were considered as the foundation for this study.
In particular, four categories of social impacts were considered relevant: (1) Health and social well-being,
(2) institutional, legal, political, and equity, (3) quality of the living environment (Liveability), and (4)
economic and material well-being. Since Vanclay’s list is intended for any topic and it does not focus on
AM, the four categories were selected considering the pieces of evidence found in the AM literature, as
well as a recent study [70]. The purpose of the study was to map specific keywords, or “pointers”, for
social impacts of AM technology. The computer-aided content analysis applied in the study allowed the
authors to disclose many significant “pointers”, in which the words “family” or “gender”, for instance,
never appeared as an output [70].

Table 1 was compiled using Vanclay’s social impacts list and was completed with the social
impacts identified in the AM literature. It provides an overview of the potential AM social impacts and
is not an extensive or absolute list of social impacts. For each impact, a description is given according
to Vanclay [54] or other authors. In some cases, the impact was defined by the authors of this paper,
which is denoted where relevant in the right-most column.
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3. Research Methodology

Given the exploratory nature of this research and the need to build theory in this developing
research area, a multiple case study methodology was selected for this study [74,75]. Four organizations
that use AM manufacturing processes were selected for exploring the proposed research questions.
Factors of convenience (namely ease of access) and proximity were important reasons for the selection
cases. All of the selected organizations are located in Portugal (Lisbon and the Tagus River Valley).

To collect data related to the social impacts of AM, an interview protocol was designed considering
the social impacts identified in Table 1. The main objective was to collect the interviewees’ perceptions
about factors of AM technology that can lead to changes and the effect of those factors in terms of
their social impact (which can be positive, negative, null, or mixed). The interview was comprised
of semi-structured questions, as well as questions to encourage interviewees to share their opinions
and experiences. Each interview ended with an open question on the “most experienced or perceived
impact(s)”, so there was a chance to apprehend other items neglected in Table 1. To test the interview
protocol, a pilot-run was carried out with two young entrepreneurs who were well-acquainted with
AM technology. After that, the interview protocol was refined.

The data were collected over two weeks, through four semi-structured interviews, conducted
with the senior managers of the organizations. Each interview lasted about 1.5 h and was electronically
recorded. The quality of the data collected was ensured by two means: (1) In addition to the use of a
digital tape-recorder, all interviews were conducted by two researchers, and (2) all statements/results
were transcribed into a summary text and sent out to the respective interviewee for his/her validation
of contents, both in terms of the completeness and interpretation. This direct approach allowed the
collection of data on the social impacts originating from AM and the perceived impact direction. The
relevant results are compiled in Tables 4 and 5, which are presented later in this paper.

4. Case Study Results and Analysis

4.1. Social Impacts of Additive Manufacturing

The four organizations comprising the multiple case study (Table 2):

e  Organization A: 3D Life is a brand (and a business unit) within the company Let’s Copy Ltd., a
Portuguese small and medium-sized enterprise—(SME). It provides services such as 3D scanning,
digitalization, printing, modelling, and short run productions. This company uses ceramic, plastic
(PLA), and resin printers, and they work together with other partners using other technologies
such as metal printing. The organization mostly makes prototypes for validation and ergonomic
studies and creates small print runs for large companies.

e  Organization B: Blocks Technology is a Portuguese start-up for the design and manufacture of
3D printers. Initially, the company developed prototypes for other companies, but currently, it
designs and manufactures their own 3D printers and sells filaments and maintenance services.

e  Organization C: 3D Factory is also a brand (and a business unit) within the company Emerging
Objects (a Portuguese SME), which provides services for 3D scanning, digitization, printing, and
modelling (technical and prototyping, architectural models/applications, and equipment). Its main
products are “end products”, (i.e., objects, prototypes of products, and parts). The company also
provides complementary services such as modelling, design, and printing for projects. Its primary
clients are educational, musicological, and creative services.

e Organization D: MILL—Makers In Little Lisbon is a community of practice. This collective focuses
on collaborative work and knowledge sharing. The interviewee of this practice community has
the peculiarity of having introduced in Portugal, in 2009, the first 3D printer from the MakerBot
Company. This expert has in-depth knowledge of the history of 3D manufacturing in the world
and has participated in the process of the expansion of desktop 3D printers.
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Table 2. Summary of the organizations under study.

Name 3DLife (A) Blocks Technology (B) 3D Factory (C) Mill (D)
Type Brand. Start-up. Brand. Collaborative community.
Main 3D scanning, digitalization, Design and manufacture of 3D scanning, digitalization,
o printing, modelling, and 3D printers, and printing, modelling, and Knowledge sharing.
Products/Services ! 5 . 4
short-run production. maintenance services. short-run production.
Main Customers End users and . Companies. Educatlonalf museo.loglcal, Not applicable.
manufacturing companies. and creative services.
L . . PLA, Acrylonitrile
Additive Ceramic, plastic (PLA), . L .
Technology and resin printers. PLA printers. Butadiene Styrene (ABS), PLA printers.

laser, and resin printers.

Table 2 characterizes the four organizations. In addition to the table contents, it is noteworthy that
all of them are under 5 years old, had a business volume in 2017 of up to 100,000 EUR, and have fewer
than 10 employees, all of which have at least a bachelor’s and/or licentiate’s degree.

4.2. Social Impacts of Additive Manufacturing

The data collected were analysed using a colour coding scheme (Table 3), indicating the agreement
between the four respondents on the “direction” of each impact, which was either positive, negative,
null, or mixed.

Table 3. Level of agreement between interviewees.

Colour Code
. All Positive (the 4 respondents agree on a positive impact)

Positive + Null

Positive + Negative and/or Mixed and/or Null (i.e., undefined)
Negative + Null
. All Negative (the 4 respondents agree on a negative impact)

All Null (the 4 respondents agree — no impact)

Tables 4 and 5 present a list of factors of AM technology that can lead to changes. In addition, they
contain a list of social impacts (i.e., the effect of the change). The objective is to show the cause-effect
relationship between factors (“causes”) and effects (“impacts”). The “causes” (the mechanisms that
can generate changes) are the specific characteristics of the AM technology which may help to explain
the perceived “impact”. The next sub-sections provide the analysis of main results.

4.2.1. Vanclay’s Theoretical Framework

Table 4 shows the interviewees’ perceptions of the social impacts of AM related to health and
safety, mental health, and well-being, as well as expectations for the future.

The first factor, “occupational disease situations”, represents the exposure to health risk factors
such as a thermal environment, noise, and vibration (i.e., physical risks of the work environment).
All the interviewees stated that AM technology has a positive impact on worker health and safety.
According to them, this risk almost disappears, because the equipment is noiseless, the machines can
run on their own (higher autonomy) and the workers are “removed” from the process, as compared
with conventional technologies in which there is a more constant and closer man-machine contact.
In fact, some of the respondents emphasized that in many small companies, the factory environment
disappears, and everything is similar to an open-space layout, typical of service companies, where
the manufacturing zones coexist with administrative workspaces. These results are aligned with the
literature [11,15,16], since is frequently referred to as a positive social impact.
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Likewise, in the factor “feelings of social valorisation/recognition of professional status”, all the
interviewees agreed that the impact on “expectation for your future” was positive. They justified this,
claiming AM technology is seen as something new, revolutionary, modern, and appealing, allowing
varied and creative work.

In contrast, for the factor “situations of particular risks”, the impact on “health and safety” is
unanimously negative, because there is an added risk on both occupational health and worker safety.
This is explained by the increased use of a wide range of raw materials, namely thermoplastics and
composites that release toxic particles and fumes, increasing the risk for health, either through direct
contact with the skin or inhalation [11,12,15].

Regarding the impacts on “health and safety” caused by “situations of accidents at work” and the
“number of hours of mental, and/or physical work”, all interviewees agreed that the effect was null,
since the machines are safe, do much of the work without human intervention, and there is already
enough know-how on this technology.

Similarly, the impacts on “mental health and well-being”, caused by the “level of stress, and/or
anxiety at work”, received a null classification from three interviewees. The exception was the
representative of the collaborative community. His justification for the mixed effect caused by “level of
stress, and/or anxiety at work”, concerning impact, was that some AM applications are still quite slow,
and this could increase stress levels when there are short deadlines to meet.

4.2.2. Impacts on Quality of Life

This category includes aspects such as recreational and leisure activities and the perception
regarding the impact of AM on crime and violence. All the interviewees said that this technology
allows countless leisure activities, valuing the concept of do it yourself (DIY) and allowing the
development of creativity, enabling the production of objects for cultural expression and educational
activities. This corroborates other findings in the literature review, e.g., [3].

The possibility of using AM technology to reproduce replicas from museum objects and develop
“3D museums” was also mentioned, resulting in opportunities of social inclusion (e.g., people with
visual impairment).

About the “level of crime and violence”, one respondent (A) stated that he did not know whether
there was an impact. However, the other three respondents stated that there will be no effects, since
it is easier to manufacture weapons or bombs by other means. In fact, regarding this question, the
three respondents were peremptory in affirming that AM does not increase the risk of violence. These
findings are contrary to what is advocated by some authors [28,45], who believe that AM technology
can increase insecurity and violence.

4.2.3. Impacts on Institutional and Legal Level

The perceptions of the interviewees regarding their legal rights were divergent. Even though
organizations B and C claim to be unaware of the potential impacts, organizations A and D believe
that there is an impact: Organization A believes that the protection of patent rights is a factor with
negative impact, since AM creates the possibility of numerous copies, compromising patent security.
For organization D, this is a factor with a positive impact, since working on open source models is
important because the information is entirely available to all. This result is in line with the literature
analysed, which considers that property rights and policies are not clear [17,30,31].

4.2.4. Impacts on Economic and Material Well-Being

The main category, “economic and material well-being” (Table 5), includes issues related to
disruption with the local economy, economic prosperity, the level of employment in the community,
and professional status or type of employment. Since this category includes 19 factors, it was considered
helpful to show a relative distribution for mapping both the direction of the impacts and the level of
agreement, as can be observed in Figure 2.
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Legend:

- All Positive (the 4 respondents agiee on a positive impact)
Positive + Null
Positive + Negative and/or Mixed and/or Null (i.e.. undefined)

- Negative + Null

Figure 2. Impacts on economic and material well-being, showing the direction and the level of agreement.

It can be established from the results that the opinion of respondents on the impacts of the category
“economic and material well-being” were frequently coincident (Table 5) and mostly positive (Figure 1),
since more than half the items are labelled in the colour green (21% + 32%).

Regarding the potential effect of “disruption with the local economy”, all interviewees agreed that
the factor “adaptation of products’ characteristics to the needs/expectations of the community” has a
positive impact, because the use of the AM technology allows customization and better management
of stocks, since these are manufactured upon request. This in line with the literature [25,33].

Furthermore, the changes in the “creation/disappearance of small local businesses” can have both
positive and mixed impacts on the “disruption with the local economy”. For a couple of respondents,
there was no problem (perceived as positive impact) because they believed that new small AM businesses
can coexist with traditional businesses. The other two respondents were unsure and considered “mixed”
impacts, since there is still some chance that a few traditional businesses can disappear.

With regards to perceived effects on “economic prosperity”, the respondents were almost unanimous
in considering that changes in “customization/personalization” and “new skills that can be used in new
businesses” have positive impacts. AM allows acquiring new skills that can be used to develop new
business. However, the interviewee from organization B considered that the impacts are mixed, since
the development of new skills is positive, but, conversely, it can also create unemployment and poverty
due to the low qualification of some workers. Customization was pointed out by all interviewees as a
significant change, since it allows the ability to quickly answer customer expectations. This confirms
the relationship between AM and customization that is advocated in the literature [5,12,15,47,76]. Most
respondents believe that there will be no changes in the “rewards system”. However, one of the
interviewees pointed out that AM processes facilitate management by objectives.

The effect on the “level of employment in the community” received a mixed classification by
all interviewees when assessing the change “creation/disappearance of jobs”, since this technology
promotes both the creation of some jobs and the disappearance of others.

Within the impact on “professional status and employment type”, a wider variety of factors were
assessed. All the interviewees were unanimous in considering that “educational curricula” and the
“need to participate in training and professional requalification” have a positive impact in professional
status and employment. Changes in education and training were referred to by the interviewees as
one of the areas which can benefit most from the introduction of qualifications in the domain of AM
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technology. One of the interviewees mentioned that recruitment processes in engineering areas are
already valuing knowledge of the use of 3D technology. The importance of developing new skills and
competencies for AM is also mentioned in the literature as a positive effect [11,17,36,37].

The trend to use “open office” schemes supports the perceptions of the interviewees that “function
analysis” and “work organization” have a positive impact on “professional status and employment type”.

Two of the interviewees considered that “more flexible work schedules” has a positive impact,
since several porTable 3D machines can be easily used anywhere (i.e., the home, office, events, etc.).
Two others considered that there will be no impact concerning this factor.

“Performance assessment system” was considered without impact (impact null) or with positive
impact (A), because these systems become very objective, allowing the unequivocally verification if the
employee has complied with the procedures defined by the company within the stipulated period. All
these factors were considered positive by respondent A. This last explanation is also the reason why
two interviewees considered that “responsibility for the tasks performed” has a positive impact.

Regarding the effect of “need of teamwork”, there were different perspectives. It is important
(and beneficial) to work as a team, because the various stages of production must be well synchronized.
If an individual makes an error (e.g., programming the machine incorrectly) it can jeopardize the
entire process.

According to three interviewees, the factor “need to develop new skills” has a perceived positive
impact, because the evolution of this technology forces employees to be up to date/keep up with the
development of technology.

“New work scheme” changes were perceived as generators of positive and mixed impacts on
“professional status and employment type”, since these schemes increasingly allow remote work
systems, but at the same time, there may be negative impacts that result from an excess of employees
who can work from home or other locations. Remote work allows higher professional flexibility, but it
can also “isolate” individuals from their workplace and organization, creating risks inherent to “work
alone” situations, typically psychosocial risks.

The factors “precarious contracts” and (personnel) “turnover” seem to be related. Both are likely
to increase because there is a shortage of AM specialists. At least two of the interviewees (B and C)
believe that there are both positive and negative effects. On the one hand, the freelance qualified
workers are encouraged because they can easily change from one company to another, creating new
opportunities for “self-employment”. On the other hand, this also means precarious jobs, which are
justified by the typology of production management “by project”.

Finally, the interviewees’ perceptions of the effects of “resistance to organizational and technological
change” on “professional status and employment Type” was that it has almost no impact. However,
one of the interviewees considered that the impact is negative, since there is some resistance to
organizational and technological change.

4.2.5. Emerging Social Impacts and Factors

Each respondent was asked to pinpoint the “most” important AM social impact(s) and/or factors
causing them. Several items emerged as follows:

e  Customization: Each person can replicate parts of objects that they need, and/or create/print
new parts.

e Decreased consumerism: Repairing becomes easier.

e Increased durability of products/equipment: Due to maintenance/repair of equipment with
customized parts, when printed in 3D, the durability of equipment and parts may increase.

e  Reduction of stocks: The use of AM technology decreases the need to maintain stocks.

e  Environmental problems: It is felt necessary to identify, systematically, different materials by type
and to create mechanisms for their classification, separation, and recycling.
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e Quality of life: AM technology used for medical purposes enables the production of prostheses,
organs, teeth, etc., improving people’s quality of life.

e Employment: AM technology can increase unemployment, especially for many unqualified
people, despite the counter-effect of promoting a few qualified ones.

e  Education: AM technology can be used to improve learning processes.

e  Cultural: AM technology can be applied in museums and thematic cultural events, through the
rapid reproduction of 3D miniatures (e.g., iconic statues and monuments, dinosaurs in thematic
parks, etc.).

e  Social inclusion: AM technology can contribute to social inclusion, for example by allowing blind
people to experience museums more realistically.

5. Conclusions

This paper presents an endeavour to determine the social impacts of AM and the respective causes
of said impacts. An exploratory multiple case study, comprised of four organizations, was developed
considering three research questions.

The first research question (RQ1) aimed at identifying “causes”, i.e., the main factors originated
by the use of AM technology in a productive context that could cause any type of social impact. The
research underlined a set of 28 fundamental factors that may create social impacts within the health
and social well-being of people (including work conditions), quality of life, legal issues, and wealth
generation. Of these, 12 specific factors were pinpointed unanimously by all four organizations as
creating changes (column “yes”), namely disease situations, situations of particular risks, feelings of
social valorisation/recognition of professional status, new recreational and leisure activities, adaptation
of product characteristics to the needs/expectations of the community, creation/disappearance of small
local businesses, customisation/personalisation, development of mew Skills that can be used in new
businesses, creation/disappearance of jobs, educational curricula, need to participate in training and
professional requalification, and need to develop new skills. By contrast, at least three factors were
likely to have no social impact (null impact): Situations of accidents at work, number of hours of mental
and/or physical work, and level of crime and violence. The latter is surprising, since it contradicts
other findings in the AM literature [28,45]. However, a list of undefined or fuzzy factors also emerged.
The case with the protection of patent rights is one that raises doubts and needs further investigation.

The second research question (RQ2) intended to identify the “effects”, i.e., the types of AM social
impacts. Following Vanclay’s social impacts definition [19], this paper proposes 10 social impacts related
to AM, which are organized into four categories and respective subcategories: (1) Health and social
well-being, with the subcategories of health and safety, mental health and well-being, and expectations
for the future; (2) quality of life, with the subcategories of perception of leisure and recreation, and
perception of real crime and violence; (3) institutional and legal level, with the subcategory of legal
rights; and (4) economic and material well-being, with the subcategory of disruption with the local
economy, economic prosperity, level of employment in the community, and professional status and
employment type. The case study results allowed the confirmation of this set of social impacts and
unveiled another two, cultural impacts and social inclusion.

The third research question (RQ3) helped explain the cause-effect relationships between AM
factors and their social impacts. To answer this question, it was assessed if the impacts were perceived
as positive, negative, null, or mixed. Apparently, AM technology has many positive impacts, such as
improved health and safety due to a reduction of occupational diseases caused by physical hazard,
higher expectations for the future, derived from feelings of social valorisation/recognition of professional
status, new opportunities for leisure and recreation, given the chance to develop new hobbies and
other recreational activities, disruption within the local economy in a positive direction, with the
adaptation of products to the needs of the community, economic prosperity, originating from the
increased demand for product customization, and finally, increased professional status and innovative
employment types, instigated by new educational curricula and training and qualification schemes.
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However, one negative impact of AM technology was identified by all; the possibility to reduce worker
health and safety due to particular risks, namely exposure to dangerous substances.

The main limitations of the current study arise from three methodological aspects. Firstly, the
use of a case study methodology. The results can be influenced by contextual factors, such as the
size of the organizations in the sample, and/or social, cultural, technological, political, economic, and
ecological factors. Directly associated with this issue, it should be highlighted that the cases selected
were restricted to micro-enterprises. This was due to geographical proximity and to keep a manageable
(short) number of homogeneous cases. A subsequent and much more extended study is currently
being carried out, including a survey with a large number of enterprises of all sizes and from a variety
of activity sectors. Finally, it should also be acknowledged that, in the future, all seven categories of
Vanclay’s list of impacts should be explored with respect to AM technology.

All in all, the present study, just like a few of its predecessors, appears to corroborate a multitude
of positive social impacts for AM technology. However, this somewhat optimistic vision should
be tackled with caution and more research work, since AM is still in its early days and other less
interesting impacts may still be unknown. Finally, key research directions in the AM technology field
can be summarized as follows:

e Developing a more comprehensive study on AM social impacts, considering a larger sample and
replicating the study in several countries.

e Verifying if the use of different raw materials and equipment can lead to different social impacts.

e Developing methodologies to quantify (including formal indicators) the relevance of AM
technology’s social impacts.

e  Creating an open database of possible AM social impacts, specifying the differences between the
varied raw materials and equipment involved.
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Abstract: The framework of product life cycle (PLC) cost analysis is one of the most important
evaluation tools for a contemporary high-tech company in an increasingly competitive market
environment. The PLC-purchasing strategy provides the framework for a procurement plan and
examines the sourcing strategy of a firm. The marketing literature emphasizes that ongoing
technological change and shortened life cycles are important elements in commercial organizations.
From a strategic viewpoint, the vendor has an important position between supplier, buyer and
manufacturer. The buyer seeks to procure the products from a set of vendors to take advantage of
economies of scale and to exploit opportunities for strategic relationships. However, previous studies
have seldom considered vendor selection (VS) based on PLC cost (VSPLCC) analysis. The purpose
of this paper is to solve the VSPLCC problems considering the situation of a single buyer-multiple
supplier. For this issue, a new VSPLCC procurement model and solution procedure are derived in this
paper to minimize net cost, rejection rate, late delivery and PLC cost subject to vendor capacities and
budget constraints. Moreover, a real case in Taiwan is provided to show how to solve the VSPLCC
procurement problem.

Keywords: vendor selection; product life cycle; multi-objective linear programming; multi-choice
goal programming

1. Introduction

Modern businesses face an increasingly competitive market environment, in which companies
need to shorten product life cycle (PLC) to bring their good products to market quickly, and thereby
increase their competitive advantages. In particular, the PLC of electronic products has become shorter
to support the timing of marketing [1]. A significant challenge faced by the vendor-buyer supply chain
(SC) is how to deal with the arrangement of the vendor’s uncertain lead time and the buyer’s random
demand over the selling season [2]. Accurately determining timing for purchasing is an important
issue for procurement plans. The PLC-purchasing strategy (PS) offers a framework for procurement
plans and examines the sourcing strategy of a firm [3,4]. PLC is a descriptive framework that classifies
the development of product-markets into four stages: Introduction, growth, maturity, and decline.
In the introduction stage, there are few competitors in the market. This provides innovators with a
chance to use a price-skimming strategy to recoup their product development costs and encourage
knowledge of the new product. In the growth stage, overall market sales increase radically, attracting
many new market entrants. The decline stage is entered when overall market sales begin to fall. During
this stage products are withdrawn from the market and firms reduce their marketing expenditures to
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cut costs [5]. It can be seen that using the framework of PLC can act as a guideline to aid purchasing
managers in fitting the performance of their ever-expanding duties and tasks for the optimal profit of
the company. Purchasing planners have known that they want to achieve this desired elasticity by
fitting procurement actions to each PLC phase. The emphasis on this procurement planning is on the
timing of the changes in purchasing activities to create the best utilization of company resources [6].
Schematically, the PLC can be approximated by a bell-shaped curve that is divided into several stages.
The PLC is typically depicted as a unit sales curve of a product category over time [7-16]. Another
important issue faced by firms is the vendor selection (VS) problem. Supply professionals must
balance their firm’s quality and delivery policies with the cost saving and flexibility profit offered
by vendors, so a vendor’s product manufacturing skills are attractive early on the relationship but
efficiency dictates in later stages [7]. The purchasing firm’s preferences or weights associated with
various vendor attributes may vary during different stages of the PLC. The concept of PLC cost (PLCC)
originates from the US Department of Defense and is focused on a product’s entire value chain from
a cost perspective since the development phase of a product’s life, through design, manufacturing,
marketing/distribution and finally customer services [8]. Elmark and Anatoly (2006) indicated that the
PLCC is the total cost of acquiring and utilizing a system over its complete life span [10]. Vasconcellos
and Yoshimura (1999) proposed a breakdown structure to identify the main activities for the active
life cycle of automated systems [11]. Spickova and Myskova (2015) proposed activity based costing,
target costing and PLC techniques for optimal costs management [12]. Sheikhalishahi and Torabi (2014)
proposed a VS model considering PLCC analysis for manufacturers to deal with different vendors
offering replaceable/spare parts [13]. Narasimhan and Mahapatra (2006) developed a multi-objective
decision model that incorporates a buyer’s PLC-oriented relative preferences regarding multiple
procurement criteria for a portfolio of products [3]. Life cycle costing is concerned with optimizing
the total costs in the long run, which consider the trade-offs between different cost elements during
the life stages of a product [17]. In brief, the PLCC methodology aims to assist the producer to
forecast and manage costs of a product during its life cycle. PLCC is a good technique used to assess
the performance of a PLC. It can evaluate the total cost incurred in a PLC and assist managers in
making decisions in all stages [9]. Their research aims to obtain a comprehensive estimation of the
total costs of alternative products or activities in the long run. It is usually possible to affect the
future costs beforehand by either planning the use of an asset or by improving the product or asset
itself [18]. Previous studies, however, have seldom examined the VSPLCC procurement problem
in the situation of single buyer-multiple supplier. The contribution of the study is to consider a
VSPLCC problem with a single-buyer multiple-supplier procurement problem. We integrate VS and
PLCC (VSPLCC) procurement planning into a model for enterprise to reduce their purchasing cost.
Based on the literature reviews and discussions with experts in this field, we obtained important
criteria, including price, transportation cost, quality, quality certification, lead time, necessary buffer
stock, goodwill, PLC cost, vendor reliability, and vendor-area-specific experience in the VSPLCC
problem of real case example. In addition, we would like to maximize the benefit of the procurement
process and must continue to reduce purchasing costs as well as aim to achieve minimal costs to
obtain the maximum benefit. To help purchasing managers effectively perform and coordinate these
responsibilities with their jobs, we need to reconceptualize their role for procurement [14,15]. A new
VSPLCC procurement model is then proposed to solve the problem of real case example procurement
problem and is presented based on the modified dataset of the auto parts manufacturers” example, and
a numerical example is adopted from a light-emitting diode company in Taiwan. Our study considers
the following goals: For more realistic applications, net cost minimization, rejection rate minimization,
and late delivery minimization, minimization of PLCC, and vendor capacities and budget constraints.
Moreover, multi-objective linear programming (MOLP) and multi-choice goal programming (MCGP)
approaches are integrated to solve this VSPLCC procurement problem.

The paper is organized as follows. We review the literature regarding the quantitative methods
for the VS decision in Section 1. Section 2 presents the formulations and solutions to the VSPLCC
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procurement problem using both MOLP and MCGP approaches. In Section 3, the solution procedures
of the two approaches for VSPLCC procurement problem are presented based on the modified dataset
of the auto parts manufacturers” example and a numerical example is adopted from a light-emitting
diode company in Taiwan [19]. In Section 4 Solution results of MOLP and MCGP are provided.
Conclusions regarding the managerial implications and limitations solving the VSPLCC procurement
problem in the four stages of the PLC with MOLP and MCGP approaches are addressed in Section 5.

2. The VSPLCC Procurement Approaches

2.1. Linear Programming Technique

Linear programming (LP) is a powerful mathematical technique which can be used to solve
PLC problem. Azapagic and Clift (1998) applied LP to assess the environmental performance of a
product system [20]. Dowlatshahi (2001) developed a conceptual framework to tactically consider
PLC costs [21]. Zimmermann (1978) showed that a problem with fuzzy goals and constraints can be
reformulated as conventional LP problem [22]. Ghodsypour and O’Brien (1998) utilized AHP and LP to
develop a decision support system for solving VS problems [23]. Kumar et al. (2004) used fuzzy GP to
address the effects of information uncertainty on the VS problems [24]. Amid et al. (2006) developed a
fuzzy multi-objective LP model to overcome the VS problem with vague information [25]. In addition,
Kagnicioglu (2006) first compared two fuzzy multi-objective methods for VS problems [26]. Chang
(2007, 2008) proposed the MCGP method which allows one goal mapping multiple aspiration levels to
find the best achievement levels for multiple objective decision making (MODM) problems [27,28].
Accordingly, in order to improve the quality of decision making for solving the VSPLCC procurement
problem, we integrate AHP and MCGP methods, wherein both qualitative and quantitative issues
are considered for more realistic VSPLCC applications. The AHP-MCGP method is also used to aid
decision makers (DMs) in obtaining appropriate weights and solutions for the VSPLCC problem.
The proposed VSPLCC procurement model can be easily used to select an appropriate vendor from a
number of potential alternatives. The framework adopted for this study is shown in Figure 1.

Seletionof Rating of criteria by using Development Synthesis of Measurement of Final decision
> questionnaire filled by > > priorities " consistency > makingic.,

criteria from of hierarchy

literature and experts from industry and selection of
experts. academia vendor

Selection of vendor using AHP

Figure 1. Framework of the study.

The formulation of the VSPLCC procurement model requires the following assumptions, indices,
decision variables and parameters.

2.2. Fuzzy Multi-Objective Models for the VSPLCC Procurement

VSPLCC Procurement Problem

(i)  Oneitem is purchased from each vendor.

(ii) Quantity discounts are not considered.

(iii) No shortage of the item is allowed for any of the vendors.

(iv) Thelead time and demand for the item are constant and known with certainty.

The sets of indices, parameters, and decision variables for the VSPLCC model are listed in Table 1.
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Table 1. Nomenclature [fuzzy parameters are shown with a tilde (~)].

Index for vendor, foralli=1,2,..,n

j

Index for objectives, forallj=1,2, ..., ]

k

Index for constraints, forallk=1,2, ..., K

t

index objectives and constraints for all at four PLC stages t =1, 2, 3, 4

Decision Variable

Xit Ordered quantity given to the vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
Parameters
a Aggregate demand for the item over a fixed planning period, t =1, 2, 3, 4 index for all at four
PLC stages
n Number of vendors competing for selection
it Price of a unit item of ordered quantity x; for vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
Qi Percentage of the rejected units delivered for vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
L Percentage of the units delivered late for vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
Cit Product life cycle cost of ordered for vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
ai, Upper limit of the quantity available for vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
Tt Vendor rating value for vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
Py The total purchasing value that a vendor can have, t = 1, 2, 3, 4 index for all at four PLC stages
fit Vendor quota flexibility for vendor i, t = 1, 2, 3, 4 index for all at four PLC stages
. The value of flexibility in supply quota that a vendor should have, = 1, 2, 3, 4 index for all at
it four PLC stages
Bj; Budget constraints allocated to each vendor, t = 1, 2, 3, 4 index for all at four PLC stages
2.3. VSPLCC Procurement Model

are as follows:

The multi-objective VSPLCC procurement problem with four fuzzy objectives and some constraints

n 4
Min Zy; EZ Z P Xj; the total net cost
i=1 t=4

n 4
Min Zy; = i+ Xt the reject items for vendor i
]
i=1 t=1

n 4
Min Zs; EZ Z L Xj; the late delivered items for vendor i
i=1 t=1
n 4
Min Zy = Z Z CitXjt the product life cycle cost for vendor i
i=1 t=1

The following constraints are given for the VSPLCC procurement problem:

4
Z X; >Dy (aggregate demand constraint)

Xy < aiti =12 ...,n = 1,2, 3, 4, (capacity constraint)

n

4
Z rit(Xit) = pir; t = 1, 2, 3, 4, (total items purchasing constraint)
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n 4
Zfit(xit) <Fy; t=1, 2, 3, 4, (quota constraint) 8)

i=1 t=1
PyXy <By;i=1,2,...,n, t= 1,2, 3, 4, (budget constraint) 9)
Xyp>0,i=1,2,...,n t= 1,2, 3, 4 (non — negativity constraint) (10)

Equation (5) presents the aggregate demand constraint larger than quantity of items supplied
over a fixed planning period. Equation (6) presents the vendor product capacity constraint based
on the uncertain aggregate demand. Equation (7) presents the incorporate total item purchasing
value constraint. Equation (8) presents the flexibility of the vendors” quota. Equation (9) presents
the budgetary constraint where no vendor can exceed the budgeted allocated to vendors. Finally,
Equation (10) presents the non-negativity constraint prohibiting negative orders. Generally, the tilde
sign (~) indicates that the environment objectives function and constraints are fuzzy [29,30]. The fuzzy
decision can be either symmetric or asymmetric depending on whether the objectives and constraints
have equal or unequal weights [26,30,31]. These weights can be derived using techniques such as the
AHP with a geometric mean (see details of the process in Chakraborty, Majumder; Sarkar, 2005) [32].

2.4. The Solution of the VSPLCC Procurement Problem Using the Weight Additive Approach

In this section, we present the general multi-objective model for solving the VS problem. To specify
the weights of the goals and constraints in a fuzzy environment, we can use a fuzzy approach, instead of
having the DM subjectively assign values to these weights. To obtain the supertransitive approximation
of the previous comparison matrix, we construct supplementary matrices A!, A%, ..., A". The jth
row of matrix A/ is the same as the jth row of the initial matrix A, where the supplementary matrix
(Af )T* = [a{,aé, . ,az,] and each row of the matrix A/ is computed as follows (T*: Transpose): aj. =aj,
u{ = (ajl)_la;, aé = (ajz)_lu;, ol = (a jn)_la‘].] . Next, we construct the supertransitive approximation,
AS = ||a15.],||, i,j=1,2,...,n, by taking the geometric mean of the corresponding elements from the

1
supplementary matrices A', A%, ..., A". More formally, 4. = (al. xa% x ...... xa't)". Then we obtain
1] 1

the largest value of A® with an eigenvector method. The corresponding eigenvector is the optimal
weight for the criteria [26,33]. In the solution to the VSPLCC problem model, the AHP with weighted
geometric mean (WGM) is calculated using a supertransitive approximation. Thus, these weights
are assigned separately. In these equations, aj; is the weighting coefficient that shows the relative
importance at the four stages of the PLC.

The following crisp simplex objective programming function used to solve VSPLCC
procurement problem.

Model 1: The weighted additive (WA) approach [34], which is formulated as follows:

Max Zs: 24: a/t/\;t (11)

j=11=1

st A <pp(x), j=1,2 ..., 9 t= 1,234 (12)
Y Swn(x), r=1,2 .., h =1,234, (13)
gut(X) b, m=1, ..., p, t=1,234, (14)

Ael01), t=1,23,4, (15)
s 4
Y Y ap=1a;20t=1234 (16)
i=1t=1
w0, n=12.,1i=1234 (17)
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See Amid et al. (2011) [35] for a more detail.

2.5. The Solution of the VSPLCC Procurement Problem Based on Lin’s Weighted Max-Min Approach

Lin (2004) proved that a weighted max—-min (WMM) approach could find an optimal solution
such that the ratio of the achievement level approximates the ratio of the weight as closely as possible.
He noted that the WA model gives heavier weights to objectives of higher achievement levels than do
other models. However, the ratio of the achievement levels is not necessarily the same as that of the
objectives” weights [35,36]. Thus, to obtain the solution of the VSPLCC procurement problem model,
WMM model is used as follows:

Model 2: Lin’'s WMM approach (Lin, 2004) [36]:

Max At, (18)
s.t. wjt)\],t Spzp(x), j=1,2,...,9 t=1,23,4, (19)
Ve (), r=1,2, ..., h =1,2,3 4, (20)
Smt(X) by, m=1,...,p,t=1,2,3,4, (21)
Are{0,1},t=1,2, 3,4, (22)

s 4
@i=1,a;3>0,t= 1,2, 3,4, 23)

j=1t=1
w20, n=12...,i =123 4. (4)

2.6. The Solution of the VSPLCC Procurement Problem Based on MCGP Approaches

Inreal decision-making problems, goals are often interrelated in which DMs can set more aspiration
levels using the idea of multi-choice aspiration level (MCAL) to find more appropriate resources so
as to reach the higher aspiration level in the initial stage of the solution process (Chang, 2007) [27].
To address this issue, the MCGP AFM (achievement function model) models are developed below.

MCGP AFM (case I)( Model 3): The MCGP AFM (case I) is used in the case of “the more, the better” as

follows. Minimize

n 4
szt (df +d3) +aule] +¢5)]
i=1 t=1

st fi(X)big —df +dy =byyy, i=1,2,...,,t=1,2,3,4, (25)
Vii—el +e; = Gitmax i=1,2,...,m,t=1,2,3,4, (26)
Sitmin < Vit < itmax, 1 = 1,2, ..., nt=1,2,3,4, (27)

dr,d-,ef,e;>0,i=1,2,...,,t=1,2,3,4. (28)

it/ it it it =
X € F where F is a feasible set and X is unrestricted in sign. Where b;; € {0, 1} is a binary variable
attached to | fit(X) = yi|,
conditions, b; is subject to some appropriate constraints according to real needs.

MCGP AFM (case II) (Model 4): The MCGP AFM (case II) is used in the case of “the less, the better” as
follows. Minimize

n 4
Z wit (. d +d +a,~,(e; +ei’,)]
i=1 =1

s.t. fti(X)bit_dit +d; = b,'fyif, i=1,2,...,nt=1,2 3,4, (29)
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Vii—e) +e = Sitmax, i = 1,2, ..., 1, t=1,2,3, 4, (30)
git,min < Vit < git,maxr i= 1/ 2: e, = 1/ 2: 3: 4r (31)
dr,dy,er,e;20,i=1,2,...,,t=1,23, 4 (32)

where all variables are defined as in model 3. The mixed-integer terms Equations (29) and (32) can
easily be linearized using the linearization method (Chang, 2008) [28]. As seen in Equations (25),
(29)—(31), there are no selection restrictions for a single goal, but some dependent relationships exist
among the goals. For instance, we can add the auxiliary constraint bj; < b1 ¢ + bi1 to the MCGP
AFM, where b;;, bi11,; and b;; 5 are binary variables. As a result, b; ;1 or b;1»; must equal 1if b; = 1.
This means that if goal 1 has been achieved, then either goal 2 or goal 3 has also been achieved.

2.7. The Solution Procedure of VSPLCC Procurement Problem

In order to solve the VSPLCC procurement problem, the following procedure is then proposed.

Step1:  Construct the model for VSPLCC procurement.

Step2: A WGM technique is used to determine the criteria for MOLP model [37]. A WGM technique
with a supertransitive approximation is used to obtain the binary comparison matrixes
(Narasimhan, 1982) [33].

Step3:  Calculate the criteria of weighted geometric mean for solving VSPLCC procurement problem.

Step4:  Repeat the process individually for each of the remaining objectives. It determines the
lower and upper bounds of the optimal values for each objective corresponding to the set
of constraints.

Step5:  Use these limited values as the lower and upper bounds for the crisp formulation of the
VSPLCC procurement problem.

Step6:  Based on Steps 4-5 we can find the lower and upper bounds corresponding to the set of
solutions for each objective. Let Z7, and Z'.*t' denote the lower and upper bound, respectively,
for the jt th objective (Z) (Amid, Ghodsypour; OBrien, 2011) [35].

Step7:  Using the weighted geometric mean with a supertransitive approximation to solve Model 1
by following Equations (11)—(17).

Step8:  Formulate and solve the equivalent crisp model of the weighted geometric mean max-min
for the VSPLCC procurement problem to solve Model 2 by following Equations (18)—(24).

Step9:  Use the weighted geometric mean and the no-PW (penalty weights) formulation of the fuzzy
optimization problem to solve Model 3 by following Equations (25)—(28).

Step10: Formulate Model 4 using the weighted geometric mean and the PW formulation of the
fuzzy optimization problem by following Equations (29)—(32). Assume that the purchasing
company manager sets a PW of five for a vendor missing the net cost goal, four for missing
the rejection goal, three for missing the late deliveries goal, and two for exceeding the PLC
cost goal (Chang, 2008) [28].

Step11: The four stages of the PLC cost matrix are given as follows (Demirtas; Ustun, 2009) [37]:

1.92 152 123 1.82
1.04 092 0.86 1.00
394 352 3.05 3.56

Step12:  Assume that the four stages of the PLC budget matrix are given as follows:
25,000 26,500 27,400 26,000

100,000 120,000 125,000 110,000
35,000 36,000 37,500 35,200
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Step13:  Solve the MOLP and MCGP models for the fuzzy optimization problem.

Step14:  Analyze the PLCCs and capacity limitations for the four stages. The procedure of the VSPLCC
procurement problem-solving model is illustrated through a numerical example. Figure 2
shows the use of the AHP with a WGM and supertransitive approximation with a WGM
technique to the MOLP and MCGP approach models to solve VSPLCC procurement problems.

>*| Net cost-minimization goal

| Rejection-minimization goal |

|

| Late delivery minimization goal |

I

| Minimization product life cycle cost goal

I

| Other goals |

Using AHP with geometric mean-weighted for VSPLCC models |»—

Figure 2. Using AHP and supertransitive approximation with a WGM algorithm with the MOLP and
MCGP approach models to solve VSPLCC problems.

3. Numerical Example

As global warming intensifies, carbon dioxide emissions is an important issue in the warming
caused by greenhouse gases. Reducing the greenhouse effect and protecting the Earth’s environment
are important goals associated with the use of white light-emitting diodes (LED) since they consume
substantially less electrical power than other light sources. White-light LED power can reduce the
amount of crude oil used in power plants and substantially reduce the generation of CO, emissions,
which helps to significantly reduce contributions to the greenhouse effect. Thus, according to the
estimate from the optoelectronics industry development association (OIDA), using white LED lighting
technology could reduce emissions worldwide by 2.5 billion tons of CO; annually.

We used the VSPLCC procurement model to solve a real case in the distribution department for the
Everlight Company (the leading LED manufacturer in Taiwan), which is part of a multi-national group
in the LED research and development (R and D) sector. External purchases account for more than 75%
of the total annual costs, and the firm works on a make-to-order basis. The company’s management
aimed to improve the efficiency of the purchasing process and reconsider the company’s sourcing
strategies. A manager felt that the company must evaluate and certify the company’s vendors to ensure
reductions in product inventory and time to market. The company sought to develop longer-term,
trust-based relationships with a smaller group of vendors, and the company manager appointed a team
to recommend three or four suitable vendors. This team consisted of several managers from various
departments, including purchasing, marketing, quality control, production, engineering and R& D.
The members of the team organized several meetings to create profiles for the competing vendors and
constructed an initial set of three vendors for evaluation purposes. A VSPLCC procurement model
was then developed to select the appropriate vendors and to determine their quota allocations in
uncertain environments.
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The team considered some objective functions and constraints as follows: Minimizing the net cost,
minimizing the net rejections, minimizing the net late deliveries, minimizing the PLC cost, vendor
capacity limitations, vendor budget allocations. The other considerations were: Price quoted (P; in $),
the percentage of rejections (R;), the percentage of late deliveries (L;), the PLCC (C;), the PLC of the
vendors’ capacities (Ui), the vendors” quota flexibility (F;, on a scale from 0 tol), the vendors’ ratings
(R;, on a scale from 0 to 1), and the budget allocations for the vendors (B;) were also considered.

The least amount of flexibility in the vendors” quotas is calculated as Q = F X D, and the smallest
total purchase value is calculated as P = R x D. If the overall flexibility (F) is 0.03 on a scale of 0-1; if
the overall vendor rating (R) is 0.92 on a scale of 0-1; and if the aggregate demand (D) is 20,000; then
the least amount of flexibility in the vendors” quotas (F) and the smallest total purchase value of the
supplied items (P) are 600 and 18,400, respectively. The three vendor profiles are shown in Table 2.

Table 2. Vendor source data for the problem.

Vendor No. Pi (€3] R,’ (%) Li (%) C,’ (€] u,' (Units) T Fi Bi (&)
1 3 0.05 0.04 1.92 5000 0.88 0.02 25,000
2 2 0.03 0.02 1.04 15,000 0.91 0.01 100,000
3 6 0.01 0.08 3.94 6000 0.97 0.06 35,000

In this case, the linear membership function is used to fuzzify the right-hand side of the constraints
in the VSPLCC problem. The values of the uncertainty levels for all of the fuzzy parameters were
taken as 10% of the corresponding values of the deterministic model. The datasets for the values at the
lowest and highest aspiration levels of the membership functions are given in Table 3.

Table 3. Limiting values in the membership function for net cost, rejections, late deliveries, PLC
cost, vendor capacities and budget information. (Data for all four stages: Introduction, growth,
maturity, decline).

(min.) p=1 (max.) u=0
Main Goals
(Gj) Net cost objective 57,000 71,833
(G2) Rejection objective 413 521
(G3) Late deliveries objective 604 816
(G4) PLC cost objective 10,000 90,000
(Gs) Vendor 1 5000 5500
(Gg) Vendor 2 15,000 16,500
(Gy) Vendor 3 6000 6600
Budget constraints
(Gg) Vendor 1 25,000 27,500
(Gg) Vendor 2 100,000 110,000
(Go) Vendor 3 35,000 38,500

3.1. Application of the WA Approach to the Numerical Example

We obtained the solution using the WA approach of Tiwari et al. (1987), and in the next section
we show the procedure by using the WGM AHP to construct a WGM supertransitive approximation to
obtain the binary comparison matrixes.

Using the WGM AHP with WGM Supertransitive Approximation to Solve the VSPLCC
Procurement Problem

Before determining the solution, we determined the weights of the AHP with the geometric
mean process (see Chakraborty et al. 2005 [32]). Evaluating and selecting vendors is a typical MCDM
problem involving multiple criteria that can be formulated by both qualitative and quantitative [38].
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The VS problem involves tangible and intangible criteria, which may vary depending on the type of
product being considered and may include many judgmental factors [24,39,40].

These criteria are shown in Figure 3. The VSPLCC procurement problem addresses how optimally
performing vendors can be selected given the desired criteria. The AHP is one of the most widely used
MCDM methods; it can be used to handle multiple criteria. The criteria for the VS problem are shown
in Table 4. Based on the ratings obtained using the questionnaire, the average matrix is shown in
Table 5. The maximum value of the eigenvector for the above matrix Amax is 10.77 [32]. The consistency
index C.I is given by (Amax — n)/(n — 1) = 0.09. The random index for the matrix of order 10 [41,42].
R. is 1.49. The consistency ratio C.R. is given by C.I/R.I. = 0.06, which is not greater than 0.1 (<0.1
acceptable).

1 6 4 9 3 4 9 9 8 2
/6 1 1/2 3 1/3 1/3 2 4 5 1/4
1/4 2 1 4 1/2 1/2 3 5 6 1/3
1/9 1/3 1/4 1 1/5 1/2 2 3 3 1/6
A - 1/3 3 2 5 1 1 4 6 7 1/2
1/4 3 2 5 1 1 4 6 7 1/2
1/9 1/2 1/3 2 1/4 1/4 1 3 4 1/5
1/9 1/4 1/5 1/2 1/6 1/6 1/3 1 2 1/8
1/8 1/5 1/6 1/3 1/7 1/7 1/4 1/2 1 1/9
1/2 4 3 6 2 2 5 8§ 9 1

Vendor selection

Process

Figure 3. Criteria for the VSPLCC problem.

Table 4. VSPLCC criteria and abbreviations (adopted and modified from Kumar et al., 2009).

Criteria Number Criteria Abbreviation Used
1 Cost of product CcpP
2 Quality of product (based on rejection rate) Qr
3 Lead time (late deliveries) LT
4 PLC cost PL
5 Quality certification of the vendor QC
6 Goodwill of the vendor GV
7 Reliability of the vendor RV
8 Price of product RP
9 Transportation ease and cost TC
10 Buffer stock of inventory required BS
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Table 5. The geometric mean matrix for the criteria of the VSPLCC problems.

Criteria CP Qr LT PL QcC GV RV RP TC BS RW NW
CP 1 6 4 9 3 4 9 9 8 2 44939  0.2958
Qr 0.167 1 0.500 3 0.333  0.333 2 4 5 0.250  0.8798 0.0579
LT 0.250 2 1 4 0.500  0.500 3 5 6 0.333  1.3110 0.0863
PL 0.111  0.333  0.250 1 0.200  0.500 2 3 3 0.167  0.5551 0.0365
QC 0.333 3 2 5 1 1 4 6 7 0.500 1.9608 0.1291
GV 0.250 3 2 5 1 1 4 6 7 0.500 1.9052 0.1254
RV 0.111  0.500  0.333 2 0.250  0.250 1 3 4 0.200  0.5949 0.0392
RP 0.111 0250 0.200 0.500 0.167 0.167 0.333 1 2 0.125  0.3026 0.0199
TC 0.125 0.200 0.167 0.333 0.143 0.143 0.250 0.500 1 0.111  0.2288 0.0151
BS 0.500 4 3 6 2 2 5 8 9 1 29612 0.1949
Total 2.9583 20.2833 13.45 35.833 85929 9.8929 30.5833 45.5 52 51861 15.1933 1.000

The AHP process with a geometric mean was applied to this comparison matrix, and the following
weights were obtained [33]: w; = 0.2958, w, = 0.0579, w3 = 0.0863, wy = 0.0365, w5 = 0.1291, we = 0.1254,
wy = 0.0392, wg = 0.0199, wg = 0.0151, and wyy = 0.1949 (see Section 4.1: Using the AHP process with a
geometric mean).

The supertransitive approximation method is only used with the WA approach with a geometric
mean to matrix A. Supertransitive approximation matrix A is constructed using the following algorithm
described in Section 3.2: Solution to the VSPLCC procurement problem via the WA approach. The ten
supplementary matrices corresponding to A are:

1 5.1080 3.4278 9.2397 22919 25851 8.6768 15.4672 19.6386 1.3830
0.1958 1 0.6711 3 0.3333 0.3333 2 4 45622  0.25
0.2917 1.4902 1 4 0.5 0.5 3 3.6239 4.2701 0.3333
0.1082 0.3333 0.25 1 0.2 0.3789 0.2192 3 1.6161 0.1667
A = 0.4363 3 0.7579 5 1 1 4.0903 6 7 0.5
0.3868 3 2 5 1 1 3 6 7 0.5
0.1153 0.5  0.2805 1 0.25 0.3333 1 2.8808 4 0.2
0.0647  0.25 0.2 0.5 0.1667 0.1667 0.3471 1 2 0.125
0.0509 0.2 0.1667 0.3333 0.1429 0.1429 0.25 0.5 1 0.1111
0.7231 4 3 6 2 2 5 8 9 1

The supertransitive approximation method was applied to this comparison matrix, and the
ollowing weights were obtained: w; = 0.3020, w, = 0.0611, w3 = 0.0810, wy = 0.0272, ws = 0.1226,
we = 0.1294, w7 = 0.0376, wg = 0.01936, wg = 0.0142, and w;o = 0.2057 and its corresponding eigenvalue
Amax is 9.94 [33]. Table 6 shows the AHP method weight with geometric mean and the supertransitive
approximation with the geometric mean. For this VSPLCC procurement problem, we obtained
the optimal quota allocations (i.e., the purchasing order), vendor product capacity limitations, and
the budget constraints of the different vendors by using the WA approach model (i.e., Model 1) in
accordance with Equations (11)—(17).

Table 6. AHP method weight and supertransitive approximation with geometric mean.

- . AH AHP Method Weight Supertransitive Proximation
Criteria Number Criteria Amax = 10.77 Ay = 9.94
1 CcpP 0.2958 0.3020
2 QP 0.0579 0.0611
3 LT 0.0863 0.0810
4 PL 0.0365 0.0272
5 QC 0.1291 0.1226
6 GV 0.1254 0.1294
7 RV 0.0392 0.0376
8 RP 0.0199 0.0193
9 TC 0.0151 0.0142
10 BS 0.1949 0.2057
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3.2. Using Lin’s WMM Approach to Solve the Numerical Example

For this VSPLCC procurement problem illustrative example, we obtained the optimal quota
allocations (i.e., the purchasing order) subject to vendor product capacity limitations and budget
constraints among the different vendors with Lin’'s WMM [36].

3.2.1. Using a MCGP AFM (Model 3: Case I) to Solve the Numerical Example

For this VSPLCC procurement problem, we obtained the optimal quota allocations (i.e., the
purchasing order), supplier product capacity limitations and budget constraints among the different
vendors by using the MCGP method and a no-PW approach (according to Equations (25)—(28)).
This VSPLCC problem was then formulated as follows (using the first stage of the PLC for Model 1):

Max = 0.29581; + 0.0579, + 0.086313 + 0.036514 + 0.129115 + 012544 -+ 0.03921;
+ 0.0199g + 0.0151 19 + 0.194910

Main Goals:
(G]l) 3X11 + ZX21 + 6X3] = 57,000 (Gl], MIN') or 71,833 (Gll[ MAX')I

(G21) 0.05x11 + 0.03xp1 + 0.01x37 = 413 (G21, MIN~) or 521 (621, MAX~)r
(G31) 0.04x17 + 0.02xp1 + 0.08x3; = 604 (G31, MIN~) or 816 (G31, MAX~)/
(G41) 1.92x11 + 1.04.’)(2] +3.94X31 = 10,000 (G41, MIN-) or 90,000 (G41, MAX-)-

Capacity Constraints Goals:
(Gs1) x11 = 5000 (Gs1, min-) or 5500 (Gs1, max.) (X11, Vendor 1’s product capacity),

(Ge1) x21 = 15,000 (Gg1, miN-) or 165,000 (Ge1, max-) (X1, Vendor 2’s product capacity),
(G71) x31 = 6000 (G71, MmiN-) or 165,000 (G71, max-) (X31, Vendor 3’s product capacity ),
x11 + X1 + x31 = 20,000 (Total demand constraint).

Budget Constraints Goals:
(Gg1) 3x11 = 25,000 (Gs1, miN-) or 27,500 (Gs1, max-) (X11, Vendor 1’s budget constraint),

(Go1) 2xp1 = 100,000 (Go1, min-) or 110,000 (Goi, max.) (X21, Vendor 2’s budget constraint),
(G1o1) 6x31 = 35,000 (G101, MmiN-) Or 110,000 (G101, max-) (X31, Vendor 3’s budget constraint).

3.2.2. Using a MCGP AFM (Model 4: Case II) to Solve the Numerical Example

The subjectivity inherent to the determination of both the desired level of attainment for each
goal and the penalty weights assigned to deviations from the goal may present a problem [19,36].
Suppose that the purchasing company’s manager sets a penalty weight of five for the vendor missing
the net cost goal, four for missing the rejection goal, three for missing the late deliveries goal, and
two for exceeding the PLC cost goal [28]. For this VSPLCC procurement problem, we obtained the
optimal quota allocations (i.e., the purchasing order), supplier product capacity limitations and budget
constraints among the different vendors using the MCGP method and a PW approach in accordance
with Equations (29)—(32). 4. Solution Results of the Two Types of MOLP and MCGP Model Approaches.
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4. Solution Results of the Two Types of MOLP and MCGP Model Approaches

After using the Lingo 11.0 software package solving the VSPLCC procurement problem, we found
that Lin’s (2004) [36] WMM approach and the MCGP method with the geometric mean and the PW
approach have the same results in the first stage of the PLCs. With regards to the MCGP approaches
with the geometric mean (no-PW restrictions), x1; = 5000 (due to the absence of PW constraints), b1; =1
and bs; = 1. The forced bound order quantity of vendor 1 was 5000 (i.e., for model 3 at the first stage
(Introduction), x1; = 5000) (see Tables 7-11). With regards to the other approaches (i.e., the MCGP
approach with the geometric mean and the PW approach), b1, = 1 and bg; = 1. The forced bound
order quantity of vendor 2 was greater than 15,000 (i.e., for model 4 at the second period (Growth),
X29 = 15,750). To guarantee the net cost goal, the rejection goal, or the late delivery goal, zero value
should be achieved (e.g., if b1 = 1 and bgy = 1, then forces b;; equal to zero used to adjust the purchasing
quantity) (see Tables 8-12). We found the MCGP model to be stable with regard to the PLCC in all of
the stages (see Tables 13-15).

Table 7. PLCC model during the first stage (Introduction).

VA 7, Zs Zs
Model 1 57,000 521 656 33,162
Model 2 57,000 515 655 33,125
Model 3 72,980 560 920 45,486
Model 4 72,980 560 920 45,486

Table 8. PLCC during the second stage (Growth).

74 Z, Zs Z4
Model 1 57,000 521 656 29,438
Model 2 57,000 515 655 29,450
Model 3 71,980 440 880 39,187
Model 4 57,000 515 655 29,450

Table 9. PLCC during the third stage (Maturity).

Zy Z, Zy Zy
Model 1 57,000 521 656 26,465
Model 2 57,000 515 655 26,508
Model 3 71,980 440 880 34,709
Model 4 57,000 515 655 26,507

Table 10. PLCC during the fourth stage (Decline).

Z Z, Z3 Zy
Model 1 57,000 521 656 30,923
Model 2 57,000 515 655 30,880
Model 3 71,980 440 880 40,467

Model 4 57,000 515 655 30,880
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Table 11. PLCC during the first period (Introduction).

Order Quantity x; Order Quantity x; Order Quantity x3
Model 1 240 5570 4190
Model 2 0 5570 4250
Model 3 5000 8005 6995
Model 4 0 15,750 4250

Table 12. PLCC during the second period (Growth).

Order Quantity x; Order Quantity x; Order Quantity x3
Model 1 240 15,570 4190
Model 2 0 12,005 7995
Model 3 0 12,005 7995
Model 4 0 15,7500 4250

Table 13. All of the models for order quantity of vendor x; in the fourth PLC stages.

Stages of PLC Model 1 Model 2 Model 3 Model 4

Introduction 240 0 5000 0
Growth 240 0 0 0
Maturity 240 0 0 0
Decline 240 0 0 0

Table 14. All of the models for order quantity of vendor x; in the four PLC stages.

Stages of PLC Model 1 Model 2 Model 3 Model 4

Introduction 15,570 15,570 8005 15,570
Growth 15,570 12,005 12,005 15,750
Maturity 15,570 15,750 12,005 15,750
Decline 15,570 15,750 12,005 15,750

Table 15. All of the models for order quantity of vendor x3 in the four PLC stages.

Stages of PLC Model 1 Model 2 Model 3 Model 4

Introduction 4190 4250 6995 4250
Growth 4190 7995 7995 4250
Maturity 4190 4250 7995 4250
Decline 4190 4250 7995 4250

4.1. Analysis of Results

Based on the solutions to the two type’s goal-programming models, after using the Lingo 11.0
software package we summarized the results of the VSPLCC procurement problem in Tables 7-15.
From Zy4 (i.e., the PLC cost goal) of Figure 4, we can see that the maturity stage has the lowest PLC
cost; in contrast, the growth and decline stages have similar costs, and the introduction stage has a
high PLC cost. We found that the MCGP model demonstrated more stable control of the PLC cost over
all of the stages.
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Figure 4. Z4;: The results of the four VSPLCC models’ solutions to the PLCC goal.

5. Conclusions and Managerial Implications

5.1. Conclusions

The results obtained using the MOLP and MCGP VSPLCC procurement problem models for
determining vendor quotas in SCM if the capacity and budget constraints of each vendor are not
known with certainty. The effectiveness of the VSPLCC procurement model was demonstrated with a
real-world problem adopted from a leading LED company in Taiwan. Managers in high-tech companies
can easily apply our VSPLCC procurement model to select their vendors in a fuzzy environment using
the MOLP and MCGP approaches. We found in our study results that the weighted geometric mean
with AHP and PW methods has good control conditions for constructing an MCGP AFM model (model
4) within four PLC stages.

5.2. Managerial Implications

Some managerial implications are found as follows: (i) doing so is practical because the no-PW
and PW MCGP AFM model approaches (MCGP AFM models 3 and 4) do not require precise
knowledge of all of the parameters, and they make the application of a fuzzy methodology more
understandable [27,28,35]; (ii) the No-PW and PW MCGP models are demonstrated to be more stable
over all of the PLC stages; (iii) company managers can easily use MOLP and MCGP model approaches
to solve VSPLCC procurement problems; and (iv) this VSPLCC procurement model allows DMs to
solve VSPLCC problems when considering their preferences.

5.3. Limitations

We integrate VS and PLCC procurement planning into a VSPLCC procurement model for enterprise
to reduce their purchasing costs. In order to eliminate the MOLP and MCGP model approaches
drawbacks and achieve the accurate results, we are comparing two GP with AHP supertransitive
approximation with a WGM technique to verify the result of the VSPLCC procurement model.
Otherwise, if DMs use a new AHP method and conjunction GP approach, it can be a different result in
uncertain conditions.

5.4. Future Directions

In addition, integrating other mathematical models, such as the Pareto concept with AHP and
ANP [37,43] with DEAHP [44], or AHP-QFD [45] with the MOGP [46] and MCGP [27,28,47] models to
solve the VSPLCC procurement problems in a multi-item—multi-vendor environment that could be
performed in conjunction with the various models [48].
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Abstract: A successful Just in Time (JIT) implementation is based on human resources integration
(managers, operators and suppliers) and other lean manufacturing techniques applied in the
production process. However, the relationship between these variables is not easily quantified.
This paper reports a structural equation model that integrates variables associated with JIT
implementation: management commitment, human resources integration, suppliers and production
tools and technique, which affect the benefits gained, and are integrated into nine hypotheses
or relationships among then. The model is evaluated with information from 352 responses to a
questionnaire applied to manufacturing industry, and partial least squares technique is used to
evaluate it. The direct effects, sum of indirect effects, and total effects are quantified, and a sensitivity
analysis based on conditional probabilities is reported to know scenarios associated with low and
high levels in variables’ execution and how they impact the benefits obtained. Findings indicate
that managerial commitment is the most important variable in the JIT implementation process, since
managers are the ones that determine the relationships with suppliers, integrate human resources,
and approve the lean manufacturing techniques and tools that support the JIT.

Keywords: JIT implementation; suppliers in JIT; operational benefits; human factor in JIT; material
flow; structural equation model

1. Introduction

Nowadays, industrial product markets are globalized, which implies that manufacturers are
usually based in one region, whereas customers may be in another. However, this globalization
phenomenon has expanded to entire production systems, and as a result, many components of the
same final product are often manufactured abroad. This resource optimization strategy, which many
production systems adopt nowadays, involves handling product subassemblies and materials along
an assembly line in a factory [1], which is usually strategically located close to its target market [2].
Unfortunately, the raw materials and parts transportation process generates costs that add no value to
the final product and compromises the economical and green sustainability of companies. Moreover,
the highest rates of losses and accidents occur at this stage, as a result of transportation delays, material
mishandling, and perished goods, to name but a few factors. In fact, logistics and transportation costs

Sustainability 2019, 11, 1864; doi:10.3390/su11071864 141 www.mdpi.com/journal/sustainability



Sustainability 2019, 11, 1864

can represent up to 70% of a final product’s costs. In this sense, effective supply chain management
(SCM) is a source of economic savings for improved sustainable indexes.

The supply chain (SC) is the network of activities, facilities, and distribution channels that are
necessary to create and sell a product. An SC involves looking for and extracting raw materials,
transporting these materials to a factory, distributing the final product, and delivering it to the
final customers [3]. The management process of all these activities is known as SCM, which relies
on a wide range of production tools, techniques, and philosophies aimed at reducing costs and
increasing sustainability. One of the popular techniques is Just in Time (JIT), which supports the
processes of raw material supply, transformation, and distribution as a final product [4]. Overall, JIT
supports the production process by seeking to eliminate unnecessary supply-related costs, reduce
machine downtimes, and ensure a correct flow in the production process, increasing economical
and green sustainability. As a result of these actions, both administrative and operational costs are
significantly reduced [5], which has a positive impact on the costs of a final product; however, JIT is
supported by other techniques, such as Kanban [6], just in sequence (JIS) [7], cell production, operations
standardization, line balancing, among others [8].

JIT as a technique aims at eliminating waste in the production process. In this sense, multiple
research works have reported the benefits gained after a successful JIT implementation. For instance,
Garcia-Alcaraz, et al. [9] identified 31 JIT benefits in the production process, including increased
productivity, increased product quality, increased employee motivation, less waste and rework,
better process efficiency, better teamwork, greater process flexibility, reduced fixed costs, reduced
manpower costs, lower space requirements, reduced inventory, reduced overhead expenses, reduced
movement distances, improved resource utilization, less paperwork, less material handling, better
supplier—customer relationships, and shorter lead times, among other things.

JIT benefits are appealing to production managers, yet the question is usually how to implement
a JIT system in such a way as to obtain all its benefits and improve SC integration and increase
sustainability. In other words, it is important to identify the critical success factors (CSFs) that
ensure a successful JIT implementation. Fortunately, several works have explored this trend. In their
research, Garcia-Alcaraz, et al. [10] reported 14 CSFs for JIT, including production strategy, Managerial
Commitment (MAC), employee commitment and management, relationships with Suppliers (SUP),
employee education and training in JIT, plant layout, organizational aspects related to JIT, sales and
distribution system, corporate plans and environmental policies, among others (observe that in the
document the latent variables appear in italics).

JIT is viewed more as a production philosophy than as a production technique, since its
cornerstones are Human Resources Integration (HRI), including SUP, managers, and operators [11].
Also, Priestman [12] relates JIT with statistical quality control, whereas to Balakrishnan, et al. [13],
the philosophy can be associated with customer loyalty costs. On the other hand, Cua, et al. [14]
claim that JIT is not an isolated technique because it works along with techniques such as total quality
management (TQM) and total productive maintenance (TPM). Finally, Fullerton, et al. [15] declare that
JIT has a direct association with economic benefits, whereas Maiga and Jacobs [16] explored JIT on
overall corporate performance.

Recent works have explored the benefits of JIT from different perspectives. For instance,
Inman, et al. [17] found an important relationship between JIT and both Operational Benefits (OBE) and
corporate performance. Likewise, Garcia, et al. [18] link the JIT philosophy to economic benefits, while
Green Jr, et al. [19] found that SC efficiency indices and organizational performance are positively
affected by JIT.

JIT as an industrial technique is of academic interest, specifically at the integration stage of
globalized corporations, since it has the potential to reduce production costs associated with both
logistics and transportation, and as consequence, improve sustainability indexes. However, most
research works consider JIT as a whole and do not break it down into its CSFs. As a result, these works
focus merely on the operational and technical aspects of JIT. Moreover, few works have quantified
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the relationship between the CSFs from JIT and their corresponding benefits, or have performed a
sensitivity analysis on the different states of the variables. To address these gaps, our research seeks
to explore the effects of human factors on JIT benefits under a quantitative perspective. Namely, we
seek to find a measure of dependency between the analyzed CSFs and their corresponding JIT benefits.
Moreover, we aim at reporting the likelihood of occurrence of the dependent variables with respect to
changes in the independent variables.

This research assumes that JIT is a production philosophy, and human resources are responsible for
implementing it in production systems. Consequently, our work focuses on identifying and measuring
the effects of human factors in the performance of companies that implement JIT. Specifically, we
propose a structural equations model that integrates five main variables: MAC, SUP, HRI, TTP and
OBE. Additionally, we study as the mediating variable the presence of other manufacturing tools in
the production process. We justify the presence of this mediating variable with the claim that JIT is not
an isolated tool, as it works along with other tools, such as TPM, TQM, and Single-Minute Exchange
of Dies (SMED) [18], to name but a few. The remainder of this paper is organized as follows: the next
section discusses a literature review and presents the research hypotheses. Then, Section 3 describes
the research methodology, whereas Section 4 discusses the results. Finally, Section 5 concludes with a
series of final remarks and industrial implications.

Based on the above issues, there are two main contributions in this research, the first is that using
a structural equation model, real and empirical data analyses are used to quantify the relationship
between MAC, SUP, HRI, TTP with OBE gained after a JIT implementation. The relationships between
these variables are expressed as measures of dependence between them, which allows managers to
focus their efforts on activities that facilitate to obtain the benefits in their own context, excluding
those that are trivial. In this sense, this research is-based critical success factor for JIT identified in
literature and proposes a causal model that relates them and is not limited only to their identification
and description.

The second contribution of this research is that a sensitivity analysis is provided, reporting the
conditional probabilities that certain scenarios will occur when latent variables associated with human
resources in the JIT execution process have low and high implementation levels and the benefits have
been obtained in low and high levels. This analysis allows managers to identify risk attributes that
support obtaining a desired benefit and on which they must focus their attention, such as sustainability.
It is important to mention that this type of analysis has not been previously reported in studies
conducted with causal models in the manufacturing industrial sector.

2. Literature Review and Research Hypotheses

As Singh and Garg [20] point out, worrying about MAC, HRI, and TTP is pointless if companies
do not obtain benefits as a result of JIT implementation. According to Igbal, et al. [21], corporate
performance is the result of programs such as TQM and JIT, and top managers are responsible for
determining the right implementation strategy for these programs, specifically for human factors and
several authors has reported their importance. Table 1 collects a list of papers related to JIT and HR in
industry (in this research, JIS is considered to be part of JIT), indicating that there is a direct relationship
between them, the SC, and company performance.

Given the importance of HR in JIT implementation, the following paragraphs describe in a more
detailed way the role of the manager, the suppliers, the operator integration, and the production tools
and techniques used for guaranteeing success.
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Table 1. Human resources in JIT implementation success.

Author Findings

e JIT is a philosophy based on human resources
Garcia-Alcaraz, et al. [22] e  Training and investment in incentives are required
e JIT increases job satisfaction, teamwork and HR efficiency

e JIT must have respect for humanity
Monden [23] e Human factors guarantee quality and JIT
e Suppliers must be certified on quality for prevent productions stoppages.

e  JISis a supply strategy supported by HR and improve their utilization
Banyai and Banyai [24] e JISis an evolution from JIT and requires HR
e JISmust be applied to whole supply chain as a holistic program

HR are the most important factor in JIT implementation

Helms, et al. [25] and Oli 26
elms, et al. [25] and Oliver [26] Manager must focus in HR for warrantee JIT success

. Report a literature review considering HR as an important variable in
Power and Sohal [27] JIT implementation
e  JIT is based on HR as philosophy

Report the importance of HR for JIT in Australia

P d Sohal [28
ower and Sohal [26] Training and education in HR support JIT and company performance

Yang and Yang [29] e The Toyota Production System is based on HR, integrated by managers,
8 & operators, suppliers and customers.

e JIT as technique support the long-term network among partner in a

Lytton, etal. [30] production system

2.1. Managerial Commitment (MAC) in JIT Implementation

JIT can be implemented in the production process only if managers approve it. For Kumar and
Garg [31], top managers are responsible for defining the company’s JIT implementation strategy and
integrating all the participants into the process, including SUP and operators. Similarly, Singh and
Garg [20] claim that MAC is a key element for JIT systems, and production process engineers must
inform managers of the benefits obtainable from JIT. In their work, Montes [32] performed a factor
analysis on data gathered from manufacturing companies and found that MAC was the most important
CSF for successful JIT implementation, since it could be associated with the performance of all the
other factors, including SUP, employees, and JIT training. Additionally, the authors found that middle
managers provided great support to the organizational structure, as they served as the link between
top managers and operators.

To measure MAC, we relied on the following aspects [17,18,31,33]:

e  MACI. Communication and coordination between departments and suppliers.

e MAC2. Supervisors promote teamwork by encouraging operators to cooperate and express
their opinions.

e  MACS3. Managers, engineers, and operators frequently interact among them.

e MAC4. Senior management culture promotes timely compliance of projects.

2.2. Suppliers (SUP)

The flow of materials in a SC is only guaranteed with the involvement of SUP, who are responsible
for delivering the raw materials to the manufacturer and keeping JIS in the production lines, avoiding
delivery delays [34]. In this sense, delivery times are important, since supply delivery delays
automatically trigger both production delays and late final product deliveries. It is thus known
that SUP must be fully integrated in the SC, and this task is a managerial responsibility [35]. Similarly,
having reliable SUP reduces uncertainty in the supply process [36], which is why managers must
attempt to maintain long-term contracts with trusted, certified SUP [37].

To measure SUP integration in a JIT implementation environment, the following elements are
assessed [20,31,32,38]:
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e  SUPI. SUP are integrated in the company using a pull strategy.

e  SUP2. SUP deliver raw materials on time.

SUP3. The manufacturing company holds long-term contracts with its SUP.
SUP4. SUP are certified.

SUP5. The company relies on a reduced number of SUP.

Since several Supplier-related activities depend on MAC, the first research hypothesis states
as follows:

H1. Managerial Commitment has a positive direct effect on Suppliers in the JIT implementation process.

2.3. Human Resources Integration (HRI)

Line production supervisors and operators play a key role n the implementation of the JIT
philosophy. Researchers such as Garcia, Rivera, Blanco, Jiménez and Martinez [18] found that both
training and skills development increased operator empowerment during the JIT implementation
process, and Banyai, et al. [39] indicated the importance of human resource strategy for JIS, maintaining
material flow along the SC; however, the allocation of resources necessary to these training programs
depends on managers [40]. In this sense, senior managers must prioritize training projects focused on
employee multifunctionality as an strategy [41]. Moreover, it has been found that investing in human
resources training has a positive effect on SC flexibility and agility [42], and thus on the implementation
of JIT keeping JIS in production lines.

However, as experts point out, companies should also promote job rotation to increase motivation
among employees and offer them new challenges, where they can develop new skills and support waste
reducing, but also, for increase the JIS and reducing buffers between work stations [24,39]. Likewise,
as Esmaeilian, et al. [43] claim, managers must encourage teamwork during the JIT implementation
process, especially during decision-making and problem-solving processes, to preserve support
material flow in a JIS.

To measure HRI in JIT implementation, the following items are analyzed [20,31,32]:

HRI1. Human resources are trained in multifunctional tasks.

HRI2. The company has a job rotation program.

HRI3. Employees are hired because of their problem solving and teamwork skills.
HRI4. The company has specific work teams to solve production-related problems.
HRI5. Employees are rewarded when they learn new skills.

HRI6. Employees suggest solutions to machine and equipment problems.

Since most HRI tasks depend on MAC, the second research hypothesis can be proposed as follows:

H2. Managerial Commitment has a positive direct effect on Human Resources Integration in the JIT
implementation process.

2.4. Production Tools and Techniques (TTP)

JIT is not an isolated technique, but is rather implemented along with other lean manufacturing
techniques that help ensure a continuous flow of materials along the production system. To measure
this construct, the following items are considered [16,19,20,31,33]:

TTP1. The plant is organized in manufacturing cells or technology groups.
TTP2. Machines are small, flexible, and can be moved.

TTP3. The company has a Kanban system for control production.

TTP4. The company implements a Poka-Yoke system for error prevention.

TTP5. Both JIT and MRP are used for production planning and control.
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e  TTP6. The production program is leveled.
e  TTP7. The product manufacturing flow is continuous within the value chain.
e  TTPS. Processes are standardized.

Implementing these techniques requires extensive commitment, both inside and outside of the
company. For instance, plant layout depends on what managers decide is best [44], whereas Material
Requirements Planning (MRP) is usually implemented along JIT—and again, the top management
department decides how many resources will be allocated to such a project [45]. As for Kanban-JIT
implementation plans, they are generally a decision of production managers and senior managers [46].
In other words, the TTP being implemented in a given production system are subjected to managerial
decisions. In this sense, the third research hypothesis can read as follows:

H3. Managerial Commitment has a positive direct effect on Production Tools and Techniques in the JIT
implementation process.

As Igbal, Huq and Bhutta [21] claim, well-integrated SUP contribute to an effective pull
system, thereby increasing both SC flexibility /agility and product quality. Moreover, David and
Eben-Chaime [47] found that SUP play a key role in manufacturing standards, which is why
supplier-manufacturer relationships must be close and direct, and the number of trusted SUP should
be as reduced as possible. Furthermore, SUP must be integrated in the manufacturer’s MRP system to
simplify real-time information sharing and decision making processes [48]. From this perspective, it
can be argued that TTP can be associated with SUP, making it possible to propose the fourth research
hypothesis as follows:

H4. Suppliers have a positive direct effect on Production Tools and Techniques in the JIT implementation process.

Successful TTP do not emerge overnight. In their research, conducted in the aerospace industry,
Martinez-Jurado, et al. [49] found that human resources were the cornerstone of lean manufacturing
plans and projects. Such findings are consistent with those reported by Jabbour, et al. [50], who
qualitatively explored the relationship between human resources and the implementation of lean
manufacturing tools in the automotive industry. In conclusion, since a good HRI is associated with the
success of TTP, the fifth research hypothesis can be proposed as follows:

H5. Human Resources Integration has a positive direct effect on Production Tools and Techniques in the J[IT
implementation process.

2.5. Operational Benefits of [IT (OBE)

It would be useless to allocate time and resources to implement particular TTP if they did not
bring any benefits in production systems. In their work, Kumar and Garg [31] reported a list of JIT
benefits identified in Indian manufacturing companies, whereas Maiga and Jacobs [16] discussed the
main effects of JIT on corporate performance. Likewise, other studies have explored JIT benefits in
industrial manufacturing companies [9,32].

This research focuses particularly on the OBE that can be gained from successful JIT
implementation. To assess this construct, the following items are measured [16,19,20,31,32]:

e  OBEI. Raw material inventory levels decrease.

e  OBE2. Work in process (WIP) inventory levels decrease.
e  OBE3. Finish product inventory levels decrease.

e  OBE4. Inventory turnover increases.

e  OBEDS. Lead times are shorter.

e OBE6. Production flexibility increases.

e  OBE7. Waste levels decrease.
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This list of JIT benefits can be attractive to many managers, whose responsibility thus becomes
to promote the implementation of a JIT system and monitor its progress and further evolution into
tools such as Seru, popularly implemented in Japan for line balancing [51]. However, such evolutions
only occur once a given JIT system has reached a maximum level of maturity and thus offers the
expected benefits. In this sense, Singh and Garg [20] argue that top management is the cornerstone of
JIT maturity. Consequently, the sixth research hypothesis can be formulated as follows:

H6.  Managerial Commitment has a positive direct effect on Operational Benefits in the JIT
implementation process.

Many studies acknowledge the role of SUP in operational performance, yet few of them introduce
JIT as the mediating variable. Experts argue that top management departments must select SUP that
support the company’s production strategy. This involves taking into account attributes such as quality
certifications and commitment [52], compliance with delivery times [35], and sustainability, among
other things [38]. Additionally, as Mendoza-Fong, et al. [53] claim, SUP must comply with specific
attributes to contribute to the implementation of a solid JIT system. In other words, JIT implementation
is not feasible without the support of SUP, since they are the start of the supply chain, as Shnaiderman
and Ben-Baruch [35] state, but can also be a source of risk for SC [54]. Following this discussion, the
seventh research hypothesis can be formulated as follows:

H7. Suppliers have a positive direct effect on Operational Benefits in the JIT implementation process.

HRI is at the core of the JIT philosophy and its benefits. In their work, Garcia, et al. [55] developed
a structural equations model and demonstrated that human resources training and education are
associated with corporate performance. Additionally, Garcia-Alcaraz, Macias, Luevano, Fernandez,
Loépez and Macias [9] found that JIT benefits reflect on human resources, who expect some type of
reward for their efforts in the implementation and maintenance of the philosophy. Finally, in their
literature review, Singh and Garg [20] placed human factors as the top element for JIT implementation,
which is consistent with what authors Kumar and Garg [31] reported in their work. From this
perspective, our eighth research hypothesis is proposed below:

H8. Human Resources Integration has a positive direct effect on Operational Benefits in the JIT
implementation process.

JIT benefits are also the result of the TTP implemented within manufacturing companies. In this
sense, Ho and Chang [45] and Wang, Gong and Wang [48] found a relation between JIT implementation
and MRP implementation, whereas Rodriguez-Méndez, et al. [56] associated JIT with SMED and
maintenance systems. Similarly, to Cua, McKone and Schroeder [14], JIT goes hand in hand with
quality systems and maintenance systems. Finally, Hou and Hu [6] developed a genetic algorithm to
integrate Kanban with JIT, while Abdul-Nour, et al. [57] studied the JIT-Kanban relation and associated
it with economic lot size. Following this discussion, the ninth hypothesis of this research is proposed
as follows:

H9. Production Tools and Techniques have a positive direct effect on Operational Benefits in the JIT
implementation process.

Figure 1 depicts the variables analyzed in this research along with their corresponding
interrelations, illustrated as hypotheses. In the figure, variable MAC is the independent variable,
whereas OBE is the dependent variable.
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Figure 1. Proposed model.

3. Materials and Methods

The goal of this research is to relate human factor variables and JIT techniques with OBE through
a structural equation model. To this end, we collected data from the manufacturing industry to
determine the relationships between latent variables and test the model validity and reliability. This
section discusses the materials and methods employed to reach our goal.

3.1. Questionnaire Design and Administration

A questionnaire is designed to study the latent variables proposed in Figure 1. To identify the
items or observed variables that would allow us to assess each latent variable, a literature review is
conducted. This stage represented the questionnaire’s rational validation process. Then, the draft
questionnaire is validated by scholars and regional industrial managers, who answered each question
or item using a five-point Likert scale. The final survey was aimed at managers, production supervisors,
and JIT implementation engineers. To select the sample, first a stratified sampling method was applied
on potential participants who had at least one year of experience in JIT implementation. Then, the
snowball sampling method was used when responders recommend other colleagues, increasing the
sample’s size. Please check the applied questionnaire, which appears as Supplementary Material 1.

3.2. Data Capture, Screening, and Descriptive Analysis

The software program SPSS 24® is used to capture the information collected via the
questionnaires [58]. Then, then the following screening tasks are performed on the database to
avoid biased results:

o  Identify missing values: the identified missing values are replaced by the median value. However,
questionnaires with more than 10% missing values are removed from the analysis.

e Identify outliers: the identified outliers are replaced by the median value, since they directly affect
the parameter estimation process.

Finally, a descriptive analysis is performed for each latent variable, thereby obtaining a median
value—as a measure of central tendency—and interquartile range value (i.e., the difference between
first quartile and third quartile)}—as a measure of data dispersion [58].

3.3. Data Validation

Before testing the model, six coefficients are estimated to validate the five latent variables depicted
in Figure 1:
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e  R-Squared (R?) and adjusted R-Squared (Adj. R?) as indicators of parametric predictive validity.
Values higher than 0.2 are necessary [59].

e  Q-Squared (Q?) as an indicator of non-parametric predictive validity. Values greater than 0 and
similar to their corresponding R? values are necessary [60].

e  Composite reliability index and Cronbach’s alpha index as indicators of internal validity. Values
higher than 0.7 are sought [61].

e  Average Variance Extracted (AVE) as a measure of discriminant validity. Values higher than 0.5
are sought [62].

e  Variance Inflation Factors (VIFs) as a measure of collinearity. Values lower than 3.3 are
sought. However, the squared correlations between the latent variables is used for detecting
multicollinearity and test discriminant validity, showing on diagonal the squared root of AVE [63].

e Also, factor cross loadings are analyzed to determine convergent validity of items into latent
variables. Values higher than 0.5 are sought [64].

3.4. Model Evaluation

The model illustrated in Figure 1 is tested using the structural equations modeling (SEM)
technique based on partial least squares (PLS) and integrated in WarpPLS 6® software program,
which is recommended for ordinal, non-normal data and small samples [65], and similar research has
been performed using these techniques, such as, for example, Diaz-Reza, et al. [66], who related the
SMED stages to the benefits gained, and Boon Sin, et al. [67], who reported the relationship between
knowledge management and six sigma success. The indices and parameters for model validation were
obtained with a 95% confidence level. The following model fit and quality indices were estimated [68]:

e  Average Path Coefficient (APC) and a p value lower than 0.05 is required.

e Average R-Squared (ARS) and Average Adjusted R-Squared (AARS) as indicators of predictive
validity, and p values lower than 0.05 are required.

e Average block VIF (AVIF) and Average Full collinearity VIF (AFVIF) as a measure of
multicollinearity. A value lower than 3.3 is required.

e  Tenenhaus Goodness of Fit (GoF) Index to measure model fit. A value higher than 0.36 is necessary.

3.4.1. Direct Effects and Effect Sizes

In structural equation models, direct effects measure the relationship between two latent variables.
They are usually depicted as arrows and help validate research hypotheses, such as those depicted in
Figure 1. The magnitude of each effect is estimated using the beta (3) coefficient, which indicates in
standard deviations how much a dependent latent variable varies as its corresponding independent
latent variable increases or decreases by one unit. For all the effects, the corresponding confidence
interval is estimated at 95%.

Finally, all the dependent latent variables are associated with an R? value as a measure of explained
variance on it. The R2 coefficient indicates the percentage of variance in a dependent variable that
can be explained by one or more independent variables. If two or more independent variables are
responsible for the variability of a dependent latent variable, the R? value must be decomposed into
effect sizes (ES).

3.4.2. Sum of Indirect Effects and Total Effects

The hypotheses depicted in Figure 1 represent direct effects; however, a relationship between two
latent variables can also occur using one or more mediating variables. In this sense, indirect effects
link two latent variables through two or more segments or model paths. This research only reports
the sum of the indirect effects for each relationship with a 95% confidence interval. Finally, the total
effects (i.e., sum of direct and indirect effects in a relationship between two latent variables) were also
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calculated, and each indirect and total effect value is associated with a p value—as an indicator of
statistical significance—and an ES value.

3.4.3. Sensitivity Analysis

Managers really want to know what will happen if they have some situation, such as, for example,
poor relationships with SUP, and how that will affect the possible benefits offered by JIT. To address
this, a sensibility analysis is reported with different scenarios for the model’s latent variables; since
these are standardized values, the conditional probabilities can be estimated. For every research
hypothesis proposed in Figure 1, the following aspects are estimated:

e  The probability of a variable occurring on a lower or higher level independently; that is, P(Z < —1)
and P(Z > 1), respectively.

e  The probability of each variable occurring simultaneously in its multiple possible combinations.
This probability is represented by &, and the combinations are: P(Z; > 1) and P(Z4 > 1), P(Z; > 1)
and P(Z 4 < —1), P(Z; < —1) and P(Zq > 1), P(Z; < —1) and P(Z4q < —1).

e The probability of the occurrence of a dependent latent variable on a certain level with respect to
the variability of an independent latent variable. This is a conditional probability expressed using
the word If. For each research hypothesis, four possible combinations were found: P(Z; > 1/Z4 >
1), P(Zi > 1/Z4 < —1), P(Z; < —1/Z4 > 1) and P(Z; < —1/Z4 < —1).

The sensitivity analysis makes it possible to further explore the risks/benefits of having either
low or high levels in the latent variables. Namely, P(Z;) represents the probability of an independent
variable in a given level, whereas P(Z,) stands for the probability of a dependent variable. Finally, in
sensitivity analyses, the plus (+) and minus symbols (—) are used to indicate high and low values in
the latent variables, respectively. For instance, MAC+ indicates a high level of MAC, whereas SUP—
indicates a low level in SUP.

4. Results

This section comprises three subsections that respectively discuss the results obtained from the
sample’s descriptive analysis, the item’s descriptive analysis, and the model’s assessment.

4.1. Sample Characterization

The survey was administered for three months (June—August 2019) in Mexican manufacturing
companies located in Ciudad Juarez, Chihuahua. In total, 352 valid questionnaires were collected, 104
of which had been answered by female and 248 by male participants. As for the job positions,
the sample was formed of 178 production system engineers, 153 production supervisors, and
21 managers. Table 2 summarizes the results regarding the surveyed industries and the sample’s
length of field experience. As can be observed, the automotive, medical, and electrical industries are
the most prominent.

Table 2. Surveyed industries and length of experience (years).

Years of Experience

Industry Total
1-2 2-5 5-10 >10
Automotive 41 72 24 21 158
Medical 17 42 19 8 86
Electrical 7 25 12 11 55
Electronics 5 19 9 18 51
Aerospace 1 1 0 0 2
Total 71 159 64 45 352
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4.2. Descriptive Analysis and Validation of Items

Table 3, below, summarizes the results from the descriptive analysis of the items included in
the latent variables. The items appear ranked in descending order according to their median values.
In this sense, it is found that in terms of MAC, interdepartmental communication and coordination
is the most important aspect, along with a culture of compliance. As for HRI, the analysis revealed
that both employee training/education and job rotation are the most valuable. These aspects help
manufacturing companies have multifunctional employees, which consequently can improve the
material flow. With respect to TTP, Poka-joke systems are the most important, since they prevent errors
from being propagated along the production system. Moreover, Poka-joke systems help to standardize
production processes. As regards SUP, findings reveal that quality certificates and long-term contracts
are essential, and thus appear as indicators of Supplier reliability. Finally, in terms of OBE, JIT reduces
final product delivery times (a basic quality principle), waste, and inventory levels of both raw
materials and work in progress.

Table 3. Item descriptive analysis and convergent validity test.

Latent Variable/Item Median IQR

MAC1 4.20 1.584
MAC2 411 1.58
MAC3 3.94 1.587
MAC4 3.71 1.608
HRI1 3.85 1.647
HRI2 3.73 1.754
HRI4 3.67 1.71
HRI6 3.43 1.837
HRI3 3.39 1.9

HRI5 3.18 1.917
TTP4 4.09 1.578
TTPS 4.08 1.563
TTP3 4.05 1.775
TTP5 3.89 1.651
TTP7 3.88 1.476
TTP1 3.85 1.619
TTP6 3.62 1.626
TTP2 3.4 1.928
sur4 4.12 1.59
Sur3 3.93 1.569
sup2 3.84 1.587
Supr1 3.66 1.832
SUP5 3.55 1.741
OBE5 391 1.513
OBE7 3.86 1.675
OBE1 3.77 1.537
OBE2 3.75 1.516
OBE6 3.73 1.67
OBE3 3.71 1.648
OBE4 3.68 1.581

Table 4 lists the coefficients estimated to test the validity of the latent variables. According to
these results, all the latent variables have enough parametric and non-parametric validity, since all
the R?, adjusted R?, and Q? values are higher than 0.2. Likewise, no internal collinearity problems are
found in the latent variables, since all the VIF values are lower than 3.3. Finally, the Cronbach’s alpha
and composite reliability values indicate that the five latent variables have enough internal validity
(i.e., the values are higher than 0.7).
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Table 5 indicates the cross loadings for items in latent variables, indicating that there is an
adequate discriminant validity because all they are higher than 0.5, the minimum cut-off admissible in
this research.

Table 4. Latent variable coefficients.

Latent Variable
Index HRI ~ MAC  SUP TTP OBE
R? 0.251 0.265 0.626 0.547
Adjusted R? 0.249 0.263 0.623 0.542
Composite reliability 0.864 0.872 0.862 0.896 0.923
Cronbach’s alpha 0.811 0.804 0.799 0.867 0.903
Average variance extracted 0.516 0.631 0.557 0.519 0.634
Variance inflation factor 1.664 1.636 2.164 3.153 2.169
Q? 0.251 0.266 0.625 0.547

Table 5 indicates the cross loadings for items in latent variables, indicating that there is an adequate
discriminant validity. Observe that italic cross loading values, associated to every latent variable, are
the highest in their row. Finally, Table 6 indicates the correlation among latent variables and values
indicates absence of multicollinearity and adequate discriminant validity. Observe that bold values,
associated to latent variable, are the highest in their column and row. Please check Supplementary
Material 2 for t values associated with cross loadings and their confidence interval.

Table 5. Cross loadings.

. Latent Variables
Items

HRI MAC sur TP OBE
HRI1 0.66 0.22 —0.31 0.315 —0.016
HRI2 0.659 —-0.113 —0.042 0.234 0.051
HRI3 0.765 —0.05 0.077 —0.188 —0.065
HRI4 0.731 —0.064 —-0.123 —0.009 0.054
HRI5 0.645 0.194 0.126 —0.103 0.016
HRI6 0.69 —0.178 0.254 —0.097 —0.024
MAC1 —-0.115 0.714 —0.039 0.078 —0.032
MAC2 0.021 0.737 0.13 —0.237 —0.033
MAC3 0.165 0.688 —0.031 —0.106 0.032
MAC4 —0.041 0.625 —0.089 0.333 0.058
SUPr1 0.026 —0.103 0.613 0.237 0.139
Supr2 —0.011 —0.086 0.678 0.094 —0.106
SUur3 0.005 0.045 0.687 —0.116 —0.091
Supr4 —-0.121 0.169 0.644 0.17 —0.108
Sur5 0.111 —0.031 0.653 —0.385 0.241
TTP1 0.191 —0.111 —0.098 0.613 —0.076
TTP2 0.226 —0.305 —0.018 0.624 —0.001
TTP3 —0.075 —0.188 —0.036 0.659 —0.083
TTP4 —0.062 0.194 —0.148 0.599 0.035
TTP5 —0.163 —0.042 0.015 0.618 0.121
TTP6 0.033 0.268 —0.109 0.571 0.356
TTP7 —0.02 0.174 0.178 0.592 —0.02
TTP8 —0.089 0.185 0.197 0.605 —0.208
OBE1 —0.011 0.098 —0.153 0.022 0.659
OBE2 —0.034 0 0.065 —0.058 0.652
OBE3 —0.065 0.086 —0.154 0.11 0.654
OBE4 0.087 —0.166 0.152 —0.071 0.646
OBE5 —0.147 0.091 0.002 0.177 0.631
OBE6 0.059 —0.097 0.042 —0.067 0.658
OBE7 0.135 —0.044 0.105 —0.125 0.636
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Table 6. Squared correlations between latent variables (with AVE on the diagonal).

Latent Variables
Latent Variables HRI MAC sup TP OBE
HRI 0.718 0.499 0.468 0.592 0.508
MAC 0.499 0.794 0.506 0.557 0.518
sup 0.468 0.506 0.746 0.518 0.584
TTP 0.592 0.557 0.518 0.72 0.701
OBE 0.508 0.518 0.584 0.701 0.796

4.3. Model Testing

Figure 2 depicts the structural equation model already evaluated. Every relationship among the
latent variables is associated with a 3 value as a measure of dependency and a p-value as an indicator
of statistical significance. Since all the p-values are lower than 0.05, it is concluded that all the direct
effects proposed by the hypotheses are statistically significant at a 95% confidence level. For instance,
as regards the first hypothesis (H;), there is enough statistical evidence to confirm that MAC has a
positive direct effect on SUP in a JIT implementation process, since when the former increases by one
standard deviation, the latter increases by 0.515 standard deviations. Similar interpretations can be
formulated for the remaining hypotheses. Please check Supplementary Material 2 for detailed ¢ values
associated with 3 values and their confidence intervals.

Table 7 summarizes the conclusions about the hypotheses according to the p-values associated
with 3.

R=0.265 R?=0.626
(=0.504
(p<0.001)

Production
Tools and
Techniques

B-0.283
(p<0.001)

$-0.508
Managerial (p<0.001)
Commitment
p=0.099
(p=0.026)

p=0.135
(p=0.004)

B=0.501
(p<0.001)

Human
Resources
Integration

Operational
Benefits

=0.097
(p=0.027)

R?=0.251 R>=0.547

Figure 2. Evaluated model (validation of hypotheses).

Table 7. Hypothesis validation results.

Independent Dependent 3 Value
i . . Conclusion
Variable Variable (p-Value)
H1 MAC sur 0.515 (p < 0.001) Accepted
H2 MAC HRI 0.501 (p < 0.001) Accepted
H3 MAC TTP 0.161 (p < 0.001) Accepted
H4 sup TTP 0.504 (p < 0.001) Accepted
H5 HRI TTP 0.283 (p < 0.001) Accepted
Hé6 MAC OBE 0.135 (p = 0.004) Accepted
H7 sup OBE 0.099 (p = 0.026) Accepted
H8 HRI OBE 0.097 (p = 0.027) Accepted
H9 TTP OBE 0.508 (p < 0.001) Accepted
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Table 8 summarizes the results after decomposing the R? value in every dependent latent variable.
The goal at this stage is to determine which independent variable is more important to a dependent
variable to which it is related. In this sense, OBE (dependent latent variable) is 54.7% explained by
four independent latent variables, among which TTP is the most important because its contribution to
the R? value is higher (ES = 0.365 or 36.5%). In turn, the most important variable to explain TTP is SUP
(ES = 0.365 or 36.5%).

Table 8. Effect sizes (ES) for direct effects.

Independent Variable
Dependent Variable R?
HRI MAC sur TTP
HRI 0.251 0.251
sup 0.265 0.265
TTP 0.169 0.092 0.365 0.626
OBE 0.051 0.072 0.059 0.365 0.547

Table 9 lists both the sum of indirect effects and the total effects found in the relationships. Every
effect is associated with a (3 value, a p-value as the indicator of statistical significance, and an ES value.
Such results help to understand the relationships between two variables that, at first glance, seemed to
have little or no significant connection. For instance, the direct effect of MAC on TTP is only 0.161 units,
yet the sum of their indirect effects is equal to 0.401 units. In the end, the relationship between MAC
and TTP has the highest total effects—i.e., 0.562 units. A similar phenomenon occurs in the relationship
between MAC and OBE, where the indirect effect is higher than the direct effect.

Table 9. Sum of indirect effects and total effects.

Sum of Indirect Effects

Dependent Independent Variable
Variable HRI MAC sup TTP
0.401(p < 0.001)
e ES =0.229
OBE 0.144 (p < 0.001)  0.386 (p <0.001) 0.256 (p < 0.001)
ES =0.074 ES =0.207 ES =0.151
Total Effect
0501 (p < 0.001)
HRI ES =0.251
0.515 (p < 0.001)
sup ES =0.265
TTP 0.283 (p < 0.001) 0.562 (p <0.001) 0.504 (p < 0.001)
ES=0.169 ES =0.321 ES =0.365
OBE 0.242 (p <0.001)  0.521 (p <0.001) 0.355 (p <0.001) 0.508 (p < 0.001)
ES=0.125 ES =0.279 ES=0.210 ES =0.365

Table 10 introduces the findings from the sensitivity analysis. The table indicates the probability of
each latent variable to lie at a high or low level independently, conjointly, or conditionally. For instance,
MAC is more likely to lie at a high level (MAC+) independently than to lie at a low level (MAC+).
Consequently, the likelihood of Supplier levels being high (SUP+) is greater if MAC levels are high
(MAC+). Conversely, low MAC levels (MAC—) imply greater risks (i.e., 0.397) of having low levels in
SUP (SUP—). In conclusion, if there is little likelihood of having high Supplier levels due to low levels
in MAC, top managers must be particularly careful with and attentive to the company’s relationship
with its SUP in the JIT implementation process.

154



Sustainability 2019, 11, 1864

Table 10. Sensitivity analysis results.

Independent Latent Variables
MAC supr HRI TP

+ — + — + — + —

0.161 0.169 0.159 0.153 0.175 0.159 0.169 0.156

&0.056  &0.008
sup 0% o350 p0.048
&0.005  &0.067

- 018 o0 rr0397

+ o1ys 60065 60005 0062  &0.000

HRI ’ If0.400 If0.032 If0390 If 0.000

_ o5 G003 80067 &0.013  &0.059

Dependent latent . If0.083 If0.397 If0.085  If 0.386
variables + o1eo G0067  &0005  &0081  &0.000  &0.086  &0.005
TTP ’ If0417 If0.032 If0.508 If0.000 If0.492 If 0.034
_ o5 G001 50073 &0.000  &0.097  &0003  &0.081

If0.067 If0.429 If0.000 If0.630 If0.015 If 0.508

. oug ©0046 50008 50062  &0.003 50059 50008 S0.086  &0.003

OBE If0283  If0.048 If0.390 If0.018 If0338 If0.051 If0.508 If0.017
o G008 50056 &0.003  &0067 0008 &0.067  &0.000  &0.089

If0.050 If0333 IF0.017 If0.439 If0.046 If0424 If0.000 If 0.569

5. Discussion: Industrial and Managerial Implications

This research integrates five latent variables in a structural equation model to assess their

interrelations and effects in the JIT implementation process. Our research findings and their
implications can be discussed as follows:

MAC is the key to JIT implementation in production systems [48], since it has the highest positive
direct effects on the remaining variables. Because managers make the final decisions, they have to
be the most involved in the JIT implementation process, especially in aspects that involve HRI
and a company’s relationship with its SUP.

MAC has a positive direct impact on TTP. Considering that managers ultimately decide what TTP
are implemented in a production system, the value of the direct effect is relatively low ( = 0.161).
However, after analyzing the indirect effects ( = 0.401) that occur thanks to mediating variables
SUP and HRI, we found that the relationship between MAC and TTP is much more important,
since the total effects are 3 = 0.562. Such results imply that managers need support from both
operators and SUP to implement TTP, who can train operators in the use of specific production
techniques. This claim is consistent with that of Shnaiderman and Ben-Baruch [35].

The direct effect of MAC on OBE is only 3 = 0.135; however, after analyzing the indirect effects that
occur thanks to SUP, HRI, and TTP (3 = 0.386), we found that the total effects in this relationship
are (3 = 0.521. These results imply once more that JIT benefits can be obtained only if managers
plan the JIT implementation process carefully, by properly integrating human resources (including
SUP) and production machinery, techniques, and methodologies [9].

Human Resources that are well integrated in production tools, namely lean manufacturing tools, are
a key element in obtaining the desired OBE [68]. In this research, we found a relatively low positive
direct effect from HRI on OBE (i.e., 3 = 0.097). However, the relationship is much more important
when taking into account the indirect effects that occur through TTP (8 = 0.144); that is, the total
effects in the relationship between HRI and OBE report 3 = 0.242. These results demonstrate that
operator knowledge, experience, and skills must be applied in TTP. Consequently, managers
must promote collaborative work environments and the development of multifunctional skills,
which would contribute to a correct material flow.

SUP may be external entities, yet they do have an impact on the OBE that companies gain
by implementing a JIT system. SUP are important since they supply manufacturers with raw
materials, machinery, and equipment. The direct relationship between SUP and OBE has a low
but still significant value of 3 = 0.099; however, the indirect effects caused by Production Tools and
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Technologies have a value of 3 = 0.256. In total, the relationship has a value of § = 0.355, which
reveals that managers must be attentive to the technological innovations that SUP can offer them
to improve the production flow along the system. This is where improvements can be made by
proposing new production techniques.

e  Direct and indirect effects are interesting, yet it is also important to analyze the performance of the
latent variables under certain conditions. In this sense, the implications of the sensitivity analysis
performed on the latent variables (see Table 8) can be discussed as follows:

e  High levels of MAC are essential for the performance of all the other variables. MAC+ increases
the likelihood of SUP+ by 0.350, that of HRI+ by 0.400, the likelihood of TTP+ by 0.470, and that
of OBE+ by 0.283. Conversely, low MAC levels (MAC—) increase the risks of both SUP— and
HRI— by 0.397, those of TTP— by 0.429, and the risks of OBE— by 0.333.

e  SUP are external entities; however, as the first supply chain system component, they can facilitate
the JIT implementation process. High levels in SUP (i.e., SUP+) increase the likelihood of
HRI+ by 0.390 and that of TTP+ by 0.508, which is a value much higher than that of MAC+.
Similarly, SUP+ increases the likelihood of OBE+ by 0.390. On the other hand, low Supplier levels
(i.e.,, SUP—) imply risks in the other variables. Namely, it is impossible for production systems
to rely on well-implemented TTP, since the value of TTP+ is 0, whereas the value of TTP— is
0.630. Likewise, SUP— does not guarantee OBE+, as the likelihood value is only 0.003, while
the risks of OBE— increase by 0.439. Such results imply that SUP are the supporting base of
the JIT implementation process in production systems, which is consistent with what authors
Shnaiderman and Ben-Baruch [35] claim.

e Appropriate MAC and good relationships with SUP do not guarantee the success of JIT on their
own. HRI is equally important. According to our analysis, HRI+ increases the likelihood of TTP+
by 0.492 and that of OBE+ by 0.338. However, HRI- guarantees neither TTP+ nor OBE+, since the
likelihood values are 0.005 and 0.008, respectively. Finally, HRI— increases the risks of TTP— by
0.508 and those of OBE— by 0.424. These results demonstrate that human experience and skills
are necessary to successfully implement Production Tools and Technologies in production systems,
which is consistent with what authors Garcia-Alcaraz, et al. [10] argue.

e  Finally, we found that TTP+ guarantees OBE+ (0.508) and is never associated with OBE—
(0.000). Nevertheless, TTP— cannot guarantee OBE+ and increases the risks of OBE— by
0.659. In conclusion, JIT must not be isolated from the Production Tools and Technologies already
implemented in a production system, such as MRP [45,48], TQM y TPM [14,21], and SMED [69],
to name but a few.

6. Conclusions, Limitations and Future Research

JIT is a lean manufacturing tool that offers attractive benefits to production systems when it is well
implemented. A solid JIT system requires hard work to associate the obtained benefits and generate
tangible metrics. Similarly, as a philosophy, JIT depends on both internal human factors (managers,
operators) and external human factors (SUP) and managers must pay attention to their human
resources satisfaction and knowledge. Quantitative findings in this research led to the conclusion
that human research is an important factor for JIT implementation success, and it is not an isolated
technique, as it must be integrated with all of the other techniques that are already implemented in
production systems that support materials flow. For example, Hou and Hu [6] integrated Kanban with
JIT using genetic algorithms, and Al-Tahat and Mukattash [46] proposed a new production design for
integrating these Techniques.

In relation to the sensitivity analysis performed with conditional probabilities, the following quick
conclusions could be obtained:

e  High levels on MAC provide high levels on SUP, HRI, TTP, and guarantee OBE; however, low
levels on MAC propitiate risks of obtaining low levels for these variables.
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e  High SUP levels promote high levels of HRI, TTP and OBE. In contrast, low SUP levels represent
a risk for these variables and the entire JIT implementation process.

e  High levels on HRI facilitate the attainment of high levels of TTP and OBE, and conversely, low
levels of HRI pose a risk, as human resources are responsible for implementing JIT.

e  Finally, high levels on TTP guarantee high levels on OBE since they support the JIT philosophy.
In the same way, low TTP levels are a risk to the JIT implementation process.

However, this research reports the results from a structural equation model that integrates only
four independent latent variables or critical success factors associated with JIT and a dependent
variable associated with operating benefits, and there are many other variables and benefits associated
with JIT. This indicates that the current model is not complete, and that other analyses are required to
generate integrative models with greater explanatory power, which can be easily observed in the R
values of the dependent variables. They are not totally explained, since they are values lower than one,
which can be considered a limitation of this research.

In the same way, this study focuses on the maquiladora industry, which is predominant in the
northern region of Mexico and is represented by the automotive and electronics industry sectors;
so these results can only be applied to those specific sectors. The above limitations suggest that the
following future research should be proposed:

e Apply the survey used in other sectors in order to find differences and effectiveness of the model,
since JIT is a tool that can easily be applied in different types of industries, such as hospitality and
food services, where customer satisfaction is strongly related to timely delivery.

e Generate an integral and holistic model that makes it possible to incorporate more latent variables
and, in this way, increase its explanatory power and the R? values for the dependent variables.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2071-1050/11/7 /1864 /
sl.
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