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Preface

Over the last two decades, dramatic changes in market demands have played a
significant role in the revolution of the manufacturing paradigm from one based on
mass production of traditional parts towards customized and highly functionalized
products. This transformation of the manufacturing models has been associated
with development in the manufacturing processes, systems and strategies. In par-
ticular, resource-efficient production is one of the Industry 4.0 key aspects for
keeping both unnecessary costs and environmental impact of a modern processing
route to minimum. In this regard, the SDM-22 offers unique opportunities for the
keynote talks, oral presentations, general tracks, invited sessions and discussion
about the thematic topic “sustainable design and manufacturing”, leading to
knowledge exchange and the generation of new ideas. SDM-22 is a special event,
held after the COVID-19 crisis, in which we are excited to meet in person. I and my
KES International would like to welcome you all to this volume, which forms the
proceedings of the ninth KES International Conference on Sustainable Design and
Manufacturing (SDM-22), organized by KES International between 14 and 16
September 2022, in Split Croatia.

SDM conferences have always attracted excellent contributions, for which we
are grateful, we are also pleased to see so many new contributors to SDM-22. We
welcome you all and hope that you can be part of the growing body of academics
pursuing sustainability research and would like to contribute to the organization of
future conferences.

This physical conference proved an excellent stage for the presentation of
state-of-the-art research and for conducting deep scientific discussions about both
the aspect of sustainability in design and the development of sustainable products
and processes through advanced manufacturing. The fields of applications included
progress being made in all steps of a product lifecycle, including right from product
ideation, design, the complete process chain, as well as modelling, simulations and
end of life assessment; therefore, a holistic approach to sustainable production is
being made.
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This conference builds on the successes of the previous eight conferences held
so far led by Cardiff University, Wales, UK (2014); University of Seville, Spain
(2015); University of Crete, Greece (2016); University of Bologna, Italy (2017);
Griffith University, Gold Coast, Australia (2018); and the University of York, York,
UK, and held in Budapest, Hungary (2019), in addition to the virtual conferences
during the COVID-19 crisis (2020 & 2021).

Once again, the conference was comprised of general tracks chaired by leading
experts in the fields of sustainable design, innovation and services; sustainable
manufacturing processes and technology; sustainable manufacturing systems and
enterprises and decision support for sustainability.

We also thank our Programme Committee members, chairs of general tracks and
our special invited sessions, authors and reviewers for their unwavering commit-
ment to ensure the quality of the work submitted, revised and accepted to SDM-22
was of the high standard required by Springer Nature proceedings.

Steffen G. Scholz
SDM-22 General Programme Chairs
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Impact of Additive Manufacturing on Supply
Chains

Elisa Lauth1 and Steffen G. Scholz1,2,3(B)

1 Institute for Automation and Applied Informatics, Karlsruhe Institute of Technology, 76344
Eggenstein-Leopoldshofen, Germany
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2 Karlsruhe Nano Micro Facility (KNMF), Karlsruhe Institute of Technology, 76344

Eggenstein-Leopoldshafen, Germany
3 Future Manufacturing Research Institute, College of Engineering, Swansea University,

Swansea SA1 8EN, UK

Abstract. Technologies are evolving over time and some innovations can result
in disruptive changes which lead to transformations in companies and their sup-
ply chains. Three-dimensional printing (3DP) has high disruptive potential as it is
becoming increasingly relevant as a production technology. Hence, it is of signif-
icant importance to investigate the current and future impacts of 3DP on supply
chains. The state of the art provides an overview of supply chain management
as well as the production aspects of additive manufacturing. Moreover, impact
factors of 3DP on supply chains have been identified. To further investigate the
current and future impacts of 3DP on supply chains, five interviews with techni-
cal experts have been conducted. The analysis of the interviews shows that the
companies have sensed changes in their supply chains. However, most of these
changes regard prototyping and there have not been drastic changes in the produc-
tion of end products. Current impacts have been identified in mass customization,
resource efficiency, rationalization of inventory and logistics as well as proto-
typing and product design. Future impact is seen overwhelmingly in all impact
areas. Moreover, AM will ultimately increase the sustainability of supply chains.
Finally, a recommendation for action can be given for companies to implement the
technology in small batch sizes and to consider it as a complementary technology.

Keywords: 3D printing · Supply chain management · Industry 4.0

1 Introduction

As technology evolves over time, new advancements occur. Some of the technological
novelties can result in disruptive change [1]. The ongoing technological developments
lead to transformations of factories which have impacts on supply chains [2]. Due to the
potential disruptive changes, executives must be aware of technological novelties that
could impact their organizations and supply chains [1]. Current disruptive technologies
are for instance robotics and automation, big data, internet of things as well as three-
dimensional printing (3DP) [3].

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
S. G. Scholz et al. (Eds.): SDM 2022, SIST 338, pp. 1–10, 2023.
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3DP which is often used synonymously in industrial context with additive manufac-
turing (AM) [4] describes a manufacturing technique where objects can be built by the
addition of materials [5]. 3DP is experiencing a rapid growth [6] and many companies
try to follow this trend and further their business endeavors using this new technology
[7].

Due to the Covid-19 pandemic the AM community had the opportunity to help in
fulfilling local demand and to test the application of 3DP for industrial use [8]. Although
the researchers were able to identify the benefits and the usefulness of 3DP in industrial
manufacturing, the impact of 3DP on organizations is still underrepresented in research.
Since it is of high importance for companies to be aware of disruptive technologies as
well as solutions to cope with them, the present study will answer the following research
questions: What are the current and future impacts of 3DP on supply chains?

This paper is structured as follows. Section 2 gives a literature review on supply chain
management (SCM) as well as AM. Section 3 covers the methodology applied in this
paper which is used to analyze the interviews conducted with five selected companies.
Then, Sect. 4 illustrates the findings. Thereafter, in Sect. 5 the impact areas identified
in the field research will be discussed and recommendations for action formulated for
the coping of disruptive technologies such as 3DP. Finally, Sect. 6 provides a brief
conclusion and outlook.

2 Literature Review

2.1 Supply Chain Management

SCM is of high importance in the current business environment. It is generally considered
to be one of the best areaswhich can yield significant advantages over the competition [9],
especially due to the optimization possibilities such as cost reductions. Consequently,
organizations strive to implement effective SCM [10].

The Global Supply Chain Forum defines SCM as “the integration of key business
processes from end user through original suppliers that provides products, services and
information that add value for customers and other stakeholders” [11]. Supply chains
generally consist of two or more organizations that are linked by information, material,
and financial flows. In supply chains there are producing firms that manufacture either
components, parts, or end products as well as logistics service provider and customers
[12]. In conclusion, SCM generally has three tasks that can be summarized into sourcing
raw materials, converting this material into finished products, and then supplying the
products. Thus, supply chains can be characterized by a forward flow of material and a
backward flow of information [13].

2.2 Production Aspects of Additive Manufacturing

The American Society for Testing and Materials defines AM as “the process of joining
materials to make objects from 3D model data, usually layer upon layer” [4]. Hence,
AM is a revolutionary technology that allows for the building of physical objects based
on digital files [7]. Many scholars consider AM to be a disruptive technology [14]. In
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the early stages of AM, its application was mostly focused on prototyping whereas now
it has many more applications [15]. With an increase of usable materials, the number of
possible applications has risen drastically [16]. NowadaysAMhas the potential to impact
manufacturing and provide benefits for producing companies [17]. Consequently, many
organizations are interested in the possible benefits 3DP could have in their production
[7].

Regarding the evaluation of AM, the production technology is considered to be a
more agile and eco-friendly alternative to conventional manufacturing. Nonetheless, the
slower manufacturing process as well as few adoptions of AM still limit its applications
[8].Hence,AM ismore suitable for small batch production [18].Moreover, decentralized
productions, and higher flexibility that can help with mitigating delays in supply chains,
and other problems regarding supply shortages, are a clear advantage of AM which
makes it a good alternative for conventional manufacturing [19]. Nevertheless, most
scholars agree that 3DP will not make conventional manufacturing obsolete but rather
complement these technologies [17]. This is likely since both manufacturing methods
suit different productions styles.

2.3 Impact of Additive Manufacturing on Supply Chains

Numerous scholars agree on the fact that 3DP has a high disruptive potential regarding
its impacts on the logistics industry and global supply chains [20]. As the use of 3DP
in the manufacturing and fabrication of goods increases, the possible impacts on the
supply chain are of high importance. Especially since it has the potential to presuppose
a change in supply chains [21].

The use of 3DP in the production process can be advantageous for many organiza-
tions. Principally since it can ensure a complexity reduction of supply chains. Due to
the possibility to print on-demand, the need for excessive inventory becomes obsolete.
As a consequence, the traditional complex supply chain model is no longer required.
In Fig. 1 a new proposed model for supply chains can be seen. As a result, the supply
chains with integrated AM become less complex since only the materials along with the
digital files are needed for the 3DP. Whereas the focus of traditional supply chains is on
the mass-produced goods which are pushed out into the market with high logistics costs
and emissions, the supply chain that integrates AM can provide a low volume production
with customized products [22].

Apart from the differences in the supply chain structure, seven key impact areas of
3DP on supply chains can be identified. The first impact area concerns the mass cus-
tomization enabled by 3DP. AM offers the possibility to individualize products for each
customer. Due to late-stage postponement customization, the supply chain is thought
to be more agile and flexible which ultimately benefits the reaction to late changes in
customer requirements [23]. The second impact area of AM is resource efficiency. One
of the numerous advantages of AM is the increased resource efficiency of 3DP [8].
Equally important is that the excess material in 3DP can be recycled and reused which
endorses the idea of a circular economy. Another important impact area focuses on the
decentralization of manufacturing. Due to the possibility to print on-demand, there is a
shift of the manufacturing location to the point-of-consumption. This helps in reacting
quicker to changes in demand which in turn ensures the flexibility of supply chains [23].
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Fig. 1. Traditional supply chain and additive manufacturing model [22]

The fourth impact area is the complexity reduction. Supply chains’ complexity can be
drastically reduced, which is also apparent in Fig. 1. The consolidation of multiple sup-
pliers and the shortening of the manufacturing process can ultimately lead to reduced
complexity as well as shorter supply chains [5]. Equally important is the rationalization
of inventory and logistics. 3DP enables the production-on-demand at the point of con-
sumption. This leads to reduced demand for global transportation [23]. Moreover, there
is no longer a need for excessive inventories [21]. The sixth impact factor is concerned
with product design and prototyping. 3DP allows products to take on new forms which
would normally not be possible in traditional manufacturing [24]. Moreover, there is a
direct digital-to-physical concept. The last impact factor of 3DP consists of legal and
security design. This impact area is concerned with legal issues posed by 3DP. Currently,
the underlying legal framework is not sufficient [23].

3 Methodology

This section focuses on the methodology followed in this study. To evaluate the impact
3DP has on supply chains, interviews were conducted with representative industry
experts. For the evaluation, qualitative content analysis was used. The qualitative con-
tent analysis method deals with text evaluation in the context of research projects [25].
Concerning the data collection, semi-structured interviews will be used. They allow par-
ticipants to respond freely and to clarify their opinions [26]. Prior to the conduction of
the interviews, an interview guide was created [27].

For the present study, the most important criterion for the participants was their
involvement with 3DP in their everyday work. As a result, five experts were acquired.
All interviewees are from different companies, ensuring diversity in answers and opin-
ions. All information on the interviewees as well as their companies, are anonymized.
Nevertheless, the industry sector is briefly explained. The most important information
on the personas is summarized in Table 1. The interviews lasted 30–40 minutes.
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Table 1. Profile of the interviewees

Interviewee Position Company Industry sector

Interviewee 1 Development Engineer Company A Automotive Sector

Interviewee 2 Development Engineer Company B Plastics Processing Industry

Interviewee 3 Senior Business Development
Manager

Company C Software Solutions for AM

Interviewee 4 Head of 3DP Company D Mechanical Engineering / 3DP
Service Provider

Interviewee 5 AM Consultant Company E 3D Printer Manufacturer

4 Findings

4.1 Use and Evaluation of 3D Printing in Selected Companies

All interviewees agree on the fact thatAM ismostly used in prototyping or the production
of operating tools. Some serial applications can be observed in specific industries such as
medicine, aerospace and automotive. Regarding changes in production, it can generally
be observed that mainly the development process has changed instead of the actual
production. The development of products is quicker, as well as more flexible.

The interviewees see various advantages which can be associated with 3DP. One of
the most frequently named aspects was the time reduction. Moreover, it is possible to
react quicker since it is easy to print the components needed. However, there are also
some limitations according to the interviewees. Firstly, the production process is slower.
Moreover, the standardization of the 3DP process is not yet mature.

Regarding the disruptive potential, the interviewees are all in agreement. All of them
see that there is a disruptive potential to 3DP and that the technology will disrupt the
market to some extent. However, given the disadvantages, the application of AM will
be rather complementary than substitutive.

4.2 Impact of 3D Printing on Supply Chains in Selected Companies

Since AM is mostly used for prototyping in the interviewees’ companies, most of the
impact factors identified from the interviewees are associated with the future potential.
Nonetheless, the interviewees also described actual impacts they have been able to
observe in their supply chains. For instance, Interviewees 1, 3 and 4 claimed that 3DP
helped to bridge delivery times. Through 3DP, the required components could be printed
directly which resulted in shorter delays.

AM poses the possibility in the given companies to reduce the dependencies from
their suppliers since they can print the components they need in case of delays. Despite
the fact that critical situations such as supply chain disruptions have alreadydemonstrated
that 3DP can decrease dependence on suppliers, Interviewees 2, 3 and 5 see no possibility
for this outcome. Nonetheless, all interviewees see opportunities to improve customer
experiences. Especially customers can be offered more performance.
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Regarding the impact factors, all interviewees see a high impact of AM on mass
customization since 3DP offers the possibility of producing a large number of parts with
a high degree of individualization. Mass customization is mainly relevant in industries
in which the products are directly addressed to customers, such as medicine, eyewear,
or sports. The participants elaborate that AM has great potential to enable resource
efficiencies. These effects have already been realized in the given companies. Reasons
for this include the possibility of recycling and thus reusing printing materials. All
interviewees reportedly see the effects on the decentralization of production in the future.
Nevertheless, all interviewees see great potential and associated advantages through the
increasing decentralization that will take place in the future. So far, almost no participant
has noticed any changes in the complexity of supply chains. Some of the participants see
a strong potential to reduce the complexity of the supply chains in the future. However,
some have the opinion, that supply chains will become more flexible in the future but
by no means less complex. In rationalization of inventory and logistics, all interviewees
sense a very large potential for optimization and cost savings, but mostly for future
applications. Interviewee 4 has already been able to achieve advantages for one of his
customers in the field of logistics through the lightweight construction of heavy objects,
which can now be transported more easily. All interviewees agree that 3DP is already
well represented in prototyping and product design. One aspect is that more individual
design can be created more easily. The costs for product development greatly reduced
by AM. Some of the interviewees have concerns regarding the legal and security issues
posed by 3DP in production. It can be seen as a clear objection that needs to be addressed
before mass implementation of AM.

Although the interviewees reported many positive impacts, they see a lot of effort
associated with the implementation of AM in supply chains. One of the reasons is the
complexity of the technology. Therefore, companies should ask themselves whether they
should operate 3DP in-house or whether they would prefer to outsource it. Regarding
the supply chain managers, the interviewees see a compelling expansion of skills. They
must have know-how to be able to efficiently manage supply chains with AM.

Regarding the future of 3DP all interviewees see a lot of potential for 3DP. They
assume that there will be continuous developments of the technology. With a faster and
more efficient production process, the technology would be used more often. In general,
the interviewees see it as likely that 3DPwill be an essential component inmanufacturing
in the future. Thus, all interviewees recommend investing in 3DP and using it for the
production in the future. Particularly high potential can be seen in aerospace, medicine,
semiconductors and the chemical industry.

5 Discussion

This paper investigates the research question: What are the current and future impacts
of 3D printing on supply chains? It can be concluded that there are impacts on supply
chains and that there have been changes determined in the selected companies. However,
these changes are mostly in the fields of prototyping and bridging critical situations.
There have not yet been any drastic changes in the normal supply chains. At least not
in the companies selected for this paper. Nonetheless, one can see that there is a great
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potential for changes in the companies’ supply chains, especially because there will be
an increasing number of use cases over time. 3DP has proven to be an optimal solution
especially in critical times. Nevertheless, 3DP still has a long way to go before it can be
widely applied in the production of end products. It is also debated whether the share of
AM in the global production market is too small to have vast impacts on supply chains.

Moreover, it can be questioned whether the impact will actually be as extreme as
portrayed in the proposed supply chain model. One reason for this is that the technology
is predominantly seen as a complementary technology and will therefore only be used
in production situations that fit 3DP. These production situations consist primarily of
small batch sizes with a high degree of individualization.

Furthermore, it is made clear that 3DP will advance digital production. There are
significantly more opportunities for on-demand production in contrast to conventional
manufacturing, which encourages companies to avoid overproduction. Moreover, AM
offers great potential for decentralizingmanufacturing,which is a significant contribution
to sustainability. The reason for his is that the need for global transportation is drastically
reduced in a distributedmanufacturing setup. If AM can ultimately be used in large batch
sizes, the impact on supply chains will increase significantly.

It can be summarized that impacts have already been identified in mass customiza-
tion, resource efficiency, rationalization of inventory and logistics as well as prototyping
and product design. Mass customization is mostly relevant in specific customer-oriented
industries. Resource efficiency has had impacts in all companies. The rationalization of
inventory and logistics was mostly reported by one company. Prototyping and product
design is an aspect that all interviewees can agree on and see the 3DP technology as
a clear substitute to conventional methods. In addition, there is a significant increase
in customer satisfaction and reduction of supplier dependencies due to the possibility
to overcome supply chain disruptions and supply chain bottlenecks. Future impact is
seen overwhelmingly by most interviewees in all impact areas. Nonetheless, it should
be taken into consideration that there are companies that operate entirely with 3DP. It is
possible that the results of these companies could differ. Table 2 summarizes the results
of the present paper.

Table 2. Current and future impacts of 3D printing on supply chains

Impact factor Current impact Future impact

Mass Customization Yes Yes

Resource Efficiency Yes Yes

Decentralization of Production No Yes

Complexity of Supply Chains No Yes and No

Rationalization of Inventory and Logistics Yes and No Yes

Prototyping and Product Design Yes Yes

Reduction of Dependencies Yes and No Yes and No

Customer Experience Yes Yes
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As a part of the results of this paper, recommendations for action will be provided.
The reason for this, as discussed in the introduction, is that the disruptive potential of
3DP can lead to vast transformations in companies. Therefore, recommendations for
action will be derived from the results of this study.

Firstly, it is of high importance to clarify which companies should use 3DP in the
future. The results of this paper suggest that the potential for 3DP is especially high
in aerospace, medical, logistics, automotive, railway, semiconductors and the chemical
industry. Nevertheless, the findings show recommendations for all companies to invest
in 3DP, as it can lead to optimization potential in companies and bridge disruptions in
supply chains. In general, it is recommended in production with small series and a high
degree of individualization.

The second aspect of the recommendation for action is concernedwith the implemen-
tation of AM. Based on the results of this study, it can be deduced that the introduction of
3DP is associated with a high level of effort. It is therefore worth considering outsourc-
ing the 3DP process to service providers. In conclusion, it is critical for companies to
acquire knowledge about the technology and its impact. 3DP should initially and most
likely in the future be seen as a complementary technology, supplementing conventional
methods where it is beneficial. Companies that integrate AM may be more responsive
and independent due to the high flexibility in their supply chains.

6 Conclusion

This paper is able to identify impact areas of AM on supply chains as well as current
and future changes of supply chains. From this, recommendations for action could be
derived regarding the future use of 3DP in different industries. The increasing relevance
of 3DP in the corporate world has been highlighted. This underlined the importance of
this study to investigate the changes of supply chains and to give recommendations for
action for companies using 3DP or striving to implement 3DP in their supply chains.

By conducting semi-structured interviews with five selected companies, the use of
3DP in different industry branches, as well as the impacts on their supply chains were
examined. The analysis has shown that 3DP is mostly used in prototyping. Hence the
impacts on supply chains are still small but nonetheless all interviewees have experi-
enced impacts on the supply chains in their companies due to higher flexibility and
shorter lead times. All interviewees see high potential for the further development of
the technology. As the objective of this study was to identify current and future impacts
of 3DP on supply chains, current impacts could be identified in customer experience,
reduction of dependencies, mass customization, resource efficiency, rationalization of
logistics, and prototyping and product design. In the future, the impacts on supply chains
are going to increase steadily due to a gradually rising number of applications. Espe-
cially contributions to sustainability regarding the reduction of the carbon footprint and
decreased material wastage can be seen in future applications of AM in supply chains.
It is apparent that 3DP can be recommended to all companies due to the high number of
benefits, especially on the supply chains.

To ensure more expressive results, more interviews would have to be conducted.
Since this study determined that for the selected companies, 3DP is still in early adop-
tion and mostly applied in prototyping as well as in critical situations in their supply
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chains, future work should assess this topic in a further manner since it is of ongoing
importance. It would be best to enlarge the number of participants and assess more
industries and companies by applying quantitative research methods. This can help in
giving recommendations for action for specific industries. Moreover, it would be recom-
mended to examine companies that exclusively use 3DP in their production since they
have possibly experienced greater impacts and changes in their supply chains.
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Abstract. Projects are increasing in complexity in the current business world.
This is also evident in a working group of the Institute for Automation andApplied
Informatics in the Karlsruhe Institute of Technology. To facilitate project manage-
ment and tackle overall problems, a project management software has been intro-
duced in the group. This study shows the impact of this introduction. The state of
the art provides an overview on the most relevant information on project manage-
ment, showing the importance and benefits of project management software tools.
The current situation in the group is analyzed by conducting semi-structured inter-
views. Based on a criteria catalogue, the software Microsoft Project is selected
to be introduced with four testing project managers. To evaluate the impact the
introduction of the software tool had, the situation after the introduction is ana-
lyzed. The pre-introduction analysis shows that the current project management
approach of the project managers needs changes. The post-introduction analysis
shows the impact areas of Microsoft Project. The tool had positive impacts on the
project managers, such as keeping a better overview, transparency, structuring and
control over projects. All project managers believe that the tool has the potential
to improve their project management sustainably in the long run. In conclusion, a
recommendation of action can be given to continue the usage of the tool.

Keywords: Project management · Information systems · Software introduction

1 Introduction

The Karlsruhe Institute of Technology (KIT) consists of over 9000 employees with the
majority working in research [1]. In 148 institutes [2], research is conducted in the main
topics of energy transition, mobility of the future and technology for the information
society [3]. This paper focuses on the Institute for Automation and Applied Informatics
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(IAI). This institute consists of various working groups, pursuing research on several
projects from different funding agencies [4]. The working group Process Optimization -
Information Management - Applications (PIA) is focusing on four main topics: process
optimization in the context of Industry 4.0, 3D-printing, decision support systems and
nanomaterials safety assessment [5]. The PIA group team members work on a high
number of different projects.

In the current business world, projects are increasing in complexity [6]. This is also
felt by the project managers of the PIA group, which leads them to be confronted with
higher demands for effective project management. This is especially noticed since most
of the projects are third-party funded, which concludes a huge variety of complex guide-
lines from different funding sources [7]. Due to more complex projects, it is necessary
to find suitable tools [6]. Project management software tools, also called project man-
agement information systems (PMIS) are one of the most used tools in today’s business
environment [8] due to the conclusion of effective project management [9] and their
strong correlation to project success [10]. Therefore, a project management software is
thought to be introduced into the PIA working group to help meet the high requirements
of complex projects.

The result of this study will give an answer to the following research question:
How does the introduction of a project management software influence the project man-
agement of the PIA group project managers? The answer to this question will help to
formulate recommendations of action for the future usage of the chosen PMIS. The
structure of this paper is as follows: a literature review will show the current state of
the art on the topics of project management as well as PMIS. The methodology for this
paper will be explained in the third Section. In the fourth Section, the findings of the
semi-structured interviews conducted with the project managers before and after the
introduction will be presented. Based on the findings of the pre-introduction situation
a criteria catalogue will be created to help in the choice of a PMIS. The fifth Section
discusses the impact of the PMIS. The evaluation will lead to a recommendation of
action concerning the further usage of the PMIS. In a brief conclusion and outlook, the
work of the present paper will be summarized.

2 State of the Art

2.1 Project Management

Since project management methods have a strong correlation with the basic character-
istics of projects, it is of high importance to firstly define projects [11]. The Project
Management Institute defines a project as a “temporary endeavor undertaken to create
a unique product, service, or result” [12]. Thus, projects can be characterized into the
three major aspects: temporary, unique and constrained.

Since this paper is concerned with the management of science and research projects,
the focus will be on this project type. These projects can be typically characterized as
having high risk and high uncertainty due to researching new territory [13]. Since most
of the research projects are financed by third-parties, complex guidelines and rules apply,
which the universities and research institutions must deal with [7].



Introduction and Evaluation of a Project Management Software Tool 13

To assess whether a project performance is regarded as a success or a failure, the
iron triangle is used [14]. The measurement criteria of the iron triangle are cost, time and
quality [15]. These are the basic criteria and can be extended to the following questions:
Is the project delivered until its due date? Is the project within budget? Does the project
achieve the required level of quality? [14]. Since there is a positive relationship between
project management practices and project success [16], tools and techniques of project
management must be used to have a higher chance of project success [17].

Project management can be characterized as an accumulation of different tools as
well as techniques that help in achieving the project’s objective [17]. The tools and
techniques can also be labeled as processes. These processes are for instance “initiating,
planning, executing, controlling and closing” [12]. There are many different project
management methods, tools and techniques, which are often used simultaneously [18].
The most common tools are project management software [19].

Other than project success, effective project management also has an impact on
performance and on productivity [20], as well as on the organizational effectiveness [21].
Good project management can have a positive impact on an organization, moreover there
is a direct correlation of effective projectmanagement and project success. Consequently,
it is important to invest in project management techniques and tools [15].

2.2 Project Management Software Tools

Project management software tools are one of the most used project management tools
and widely applied due to their benefits [8]. PMIS can be defined as “comprehensive sys-
tems that support the entire life-cycle of projects” [22]. PMIS have become increasingly
relevant, especially due to the complex issues project managers must deal with [23]. The
usage of PMIS nowadays can even be considered a necessity [10]. Project managers use
PMIS to better the management processes and increase the successful operations [24].
They can especially help to make information on the project accessible to all involved
team members, particularly in a multi-project environment [23]. Other advantages are
better control over projects, improved project scheduling and resource allocation [24].
PMIS are in general advantageous for project managers [25] and organizations due to
improvements in efficiency and effectiveness in project management. Since the improve-
ments are not only linked to the management but also to the performance of the project,
PMIS can often be directly linked to project success [10].

3 Methodology

To evaluate the impact a PMIS has on the project management of the PIA group there
will first be an analysis on the pre-introduction situation to characterize the current
project management and identify problems as well as understand expectations for a
PMIS. Based on the results from the pre-introduction analysis, a PMIS will be selected
and implemented during a testing phase with selected project managers of the PIA
group. Thereafter, the post-introduction situation will be analyzed regarding the project
managers’ experiences and the impact the tool had on their project management. For the
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evaluation of the situations semi-structured interviews conducted before and after the
introduction will be evaluated according to the qualitative content analysis.

This analysis method deals with text evaluation in the context of research projects
[26]. Material that can be evaluated with this instrument are interview transcripts, mate-
rial from open questionnaires, focus groups and other [27]. Concerning this paper,
the transcripts of semi-structured interviews will be used to gather information. Semi-
structured interviews are especially useful to learnmore about opinions aswell as diverse
experiences [28]. Consequently, they will be used in the present paper to investigate the
pre- and post-introduction situation. Prior to the interview a guidewill be created forming
the basis for the interviews [29].

In the present study, four team members of the PIA group participated in the
interviews, which lasted approximately 30 minutes. The most important criteria for
the selected participants were their experiences with project management. The most
important information on the personas is summarized in Table 1.

Table 1. Characteristics of the participants

Participants Characteristics

Early Career Researcher End-user perspective, perspective of a member in a project

Experienced Project Manager 1 End-user perspective, high experience in project management

Experienced Project Manager 2 End-user perspective, high experience in project management

Head of the Group Overall perspective, multi-project management

4 Findings

4.1 Pre-introduction Situation

All project managers administer several projects at the same time, this amounts to a total
of 10–25 projects that the head of the group must keep an overview on. Projects in the
PIA group usually last three years. They are mostly third-party funded and have a fixed
start and end date. The goals of the projects are defined in the project proposal, which
are all unique due to the different research topics.

While analyzing the current project management approach, it became apparent that
the head of the group and the experienced projectmanager 1 areworking rather structured
and claimed to have a good overview over the projects, whereas the other participants
have a rather unstructured approach, often leading to a loss of overview. Among the
participants, different working styles can be seen. One of the tools the interviewees use
most often is the calendar of their E-Mail-program to enter deadlines for deliverables
and reports. Another tool often used to keep an overview of the projects is Microsoft
Excel. However, the excel sheets are often not synchronized between involved project
members. The interviewees claim that this is not an optimal solution.
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In the analysis, several problem areas could be identified. Communication was often
deemed critical and very important for the success of projects. Poor communication is
often a part of many problems, while successful communication is key to solving many
problems. Some of the project managers claim that keeping an overview is often prob-
lematic, especially with multiple projects. This is also apparent in the project managers
approaches. The experienced project manager 2 and the early career researcher name
their own projectmanagement as being not optimal since it is rather uncoordinatedwhich
can be problematic with managing multiple projects.

Regarding the introduction of a PMIS, most of the project managers claim that it
is necessary or becoming more necessary with the increasing complexity of projects.
All participants are especially looking forward to a central system that will help with
keeping an overview and communication since this will allow everyone to check on the
projects instantly without having to prior consult on the current project statuses. For
most of the project managers, the functions they wish to see in a PMIS concern keeping
an overview of the project and seeing the daily tasks. Keeping everything centralized in
one system is very important as well.

4.2 Selection and Introduction of a Project Management Software Tool

The availability of PMIS on themarkets is increasing at a rapid pace. Consequently, it can
be hard to choose a suitable tool [9]. Some PMIS are rather cheap and conclude limited
functions. More expensive PMIS on the other side infer more sophisticated functions
[30]. To find the most suitable tool for the PIA working group, several steps were taken.
At first a criteria catalogue was created according to the needs of the PIA group. The
criteria catalogue can also be assessed in Table 2.

Table 2. Criteria catalogue

No. Criteria

1 Create new projects

2 Divide projects in different tasks

3 Determine relationships and dependencies between subtasks

4 Observe projects in different perspectives

5 Ability to update status and progress for the team members

6 Multi-project management

7 Hosting the tool in the KIT network

8 One-off payment

In a first step, general research on available PMISwas conducted, using websites and
blogs as references. In a next step, the list of possible PMIS was reduced by assessing
the criteria catalogue. A brief look into the tools’ websites helped to greatly diminish the
number of possible options. After all of these tools were assessed regarding their features
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and abilities, Microsoft Project was chosen with the advantages of easily obtaining the
licenses due to the KIT having existing license contracts with Microsoft. Selecting
another tool was not feasible due to the fact that not all required criteria could be met as
well as the difficulty to obtain them and adhere to internal guidelines.

Microsoft Project is one of the most common tools used as a PMIS in many orga-
nizations [31]. With the possibility of managing simple and complex projects, the tool
offers many functions [30]. Depending on the licenses, more complex features are avail-
able. Microsoft Project can be considered as being rather expensive as licenses must be
purchased for each teammember and on an annual basis [31]. The below average market
prices for educational institutions such as the KIT, are still substantial. Depending on
the license plans the costs for all PIA team members will range from 850e to 1500e
per year.

As soon as the licenses were available, the testing phase started. In short training
sessions, the project managers were taught the basic functions of Microsoft Project and
advised how to implement their projects. The testing project managers were then advised
to use the tool for their normal work routine within the projects and to continuously
update the progress of their projects.

4.3 Post-introduction Situation

During the testing phase, the participants used Microsoft Project several times a week.
Using the tool more often was not necessary since there were no deadlines or tasks
that had an immediate due date. Moreover, most of the project managers were not used
to integrating the tool in their daily workflow yet. All the interviewees mainly used
Microsoft Project to get an overview of their project. Regarding the user interface the
head of the group, the early career researcher and experienced project manager 2 were
rather pleased with the design and thought it provided a good overview. The experienced
project manager 1 on the other hand did find the display and clarity satisfying.

In the analysis of the tool’s impact, it was apparent that the project managers did
not have enough time to notice significant impacts in their project management. The
reason for this is the relatively short testing phase of two months due to the limited time
frame of this paper. Consequently, most of the opinions on the tool’s impact concern the
potential impact based on the experience the project managers had so far.

Regarding the communication and collaboration, the interviewees were not able to
notice differences. However, all testing project managers feel that it has the potential to
positively impact the collaboration and communication since it provides a good overview
for the other team members that work on the projects and the head of the group. Espe-
cially, the standardized layout and reporting requirements in Microsoft Project ease the
issues of overview keeping and reduction of individual status inquiries.

Another problem area, identified, was keeping an overview of the project. All inter-
viewees state that Microsoft Project helped in gaining a better overview over their
projects. Especially the experienced project manager 2 and the early career researcher
who had a rather unstructured approach to project management and had problems
with keeping an overview, noticed improvements. The early career researcher thought
Microsoft Project helped a lot in giving structure to his work, since hewas able to quickly
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see what tasks are due and in what priority they must be done. The experienced project
managers however thought there was no impact on the structuring or the prioritizing.

Concerning the impact on their daily work, the interviewees did not see a big dif-
ference. The main reasons for this are that it is not part of the routine yet and that the
other team members cannot use the tool for their respective projects yet. Consequently,
all the interviewees claimed that the tool generates more work instead of simplifying
their daily workday, which is mostly due to the transition period.

The interviewees have not been able to sense changes in their productivity so far.
Nonetheless all project managers as well as the head of the group can see the potential
of an improvement in the productivity as well as the efficiency.

Regarding the impact the tool had on the projects, the interviewees agreed that the
testing phase of two months was too short to learn about improvements. However, the
experienced project manager 2 claimed that one project was positively impacted due
to having a better overview and better control. Moreover, all interviewees believe that
the tool can impact the projects in the long run. Most of them see the potential of
improvements in time management and quality of work due to better communication,
with the head of the group and other project managers. In Table 3 the noticed impacts
and potential impacts of the tool are summarized.

Table 3. Impact of Microsoft Project

Impact area Have there been improvements? Is there the potential for an
improvement?

Communication No Yes

Keeping an Overview Yes Yes

Structure Yes and No Yes

Daily Work No Yes

Productivity and Efficiency No Yes

Projects Yes and No Yes

The expectations of the interviewees were partially fulfilled with the implementation
of Microsoft Project. Advantages the interviewees named are the opportunity to portray
the whole project. This is positive for the other team members and helps with meeting
deadlines and structuring the tasks. These advantages conclude transparency, which can
help when being new to a project and needing information. Most of the interviewees
named the integration ofMicrosoft Project inMicrosoft Teams as an advantage since this
made the usage easier for them. Although there are many advantages, the interviewees
also named disadvantages, especially the experienced project managers. They claimed
that it was complicated to create projects in a detailed manner, including dependencies
of tasks. Another disadvantage they named is that Microsoft Project creates another
workplace instead of creating a central system.

Concerning the implementation of Microsoft Project in the PIA group, all intervie-
wees agree on the fact that the tool would positively impact the projects’ success and
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project management experience in the long run. However, the experienced project man-
agers share the concerns of the tool not being accepted. They claim that there would
have to be an obligation to use the tool, since the tool is most likely to impact the project
management positively, when all team members are using it continuously.

5 Discussion

The comparison of the situation before and after the introduction shows that there was
an impact from the use of Microsoft Project. However, most improvements were not
significant due to the short testing time. Nonetheless, all testing project managers see
the potential for improvements in the identified problem areas. Moreover, all saw great
benefits in keeping an overview and the early career researcher noticed improvements
in the structuring of his work. It was apparent that the project managers that had a
rather unstructured approach noticed greater improvements in gaining an overview and
structuring tasks. Consequently, the project managers see potential for improvements or
have already experienced minor impacts in all impact areas identified in the state of the
art. Regarding the expectations towards a PMIS, most of them were fulfilled. The same
applies for the advantages and disadvantages of the tool. Although the tool provides a
better overview, transparency for all team members, simple usage and has the potential
to impact many problem areas, there are still missing functions and some inconveniences
for the project managers when using the tool. Nonetheless, the impact the tool already
has on keeping an overview and the advantages associated with it are promising for the
further usage. The PMIS can help in sustaining the productivity of the project managers
and help to reduce their project management efforts and time put into their work. Hence,
it could provoke sustainable effects on the project management in the future. Because
of this, the usage of Microsoft Project should be continued in the future.

All in all, the tool impacted the project management positively in some areas and
has the potential to positively influence the project management and project success in
the long run. Regarding the further usage, the recommendation of action is to continue
using the tool to see how it affects the project management for a longer time.

6 Conclusion

This paper was able to show the problem areas existing in the investigated research group
related to project management, the importance for the introduction of a PMIS and how
the implementation has impacted the project management. From this, a recommendation
of action could be derived regarding the future usage.

At the beginning, the state of the art emphasized the importance of effective project
management as well as project management tools. Moreover, the literature review states
that PMIS are one of themost used tools nowadays. In an analysis of the pre-introduction
situation, various problem areas were identified and the importance of the introduction of
a PMIS emphasized. The selection of a suitable project management software was then
influenced by the findings of the analysis and a criteria catalogue. AfterMicrosoft Project
was implemented, a testing phase began. The analysis of the post-introduction situation
has shown that there were impacts. All project managers were able to notice great
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improvements in keeping an overview of their projects. Furthermore, all emphasized
that a substantial impact could be made in all areas.

With a comparison of the situation before and after the introduction, an answer to
the research question could be given. As a result, it can be stated that the tool positively
impacted some areas of the project management. Moreover, all project managers agree
that the tool can further improve other areas, in which they have not noticed an impact
yet. Because of the benefits, it can be said that Microsoft Project should be used further
in research groups. Particularly due to the possibility to change the project management
sustainably and reduce time and effort for the project managers.

Although the results of this thesis show thatMicrosoft Project will benefit and impact
the project management and project success positively, there are some limitations that
must be considered concerning the expressiveness of the results. Due to the short testing
time most project managers did not have enough time to properly integrate the tool in
theirworking life. Consequently,most of the results rely on assumptions that are based on
the experiences the project managers made so far. It would have been more promising if
all team members would have tested the tool since it would have allowed more in-depth
results regarding the impact and the acceptance. Moreover, different personas evoke
different testing experiences, which leads to a lack of generalizability of this study. In
conclusion, future work should assess the situation after using the tool with all team
members. Nonetheless, in this study the impact of the tool has been assessed to some
extent and an answer to the research question has been found.
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16. Radujković, M., Sjekavica, M.: Project management success factors. Procedia Eng. 196,

607–615 (2017)
17. Attarzadeh, I., Ow, S.H.: Project management practices: the criteria for success or failure.

Commun. IBIMA 1(28), 234–241 (2008)
18. White, D., Fortune, J.: Current practice in project management - an empirical study. Int. J.

Project Manage. 20(1), 1–11 (2002)
19. Liberatore, M.J., Pollack-Johnson, B.: Factors influencing the usage and selection of project

management software. IEEE Trans. Eng. Manage. 50(3), 164–174 (2003)
20. Abbasi, G.Y., Al-Mharmah, H.A.: Project management practice by the public sector in a

developing country. Int. J. Project Manage. 18(2), 105–109 (2000)
21. Shenhar, A.J., Dvir, D., Levy, O., Maltz, A.C.: Project success: a multidimensional strategic

concept. Long Range Plan. 34(6), 699–725 (2001)
22. Ahlemann, F.: Towards a conceptual reference model for project management information

systems. Int. J. Project Manage. 27(1), 19–30 (2009)
23. Mishra, A., Mishra, D.: Software project management tools: a brief comparative view. ACM

SIGSOFT Softw. Eng. Notes 38(3), 1–4 (2013)
24. Bondarenko, S., Lagodienko, V., Sedikova, I., Kalaman, O.: Application of project analysis

software in project management in the pre-investment phase. Int. J. Mech. Eng. Technol.
9(13), 676–684 (2018)

25. Caniëls, M.C.J., Bakens, R.J.J.M.: The effects of Project Management Information System
on decision making in a multi project environment. Int. J. Project Manage. 30(2), 162–175
(2012)

26. Mayring, P., Fenzl, T.: Qualitative Inhaltsanalyse. Springer Fachmedien, Wiesbaden (2019)
27. Mayring, P.: Qualitative content analysis: theoretical foundation, basic procedures and

software solution, Gesis, Klagenfurt (2014)
28. Longhurst, R.: Semi-structured interviews and focus groups. Key Methods Geogr. 3(2), 143–

156 (2003)
29. Luo, L., Wildemuth, B.M.: Semistructured interviews. In: Applications of Social Research

Methods to Questions in Information and Library Science, 2nd edn. Libraries Unlimited,
Santa Barbara (2017)

30. Kostalova, J., Tetrevova, L., Svedik, J.: Support of project management methods by project
management information system. Procedia Soc. Behav. Sci. 210, 96–104 (2015)

31. Desmond, C.: Project management tools - software tools. IEEE Eng. Manage. Rev. 45(4),
24–25 (2017)



A Genetic Algorithm for the Dynamic
Management of Cellular Reconfigurable

Manufacturing Systems

Janine Tatjana Maier1(B) , Matthias Schmidt1 , Francesco Gabriele Galizia2 ,
Marco Bortolini2 , and Emilio Ferrari2

1 Institute of Product and Process Innovation, Leuphana University of Lüneburg,
Universitätsallee 1, 21335 Lüneburg, Germany

{janine_tatjana.maier,matthias.schmidt}@leuphana.de
2 Department of Industrial Engineering, Alma Mater Studiorum - University of Bologna,

Viale del Risorgimento 2, 40136 Bologna, Italy
{francesco.galizia3,marco.bortolini3,emilio.ferrari}@unibo.it

Abstract. Globalization and rapid technological changes have led to increased
customer requirements and an intensified competition. To remain cost-efficient,
manufacturing companies move from traditional manufacturing systems towards
flexible manufacturing systems. Reconfigurable manufacturing systems have
proven to be an effective way of adapting to the rapidly changing market con-
ditions. Although, an increasing interest in this topic is visible in academics and
industrial practice, the research is still limited. From an industrial point of view,
a fast and easy adaptable solution for managing such a system dynamically is
required. Based on an optimization model, a genetic algorithm for the dynamic
management of cellular reconfigurable manufacturing systems was developed. A
case study shows the effects of varying the selection method, the crossover oper-
ator, and the values for the occurrence of crossover and mutation processes. The
application of the genetic algorithm resulted in an improvement of around 3%
compared to the best solution of the initial population. Random selection showed
the best results in the respective case. Nevertheless, it can be assumed that this
selectionmethod is outperformed by others as the number of generations increases.

Keywords: Reconfigurable manufacturing · Genetic algorithm · Selection ·
Crossover ·Mutation · Parameter variation

1 Introduction

Sustainability is increasing important for customers and thus sustainable manufacturing
has become a core value of various companies [1]. Regarding sustainable manufacturing
a distinction between the four strategieswasteminimization,material efficiency, resource
efficiency, and eco-efficiency can be made [2]. As materials and energy are becoming
less abundant a re-thinking of manufacturing systems is visible.
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Flexibility and changeability are crucial to remain competitive in the context of
uncertainty in product demand, short product life-cycles, product portfolio diversity,
expanding customer services and advanced production structures [3]. The manufactur-
ing system is a key aspect for adapting to the rapidly changing market conditions while
avoiding significant losses in productivity [4]. According to literature, a reconfigurable
manufacturing system (RMS) is one of the most suitable solutions to achieve flexibility
[5]. The design of RMSs follows the six core characteristics scalability, convertibility,
diagnosability, customization, modularity and integrability [6]. As RMSs can be con-
tinuously changed and upgraded, they can be used throughout various industries [7]
and are frequently labelled as the manufacturing paradigm of the future [3]. RMSs are
typically arranged in a cellular production pattern which includes a set of reconfigurable
machine cells (RMCs) [8]. RMCs contain reconfigurable machine tools (RMTs), which
can perform various tasks through a set of auxiliary modules. The number of feasible
tasks increases with the number of auxiliary modules [9]. As the amount of available
auxiliary module units is limited, the assignment of these modules provides a challenge
for companies. To produce as economical as possible, the total time required needs to
be minimized while satisfying a variety of constraints regarding the placement and the
flow of the auxiliary modules and the products. The importance and the complexity
of the topic is shown by the existing amount of approaches addressing the design and
management of RMSs as well as the optimization of the use of auxiliary modules [10].

This paper presents a genetic algorithm (GA) for the dynamicmanagement of cellular
reconfigurable manufacturing systems. The subsequent Sect. 2 outlines the optimization
model, which provided the framework for the development of the respective GA. The
core elements of the algorithm are addressed in Sect. 3. A case study is presented in
Sect. 4 to show the practicality of the approach and to provide first insights based on a
parameter variation. In Sect. 5, the conclusions of the paper are summarized and future
research possibilities are outlined.

2 Model Description

Bortolini et al. developed a linear programming model to optimize the dynamic man-
agement of RMSs [11]. It aims to minimize the total time � required for installation,
disassembly and travel processes while fulfilling various constraints such as the avail-
ability of the auxiliary modules. The list of indices, parameters and decision variables
characterizing the objective function is in Table 1.
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Table 1. Indices, parameters and decision variables of the objective function

Symbol Explanation

i products, i = 1,…, M

j RMCs, j = 1,…, N

m RMTs, m = 1,…, Z

k auxiliary module types, k = 1,…, K

h auxiliary modules, h = 1,…, H

t counter for periods, t = 1,…, T

Ahk 1 if auxiliary module h is of type k; 0 otherwise [binary]

tijj1 inter-cell travel time to move the batch of product i from RMC j to RMC j1
[min/ batch]

Zkjj1 travel time for auxiliary module type k from RMC j to RMC j1 [min/module]

λmk installation time of module type k on RMT m [min/module]

μmk time to disassemble a module type k from RMT m [min/module]

Fijj1t 1 if a batch of product i flows from RMC j to RMC j1 in period t; 0 otherwise [binary]

Dhjj1t 1 if auxiliary module h moves from RMC j to RMC j1 in period t; 0 otherwise
[binary]

Vmht 1 if module h is on RMT m in period t; 0 otherwise [binary]

Xmht 1 if module h is installed on RMT m in period t, 0 otherwise [binary]

Ymht 1 if RMT m disassembles module h in period t, 0 otherwise [binary]

Although the computation time of the case study presented by the Authors was
low, they point out the importance of exploring heuristic and meta-heuristic methods. In
industrial practice, time pressure is high and themajority of companies has no specialists
dedicated to solving such a task. Taking into account the dynamic environment of manu-
facturing companies, fast decisions and their continuous re-evaluation are required. The
Covid-19 pandemic has highlighted these needs evenmore [12]. As optimizationmodels
neglect the numerous unpredictable influencing factors existing in industrial practice, a
calculated exact solution might not be optimal. As the model complexity increases and
the data sets become larger, heuristic and meta-heuristic methods can provide sufficient
solutions in a reasonable amount of time. From an industrial point of view, heuristic
methods are more practical than an exact algorithm.

As a first step in this direction, Bortolini et al. created a GA using a simplified version
of their model [13]. The practicality of the general idea is shown. By comparing eighteen
scenarios first insights on the performance of the GA regarding the parameter variation
are gained. For simplicity, the number of auxiliary module units per RMT is limited
and the total number of units is undefined. The case study is based on a rather small
data set including only five products. To reflect the complexity in industrial practice a
combination of the two approaches addressed above is required.
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3 Genetic Algorithm

3.1 Solving Procedure

A GA is a non-deterministic stochastic search method, which mimics the natural evalu-
ation process for solving problems within a complex solution space [14]. Chromosomes
represent solutions in a binary string format, which are continuously changed by the
biological-inspired operators selection, crossover and mutation until the termination cri-
terion is reached. The fitness of a solution equals its fit to solve the respective problem.
GAs are used across various domains [15]. Regarding production planning and control
tasks, GAs are mainly applied for scheduling [16] and inventory control [17]. Various
Authors have proven the fit of a GA in the context of RMS. For example, Dou et al.
developed a set of economical single-product flow-line configurations for amulti-product
RMS [18]. Whereas, Abbasi and Houshmand generated a GA to determine the optimal
sequence of production tasks corresponding to batch sizes and configurations of selected
product families [19]. For the respective problem addressed in this paper, all the decision
variables of the objective function (Eq. 1) can be derived from the binary string Wmit ,
which describes the RMT on which each product is produced in each period. Never-
theless, there are multiple possible ways to place the auxiliary modules on the RMTs.
Following standard literature [8, 9], the following assumptions were made for the GA
presented in this paper:

• The product work cycle and the compatibilities among tasks, RMTs and auxiliary
modules are known.

• The processing, travel and reconfiguration times are given.
• As soon as a batch of a product is finished a new one is started.
• A limited number of and auxiliary module types and units per type exist.
• At the end of each period, all product batches move to the next task according to their
work cycle.

• All auxiliary module units must be installed in the first period.
• If an auxiliary module unit is not required in the first period, it will be installed on the
RMT it is required on next.

• If an auxiliary module unit is not required in a period, it remains on the RMT onwhich
it was required last.

• If different auxiliary module types are possible to fulfill a task, it is checked if one of
them is already located on the respective RMT. In case multiple options are possible,
the RMT which requires the lowest sum of installation, disassembly and auxiliary
module travel time is chosen. In case of equality, the selection of the RMT is random.

• If an auxiliary module unit is required on a different RMT than in the previous period,
it is disassembled from the previous RMT and installed on the current one in the
period in which the change occurs.

• If an auxiliary module unit is not required during all periods, it is installed on the
RMT which requires the lowest sum of installation and disassembly time in the first
period. In case of equality, the selection of the RMT is random.

• In the last period all auxiliary module units must be disassembled.
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3.2 Parameters for Variation

Numerous variations of the parameters of GAs exist and continuously new ones are
developed [20]. To achieve a global optimum in a time effective manner, a balance
between selection pressure and genetic diversity is required. Selection methods which
consider the fit of the individual solutions increase the selection pressure but decrease the
diversity. In case a significant proportion of the population is taken by an extraordinary
individual an undesirable convergence can occur. A detailed comprehensive comparison
of convergence handling approaches is provided by Pandey et al. [21]. Commonly used
selection methods are random, roulette wheel, elitism and tournament. According to
Shukla et al. tournament selection outperforms other selection methods in terms of
complexity and convergence rate [15]. Nevertheless, the most suitable selection method
depends highly on specific optimization problem. In addition, various other aspects such
as the operators for crossover, the crossover and mutation rates and the handling of new
solutions have a high impact on the fit of the individual solutions and the evolution of the
population. One point, two point and uniform are the main applied crossover operators.
Most of the studies combines high crossover rates with low mutation rates [22]. The
solutions gained by the GA can be either added to the previous population or can replace
previous solutions based on their fit.

4 Case Study

4.1 Data Set and Experimental Runs

The GA introduced and described in Sect. 3 is applied to a case study representative
of an operative industrial company in the manufacturing sector. Observing 20 products
combined with 5 RMTs available to process them for 24 time periods results in 2400
binary values for each solution Wmit . As each product must be assigned to exactly one
RMT, the value of 480 alleles of a possible solution must be 1 while the value of the
remaining alleles is 0. In total 15 different tasks needing between 1 and 3 different aux-
iliary module types depending on the selected RMTs exist. The various constraints such
as the maximum of 20 auxiliary module units equally assigned to 5 different auxiliary
module types and the duration of 500 minutes per time period limit the solution space.
Each RMT is assigned to one RMC, i.e., RMT #1 in RMC #1, RMT #2 in RMC #2, RMT
#3 in RMC #3, RMT #4 in RMC #4 and RMT #5 in RMC #5. Besides the inter-cell travel
times per batch and per auxiliary module, the unitary processing times, the installation
and disassembly times of the available auxiliary module types, the batch sizes and work
cycles for the products are taken from Bortolini et al. [11].

A Microsoft Excel software tool was created to validate and implement the GA.
Visual Basic for Applications (VBA) was chosen as programming language. VBA is
widely used in industrial practice and academics as it enables an easy import and main-
tenance of data. In additional, the numerous free of charge existing VBA procedures can
be adapted without a high level of programming skills. To determine a suitable number
of generations, initial experimental runs were required.

After 100 generations, the results of the exemplary chosen parameter combinations
differentiated enough to draw first conclusions regarding the performance. Random
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selection was included in the study as a baseline for the comparison. To examine the
effects of selection pressure and genetic diversity tournament selection and the elitism
method linear rank selection were considered. The tournament size was set to two as it is
directly related to the probability of loss of diversity [15]. Roulette wheel selection was
excluded as it increases the selection pressure drastically and has combined with a low
mutation rate a high risk of reaching an undesirable convergence. Each feasible solution
was added to the solution space instead of only keeping the solutions with the highest
fitness. This decreases the selection pressure but at the same time avoids losing diversity.
In this particular case, the components of each binary string Wmit are interrelated, thus
uniform crossovers resulted in a very low number of feasible solutions regardless of
the selection method. Thus, uniform crossovers were excluded from the study. One
point crossovers showed a slightly higher number of feasible solutions than two point
crossovers. As this is not directly related to the fit of the solutions, both crossover
operators were selected for an in-depth analysis. Following the standard literature [13,
22, 23], high crossover rates and low mutations rate, namely crossover rates of 92%,
95%, 98% and mutations rates of 0.0001% and 0.0002%, were set.

It should be noted that these exact numbers were chosen based on the initial runs
for the described data set. Therefore, they can be used as starting points for the analysis
for similar other problems but should be re-evaluated and individually adjusted for each
data set. To compensate for the very low mutation rates which were necessary due to the
interrelations ofWmit, the starting solutions (fitness values: 5406.06; 5769.89; 5809.41;
5829.46) were manually selected ensuring every component for all feasible solution is
already included within them. This provided the opportunity to reach every possible
solution only by crossover while maintaining a high number of feasible solution per
experimental run and a low risk of spending a long timewithin a local optima. Combining
the described parameters led to a set of 36 experimental runs.

4.2 Results and Discussion

The different parameter combinations resulted in between 50 and 137 feasible solutions
per 100 generations (Table 2). The lowest fitness value was achieved by combining
random selection with a two point crossover, a crossover rate of 98% and a mutation rate
of 0.0001% (experimental run 11). This equals an improvement of around 3% compared
to the best solution of the initial population.Nevertheless, the same run includes solutions
with fitness values which highly exceed the values of the starting solutions. It contains a
total of 74 feasible solutions, which equals only 35% of the total amount of possible new
solutions. Linear rank selection combined with a two point crossover, a crossover rate
of 92% and a mutation rate of 0.0001% led to the least suitable results (experimental
run 19). The respective run resulted in the highest standard deviation. The two runs
containing the highest average fitness and median of the fitness values also combine
linear rank selection with a two point crossover. As these values highly exceed the
values of the starting solutions, these particular combinations do not seem suitable to
solve the respective problem.
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Table 2. Results of the experimental runs

Experimental run
Selection method
(random (r);
linear rank (l);
tournament (t));
Crossover
operator;
Crossover rate;
Mutation rate

Feasible
solutions

Lowest Highest Average Median Standard
deviation

1 (r; one point; 92;
0.0001)

123 5386.99 5860.39 5715.72 5796.83 167.93

2 (r; one point; 92;
0.0002)

99 5406.06 5847.28 5741.03 5791.59 135.52

3 (r; one point; 95;
0.0001)

134 5398.40 5829.46 5657.01 5781.05 179.44

4 (r; one point; 95;
0.0002)

104 5402.08 5866.98 5767.29 5791.42 101.57

5 (r; one point; 98;
0.0001)

137 5398.40 5854.78 5623.79 5723.45 187.90

6 (r; one point; 98;
0.0002)

103 5393.97 5968.87 5711.62 5783.89 178.68

7 (r; two point; 92;
0.0001)

108 5406.06 5947.58 5803.13 5802.35 91.37

8 (r; two point; 92;
0.0002)

90 5406.06 5936.24 5811.30 5822.21 89.18

9 (r; two point; 95;
0.0001)

75 5391.45 6015.46 5783.40 5808.46 151.06

10 (r; two point;
95; 0.0002)

52 5395.37 6012.59 5777.49 5791.50 138.00

11 (r; two point;
98; 0.0001)

74 5253.93 6102.84 5777.02 5811.39 172.40

12 (r; two point;
98; 0.0002)

50 5281.28 6185.46 5751.53 5793.47 168.17

13 (l; one point;
92; 0.0001)

123 5406.06 5860.39 5791.91 5800.16 71.55

14 (l; one point;
92; 0.0002)

99 5406.06 5860.03 5803.15 5813.09 70.70

15 (l; one point;
95; 0.0001)

134 5399.76 5851.41 5798.35 5820.23 89.58

(continued)
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Table 2. (continued)

Experimental run
Selection method
(random (r);
linear rank (l);
tournament (t));
Crossover
operator;
Crossover rate;
Mutation rate

Feasible
solutions

Lowest Highest Average Median Standard
deviation

16 (l; one point;
95; 0.0002)

104 5406.06 5866.98 5797.73 5806.22 67.17

17 (l; one point;
98; 0.0001)

137 5399.76 5854.78 5798.94 5819.82 88.69

18 (l; one point;
98; 0.0002)

103 5406.06 5888.01 5789.94 5809.41 93.40

19 (l; two point;
92; 0.0001)

95 5406.06 6361.50 5982.96 5988.95 189.15

20 (l; two point;
92; 0.0002)

85 5406.06 6225.91 5970.04 5993.18 115.32

21 (l; two point;
95; 0.0001)

99 5406.06 6288.94 6010.42 6039.84 148.44

22 (l; two point;
95; 0.0002)

84 5406.06 6186.13 5956.26 5980.08 134.49

23 (l; two point;
98; 0.0001)

112 5406.06 6258.00 6011.40 6034.11 134.98

24 (l; two point;
98; 0.0002)

87 5406.06 6186.13 5958.45 5980.75 131.29

25 (t; one point;
92; 0.0001)

124 5406.06 5864.35 5817.23 5822.41 40.98

26 (t; one point;
92; 0.0002)

109 5406.06 5866.87 5814.56 5820.14 44.94

27 (t; one point;
95; 0.0001)

124 5406.06 5864.35 5817.23 5822.41 40.98

28 (t; one point;
95; 0.0002)

111 5406.06 5854.41 5813.65 5822.70 57.38

29 (t; one point;
98; 0.0001)

133 5406.06 5861.15 5817.39 5821.15 39.83

30 (t; one point;
98; 0.0002)

102 5406.06 5853.74 5814.23 5819.04 44.65

(continued)
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Table 2. (continued)

Experimental run
Selection method
(random (r);
linear rank (l);
tournament (t));
Crossover
operator;
Crossover rate;
Mutation rate

Feasible
solutions

Lowest Highest Average Median Standard
deviation

31 (t; two point;
92; 0.0001)

98 5406.06 6095.89 5880.08 5873.81 76.50

32 (t; two point;
92; 0.0002)

72 5406.06 6174.40 5849.75 5851.48 101.88

33 (t; two point;
95; 0.0001)

111 5406.06 6307.74 5928.04 5926.53 113.51

34 (t; two point;
95; 0.0002)

84 5406.06 5978.90 5847.22 5852.64 63.03

35 (t; two point;
98; 0.0001)

97 5406.06 6114.80 5912.84 5896.70 100.28

36 (t; two point;
98; 0.0002)

77 5406.06 6234.97 5891.90 5887.56 125.02

The average fitness as well as the median of the fitness values are similar for all
runs. The standard deviation of all runs using random selection and one point crossover
is higher than the majority of other runs. In accordance with literature, this leads to the
assumption that the random selection will be outperformed by other selection methods
as the number of generations increases. The results of all runs using tournament selection
are similar (Fig. 1a). None of them achieves a lower fitness than the starting solutions.
This can be explained by the small size of the initial population and the resulting high
probability to select identical solutions. It can be assumed that the results of the runs will
differmore as the size of the population increases alongwith the number of generations.A
mutation rate of 0.0001% outperformed a mutation rate of 0.0002% for all combinations
(Fig. 1c). It achieves a lower or a least equal fitness and a higher number of feasible
solutions. In most cases the standard deviation is higher, which directly results from
the higher number of feasible solutions. Regarding the crossover rate no clear trend
could be derived. As the lowest fitness value was achieved by using random selection,
the respective parameter combination provides a suitable baseline for the assessment
of additional experimental runs. This includes the comparison with linear rank and
tournament selection for a higher number of generations and a wider set of crossover
and mutation rates.
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Fig. 1. Comparison of the lowest and highest fitness values after 100 generations varying the
selection method (a), the crossover operator (b) or the mutation rate (c) while keeping the rest of
the parameters stabile
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5 Conclusions and Outlook

The manufacturing industry faces an increasing complex and dynamic environment as
today’s customers expect individual products at low prices, but also short and reliable
delivery times. At the same time there is an increasing need for sustainable manufactur-
ing. RMSs provide an effective way for manufacturing companies to achieve flexibility
and use their resources more efficient. Thus, they can remain competitive in today’s
dynamic environment. Nevertheless, the research on this topic is still limited. Exist-
ing optimization models cannot provide sufficient solutions in a reasonable amount of
time considering the large data sets required to reflect industrial practice appropriately.
Regarding the numerous unpredictable influencing factors as well as the time pressure
existing in industrial practice, heuristic and meta-heuristic methods are more practical
than exact algorithms.

In this paper, a GA is presented as a step towards a fast and easy adaptable solution
for the dynamic management of such a RMS. A case study shows the practicality of the
approach. Varying the selection method, the crossover operator, and the values for the
occurrence of crossover and mutation processes resulted in 36 experimental runs. As the
number of generations as well as the size of the initial population was kept small, random
selection lead to the best results. Even though, a point crossover in combination with the
random selection showed better results than a two point crossover, this was not the case
regarding linear rank selection (Fig. 1b). These contrary findings should be examined
further. A detailed analysis including more parameter combinations is required. Based
on this, the most promising parameter combinations should be selected and the number
of generations increased to evaluate the derived hypotheses.

The created software tool offers the opportunity to achieve a transparent decision
without requiring a high modeling effort. Thus, the tool contributes to the saving of
manpower,while the dynamicmanagement ofRMSand the developed algorithm support
a more efficient use of machines. Analyzing larger data sets could provide interesting
insides. To counteract the difficulties arising from the processing of a large amount of
data with VBA, the programming language should be switched, for example to Python.
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Abstract. Transparent and reliable communication of the safety of advanced and
nanomaterials is an issue that has become increasingly important in recent times.
The German initiative DaNa got involved in this topic at an early stage. It is
running the Knowledge Base Materials, a web-based information platform on
nanomaterials (www.nanoobjects.info) formore than 10 years, which is constantly
being expanded. Recently, due to emerging developments in materials science, the
focus has been expanded from nanomaterials to the variant-rich group of advanced
materials, softening the restriction to particles below the 100 m size limit in one
dimension to include larger particles with more complex composition. For the
Knowledge Base Materials, this broader scope presents a challenge for science
communication. In this paper, the authors describe the selection of materials, the
workflow, and the quality control thatwas performed to provide reliable knowledge
about the safety of advanced materials to humans and the environment.

Keywords: Science communication · Knowledge base · Advanced materials

1 Introduction

Materials, especially advanced materials, are the backbone and source of prosperity of a
modern industrial society. These advancedmaterialswill play a decisive role in the future.
Advanced materials are designed with a purpose to have novel or enhanced properties
and improve performance over conventional materials, products, and processes.

Variousmaterial innovations hold great promises to tackle today’s societal challenges
such as energy generation and storage, building sustainable cities, mobility or even
in the global fight against diseases. To keep up with this development, the scope of
the existing Knowledge Base Materials was broadened to cover advanced materials
with nanomaterials representing a sub-group. Similar to the usage of nanomaterials,
innovations containing advanced materials should be as safe as possible, meaning not
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causing any harm towards humans and the environment. At the same time, advanced
materials should not generally be perceived as a cause for concern.

In any case, a clear definition of advanced materials is difficult and has not yet been
established. The term material is far-reaching and stands for the basic building blocks
of all physical objects. Novel as well as known materials can be optimized or tailored
to fulfil specific functionalities and address different challenges. An attempt to classify
advanced materials suggests that the term refers to “materials representing an advance
over conventional materials either by controlling their composition and structure or
through newmodifications”. A good basis for defining advancedmaterials is provided by
Javier Peña’s report from 2013 [1]. Advancedmaterials are described as a heterogeneous
group that may include nanomaterials, bioactive, anisotropic materials, among others
(see Table 1). Each one has different properties and varies in composition, shape, size,
interactions, and charges, resulting in a wide range of functionalities and behaviors
[1, 2]. They are expected to be essential for human well-being and economic security,
with applications in numerous industries including those aimed at addressing affordable
and clean energy and resilient infrastructure, future key challenges to cope with the
consequences of climate change [3–6].

The development and commercialization of products with advanced materials
requires an accurate risk assessment of such products and appropriate risk communica-
tion measures. Risk communication and public awareness are key to avoid unjustified
negative public perception and a backlash of public concern [7, 8]. This perception is
also influenced by existing binding principles (such as the EC precautionary principle
[9]), definitions and regulations [8, 10].

In this paper, the authors illustrate how they established the Knowledge Base Mate-
rials on advanced and nanomaterials as a web-based application (www.nanoobjects.
info) and how they contribute in this way to sustainable information on advanced and
nanomaterials for interested stakeholders.

2 Methodology

2.1 Selection of Advanced Materials

For a novel material to be included in the Knowledge BaseMaterials (www.nanoobjects.
info) two main criteria apply: market relevance and existence of relevant toxicological
studies. Guiding questions are i.e. “Is the material already available in a product on
the market or will it be available soon?” and “Is there sufficient scientific knowledge
published onmaterial safety?”. The latter question is themost decisive factor as theDaNa
project focusses on processing published research data from the scientific literature for
science communication purposes and does not conduct its own laboratory research.

Javier Peña’s report provides a good basis for expanding the existing knowledge
base to include advanced materials [1]. Table 1 summarizes material categories with
examples of possible materials / material classes.

2.2 Selection Criteria and Quality Check of Publications

Various factors contribute to a successful and objective communication of scientific
findings to a broader community. Ensuring good quality, reliability and comparability

http://www.nanoobjects.info
http://www.nanoobjects.info
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Table 1. Main categories of advanced materials and examples for each category. It follows the
categorisation as suggested in [1] as well as in [11].

Material category Examples

Fibres PECH / PAN based carbon fibres

Bio based DNA origami

Advanced textiles and fibres Self-cleaning fabrics

Advanced manufacturing 3D-printing

High performance polymers Self-healing polymers

Light alloys Titanium-, Magnesium-based

Active materials Micro-encapsulated phase-change
materials

Gels and foams Aerogel

Layers Graphene

Coatings Electrically-conductive ink

Nanomaterials Nanowires

Advanced composites Organic light-emitting diode

of the research studies conducted are impertinent to draw reliable conclusions from the
results, whether for scientific or regulatory purposes or for the information of interested
stakeholders via the Knowledge Base Materials. Due to the huge amount of nanotoxi-
cology studies published annually, this became even more important [12]. The number
of publications for advanced materials has not even been recorded yet.

To address the issue of accuracy and reliability of scientific studies, the implementa-
tion of a comprehensible procedure for study quality control is an important step: First,
the most critical parameters and factors influencing (toxicological) studies on advanced
materials (including nanomaterials) are identified and compiled by different experts.
These cover material properties, dispersal of materials for toxicological tests, the tox-
icity study design itself and additional criteria such as usage of Standard Operating
Procedures (SOPs) or other official test guidelines.

As a result, the literature criteria checklist “Methodology for selection of publica-
tions” was established. It is a functional and comprehensive tool for evaluating published
research studies for reusage, with specific focus on science and risk communication on
nanomaterials [13, 14].

At the same time, the tool makes the evaluation process objective, transparent and
comprehensible. The fulfilment of mandatory and voluntary criteria allows a differen-
tiated weighing on quality and reliability of study results (Fig. 1). Similar approaches
for evaluating study quality differing in purpose and degree of details have also been
developed by others, e.g. [16–20].
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Fig. 1. DaNa writing process for article creation: (1) Bibliographic analysis of peer-reviewed
scientific papers on selected advanced materials. (2) Evaluation of selected papers with the help
of the DaNa literature criteria checklist “Methodology for selection of publications” [15]. (3)
Approved papers serve as a source of information on the characteristics, human and environmental
toxicology of advanced materials and are cited on www.nanoobjects.info.

3 Results

3.1 Provision of Quality-Checked Publications

Adaptions on quality criteria for advanced materials studies
As mentioned before, the term “advanced materials” includes an even broader class
of different materials than the term “nanomaterials”. Moreover, little is known today
on toxicity-relevant properties of many advanced materials. Within the community, the
current focus of the discussion is on how to identify materials of concern for human
and environmental health [21–23]. As a consequence, the Knowledge Base Materials
team constantly monitors the existing study quality criteria checklist for novel criteria
that describe the specificities of advanced materials. As the listed criteria need to be
applicable to a broad variety of different materials, the team faces the challenge to
formulate as precise as possible but not too limiting for only specific criteria. So far,
there are only few indications on relevant criteria that need further consideration. For
example, with the expansion of the Knowledge Base Materials from nanomaterials to
advancedmaterials, the size factor of the evaluatedmaterial is not limited to the nanoscale
anymore. However, size and dimensions (shape) of the investigated particulate or fibrous
materials should be clearly stated and characterised accordingly. Since a clear definition
of advanced materials does not currently exist and also appears impossible in the near
future due to the heterogeneity of materials, expert knowledge is indispensable, since
the term is used in different contexts and the published research results must therefore
also be evaluated in the respective context.

One example for the need to adjust the existing evaluation criteria for ecotoxicity
testing are polymer materials, which are used for example as composite materials in 3D
printing [24]. On the basis of quality criteria developed for nanotoxicity studies, it was
explored if and which additional criteria need to be considered for this specific group of
materials (e.g., additive content), and which criteria are not relevant (e.g., porosity).

http://www.nanoobjects.info
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3.2 Knowledge Base Materials Structured Writing Approach

Following the evaluation of study quality, the content of the quality-assured research data
is transferred into generally understandable articles. For better clarity for the readers, all
texts follow a fixed structure for which a tiered approach has been adopted: each article
starts with a short and relatively simple summarizing paragraph (teaser). The scientific
details are then further elaborated as the article continues ending with a reference list
of the most important quality assured scientific publications for the respective material
(Fig. 2).

Fig. 2. Agraduated complexity addresses different educational backgrounds of visitors. The com-
plexity of the information increases from the basic articles to the material overviews and material-
related information (1 subchapter) on human toxicology (3 subchapters) and ecotoxicology (3
subchapters) to the cited scientific literature.

For each material, information is provided on the material properties and applica-
tions, aswell as detailed content on exposure scenarios, behaviour, andhazard assessment
for humans and the environment.

TheKnowledgeBaseMaterials expert team isworking according to amulti-eye prin-
ciple: the scientific review of the initial article is followed by a second review conducted
by a non-scientist, which focuses on the implementation of general comprehensibility.
Since technical terms cannot be completely avoided, a separate glossary is provided to
further improve general understandability.

If a newmaterial fulfils the previously mentioned criteria to be added into the knowl-
edge base, the content creation process is started. A brief fact sheet summarising the
most important information is compiled, allowing the reader to get a quick overview
and creating interest in reading further. This is followed by more detailed information
on the material itself as well as the relevant toxicological aspects for humans and the
environment.

Material Information - Properties and Usage
Each material presented is characterized in the “Material Information” section. General
information on properties and use as well as occurrence and production are provided. A
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guideline of questions is applied during article creation to provide a structured guidance
for the author as well as a clear orientation for the reader to find information later on in
a targeted way. In addition, for regular users a recognition effect is created.

Toxicological aspects of advanced materials for humans
The mentioned principles of the predefined writing scheme are also applied to the cre-
ation of articles for the topic of human toxicology. Evaluated scientific publications
are sorted according to the main topics addressed in the Knowledge Base, namely (I)
Human exposure, (II) Uptake in humans and (III) Effects in humans. Again, a specific
set of guiding questions structures the article and guides the reader through the provided
information. The catalogue of questions for the topic of exposure to humans encompasses
questions such as: Are epidemiological studies available? In which (everyday-relevant)
applications do people come into contact with a (nano)material? What is the situation
at the workplace? What about the release of materials at the workplace? Is the worker
exposed to material at the workplace?

Since the knowledge base is primarily aimed at citizens without scientific knowledge
in toxicology, it is important to consider the situation of the consumer. Thus, relevant
questions to be addressed are: Is it possible for thematerials to be released fromconsumer
products? How likely is the exposure and what are the effects? For this purpose, in vitro
and in vivo studies are evaluated. The next stage is the uptake of released materials
into the human body. Here, studies on the lung, skin and gastro-intestinal tract are
being considered. In the process, the focus is on aspects such as the following: Which
absorption mechanisms are relevant for the different forms of the material (bulk/nano)?
Which uptake mechanisms are relevant for the different forms of the material or are there
relevant differences for the material in different forms? What happens to the material in
the lung (e. g. removal from the body, inflammation or absorption into the body)?

In addition, the effects ofmaterials on humans after the uptake are also being covered.
How is the distribution and effect in the body?Will the material be taken up in cells and if
so, in which way? The answers to the questions on uptake and behaviour are important to
draw final conclusions for the hazard and overall risk assessment of the material related
to human toxicology. They ensure to cover topics of specific interests for the general
public related to material safety.

Environmental impact of advanced materials
Analogous to the previous section, specific guiding questions serve as a blueprint for a
uniform structure of this texts. Three individual sections inform on (I) Environmental
release & exposure of advanced materials, their (II) Behaviour in the environment, and
(III) Uptake and effects in environmental organisms.

Accordingly, the following questions are considered: Is there a release at all? At
which stage of a products life cycle? What and how much material is released into
the environment? Into which compartment? How is the material behaving regard-
ing transformation and transport processes? And finally, Is the material taken up by
environmental organisms, is it affecting the organisms?

Especially the last question needs attention in order to provide a balanced overview
on environmental safety. For advanced materials it is important to consider toxic effects
resulting from the specific form (shape, dimensions), the materials composition, or from
by-products (e.g., endotoxins, additives), which are contained in the material.
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4 Lessons Learnt

Scientific conferences, publications and textbooks are the usual channels for scientists to
communicate their results. However, websites and social media are becoming more and
more important in the present time. However, fake news and false information are also
on the rise. Consumers often cannot evaluate scientific information and scientific terms
and cannot distinguish them from such false information. As a scientist, however, you
also strive to communicate findings to a broad audience. In order to provide validated
fact-based information to a broad interested audience via a public website, the consec-
utive German DaNa projects were initiated with the aim of communicating data and
knowledge on the safety of advanced and nanomaterials. These science communication
projects were intended to avoid repeating the previous communication failures of other
branches of science, such as genetic engineering or nuclear power. Scientific results on
the safety of advanced and nanomaterials should be presented in a transparent and struc-
tured manner at an early stage of technology and application development. Since 2009,
scientists in these initiatives have been working in the area of tension between precise
scientific facts on the one hand and simplified presentations on the other. The result is
the current web-basedKnowledge BaseMaterials (via www.nanoobjects.info). From the
authors perspective, the established quality assurance procedure facilitates the unbiased
and transparent assessment of scientific outputs in alignment with community-validated
characteristics [15]. In addition, the implementation of mandatory and voluntary criteria
gives the evaluators a certain amount of freedom to individually rate and judge certain
aspects of the selected studies from an expert’s point of view. The template of the lit-
erature criteria catalogue is available online in order to make the process of evaluating
the literature transparent. The question-guided writing scheme supports a harmonized
summary of the compiled scientific information to give answers to the most relevant
questions for the target groups.

This general article structure implemented on the website for all listed materials
within the knowledge base creates an expert-guided user experience with high recogni-
tion value. Complex information derived from scientific publications on the safe han-
dling of advanced and nanomaterials is presented in a structured, comprehensible and
comparable way. The increase of content complexity from basic articles to material-
specific descriptions of safety-relevant aspects with the corresponding scientific liter-
ature caters to the background and needs of the different stakeholder groups such as
interested citizens, journalists or scientists.

This information is supplemented by a FAQ collection and a glossary. If the website
visitors still have unanswered questions, they can directly interact with the expert team
behind the knowledge base via a contact form. Thus, an open discussion on the safety
of advanced materials and nanomaterials is facilitated.

5 Conclusion

Today, science has an even greater responsibility to provide fact-based answers and
to develop solutions to most urgent issues of current times, such as climate change,
health research or digitalisation. This responsibility also encompasses the major task of

http://www.nanoobjects.info
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science communication. A dialog with the public must be conducted, current debates
must be presented in a factual manner, and the challenges and opportunities of new
scientific developments must be highlighted. Both funding agencies and EUwide policy
put currently big emphasis on the importance of science communication [25–27]. Sci-
ence communication needs to be driven by the scientists and has to become a constant
part of the science system. Besides the sharing of scientific outputs, the processes and
methods used to achieve these results need to be shared with the public to create more
transparency, explain the complex and provisional nature of scientific results and thus
strengthen trust in the scientific community. To initiate this transformation of science
communication becoming an integral part of the science system, e.g., in Germany the
initiative “#FactoryWisskomm” was set up in 2021. Within this think tank exchange for-
mat, representatives from politics, science communication and science journalisms have
formedworking groups around themost important topics to create recommendations and
strategic next steps for the field of science communication [28]. These cover e.g., science
journalism in the digital age, public engagement formats for science communication or
quality assessment & quality management in science communication.

As presented in this paper, the concept of the web-based Knowledge Base Materials
provides processed fact-based structured results on the safety of advanced and nanoma-
terials (www.nanoobjects.info). This approach generated by an expert team of different
research disciplines (biology, chemistry, material sciences, toxicology) has successfully
set up this objective information source with easy online access for different stakeholder
groups. This processing of scientific findings is also transferrable to the novel develop-
ments in material science and the team is currently working on the generation of new
content for the novel classes of advanced materials. As with any scientific field, the
process is constantly monitored and adjusted accordingly upon recent updates from the
scientific community.

Taken together, the overall science communication activities of the team have
strongly contributed to the science and risk communication for nano- and now advanced
materials as part of risk assessment, thus promoting a sustainable and responsible use
of these materials in future.

Acknowledgments. The authors would like to thank the Federal Ministry of Education and
Research (BMBF) for funding (DaNa4.0 Information on the safety of new, innovative materials
and nanomaterials, FKZ 03XP0282).
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Abstract. The extraction and processing procedures in the metal industries have
resulted in a wide range of environmental problems that need to be addressed
to achieve net-zero in the UK. The current strategies are heavily biased toward
end-of-life phase assessments (such as recycling), possibly neglecting other pos-
sible opportunities across entire life cycles, such as advances in product design,
manufacturing and in-use phases.

TransFIRe is a proactive, interdisciplinary, inclusive research and practice-
driven hub with visions to transform foundation industries. The current work rep-
resents the results fromTransFIRe’sMetal TechnicalWorkingGroup’s workshops
and meetings with the industry and academic partners. Discussions covered the
drivers and barriers for transformative change in the UK metal industries, actors
in control of the drivers and barriers, actions they could take, and any gaps in
the expertise they might face. Besides, the presented analysis includes the envi-
ronmental impacts of UK metal industries and a review of the solutions offered
in previous studies and roadmaps to meet Net Zero targets in the UK. PESTLE
and SWOT analyses have been provided to help make a systematic and thorough
evaluation of UK metal industries and identify and overcome its challenges for
transformative change. Our preliminary assessment shows that lack of government
support and capital investment, high energy cost, lack of skilled people, limited
recycling facilities and strict recycling regulations are some of the main barriers
to transforming UK metal industries.

Keywords: Circular economy · Sustainable development · Dematerialisation ·
Resource management

1 Introduction

Climate change is a critical worldwide challenge. Metal manufacturing requires large
quantities of energy for mining, smelting, refining and recycling, resulting in consid-
erable greenhouse gas (GHG) emissions. The impact of metal extraction, production
and processing on climate change and human health doubled between 2000 and 2015
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[1]. Metals accounted for 18% of worldwide resource-related climate change and 39%
of Particulate Matter (PM) health impacts in 2011 [1]. The worldwide iron-steel pro-
duction chain has the most significant influence on climate change compared to other
metals and accounts for around one-quarter of global industrial energy consumption.
Global aluminium production also contributes significantly to climate change due to
large production volumes and high energy requirements, whereas toxicity implications
are the primary issue for copper and precious metals.

From 1900 to 2015, worldwide steel manufacturing released around 147 billion
tonnes (Gt) CO2-eq, accounting for approximately 8% of total GHG emissions [2].
During this period, process efficiency improved by 67%, but it was offset by 40-fold in
annual steel production, leading to a 17-fold net increase in GHG emissions [2]. This
could demonstrate the insufficiency of process efficiency alone in reducing absolute
emissions to some extent [2]. Globally, including in the UK, technical improvements
have not been implemented due to competition to reduce costs and a lack of capital.
Before 2015, the global steel industry’s GHG intensity was stable for 15–20 years [2].
While technological efficiencies have improved over the last few decades, they were
overridden by the expansion of low efficient steel production.

After steel, the metal industry with the most significant climate impact worldwide is
aluminium, caused by fuel and electricity usage for bauxite ore refining and aluminium
smelting. While some improvements have been made, additional energy savings of
roughly 10% are still attainable by replacing outdated facilities [3]. For metals where
energy is the primary input, renewable sources for electricity would also have a positive
impact. For instance, hydro supplies around 75% of the aluminium production in Europe
(including the UK), the US and South America [4].

The metal industries play an essential role in the UK economy. The industries are
crucial for all other industries, including manufacturing, construction, transportation,
power generation, etc. UK metal industries consist of around 11,100 companies and
230,000 employees, directly contributing £10.7 bn to the national GDP; and indirectly
750,000 jobs and £200bn UK GDP [5].

The UK has ambitious visions for upgrading its transportation and energy infras-
tructure to build a net-zero economy. The UK’s demand for resources is expected to
skyrocket, draining more than twice its fair global share of known reserves of several
crucial raw resources by 2035 (and up to five times by 2050) [6]. The dependency on crit-
ical materials also makes UK low-carbon sectors vulnerable. Moreover, the UK might
harm the global transition to net-zero emissions by driving the growth of extractive
industries and exporting hazardous wastes to low-income, resource-rich countries [7].

In order to minimise the environmental damage caused by UK metal industries, it is
essential to move toward a circular economy [5]. The transition of the UK metal indus-
tries towards net-zero could be possible by working with the Government, communities
and other sectors to create a comprehensive roadmap to maximise energy efficiency
and minimise resource use. Besides working on product design for durability and eas-
ier disassembly to enable reuse and recycling, UKMC recommended optimising the
metal industries’ manufacturing processes for waste prevention and greater use of by-
products [5]. UK metal industries could embed a sustainability ethos across the industry
by promoting best practices, benefiting small companies with lower innovative capacity
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in particular. Policymakers could support the development of a circular economy by
implementing suitable regulations to support responsibly produced UK-based products
while promoting durability, reuse, remanufacturing and recycling [5, 8].

TransFIRe is a proactive, interdisciplinary, inclusive research and practice-driven
hub with visions for transformative change. TransFIRe envisages optimising flows of
resources within and between six foundation industries (FIs, including metals, cement,
ceramics, chemicals, glass and paper) and their supply chains by minimising resource
use in processes and society and making better use of wastes and by-products. This will
improve FIs competitiveness and support UK Net Zero 2050 targets. It will also open
opportunities to work with communities in which FIs are located and improve equality,
diversity and inclusion in FIs.

Roadmaps to Net Zero for metals align with many of TransFIRe’s goals to opti-
mise resources (e.g. use of recycled metals, reduction of metal waste during process-
ing), improve competitiveness and move toward Net Zero (e.g. improve technology).
TransFIRe aims to promote maintaining (not necessarily growing) economic prosperity
and improve social well-being and environmental quality, in line with global evidence.
[9–11].

The FIs have several mutual processes such as heating, cooling, granulation, dry-
ing and transportation. Using the “Gentani principles”, i.e. minimum resource needed
to carry out a process [12], TransFIRe is benchmarking and identifying best practices
considering resource efficiencies and environmental impacts across sectors and shar-
ing information horizontally. Moreover, the research investigates the use of waste as
raw materials for other sectors. In metals, solutions could include better scrap metal
assessment and separation methods, particularly important for aluminium as develop-
ing high-performance recycled alloys made from scrap would optimise its use for more
applications.

TransFIRe works with communities to develop new business and social initiatives.
For example, the warm air and water produced across metal industries can provide
low-grade energy capture opportunities. While this method applies to all metal indus-
tries, some of the possible options for the steel industry are heat recovery at the coke
ovens, rollingmill, annealing line, sinter plant, electric arc and the basic oxygen furnaces.
A successful example of waste heat recovery (WHR) is at the Port Talbot Steelworks,
where an evaporative cooling system in the Basic Oxygen Steelmaking (BOS) plant was
implemented in 2013 to produce steam and electricity. Over the first six years of its
implementation, the project led to an expansion of the electrical generation capacity of
12MWe and an indirect reduction in 2.3Mt of CO2 (equivalent to £45M)[13].

TransFIRe is a diverse consortium of twenty investigators from twelve institutions
and over 70 companies, trade associations, professional engineering institutes, NGOs
and government organisations related to the foundation sector. It aims to include diverse
voices in the preparation of plans for the transformation of foundation industries and offer
support for the implementation of changes, especially for SMEs (small and medium-
sized enterprises) with limited resources for research and innovation. For more infor-
mation about TransFIRe, please refer to their recently published article [14] or website
[15].
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This article aims to identify key intervention points for transformative change in
the UK metal industries. The study reviews previous roadmaps and publications on
transforming UK metal industries and presents the results from a PESTLE SWOT anal-
ysis. The analysis consisted of desk-based research, which formed the basis for focused
interactions via TransFIRe’s Metal Technical Working Group’s (TWG) workshops and
meetings with our industry and academic partners to identify the drivers and barriers,
actors in control of the drivers and barriers, actions they can take, and any gaps in the
expertise theymight face in delivering transformative change [16]. The authors have con-
tributed to facilitating theMetal TWGworkshops andmeetings, developing the PESTLE
SWOT analysis and drafting a context analysis for UK metal industries.

2 Literature Review

There have been many roadmaps for meeting net-zero targets in the UK metal indus-
tries [6, 17, 18, 19, 20, 21, 23]. Core pathways for boosting sustainability identified
so far include: lowering fossil fuel use, expanding renewable energy use, efficient use
of raw materials, improving technology, using scrap, engaging with Government to
improve policies, supporting recycling, reuse, improving the design, adopting science-
based targets and using carbon removal options such as carbon capture, utilisation and
storage (CCUS) to offset residual and historical emissions and provide ‘head room’ for
carbon-intensive sectors. The available roadmaps have a robust agreement on near-term
“low regrets” strategies, introduced in the recentUKGovernmentNet Zero Strategy [20].
Low regrets strategies are defined as “current cost-effective actions which will continue
to prove beneficial in the future” [24]. While roadmaps have similar nearer-term trends,
their overall decarbonisation strategies vary, especially as net-zero goals approach.

Most previous works focused on supply-side solutions to tackle GHG emissions in
the metals industries, such as new production technologies, carbon capture and storage,
and hydrogen-based production [25]. Meanwhile, due to the uncertainty associated with
technical innovation and social constraints, the necessity of demand-side solutions has
been highlighted [26, 27], such as material efficiency measures [28]. Some previous
works [26, 27] recommended stabilising the world’s per capita stock of aluminium and
steel below that of the wealthy nations. This could be achieved through lightweight
design and more intensive use measures. In other words, to prevent catastrophic climate
change effects, countries are suggested to remain within a safe operating area for global
metal use. This topic has been widely neglected in previous studies and roadmaps. The
common net-zero strategies addressed in previous roadmaps are described below:

2.1 Circular Economy

A circular economy seeks to promote resource sufficiency, efficiency and demateriali-
sation by decoupling progress from unsustainable material use [29]. This will require
changes in the practices of producers, consumers and government actors. A circular
economy calls for systems thinking as companies are better to focus on whole sys-
tem optimisation rather than individual gains [30]. It aims to minimise the extraction
of natural resources from the environment, maximise waste prevention and optimise
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the environmental, social, economic and technical values of materials, components and
products throughout their consecutive lifecycles [29]. Circular economy strategies can
be grouped under measures to narrow the flow of resources (reducing the total size of
the resource economy with measures to dematerialise), slow resource flows by extend-
ing the period between manufacturing something and the moment it goes to waste (e.g.
repair, reuse, remanufacturing) [31], closing resource flows (i.e. recycling) and safely
reintegrating resources back into natural biogeochemical processes if they cannot be
circulated within our economy [32]. The Ellen MacArthur Foundation [33] presented
a circular economy broadly by expanding the ‘waste hierarchy’, ‘circling longer’, and
enabling cascaded use. This strategy would increase employment, more effectively cap-
ture value, reduce supply chain exposure and market risks, and foster stronger customer
connections [33].

It would be possible to use less raw materials in the UK by improving freight
efficiency, insulating homes, and promoting car-sharing, public transport, and non-
motorised travelling. Circular economy approaches such as reusing or repurposing com-
ponents, such as steel beams, would potentially save 5% and 8% energy in the UK
[34]. Material substitutions, lowering the product weight, and using recyclate are other
examples that could lead to lower GHG emissions. Moreover, final consumer decisions
(whether made by a business, household, or Government) also affect the amount of
energy contained in products and reduce energy requirements [35]. Consumption has
long been connected with economic growth, and any attempt to limit it is likely to
be challenged. However, the concept of ‘prosperity without growth’ [36] opposing the
ongoing economic expansion inwealthy nations has gained considerable support, though
less in circular economy studies, and no growth or degrowth is starting to gain momen-
tum. The UK government has acknowledged the potential benefits of enhancing product
life in its current waste prevention policy, having previously invested in research into
product lifetimes [37]. Potential policies to guarantee minimum product lifetimes were
also addressed in the recent European Commission’s Circular Economy Package [21].
The recent EU report highlights a need for complete information on the amount of raw
materials in products, extractive waste and landfills potentially available for recovery or
recycling [38]. The EU is at the forefront of circular economy in its use of secondary raw
materials with, for example, more than 50% of metals such as iron, zinc, and platinum
recycled, covering over 25% of the EU’s consumption. For scarce elements, gallium
and indium, needed for renewable energy and high-tech applications, recycling makes
only a marginal contribution. In primary production, many battery raw materials such as
lithium, nickel, cobalt, graphite and manganese are present in coal-mining areas. Better
methods for extracting these from mining waste could create new economic activity in
former coal-mining areas while improving the environment. The EU also assumes that
reducing resource use and halving waste is feasible by 2030 [38]. The UK did not adopt
this target when the circular economy package was transposed into UK policy. In other
words, the EU is going for dematerialisation, but the various UK governments are not
following suit.
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2.2 Recycling

In principle, most metals are infinitely recyclable [39], although such recycling rates
would likely pose high energy demands and other environmental impacts. Nevertheless,
scrap metals for production entail much lower energy consumption and GHG emissions
than ore-based primary production [25, 40]. Ideally, primary extraction is recommended
to be treated as a high risk, last resort option [6].

Recyclingwould positively impact the utilisation of rawmaterial andGHGemissions
(especially for aluminium as it is highly recyclable). Like steel, secondary aluminium
production reduces environmental impact by eliminating the ore extraction, processing
and reduction stages. The climate impact of secondary production could range from 10%
to 38% of the primary manufacturing in steel and 3.5% to 20% in aluminium. Energy
source differences cause the variations. For example, in secondary steel production, the
10% and 38% climate change compared to primary productions refer to steel produced
in renewable energy sourced and coal-fired power plants, respectively. Countries like
Norway with renewable energies have a lower impact than India and China, with high
reliance on coal-fired power plants. In the case of copper, using scrap would save around
80% of the energy compared to primary production [41].

The emphasis on reuse and recycling is key to the UK’s “green growth” strategy and
carbon-neutral vision, and themost recent net-zero strategy published by theGovernment
has also discussed the importance of extending the lifetime and lifecycle of a product
through sharing, reusing, repairing, redesign and recycling [20]. Secondary production
could compensate for the limited physical availability of natural ore to some extent [42].
However, due to dissipative losses, long product lifetimes, and increasing demand, the
secondary production would be insufficient to fulfil demand [43]. For instance, even
in an ideal world with 90% recycling rates, the forecast demand might deplete current
copper deposits by the twenty-first century [44].

2.3 Material Efficiency Strategies

While recycling is important, there are vast opportunities to span the entire life cycle, such
as light-weighting, substitution, fabrication yield improvements, more intensive use,
lifetime extension, reuse, and remanufacturing. A recent work [45] reviewed previous
studies on the long-term outlook for future demand, supply and environmental issues
of major metals. They reviewed 70 peer-reviewed journal articles published between
1995 to May 2020. They selected articles that analyse the entire metal industry’s future
condition (after 2025) and its metal flows rather than a limited product. The results
illustrated in Fig. 1 show that most studies have focused on the end-of-life phase in
material efficiency strategies, ofwhich recycling is themost frequently analysed strategy.
In the case of zinc, lead, and nickel, there have been no studies on strategies other
than recycling and light-weighting [45]. These metals are critical as some low carbon
technologies are dependent on critical raw materials, some of which are rare and only
available in unique locations. Some examples are cobalt, lithium and nickel. As scarcity
of these materials grows, geopolitics might determine future access.

Another example would be rare earth elements such as neodymium used in magnets.
Recent work has suggested that recycling would not be sufficient to meet the rise in
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demand for metals or reduce environmental impact [46]. Therefore, a comprehensive
and comparative assessment of various potential strategies is required to design the
environmental policy to directly support governments’ and companies’ decision-making.
Moreover, it is essential to provide science-based targets for major metal flows, stock,
circularity, and efficiency. Available tools and digital technologies should be used for
more intelligent and efficient production and better traceability and separation processes.
Product designs could also be improved to produce a more comprehensive range of
products using efficient routes such as using recycled materials.

Fig. 1. The number of studies on different material efficiency strategies [45].

2.4 Dematerialisation

Dematerialisation is defined as reducing raw materials and metals used per capita [29].
Countries can help prevent climate change by remaining within a safe operating area
for global metal use. The demands for metals in 2050 have been predicted to grow
compared to 2010 as follows [45]: 215% (aluminium), 140% (copper and nickel), 86%
(iron), 81% (zinc), and 46% (lead). Besides, the current mining and processing scenarios
are not consistent with the Earth’s limited resources, and the increase in production is not
environmentally sustainable. The depletion year (the year where cumulative production
exceeds reserves) for primary metal resources is predicted as 2042 to 2045 for iron, 2030
to 2038 for copper, around 2025 for zinc, 2020 to 2025 for lead, and 2030 to 2040 for
nickel [47]. Bauxite is anticipated to be depleted around the middle of the twenty-first
century [45]. Besides, the peak year for primary production of major metals is estimated
to be 2041 to 91 (iron), 2084 to 2130 (Aluminium), 2030 to 2072 (copper), 2025 to 2061
(zinc), 2018 to 2128 (lead), and 2030 to 2033 (nickel) [45].

The IEA forecast that the 1.5 °C greenhouse gas budget from 2010 to 2050 is around
106 Gt CO2-eq, 37% of which had been exhausted already by 2019. A recent study [2]
showed that the 1.5 °C climate target [48] is achievable either through radical reduction
of emission intensity with an average of 0.85 t CO2-eq/t steel per decade or a 39%
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reduction in steel demand. In other words, to meet climate targets, either the GHG inten-
sity should be decreased immediately, requiring rapid innovation and implementation
of low-carbon technologies, or the demand must be reduced significantly. Integrating
supply and demand-side measures is essential, as both sides would require less radical
changes.

Another study [49] defined five different shared socio-economic pathways (SSP)
based on low, medium or high economic and population growth rates (based on climate
goal analysis). Their results indicated that metal production’s GHG emission reduction
target would not be achieved under any possible socio-economic scenarios. It would be
impossible to meet climate goals with the predicted increase in future metal demand. In
other words, the study suggests that we need to do what is best for the environment, not
the economy.

2.5 Improving Process Efficiency

Another effective strategy to reduce GHG emissions is to increase operational efficiency
through enhanced process control, predictivemaintenance strategies and implementation
of the best available technologies. For instance, in the case of steel, the blast furnace-
basic oxygen furnace (BF-BOF) process relies on pig iron production, limiting it to only
around 30% scrap steel. By contrast, the electric arc furnace (EAF) process can use
almost 100% scrap steel to produce crude steel. Consequently, the steel produced using
BF-BOF creates more than ten times the carbon dioxide emissions of the EAF process (if
the manufacture of the original iron is included, then remelting in an EAF is worse) [6].
Currently, UK steelmakers can use up to 6.1 Mt of scrap steel in manufacturing plants.
Technologies such as monitoring EAF furnaces with optical emission spectrometry can
significantly improve energy and process efficiency [6].

By-products from metal production could provide valuable inputs for other pro-
cesses or products. Waste heat is an obvious by-product used for heating or steam in
the production sites or community heating. Other examples include slag and dust from
steel production used to create asphalt, and aluminium drosses and slags, which contain
various metals impurities and salts and are reduced to pure salts, which are then used in
melting furnaces, potash (used as fertiliser), and aluminium returned for recycling. For
instance, the steel produced by Celsa in Cardiff is made from scrap metal using the EAF
process, and 93% of process waste is recovered or reused, while the dust from the EAF
is used in products like white plastics [50]. SteelPhalt Cardiff uses the slag by-product
(on-site at the steel plant) to create asphalt products that contain 95% recycled material
with a 40% lower carbon footprint than conventional asphalts [51].

3 UK Metal Industries PESTLE Analysis

In order to promote resource recovery efficiency as part of the transition toward a circular
economy, it is essential to understand how such a change could be achieved. Circular
economy transitions involve diverse stakeholders, and it is therefore essential that rel-
evant stakeholders are involved from the start [29]. Therefore TransFIRe held a Metal
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TWGWorkshop in January 2022. The workshop facilitated a two-way conversation, and
the participants included representatives from academia and industry.

Participation processes can help to explore different opinions from multiple stake-
holders about a particular challenge and develop a shared understanding. This can
become a basis to frame radical, transformative changes such as those required to transi-
tion towards a sustainable circular economy. The academic community can adapt these
techniques to contribute to the development of transformative change through participa-
tory action research (PAR). PAR approaches aim to bring societal change and contribute
to scientific progress through a cycle of activities including [52, 53]: forming a stake-
holder group (1), analysing problems and identifying solutions (2), sharing and reflecting
upon solutions and implementing change (3), evaluating the PAR process (4), close or
starting a new PAR process [52, 53].

Participatory Situational Analysis (PSA) is a variation on PAR, bringing together
academic, government and industry partners with a view to articulate an action-oriented
agenda for the development of research programmes and/or the uptake of research out-
comes [54]. The PSA approach was followed (Fig. 2) to identify the key actions and
gaps in expertise to enable transformative change that specific actors could take to either
remove barriers or make the most of the drivers for transformative change [16]. Drivers
and barriers were identified prior to the workshop via analyses of relevant roadmaps and
a PESTLE SWOT analysis presented at the workshop as the starting point for discussion.

Fig. 2. A schematic of our adapted participatory situational analysis strategy.

The PESTLE analysis provided in Table 1 helps to better understand the strategic
orientation by evaluating the impact of the external environment on the industry.

Although we know each industry’s used resources and generated wastes, it is impor-
tant to conduct a comprehensive analysis with a circular economy mindset. Another
challenge would be the classification of wastes as hazardous, which could be pre-
vented by allowing specific pre-treatments to make the material safe(r) to recycle. For
instance, contaminants such as chlorides on the metal surface should be removed from
the wastes before classification [55]. The main actors in control of actions that can lead
to transformative change in the UK metal industries are as follows:
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Table 1. The PESTLE analysis for the UK metal industries

Driver Barrier

Political Net-zero commitment by 2050 Lack of: long-term stability in
Government policy, Government
funds, BEIS engagement with sectors,
long-term decisions, regional
Government investments,
comprehensive definition of waste

Economic Growing demand to reduce
CO2/increasing number of
Infrastructure Projects/to achieve
net-zero, metal is needed in
infrastructure/increasing metal
demand

High energy costs/high cost and low
availability of raw materials/pressure
to reduce CO2/Non-UK owners are
not willing to invest/high cost of low
carbon metals/lack of funds for
net-zero-compatible technologies

Social Skill gap/the sector is not attractive to
job seekers

Technological Intelligent manufacturing would
provide more control and lower
emissions and lead to a higher
quality production

Limited infrastructure for scrap
sorting/poor relationship between
scrap merchants and sector/scrap
merchants not involved in
research/lack of funds to bring
technologies into full-scale
deployment/lack of certification for
green products/limited circular
business model innovation and
servitisation

Environmental Restricting recycling policy Greenwashing/no clarity or
agreement on who should be tracking
recycled contents/restricting recycling
policy/lack of local recycling facilities

• Political (andLegal):Department forBusiness, Energy and Industrial Strategy (BEIS),
Treasury

• Economic: Investors, oversea owners, Government;
• Social: Schools, Government, NGOs, industry;
• Technological: Industry, R&D;
• Environmental: local Councils, BEIS, industry, consumers, media.

4 UK Metal Industries SWOT Analysis

SWOT analysis (Table 2) helps maximise the strengths and opportunities of a system
and minimise weaknesses and threats. According to the results, the UK metal industries
are suggested to develop strong economic cases on decarbonisation using the existing
clusters such as South Wales Industrial Cluster and East Coast Cluster. For this purpose,
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the industry can engage more with BEIS (construction and materials units) and try to
make longer-term decisions. The Government is also recommended to promote repair,
reuse and recycling in the UK.

Table 2. The SWOT analysis for the UK metal industries

Strengths

High rate of employment/R&D departments/comprehensive energy management
system/willingness to make climate change a priority

Weaknesses

Employment is uneven across the UK/net-zero technology is uncertain/not efficiently using the
available scraps

Opportunities

Metal is vital for other sectors/Government is committed to supporting the sector

Threats

High energy costs/challenges in competing for and securing public contracts/vulnerable to
global trade

5 Conclusions

Production-based carbon-cutting approaches are not enough to reach net-zero, and it is
essential to developmore effective solutions for reducing futureGHGemissions from the
metal industries. Due to the rapid increase of metal flows (production and consumption)
and limited scrap supply, primary routes have dominated production, leading to increased
GHG intensity. It would be impossible tomeet climate targets with the predicted increase
in demand, and demand-side reductions are also needed.

According to the available roadmaps for the UKmetal industries and the inputs from
our industry and academic partners in the TransFIRe’s metal TWGworkshops, the main
barriers to transforming the UK metal industries are lack of Government intervention
and support, lack of capital investment and business models, lack of skills and people,
limited recycling infrastructure (thus high transportation cost), regulatory barriers (e.g.
REACH and ROHS ban or restrict the use of metals) and greenwashing. The following
actions are recommended to make the UK metal industries more sustainable:

• BEIS needs to develop amore comprehensive strategy to decarbonisemetal, including
demand-side measures, dematerialisation and durability.

• More robust targets are needed to enforce the use of UKmetals in Government-funded
projects.

• Long-term finance such as pension funds is needed to support local economies and
manufacturing. Investors and Government should invest in local communities and low
carbon projects. Starting with the regions, the government is recommended to develop
a robust economic case.
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• In collaborationwith the industry, schools and theGovernment should promote educa-
tional programmes accredited by the industry for primary schools, secondary schools
and lifelong learning. Moreover, re-educating the education system is needed based
on the jobs offered in the FIs to tackle the skill gap in the industry.

• The industry should make the UKmetal industries more attractive for job seekers, for
example with better equality, diversity and inclusion performance and green jobs.

• There is a lack of funds to bring technologies into full-scale deployment. Besides,
there is a poor relationship between scrap merchants and the metal industry. An
appropriate, coherent and supportive policy and regulatory framework are needed for
recycling. Government and industry should foster transparency and promote design
for recyclability and recycling supply chains within the country for which more local
recycling facilities are needed.

• A better understanding of the technical issues in the sector is needed. For instance, it
is important to consider and discuss the effects of lubricants, coating and coolants on
the recycling process.
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Abstract. Selective laser melting (SLM) is a metal additive manufacturing pro-
cess that shows significant advantages in manufacturing lattice structures. In this
paper, a novel surface-based square origami structure made of a nickel-based
superalloy was fabricated using SLM. Three different wall thicknesses (50, 75
and 100 μm) were used to examine the manufacturability and corresponding
compressive behaviour of the manufactured lattice components. Finite element
analysis (FEA) was conducted to determine the uniaxial compression and then
verified by quasi-static compression testing. The results showed that the compo-
nents with thinner walls more easily folded and buckled than those with thicker
walls, indicating that higher densification strains and energy absorption values
may be achieved with thinner walls, although the thicker walls were stronger and
couldwithstand larger loads. This research offers insights into the design andman-
ufacture of advanced lattice structures by providing an improved understanding
of the compressive behaviour of surface-based square origami structures.

Keywords: Additive manufacturing · Cellular · Simulation · Strength

1 Introduction

The lattice structure is a porous formation composed of unit cells arranged periodically
in a three-dimensional space. These porous structures offer many advantages, including
lightness andhigh specific strength/stiffness.Because lattice structures aremostly hollow
and complex-shaped, fabricating such structures by traditional processing methods is
very challenging. The selective lasermelting (SLM) process is an additivemanufacturing
(AM) technology in which a high-powered laser is used to selectively melt powder from
bottom to top according to a computer-aided design (CAD) model. The process is quite
accurate for forming and, in theory, can be used to manufacture metallic parts with any
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complex shapes [1]. Compared to other metal AM processes such as electron beam
melting and direct metal deposition, SLM offers improved forming accuracy and thus
is more suitable for processing lattice structures [2].

Because of its good compression, shock-absorption and energy-absorption perfor-
mance, the honeycomb structure is widely used in the aerospace sector and further
afield [3]. Due to its peculiarity of lightweight, aluminum alloy and titanium alloy have
been studied extensively and made into a range of honeycomb structures [4]. However,
there are scant studies on the manufacturability and mechanical performance of dif-
ferent lattice configurations in nickel-based super alloy possessing excellent oxidation
and corrosion resistance [5]. Since light weighting and energy-absorption performance
are highly associated to the design and fabrication of lattices with the least material
possible, the research question lies on the overall quality (accuracy, surface roughness,
and mechanical properties) of minimum wall thicknesses (i.e. < 1 mm) that can be
successfully manufactured in SLM process.

In the present research, a surface-based square origami structure was manufactured
via SLM using nickel-based superalloy material, in order to test the possibility of fab-
ricating very thin walls (< 1mm) and the corresponding compressive behavior. The
structure had to be lightweight and strong and show good compression for potential use
in the aerospace field, in additional to displaying good shock- and energy-absorption val-
ues. To capture the mechanical response under load, quasi-static compression tests were
conducted on square origami structures with different wall thicknesses and its buckling
and collapse behavior were recorded using a high-resolution camera. Finite element
analysis (FEA) was employed to inform the validity of computational and experimental
compression responses of square origami structures with different wall thicknesses.

2 Materials and Methods

2.1 Design of the Square Origami Structure

The lattice structure used in this study is composed of unit cells arranged along an X
shape. The unit cell (see Fig. 1a), composed of trapezoidal thin walls (upper bottom:
8 mm; lower bottom: 12 mm), has a rectangular hollow structure (length: 12 mm; width:
8 mm). Three different wall thicknesses of 50 μm, 75 μm and 100 μm were designed
to have the relative densities of 0.09, 0.13 and 0.18, respectively. In the build direction,
the origami structure consists of three rows of unit cells, each 10 mm high, with a total
height of 30 mm.

The isometric view of the sample (see Fig. 1b) shows the origami structure is a cube.
Note that the trapezoidal thin-walled structure is symmetrical, and the area where the
thin outermost adjacent trapezoidal walls are in contact with the hypotenuse is a band
with a spacing of 1 mm. The reason of designing the band shape is to remove the shape
edges of the origami structure, where the stress concentration normally occurs during
the compression process [6]. In other word, the band shape is designed to achieve a good
connectivity between lattices, such that the square origami structure can absorb more
energy.
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Fig. 1. CAD model of a square origami structure: (a) top view; (b) isometric view.

2.2 Numerical Modeling Setup

FEA was conducted to understand the stress-strain distribution of the square origami
structures during the quasi-static compression process. For FEA, the three above-
mentioned CAD geometries with different wall thicknesses were imported into Abaqus
as STEP files and compression models. The material used in this experiment is a nickel-
based superalloy. Before this compression testing, tensile samples of the nickel-based
superalloy were fabricated using SLM. The tensile testing was conducted at room tem-
perature of 25 °C. According to the tensile test data, the elasto-plastic material model
was calibrated using Abaqus’s calibration tool; the Young’s modulus and Poisson’s ratio
were set to 150.81 GPa, and 0.33. Isotropic plastic hardening model was established
with sufficient data points in a tabulated format. Tensile testing was first simulated dur-
ing the Abaqus FEA to ensure the accuracy of the simulation parameter settings of the
compression experiment.

Fig. 2. (a) Stress-strain curve of tensile experiment and FEA simulation; (b) simulation model
for the FEA compression experiment.

As shown in Fig. 2a, the simulated stress-strain curve was very close to that of
the tensile experiment, so the parameters set by the Abaqus FEA provided reasonable
fidelity. In the lattice modelling set up, rigid plates are added as boundary conditions
to the top and bottom of the model, and each model, finely meshed with C3D8R linear
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hexahedral elements, was constrained between the analytical rigid surfaces, as shown
in Fig. 2b. The general contact condition was imposed for self-interaction. To sustain
computational efficiency and robustness Abaqus dynamic explicit solver was employed.
During compression the reference point fixed at the centre of the top surface was allowed
to move axially when the bottom surface was fully fixed. The reaction force and dis-
placement values, extracted through the described reference point, were translated into
compressive stress and strain data. The damagedmodelwith a fracture strain limit, which
was mapped to the experimental data, enabled capturing the potential material fracture
at the highly stressed regions.

2.3 Selective Laser Melting Progress

The material used in this study – a strong, nickel-based superalloy, with good mechan-
ical properties and high-temperature oxidation resistance. The elemental composition
of nickel-based superalloys was (wt.%) 22.37Cr-14.05W-2Mo-0.51Si-0.49Mn-0.37Al-
0.3Fe-0.11C-Bal. The samples were manufactured using an Mlab cusing 200R SLM
(Concept Laser GmbH, Germany), equipped with a 200 W continuous wave fiber laser
(Table 1).

Table 1. Process parameters for manufacturing origami structure via SLM

Laser power Scanning speed Layer thickness Hatch spacing

200 W 800 mm/s 40 μm 110 μm

Three kinds of square origami structures with different wall thicknesses (50, 75
and 100 μm) were fabricated to study the effect of wall thickness on the compression
performance of the square origami structure (Fig. 3).

Fig. 3. Manufactured square origami structures (50, 75 and 100 μm).
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2.4 Quasi-static Compression Testing

Quasi-static compression testingwas performedusing auniversal testingmachine (Z250)
produced by ZwickRoell, Germany. The compression samples were divided into three
groups according to the wall thickness (50, 75 and 100 μm), and each group had three
samples to ensure the stability of quasi-static compression test and the reliability of
compression test data. The compression rate was set to 2 mm/min for all compression
tests. The compression process was recorded by a high-resolution camera to record
compression moments to better analyse the failure-deformation behaviour of the square
origami structures.

3 Results and Discussion

3.1 Finite Element Analysis

Figure 4 shows stress-distribution clouds of the three kinds of square origami structures
with differentwall thicknesses during quasi-static compression via FEA. In the process of
compression simulation, the stress concentration occurred in the middle folding area for
the origami structurewith awall thickness of 50μm,which also led to lower compressive
strength and stiffness values. The origami structures with thicker walls experiencedmore
uniform stress distribution across all folding regions during compression testing. The
corresponding compressive strain values (%) for the displacement at (1, 2, 3.8 and 5mm)
can be interpreted as (3.3, 6.6, 12.7 and 16.6) respectively.

Fig. 4. Stress-distribution clouds for FEA compression simulation of three kinds of origami
structures with different wall thicknesses.
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Figure 5 shows corresponding strain-distribution clouds of the three kinds of square
origami structures. In the process of compression simulation,with increased compression
displacement, the strain was also found to be evenly distributed in the folding area,
which implied that the square origami structure has a good effect of shock- and energy-
absorption. The stress-strain distribution simulation results in Figs. 4 and 5 reveal that
the square origami structure with different wall thickness shows progressive damage
during the compression process. Compared to the compressive direction, the stress and
strain are mainly concentrated in the folding area of the square origami structure.

Fig. 5. Strain-distribution clouds for FEA compression simulation of three kinds of origami
structures with different wall thicknesses.

Figure 6 shows the stress histogram of the square origami structure with differ-
ent compression displacements. Notably, when the compression displacement reached
3.8 mm, the stress on the origami structure with different wall thicknesses values signif-
icantly reduced. It may be concluded that during the stage of compression displacement
between 2 and 3.8 mm, the square origami structure changed from the plateau stress
stage to the failure stage, and the square origami structure may form cracks initiation
and expansion during this stage. As the compression displacement further increased to
5 mm, the microscopic cracks further expanded and eventually caused the failure of the
square origami structure.
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Fig. 6. FEA simulated stress diagram under different compression displacements of three kinds
of origami structures with different wall thickness values.

3.2 Experimental Results

3.2.1 Quasi-static Compression Testing Results***

Figure 7 shows the quasi-static compressive stress-strain curves from experiment and
Abaqus FEA of three kinds of square origami structures with different wall thicknesses.
The compression curves of the three structures were found to show similar trends, which
could be divided into three stages:

In the linear growth stage (0–1.5%), the stress-strain curve was approximately a
straight line, and the relationship between stress and strain showed a linear relationship,
which reflects the strength performance of nickel-based superalloy materials.

Fig. 7. Stress-strain curve diagram of experimentation and FEA for three kinds of square origami
structures with different wall thicknesses.

In the second stage (1.5–10%), the stress-strain curve tended to be stable, with a
plateau period. In this stage, with increased stress, the square origami structure lost its
stability, and folding took place. The amount of deformation along the compression
direction continued to increase, and the strain gradually increased. During the compres-
sion testing, the energy absorption per unit volume of the square origami structure could
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be calculated by the following equation [6]:

Wv =
∫ ε

0
σ(ε)dε (1)

where Wv represents the absorbed energy per unit volume, ε is the strain, and σ(ε)

represents the corresponding stress.
In the plateau stage, the strain limits of the square origami structures with different

wall thicknesses (50 μm, 75 μm and 100 μm) were 7%, 9% and 10%, respectively.
The results showed that the origami structures with thinner walls were easier to fold and
buckle, indicating that higher densification strains and energy absorption values may be
achievedwith thinnerwalls, although the thickerwallswere stronger and couldwithstand
larger loads. Consequently, the results offered insights into the design andmanufacture of
advanced lattice structures by providing an improved understanding of the compressive
behaviour of surface-based square origami structures. Note that the maximum strain
value of the square origami structure was only 10%, while the maximum strain value of
other nickel-based superalloys in the literature could reach 30% [7, 8], which indicated
that the nickel-based superalloy used in this study was quite brittle.

Notably, the stress-strain curves obtained by compression experimentation and FEA
were generally consistent, but the compressive stress values obtained by experimenta-
tion were slightly higher than the values obtained by simulation. From the perspective
of FEA, the convergence of the mesh would lead to the simulation data higher than the
experimental data. However, this study evaluated both shell and FEA modeling strate-
gies whilst conducting a mesh convergence study to ensure that the extracted data was
robust and reliable to be presented. From the perspective of plastic theory, the tensile
stress-strain curve and compressive stress-strain curve of a material should be consistent
[9]. As previous studies have revealed, however, the plastic deformation ability of metal
materials under different stress states is not the same, and the stress-strain curve under
compression is generally higher than that under tension [10]. In this study, the tensile
test data were used as the input for the FEA model as the material properties of the
nickel-based superalloy, which may explain why the experimental results were different
from the simulation results. Also, the size of the CADmodel of the origami structure was
idealized in this study, and during the actual SLM process, the surface roughness of the
lattice structure could be affected by the size of the laser spot, the quality of the powder
bed and other factors, resulting in larger dimensional accuracy of the lattice structure,
which may also cause the experimental value of quasi-static compression stress-strain
curve to be higher than the FEA simulation results.

3.2.2 Damage and Deformation Mechanisms

The whole experimental process was recorded with a high-resolution camera during
compression testing to better reveal the damage and deformation mechanisms of square
origami structures with different wall thicknesses (50 μm, 75 μm and 100 μm) (Fig. 8).

At the beginning of compression (with compression displacement 1–2 mm and cor-
responding strain 3.3%–6.6%), the square origami structure was in a stage of linear
growth of stress and strain. At this stage, the stress was evenly distributed in the folding
area of the square origami structure.When the compression displacement reached 3mm,
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the stress was mainly distributed in the folding area near the centre of the square origami
structure. During the third stage of the compression process, the stress concentration
in the folding area of the central position was very high, which led to instability in the
central folding area of the square origami structure. The folding area began to crack, and
finally fracture failure occurred.

Fig. 8. Deformation behaviour of the square origami structure during quasi-static compression.

4 Conclusions

In this study we have developed a new square origami structure made of a nickel-
based superalloy, manufactured with different wall thicknesses by the selective laser
melting (SLM) process. Based on the results of finite element analysis (FEA) and
experimentation, the main findings are as follows:

(1) The FEA simulation results showed that during the quasi-static compression pro-
cess, the stress was evenly distributed in the folding area of the origami structure,
indicating that this structure exhibited good load-bearing capacity.

(2) Before the square origami structure cracked and failed in the folding area, a plateau
period occurred during the testing, indicating that this new square origami struc-
ture displayed good shock- and energy-absorption performance. In particular, the
lattice structure with the thinnest wall (50 μm) was found to have the best energy-
absorption performance under low stress. The nickel-based alloy used in the exper-
iment was fairly brittle, however, which was also the main reason for the decreased
stress found in the stress-strain curve.

(3) The results of the present study indicate that the SLM process may be used with
advanced lattice structuresmade of nickel-based superalloys to accelerate the design
of applications intended for lightweight structural performance.
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Abstract. It is important to study metal powder obtained from industrial waste
given that its incorporation in the productive cycle is key to the sustainability of
the cities of the near future, as well as to the use of sustainable manufacturing
techniques. In this paper, an iron/iron oxide powder obtained by reduction of mill
scale from hot deformation of low carbon steel was processed by two different
techniques: die pressing and metal fused filament fabrication. Considering that
microstructural features and the chemical composition are important factors in
the mechanical properties of the final pieces, these two aspects were studied, both
in the powders and in the final pieces. It was found that the presence of the polymer
matrix during sintering of the piece fabricated by metal fused filament plays a key
role in the process. This is because the hydrocarbons and H2 produced during its
decomposition lead to a further reduction in the remaining oxides, which in turn
leads to an important differencewith thepieces obtainedbydie pressing.Moreover,
the dislocation density of the pieces is different, because the compaction of the
powder by die pressing causes dislocation to multiply, while in the fused filament
fabrication process there is no stage that involves dislocation multiplication.

Keywords: Metal-fused filament fabrication · Dislocation density · Mill scale ·
Die pressing

1 Introduction

Dislocations are the lineal defects that, along with the nature of the metallic bond, permit
plastic deformation in metals. Under normal conditions, metals present dislocations.
However, during plastic deformation at temperatures below that of recrystallization,
dislocations multiply, leading to hardening of the material. The higher the dislocation
density, the higher the hardness of the material. This means that, depending on the
process used for the material, dislocation density affects its final mechanical properties.
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Several manufacturing techniques exist for the fabrication of metal parts from pow-
ders obtained by milling [1], atomizing [2] or reduction from minerals [3]. This family
of techniques is called powder metallurgy. A conventional method is die pressing, which
consists of compacting the powders and sintering the green piece at temperatures around
70–80% of melting temperature, in order to activate diffusive movements of atoms and
obtain intimate contact between the particles [4]. The parts obtained by this method can
be very resistant, but their geometry is limited because of the molds used. However,
since the 1980s some interesting manufacturing techniques have appeared, providing
the opportunity to grow a piece layer by layer from a CAD (computer assisted design)
model, which in turn allows pieces with complicated geometry to be obtained. These
manufacturing techniques have been called additive manufacturing or 3D-printing [5].
These techniques that allow metal parts to be processed from powders include powder
bed fusion (selective laser sintering and selective lasermelting), which allowsmetal parts
to be obtained directly [6]. Other techniques that allow metal parts to be obtained indi-
rectly and inexpensively are binder jetting andmetal fused filament fabrication (MFFF)
[7].

MFFF consists of fabricating a filament composed of metallic powder embedded in
a thermoplastic elastomer matrix. Typically, these filaments are 1.75 mm in diameter.
Then, a 3D piece is obtained with the filament, as shown schematically in Fig. 1. After
that, the piece is subjected to a thermal cycle where the polymer is eliminated and the
metal particles are sintered, finally obtaining a 100% metal part [8]. The thermal cycles
in this technique are longer than in powder metallurgy conventional techniques, because
sufficient time is needed to eliminate the polymer without the powder collapsing. After
the polymer elimination, however, the temperature must be increased quickly in order
to reach the sintering temperature (70 – 80% of the melting temperature of the material
from which the powders are derived), in order quickly to obtain coalescence of the
powders through diffusion processes between the powders [9].

Fig. 1. Metal fused filament fabrication scheme

As has been published, during compaction of powders in die pressing, dislocations
multiply [10]. This dislocation can remain after sintering if its density is not sufficient
for recrystallization, making the final piece harder. However, to the best of the authors’
knowledge, there are no studies that measure the dislocation density and changes during
sintering process in metals processed by MFFF. Therefore, the aim of this study is to
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obtain an iron/iron oxide powder by partial chemical reduction of ground mill scale [3],
and to process it by die pressing and MFFF, for purposes of comparison. The phases
present were analyzed for comparison, as were the crystallite size and dislocation density
in the reduced powders and sintered pieces after compaction (die pressing = DP) and
printing by MFFF. This is valuable because of the great influence of these factors on the
hardness of metal materials.

2 Methodology

2.1 Materials, Processes, and Characterizations

Mill scale from hot laminated low carbon steel was taken and dried for 24 h at 100 °C in
order to eliminate moisture acquired during storage. Then, it was subjected to grinding
for 119 h in a ball mill with a 5 L jar, using 400 mL of mill scale and 600 mL ball steel
grinding bodies. The ground mill scale was characterized by X-ray diffraction (XRD)
in a Brucker D8 Discover, with a Cu target (λ=1.54 Å). After that, the ground mill scale
was subjected to a reduction treatment for 2 h at 700 °C using a Naberthrem™ furnace.
The reductant gas used was H2. Ar was used as carrier gas. Gas flow rate was fixed at
5.0 SCFH for each gas. The temperature of the powders was homogenized for 1 h before
reduction. Once the powders were reduced, theywere characterized by scanning electron
microscopy (SEM) in a JEOL JSM-649 OLV Scanning Electron Microscope and XRD.
The diffractograms were obtained with a RIGAKU (Dmax2100) diffractometer in the
range 20–90° using Cu Kα, 1.54 Å (filter: Ni).

Green samples of 12.54 mm of diameter and 7 mm height were obtained by uniaxial
compression with the reduced powders, using 160 kN force. Finally, the samples were
sintered at 1050 °C for 1 h using a Naberthrem™ furnace in Ar atmosphere. H2 flux
was opened at 700 °C for 5 min in order to reduce any oxidized surface of the powders.
Once the sintering process was finished and the samples were at room temperature, they
were polished with sandpaper for evaluation by SEM and XRD (in the range 20–110°).

Meanwhile, TPE (thermoplastic elastomer) was mixed with polypropylene, stearic
acid and the iron/iron oxide powder,making 50%volumetric powder and50%volumetric
TPE + polypropylene + stearic acid mix. 1.75 mm diameter filament was fabricated
using a Filastruder™ extruder at 150 °C. After that, the filament was used to print pieces
with 20 mm diameter and 0.8 mm height using the Creality Ender™ 3 printer. Finally,
the pieces were subjected to the next thermal cycle, which consisted of the following:
heating from room temperature to 180 °C for 5.3 h and holding at 180 °C for 1 h; heating
to 400 °C for 7.4 h and holding at 400 °C for 7 h; heating to 500 °C for 7 h and holding
at 500 °C for 0.4 h; and heating at 995 °C for 0.8 h (H2 flux was opened at 700 °C for 5
min in order to reduce any oxidized surface of the powders) and holding at 995 °C for
1 h. A Naberthrem™ furnace was used for all the thermal treatments. Once the samples
were at room temperature, they were polished with sandpaper for evaluation by XRD
(in the range 20–110°).

2.2 Dislocation Density Measurement

Williamson and Smallman [11] developed an equation for calculating dislocation density
(1) taking into account the microstrain in the lattice (η), the crystallite size (D) and the
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Burger’s vector (B), which is shown in Eq. 1. 〈η2〉1/2 refers to root mean square strain.

ρ = √
12〈η2〉1/2/(D × B) (1)

Williamson and Hall developed a method for calculating the lattice parameter (nec-
essary for the calculation of Burger vector, B = a/

√
3 for BCC crystalline structure)

and microstrain using the data from X-ray diffraction patterns [12].
According to the Scherrer method, crystallite size (D) contributes to the broadening

of the diffraction peaks: an increase in the broadening peak indicates a decrease in D.
The lattice strain also contributes to the broadening of the peaks. The contribution of
crystallite size and microstrain are shown in Eqs. 2 and 3, where θ is the diffraction
angle.

β = kλ/(Dcosθ) (2)

βs = 4ηtanθ (3)

So, the width of the peak (without the instrumental broadening) is βhkl = β + βs,
changing βhkl by FWHM (full width at half maximum) and multiplying both sides of
the equation by cosθ , Eq. 4 is obtained.

cosθ × FWHM = kλ/D + 4ηsinθ (4)

Using the peaks of XRD corresponding pattern, cosθ × FWHM and 4sinθ are cal-
culated and the cosθ × FWHM vs. 4sinθ plot is obtained. Crystallite size is calculated
by the intercept of the curve, and microstrain is calculated by the slope of the curve.
Nelson Riley method [13] can be used to calculate the actual lattice parameter in order
to obtain the Burger´s vector. First, Nelson-Riley function is calculated (Eq. 5) for each
diffraction peak.

F(θ) = 1

2

[
(cosθ)2

sinθ
+ (cosθ)2

θ

]
(5)

Then, interplanar distance is calculated using Eq. 6.

d(hkl) = λ

2sinθ
(6)

For each diffraction peak a lattice parameter is calculated using Eq. 7.

a = d(hkl) ×
√
h2 + k2 + l2 (7)

A plot of lattice parameter from Eq. 7 vs. Nelson-Riley function is drawn, and the
actual lattice parameter is the intercept with y-axis.

3 Results and Discussion

Figure 2 shows the final pieces after both processes under study, demonstrating the
suitability of the twoprocesses for reincorporating thewaste-derived powder by chemical
reduction.
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Fig. 2. (a) sintered sample obtained by die pressing, (b) printed part obtained by MFFF, (c)
sintered part obtained by MFFF.

3.1 Ground and Reduced Mill Scale

Figure 3Adepicts theXRDpatterns of ground and reducedmill scale.As canbeobserved,
mill scale is composed of the three iron oxides: wüstite (FeO), magnetite (Fe3O4) and
hematite (Fe2O3). Contrary to reports by D. Shekhawat [14] there is no metallic iron
in this mill scale. After reduction for 2 h (110), (200) and (211) peaks of metallic iron
appear. However, wüstite and magnetite remain. This indicates a partial reduction of the
powders, which occurs as follows [15]:

Fe2O3 → Fe3O4 → FeO → Fe

As the reduction occurs from outside to inside, the reduced powders consist of a
core of iron oxide surrounded by iron. Figure 3b shows the morphology of the reduced
particles. As can be seen, a porous surface is observed, which appears because of the
reduction process when H2 penetrates the particle, reacts with the iron oxides and pro-
duces H2O, which leaves the particles. This is typical when iron is obtained by reduction
from iron oxides [17].

Dislocation density was calculated for the iron in the powders (the metallic phase).
Figure 4 depicts Williamson-Hall and Nelson-Riley plots for the reduced powders. As
can be seen, the Williamson-Hall method depicts an R2 of 0.82, demonstrating that it
is appropriate for the calculation. Figure 8 summarizes crystallite size and dislocation
density. This last value corresponds to 6.44*1010 cm/cm3, which is not a typical value
of annealed metals [10] and is instead typical of plastic-deformed iron [16]. When mill
scale is formed, the steel is hot plastic-deformed, which actually causes dislocation
multiplication. In the metal substrate, recrystallization occurs immediately, but it is
possible for the iron oxides formed to retain the new dislocation density [18], which
explains the high dislocation density in the reduced powder.

3.2 Die Pressing and MFFF Sintered Pieces

Figure 5 shows the XRD patterns of sintered samples obtained by DP and MFFF. It
can be observed that iron oxide remains after sintering. However, although DP sample
shows magnetite and wüstite peaks, these appear in less quantity, while the MFFF piece
shows only wüstite peaks. It should be borne in mind that the powders showed both
oxides, magnetite and wüstite (Fig. 3). The lower quantity of peaks in sintered samples
is because diverse crystallographic planes could be detected in the powder samples,
due to the random orientation of grains, whereas in the bulk material, the order of
crystallites of the material is less random [22]. XRD of the DP piece still shows peaks
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Fig. 3. (a) XRD patterns of mill scale when ground and chemically reduced for 2 h and (b) SEM
image of reduced powder.

Fig. 4. (a) Williamson-Hall and (b) Nelson-Riley plots of metallic phase of the reduced powders.

corresponding to both oxides, wüstite andmagnetite (as corroborated by part b of Fig. 5),
whereas the XRD of theMFFF piece only shows wüstite peaks. This can be explained by
the differences in the processes during sintering. Specifically, in DP the powders are in
intimate contact after compaction and surrounded by Ar gas during sintering, however in
MFFF the powders are surrounded by the polymermatrix during sintering. InMFFF they
also suffer important changes during the thermal treatment; firstly, the TPE degrades,
then PP degrades, which puts the powders in contact for sintering. The fact that these
polymers are present changes the dynamics during reduction. H2 is produced during the
degradation of the polymers, as well as carbon. The H2 produced is able to reduce the
oxides that remain in the powders, producing water, and the carbon produced then reacts
with the water. This is turn produces CO2 and more H2, which continuously takes part in
further reduction of the iron oxide, leading to the formation of only FeO in the sintered
samples [19]. In addition, as explained by Murakami and Kasai [20], the iron oxide is
reduced by hydrocarbon gases generated from the polymer, as well as H2.

Figures 6 and 7 depict theWilliamson-Hall and Nelson-Riley plots of DP andMFFF
samples. The results of the dislocation density calculation are shown in Fig. 8. Some
authors report dislocation density with R2 of Williamson-Hall plots less than 0.76 [21]
which indicates that the results here are reliable. As can be seen, the dislocation density
of sintered samples obtained by die pressing is higher than that of the powders. This is
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Fig. 5. (a) XRD patterns of sintered pieces obtained by die pressing and MFFF and (b) SEM
image of die pressed sintered piece

explained because during compaction, yield strength of the powders are overcome. This
leads to dislocationmultiplication [10]. As sintering is carried out at temperatures higher
than recrystallization temperature, some recrystallization occurs, which is evident by the
reduction in crystallite size shown in Fig. 8. However, dislocation density remains high.
With respect to MFFF, it can be seen that dislocation density is not as high as in the
case of die pressing, in fact, it is in the same order of magnitude as the powder. This is
because, for MFFF, the powders are used directly from the reduction process to fabricate
the filament and build the part, which does not lead to dislocation multiplication. With
respect to the crystallite size, it can be observed that this diminishes from powder to bulk
piece after printing and sintering. This could be because of the formation of the new
iron phase for the chemical reduction that occurs during sintering. This new iron phase
presents low grain size, and so the average crystallite size of the material diminishes.

Fig. 6. Williamson-Hall and Nelson-Riley plots of sintered samples obtained by die pressing
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Fig. 7. Williamson-Hall and Nelson-Riley plots of sintered samples obtained by MFFF

Fig. 8. Dislocation density (bars) and crystallite size (dots) of the materials under study

4 Conclusions

The suitability of iron/iron oxide composite powder obtained by partial chemical reduc-
tion of mill scale produced during hot deformation of low carbon steel, to produce
metal-fused filament fabrication parts was studied, comparing these with die pressed
pieces. It was found that:

• The powder is suitable for obtaining parts using metal-fused filament fabrication
technique.

• The presence of the matrix polymer in the samples affects the sintering process,
leading to an additional reduction process which transforms the Fe3O4 phase in the
piece into FeO oxide.

• The dislocation density does not suffer changes in the transition from the powder
to the piece after printing and sintering, because there is no stage in the process
that involves dislocation multiplication. This is not the case for die pressing, where
dislocation multiplies during compaction of the powders. It means that die pressing
leads to more resistant pieces when compared with metal fused filament fabrication.

Future research will focus on studying the costs of the entire processes to assess the
most appropriate way to recover the by-product.
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Abstract. This paper aims to meet clear business demand for lighter operational
jigs and tools by reducing the overall weight of the concentric collet drilling
templates using alternative lightweight materials and topology optimization tech-
niques. The template structure was optimized by numerical modelling to reduce
themass andmaintain relative strength. A cycle test that simulates the actual work-
ing conditions of the templates was conducted to understand the deformation and
wearing during and after their usage. The simulation results indicate the challenges
between reducing the mass and maintaining the stiffness of the drilling template.
The hole size in each alternative aluminum template increased after 10,000 testing
cycles; For harder materials like Al7075, the hardness of the borehole increased
due to its high strength, to resist extending force from the collet. Whereas, for the
materials with lower hardness likeAl5083, the borehole hardness reduced after the
cycle tests due to its low strength. The borehole surface roughness in the template
increased due to wear caused by the horizontal pressure and vertical contact with
the collet, which would severely increase the friction and reduce the lifetime of
the template.

Keywords: Drill jig template · Aluminum hardness · Friction and wearing
damage

1 Introduction

A jig is a type of tool used to control the location and/or motion of another tool. It is
a work-holding device that holds, supports, and locates the workpiece and guides the
cutting tool for a specific operation [1]. The primary purpose of a jig is to provide repeata-
bility, accuracy, and interchangeability in themanufacturing of products [2]. Drilling jigs
such as those used in creating holes in aerospace structures providemethods for correctly
locating the workpiece with respect to the cutting tool [3]. Compared to conventional
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hand methods drill jigs help in drilling, reaming, and tapping holes at a higher speed
with great accuracy [4]. Millions of holes are drilled (single or multi-stage operations)
into aircraft structures and the positioning of the drill is provided by drilling templates.
These templates, manufactured mainly from wrought 7075 Aluminummachined plates,
have proven effective over time. However, there is also a lack of knowledge regarding
how long a drill jig lasts and its accuracy over its operational lifetime which is important
information. As demand from the aerospace industry for high-performance tooling is
increasing, the use of lightweight tooling that would result in a reduction of the handling
time, number of operators, and lower risk of injuries potentially provides a good market
opportunity to introduce newmaterials/manufacturing technologies into the tool making
process and market.

The structural optimization of drilling jigs was investigated mainly via modelling
simulations or Computer-Aided Design (CAD) due to the low cost and high speed of
such methods [5–7]. There is also research interest in optimizing the material used for
manufacturing jigs. Jigs and fixtures are typically made of hardened materials to avoid
frequent damage and to resist wear, including soft-cast steel, cast iron, die steel, steel,
high speed steel, nickel-chrome steel, bronze, plastic material etc. [8–10].

The objective of this paper is to demonstrate how to reduce the overall weight of
the concentric collet drilling templates by using alternative lightweight materials and
topology optimization techniques. Two aspects were considered, including optimizing
the structure of the templates by reducing their volume and applying lighter materials.
Numerical modelling was used to optimize the template structure for reducing the mass
and maintaining relative strength. Cycle tests simulating actual practice were carried out
on the alternative templates to understand their deformation and wear behavior during
and after usage.

2 Modelling and Experimentation

2.1 Modelling

Fig. 1. Modelling of the templates (a) and alternative Aluminum templates (b).

To achieve a better understanding of the response of the hole dimension change on the
existing drilling templates against various loading conditions, Finite Element Analysis
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(FEA) modelling was carried out for simulation. Al7075 was used as the raw material
for the modelling. The template dimension was 363 mm× 180mm× 20mm. The collet
hole was 34.93 mm, and the mass is 3.35 kg. 1500 N radial load was applied on each
hole and the mass reduction was 30% off, 40% off, and 50% off, respectively. Boundary
conditions stipulating that all the legs were fixed were also applied to the modelling as
shown in Fig. 1(a).

2.2 Template Design and Materials

Table 1. Average hole diameters on each template by the coordinate measuring machine (CMM)
(mm).

Material Al7075 Al7072 Al6082

Hole No 1 2 1 2 1 2

Diameter 35.020 35.021 35.025 35.022 35.010 35.011

Material Al5083 Unidal Al

Hole No 1 2 1 2

Diameter 35.015 35.014 35.011 35.009

Itwas consideredmore beneficial to replace high-costAluminum7075with a cheaper
and easier to machine Aluminum material. Therefore, the templates of 5 different Alu-
minum materials in the tests were shown in Fig. 1(b), including Al7075 (the current
material of used templates), Al7021, Al6082, Al5083, Unidal Al. Two adjacent holes on
each template were measured as candidates for the tests as shown in Table 1. All hole
diameters were under H8 tolerance (0–0.039 mm), which is technically required. The
thickness of all templates was 20 mm.

2.3 The Machine Design, Cycle Tests, and Measurements

To simulate the actual working conditions of drilling holes guided by the drilling jigs,
cycle tests were conducted on the templates. In the tests, The Advanced Drilling Unit
(ADU) will move down and insert into the hole of the drilling jig, then the collet will
expand to be fixed by the hole for the following drilling. After a period of extension (5 s in
this test), the collet closed and the ADU then moved back to the original position. A test
rigwas developed to control themovement and operation of theADUsimultaneously and
fully automatically, as presented in Fig. 2 (a). An actuator, which controls the movement
of the ADU in the z-direction, was connected to the ADU. Two relays were added to the
system, allowing the extension and retraction of the actuator to be controlled. A solenoid
was used to switch on/off the expansion of the ADU, which was activated by air pressure
of 5 bar. An Aluminum frame was built to house all the controlling components and two
guide rails were installed to stabilize the movement of the ADU. By adjusting the cycle
frequency and ADU dwelling time, this automatic hole expansion testing rig is capable



80 X. Zhang et al.

Fig. 2. Cycle test hardware andmechanism, (a) automatic hole expansion testing rig with actuator
and guide rail, (b) the schematic.

of repeating thousands of testing cycles within hours. The cycle test schematic is shown
in Fig. 2 (b).

Fig. 3. Measurement devices, (a) CMM, (b) the hardness tester, and (c) the bore micrometer for
intermittent measurement.

During the testing process, the ADU was controlled with a frequency of 5s open
and 5s closed. Between each cycle, the ADU would lift from the hole and go down
into the hole again to simulate the drilling cycles. According to measurement, the collet
diameter is approximately 34.93 mm when being closed and approximately 35.27 mm
when extending. For tests on a template, 10,000 cycles were repeated on each tested hole.
Intermittentmeasurementswere completed at 1000, 3000, and 6000 cycles to analyze the
transformation during cycle tests. Figure 3 shows the device used to measure hardness
and the size of the holes before and after the cycle tests to understand the impacts of
these tests on the templates.
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3 Results and Discussion

3.1 Numerical Modelling

Topology optimization was conducted to reduce the weight of the concentric templates.
Two topology strategies were considered as shown in Fig. 4. In Fig. 4. (1), if no preserved
regions were selected, the optimization will take materials from any area in the template,
which would cause some difficulty in maintaining an adequate shaper for the optimized
template. By contrast, from Fig. 4(b), some regions were preserved, and the topology
optimization model removed materials from critical regions such as the base supports,
which would be selected in the simulation.

Fig. 4. Topology strategy on the templates by FEM modelling, (a) no preserved regions, and (b)
preserved regions.

The mass reduction was from 30% to 50%. Several topology optimized models were
developed as shown in Fig. 5. Some examples of Al7075 were given below, showing the
topology optimization process undertaken to maximize the stiffness/weight ratio with
different weight reduction rates for template CAD models.

Based on the simulation results shown in Table 2, it can be concluded that with the
reduction of mass percentage, the maximum displacement would increase. In addition,
the optimized design will differ when applying different additional loading and bound-
ary conditions, which depends on the specific requirement of each template during the
manufacturing or handling process.

It can also be noted from the modelling results that, even after applying additional
loading conditions, the maximum displacement is still quite low (less than 1 µm) com-
pared with the hole dimensions (the diameter is 34.93 mm), indicating that the template
would maintain the dimensions of the jig holes even after getting 50% mass reduction,
since the deformation is still within the elastic deformation range.

3.2 Cycle Test Results of Alternative Aluminum Templates

The final diameters after cycle testingweremeasured by both boremicrometer andCMM
machine. Cycle tests were done on one hole of Al7075 (B1), Al7072 (B2), Al5083 (B4),
andUnidal Al (B5); on both holes ofAl6082 (B3) (for comparison of insertion/extraction
cycles and non-insertion cycles). The hole adjacent to the Unidal Al hole that was tested
was also measured to gain an understanding of how the non-cycled hole was impacted.
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Fig. 5. Topology optimized template of Al7075 with (a) 0%, (b) 30%, (c) 40% and (d) 50%
weight reduction.

Table 2. The results of mass reduction and displacement after simulation.

Mass reduction Maximum displacement

0% (3.35 kg) 0.551 µm

30% (3.35 kg → 2.35 kg) 0.582 µm

40% (3.35 kg → 2.01 kg) 0.595 µm

50% (3.35 kg → 1.68 kg) 0.858 µm

Figure 6 shows the results for all diameters after cycle tests as measured by the
micrometer. The diameter increased gradually during cycle tests due to both horizontal
extending force and vertical friction. From Table 3, the deformation rate of each hole
was calculated, which gives an insight into the relationship between deformation and
hardness. The hole diameter increased after cycle tests and the rate of increase was much
higher if the hardness of the material is low. For harder materials, for example, Al7075,
the rate of increase was low. Al6082 and Al5083 have relatively low hardness and their
rate of increase is relatively high. The shrinkage rate of the non-tested hole (Unidal Al -
2) is much higher than the rate of increase of the tested hole (Unidal Al - 1) even though
there is a 5mm-thick wall between the two holes.

Hardness tests were conducted on the edge and the wall of each tested hole respec-
tively (shown in Fig. 7), to understand how the material was hardened by the cycle tests.
Results were shown below in Fig. 8. The indentation loading was 5 kg using a Vickers
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Fig. 6. Changing hole diameters (mm) from 0 to 10,000 test cycles for a range of Al alloys.

Table 3. The deformation rate of each hole after 10,000 test cycles (“ +” presents extending and
“–” presents shrinkage of the hole size).

Materials Al7075 Al7021 Al6082–1 Al6082–2

Hardness (HV) 182.3 125.4 113.8 113.8

Increasing rate +0.0057% 0.0% +0.0086% +0.0086%

Materials Al5083 Unidal Al-1 Unidal Al-2

Hardness (HV) 85.0 139.9 139.9

Increasing rate +0.0057% +0.0029% −0.0086%

indenter. The distance between the central point of the indentation and the edge is about
0.2 mm.

Fig. 7. Hardness tests on the edge and the wall of the hole.
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For hardness tests on the edge, as the indentationwas close to the edge, somematerials
were pushed down due to the plastic deformation, therefore, the size of the indentation
would be larger than normal, which led to lower results than normal. Therefore, the
tested results shown in the table and figure can only be used for information, rather than
accurate results.

Fig. 8. Vickers hardness results.

For the hardness of the sidewall, it can be seen from the figure above that, for the
materials with relatively higher hardness, for example, Al 7075 and Unidal Al, the
hardness results of the sidewall were higher than the raw materials. For the materials of
medium hardness like Al 7021 and Al 6082, the hardness of the sidewall did not exhibit
major differences compared to the raw materials. For the relatively softer material, Al
5083, the result was even lower than for the raw material.

Fig. 9. The schematic of forces from the collet extending to different materials, (a) for hard
materials and (b) for soft materials.

For the harder materials, for example, Al7075, when the extending force worked at
the sidewall, the solid material would resist the force and the sidewall was compressed
due to its relatively high strength, as shown in Fig. 9(a). The material of the sidewall
was hardened by the pressure, resulting in increased density and hardness.
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Compared with the hard materials, when the extending force acted on the sidewall
of Al5083, the material is not able to resist the force due to its lower strength, as shown
in Fig. 9(b), which became the tensile force to the sidewall. Due to the tensile stress, the
density of the sidewall would reduce, and the hardness goes down as well. In this case,
the deformation is still in the elastic range, which can also be proven by the simulation
results of low-strength materials/structures in Sect. 3.1.

For medium hardness materials, the sidewall is both compressed and stretched
from the extending force of the collet. Therefore, the hardness of the sidewall did not
experience a big change after the cycle tests.

3.3 Damage Due to Friction and Wearing

During cycle tests, it was found that inserting and extracting the collet will increase
wearing between the hole wall and the collet. Specifically, when the collet opens, it
has both vertical displacement and horizontal extension. The vertical displacement will
lead to friction, which can be increased by horizontal extension as shown in Fig. 10(a).
This friction will severely damage the wall quality and impact the circularity as shown in
Fig. 10.(b). This effect hasmore influence on the hole size than the extending transforma-
tion by horizontal extending force. Therefore,wearing tests to understand the tribological
properties of the material are worth considering, which is significant for optimizing the
cycle test parameter and choosing the appropriate material for the practical drilling tasks.

Fig. 10. (a) Analysis of the friction between the collet and the hole, (b) demonstration of wearing
of the jig.

4 Conclusions

In this paper, the structures of the templates were optimized by numerical modelling to
reduce the mass. The simulation results highlight the challenges between reducing the
mass and increasing the strength of the templates. The alternative lightweight materials
and topology optimization techniques can effectively reduce the overall weight of the
templates, while maintaining performance. Five alternative Aluminum materials were
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tested. The diameter of the hole increased after cycle tests; however, all increased diam-
eters were under H8 tolerance after 10,000 test cycles. For those materials with higher
hardness like Al 7075, the hardness of the sidewall of the hole increased due to its high
strength to resist the extending force from the collet. Whereas, for lower hardness mate-
rials like Al5083, the hardness of the wall reduced after the cycle tests due to its low
strength. Wearing from the horizontal pressure and vertical friction between the collet
and the hole damaged the surface of the hole, resulting in a rough surface, which would
severely increase friction and reduce the lifetime of the templates. The modelling and
experiments in this paper confirm that themass of the jigs can be significantly reduced, as
well as the cost of the associated materials as the currently used Al7075 can be replaced
by softer, cheaper Al5083while still maintaining performance during the tests. The cycle
test that simulates the actual working conditions of drilling jigs can also be applied to
similar tooling to identify any potential performance improvements and cost reductions.
Nevertheless, the cycle test did not include unexpected knocks and wearing that would
occur by manual operations during practice, which would cause more damage to the
templates.
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Abstract. Determining whether additive manufacturing processes for metallic
materials offer a high potential regarding the ecological sustainability dimension
not only depends on the materials used, it is also significantly influenced by the
individual process chain. Within the the product life cycle, the production phase
is decisive for the impact until the end of life. By analyzing this time- and resour-
ceintensive phase, it is possible to make decisive conclusions concerning the char-
acteristics of the product itself in the preceding phase of product development.
Moreover, as part of innovative new manufacturing processes, the question arises
as to how these can be optimized in terms of diverse sus-tainability aspects. In order
to be able to formulate such statements, detailed process analysis is required first,
to identify specific hotspots within the phases as well as to refer to the individual
parameters or parameter sets of the manufacturing process examined.

In this paper, two processes, the Laser Powder Bed Fusion (LPBF) and the
WireArcAdditiveManufacturing (WAAM)process, are comparedwith each other
regarding their environmental impact. Based on the results of a life cycle assess-
ment according to ISO 14040ff., phaserelated impacts are calculated, processspe-
cific hotspots are identified and statements regarding ecological sustainability
potentials within the process chains are deduced.

Keywords: Additive manufacturing · Life cycle assessment · Sustainability
analysis

1 Introduction

As products become increasingly individualised in limited quantities, the economic
feasibility, environmental impact as well as the resulting effects on the entire product
life cycle have a growing influence on the product itself and its production processes.
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Analysing process chains of each manufacturing technique delivers an individual way to
spot and search for potential characteristics and differences in these aspects mentioned
before [2]. As the environmental assessment of additively manufactured products pri-
marily focuses on the comparison of additive with conventional manufacturing [2], an
environmental side-by-side assessment of twometallic additivemanufacturing processes
will be conducted in this publication. Using material flow nets, the Laser Powder Bed
Fusion (LPBF) andWire Arc AdditiveManufacturing (WAAM) processes are compared
in a “cradle-to-gate” approach in the context of a life cycle assessment. The results of
this study, exemplified by a demonstrator made of aluminium, are used as a preliminary
study for the following investigation of the product’s performance during its use phase.

2 Additive Manufacturing of Metals

Additive manufacturing processes are clustered in seven categories as per ISO/ASTM
standards [3]. For metals these can be further differentiated in many ways, firstly there
is the feedstock material used during the process. This could be powder, wire or in rare
cases thin sheets of metal. Then secondly, the form of binding of the material is crucial
to form a layer. Within the research network of the School for Additive Manufacturing
(SAM), wire-based as well as powder bed-based metallic additive manufacturing pro-
cesses are investigated. Therefore, the environmental assessment of the LPBF and the
WAAM processes provides an opportunity to conduct a reasoned comparison of dif-
ferent manufacturing technologies using the same material. Powders and wires can be
molten fully and then solifidicatite as new layer. Powders can also be bonded through a
binding agent or sintering processes. Sheets of metal are mostly cut into shape and then
the foregoing layer is applicated in a materially cohesive way. Another important aspect
is the way to transfer the energy needed to melt the material each layer, with lasers,
electron beams or electric arcs [4].

2.1 Laser Powder Bed Fusion Process

Combinations of these aspects yield the different available MAM processes. The com-
mon most industrially used MAM process is the Laser Powder Bed Fusion process or
short LPBF [5]. Here a recoater with rolls or sharp blades levels a powder bed. The
needed powder for each layer is stored and provided by a reservoir near the manufactur-
ing space. Layers reach a thickness between 20 – 100µmdepending on the requirements
[6]. The powder is melted with the help of a galvanometer scanner, which steers the used
laser beam in a pre-defined scan strategy over the powder bed. Wavelengths for the used
lasers aremost common in the 1060 – 1080 nm range and come in the form of single fibre
lasers operated in a continuous wave mode [7]. During the process inert gas is pumped
in the manufacturing area to shield the powder bed from oxidation and to remove small
debris flowing through the air.

Commercial LPBF machines can manufacture tiny complicated components with
high precision, but this takes a long time. In addition, the powder bed is not fully utilised
during the process and has to be removed, which is time-consuming and poses potential
risks for health and environment. If hollow spaces are present in the manufactured part,
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these could be filled with powder, which is unwanted. Left over powder can be reused
depending on the powder investigated by about 30% [8].

2.2 Wire Arc Additive Manufacturing Process

Another used MAM process is the Wire Arc Additive Manufacturing or short WAAM.
It is a direct energy deposition process, in which a metal wire is molten with the heat
from an electric arc. It relies on the conventional gas metal arc welding (GMAW), gas
tungsten arc welding (GTAW) or plasma arc welding automated with the help of robots
or Computerized Numerical Control (CNC) router tables. A welding torch is travelling
in a pre-planned path and deposits the material weld by weld and layer by layer. Gas
Metal-Wire and Arc Additive Manufacturing can achieve large deposition rates from
15 – 160 g/min, which makes it ideal to manufacture simple or large-scale parts in short
time periods [9].

The GM-WAAM process is easy to setup and basic equipment is cheap to buy in
comparison to industrial LPBF printers, but the correlation between the welds and the
movement can be complicated, since there is a little bit of randomness in the arcs form
which melts the material and the deposition is therefore not always uniform on the
surface. During the process, there could be accumulation of material on some areas of
the part. This changes the contact tube to work distance (CTWD), which is a crucial
parameter in WAAM to get the deposition of material and shape of the part right [10].
Every material that is weldable can be manufactured with WAAM. Some materials like
magnesium or titanium can be much safer to handle in wire form than in the form of
small pyrophoric particles as is the case in some LPBF powders [11].

3 Life Cycle Assessment According to ISO 14040ff

Following the literature research on sustainability assessments that have already been
carried out within the LPBF process as described by Wurst et al. (2022) [2], a large
number of LCAs have already been conducted since 2015 (cf. e.g. Peng et al. (2020)
[12]). Additionally, the focus in current publications, such as the case study presented
by Priarone et al. (2020), is on the sole consideration of the process chain of the WAAM
process, without any comparison to other additive or conventional manufacturing pro-
cesses [13]. Adapted from this and according to the ISO 14040ff. Series of standards,
the Life Cycle Assessment (LCA) is divided into the four phases of “Goal and Scope”,
“LifeCycle Inventory”, “LifeCycle ImpactAssessment” and “Interpretation ofResults”,
which are explained and applied in the following by means of the specific example of
the comparative case study [14, 15].

3.1 Goal and Scope

3.1.1 Reasoned Demonstrator Selection

In this case study, a demonstrator made of aluminium was adopted for both manu-
facturing processes as a hollow sphere on a platform (cf. Fig. 1). This demonstra-
tor was chosen because of its particular challenges for both used MAM techniques.
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The demonstrator should be relatively easy to manufacture with a commercially avail-
able alloy but nonetheless demonstrate the particular benefits of MAM and help to
compare LPBF to WAAM. In the pre-process stage, CAD model of the demonstrator
was created and then for the LPBF sliced and put into a Simulation to calculate the

Fig. 1 Model of
the hollow sphere
incl. required
support structures
for the LPBF
process

data needed for the LCA before the in-process within the man-
ufacturing phase. For the WAAM pre-process, the planned dimen-
sions were taken into consideration while programming a pre-
determined welding route into a six-axis industrial robot which
moves the welding torch. Firstly, there is the cubic section from
the substrate to the sphere, which increases the height of the print
job and therefore the total build time for LPBF, while WAAM has
the problem to manufacture it in a near net shape form. Secondly,
the connection between the cubic and the following sphere section
poses a challenge in binding both parts. For the sphere itself the
LPBF technique needs support structures to manufacture a hollow
part correctly, and the WAAM needs a tilting mechanism and a
rotating axis to weld the layers. Closing the sphere completely is
the last challenge, as here the LPBF part has still support struc-
tures and powder inside the sphere and theWAAM sphere becomes
problems to close the sphere when there is too much shielding gas
pressure. In the post-processing stage, the LPBF demonstrator has
to be cleaned and the WAAM demonstrator to be cooled down to room temperature
and was removed from the fixture on top of the six-axis robot. Further cleaning was not
necessary.

3.1.2 Manufacturing of the Demonstrator

Within the software for the LPBF process a detailed simulation of the manufacturing
process can predict information concerning e.g. the needed time and amount of mono-
material, and therefore for the following LCA. The outstanding data needed for the
LCA was calculated, based on manufacturing parameters and machine properties by
formulated phase- and processspecific functions.

For theWAAM process, the planned demonstrator had to be transferred from a CAD
model into a path planning for the six-axis robot holding the substrate plate. The width
of each weld and the height of each layer was taken into consideration and the welding
parameters were changed accordingly to get a near net shape geometry close to the CAD
model. The sphere was more difficult, since all the six-axes were needed to get a good
welding result and the path planning for the sphere was done with a changing radius as
base for the programmed algorithm. The welding torch is circling the predefined radii
with a varying angle of attack (45° to 125° from bottom to the top), in contrast to the
orthogonal angle of attack. Since the exact position and dimensions of each weld and
therefore layer is unknown, it is difficult to predict exactly where the robot needs to be for
the next layer, so a correction factor was empirically determined. To get even layers, the
start point of each weld was changed by 5° compared to the previous and for correcting
the CTWD in process two external switches for changing the distance by ±0,5 mm are
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made. Before closing the sphere completely, the manufacturing was stopped to be able
to examine the interior and not endanger the torch.

With the time spent manufacturing, the data needed for the LCAwas calculated from
the flow of shielding gas, voltage protocols of the welding machine and properties of
the six-axis robot, welding equipment and the cooling ventilators. The wire spool was
weighted before and after the building process as well as the substrate and the finished
demonstrator. For welding, a Fronius TransPuls Synergic 4000 CMT R was used in
CMT mode, the 1,2 mm wire was delivered via the accompanying VR 7000 CMT and
the process was controlled with the RCU 5000i remote. The demonstrator was moved
under the torch with a KR125/1 from KUKA Systems GmbH. The path planning was
done in the KUKA KRL language.

3.2 Life Cycle Inventory

According to the previously defined requirements for this case study, comparable “cradle-
to-gate” process chains are set up for bothmanufactured products to be able to quantify an
evaluation of the two products that is as holistic as possible. Depending on the associated
investigation of the process phases from resource extraction to the end of the production
phase, process steps of these phases are defined in each case and linked with each other
as transitions using Petri nets [16]. In Fig. 2, the phases considered in this context and
the process steps linked within them are listed for the WAAM and LPBF processes.

Fig. 2. Considered phases and process steps of the WAAM as well as LPBF method

Within the phases of the Life Cycle Inventory (LCI), process steps and therefore
related transitions are created within these identified phases [16]. Each transition con-
tains inputs and outputs, which are linked to connectors. The resulting network is sup-
plemented with both primary collected data from the production phase and secondary
supplemented data from the ecoinvent database. This secondary data relates, for exam-
ple, to resource provision, including cross-process aluminum extraction and wire or
powder production. Figure 2 shows a concrete listing of the transitions investigated, and
the primary data collected are indicated by a (p). In addition, a listing of these con-
crete primary data collected for both manufacturing processes is summarized in Table 1.
For increasing the generalizability of this model, the primary collected parameters are
linked to Umberto LCA + via LiveLinks through a data collection sheet, allowing a
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process-oriented as well as demonstrator-specific calculation of the life cycle inventory
data using functions integrated in the material flow network.

In this context, it is important to mention that the demonstrator to be manufactured
by means of the LPBF method exists only as a digital model. All primary data originate
from a simulation by the EOS software for specifying the efforts of the component
manufacturing by using the EOSINT M280. Furthermore, the high degree of necessary
support structures must be restricted through the fact that the required base is only
necessary for the LPBF process and that a high degree of primary powder could be
saved by manufacturing only the hollow sphere.

Table 1. Primary collected data

Scenario Phase Primary data Quantity

WAAM Data preparation (p) Duration of programming 100 h

Aluminium milling
(platform preparation)
(p)

Duration of the milling process 0,33 h

Mass of the substrate plate 0,269 kg

Amount of metallic waste 0,006 kg

Consumption quantity of lubricants 0,01 ml

Machine preparation
(p)

Time required for system preparation 1,075 h

Volume of propane gas (preheating of the
platform)

0,0167 l

In-process (p) Application rate 85.621 mm3/h

Cooling unit capacity 0,24 kW

Duration of material application 1,7 h

Mass of welding wire 0,393 kg

Material preservation 98,7%

Performance of the whole system 1,021 kW

Volume of inert gas (argon) 1.635 l

Volume of final product 135.010 mm3

Disassembly (p) Duration of disassembly 1,375 h

LPBF In-process (p) Amount of primary powder 6.693.750 mm3

Amount of secondary powder 2.868.750 mm3

Building rate 0,05 mm3/h

Duration of the material application 96,3875 h

Performance of the system (EOSINT
M280)

3,2 kW

Volume of inert gas (argon) 1.311,438 l

Volume of product including support
structures

439.450 mm3
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3.3 Life Cycle Impact Assessment

For comparing the two different manufacturing processes based on their environmental
impacts, digital models of the process chains are created in “Umberto LCA+” for both
the LPBF process and the WAAM process. For this study, Umberto LCA + version
10.0.3 and related data sets from the ecoinvent v3.7.1 database was used.

The two process chains were each divided into four life cycle sub-phases in order to
simplify the identification of hotspots in the context of the calculation and subsequent
analysis of the Life Cycle Impact Assessment (LCIA).

In each of these four phases, different transitions with inputs, outputs as well as
connection points are placed and linked to form a logical network according to the Petri
netmethod. Touse the individual connected transitions as a generalized system, functions
for product-, process- and material-specific inputs and outputs are formulated within
these transitions. Each of these functions can be influenced by parameters, which are
directly linked to the data collection sheets of the investigated production phase by using
LiveLinks, allowing a direct data exchange or recalculation of the function results within
the transitions [16]. In order to be able to present the results of the LCIA of both additive
manufacturing processes in comparison among one another, 18 impact categories were
calculated applying the “ReCiPe (H)”method throughout both calculations [17]. In Table
2, the ecological impact for the WAAM and the LPBF process is shown depending on
the examined phase in the product life cycle.

4 Interpretation

During the phaseoriented analysis of the LCIA results, hotspots can be identified in
the life cycle phases of the pre-process for the WAAM method as well as resource
provision and in-process for the LPBF method (cf. Table 2). These hotspots, though,
are not overarching for all calculated LCIA categories, but refer to individual impact
categories in each case. In this study, a hotspot is defined as a significant impact of an
LCIA category that exceeds the value of the compared process by at least double while
also indicating a significant impact in the overall LCIA-category comparison.

4.1 Hotspots WAAM

According this definition, for the demonstrator produced by the WAAM process, two
primary hotspots can be identifiedwithin the pre-process phase. Firstly, inside the “global
Warming Potential” (GWP100) and secondly, inside the “Fossil Depletion” (FDP) (cf.
Table 2). In relation to the calculated individual transitions or process steps, thesemaxima
can be analyzed to identify both influential transitions and specific material flows. For
the category of GWP100, the process steps of “aluminium milling” (0.62 kg CO2-Eq)
and “argon production” (0.72 kg CO2-Eq) have the 10% share of the highest impact
[16]. Within these process steps, it is also possible to formulate a statement regarding
the material flow with the highest impact. In the milling process, the machining of
aluminum alloys creates an impact of 0.48 kg CO2-Eq and thus accounts for 77.42% of
the total impact of this process step. In relation to the energy-intensive argon production,
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even 82.89% (0.63 kg CO2-Eq) of the total impact is caused by one material flow, in
this case “carbon dioxide, fossil”, which in turn can be explained by the high electricity
consumption required.

Table 2. LCIA-results of the investigated WAAM and the LPBF process

4.2 Hotspots LPBF

Within the analysis of the LPBF method, hotspots can also be identified within the
“cradle-to-gate” consideration (cf. Sect. 4.1). In contrast to the WAAM method, these
hotspots can be detected in the “resource provision” phase as well as in the “in-process”
phase (cf. Table 2, 11). For both of these phases, the LCIA category of “global warming
potential” constitutes a significant share of the total impact. In addition, a hotspot within
the category “human toxicity potential” can be identified in the context of the “in-
process” (cf. Table 2). The resource provision shows an increased impact of 5.3 kg CO2-
Eq in the process step of aluminum preparation out of scrap in the GWP100 category.
With a fourfold of this amount, the GWP100 value within the in-process is at 13.1 kg
CO2-Eq caused by the process step of energy provision. Both of these are caused by
the material flow “Carbon dioxide, fossil”, which forms 58.30% (3.09 kg CO2-Eq) in
the aluminum preparation and 93.05% (12.19 kg CO2-Eq) in the energy supply of the
respective total GWP100 value.

In addition, a further hotspot in theLCIAcategory “human toxicity potential” appears
in the resource provision phase, which can be explained by the process step “aluminum
alloy production”.
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During this process step, a significant amount of the HTPinf category is generated
by the copper required for the aluminum production. By using it as cathode within this
process step, this material flow generates an impact of 0.55 kg 1,4-DCB-Eq and thus a
share of 25%of the total impact of the aluminumalloy production (2.20 kg 1,4-DCB-Eq).

5 Conclusion and Outlook

In this paper, aspects of a case study comparing two metallic additive manufacturing
processes was presented. Based on the calculations of life cycle assessments according
the 14040 ff. Series of standards, it is possible to model material flows as a material flow
network along the investigated “cradle-to-gate” process of the demonstrators’ product
life cycle and summarize these flows in life cycle inventories. A subsequent calculation
of a life cycle impact assessment by the ReCiPe(H) method by using the Umberto LCA
+ software furthermore enables the identification of concrete hotspots along the entire
process chains.

These hotspots provide the basis for various conclusions:

• During the hotspot analysis an obvious one was the large amount of time and human
resources needed pre- and in-process. This factor could decrease in the future with
better automation technology and control technology to provide a closed loop CTWD
monitoring in-process [18].

• Excluding the resulting component quality, the calculated ecological impact of the
WAAM process for the investigated demonstrator is lower than for the LPBF pro-
cess. In addition, the costs, especially the high personnel costs within the pre-process
(WAAM), are not considered in the current evaluation as well. In order to be able to
make holistic statements regarding the sustainability of both processes in comparison,
further case studies must be carried out, data collected and calculations extended to
other dimensions [19].
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Abstract. The circular economy is a production and consumption model which
seeks to use materials and products for as long as possible, whilst keeping waste
to a minimum. This study aims to understand the characteristics of the emerging
Finnish circular economy marketplace. A network analysis was used on a sample
of 41 exemplary cases in Finland, taken from the circular economy business case
collection published by the Finnish Innovation Fund Sitra. The coding process
led to the identification of 79 nodes and 577 connections between them which
are depicted in this study as a network visualisation. Similarities were found
between organisation’s age and size, with large older organisations and established
small and medium sized organisations excelling in optimising product life cycles
and reducing overconsumption and new micro sized organisations thriving in
managing resource flow and retrieving and recycling materials to put back into the
system. Thus, organisations seeking to expand into or transform their operations
in line with the circular economy may find the optimal circular economy activity
dependent on their size, with large organisations shown to be thriving in repair
and redesign activities, small and medium sized organisations in rent and reuse
activities and micro sized organisations with retrieve and recycling activities.

Keywords: Circular economy · Business models · Network analysis · Finland

1 Introduction

The circular economy (CE) has been a feasible option to make businesses more sus-
tainable. The new economic model builds on multiple solutions based on using natural
resources as effectively as possible. However, for any business to start a CE type opera-
tion or to transform its processes into circular, it needs a viable market for its products
or services. Functioning CE markets, on the other hand, require at least moderately
widely distributed knowledge of available technologies, availability of new raw mate-
rials, change in consumers’ needs and practices, or regulatory frameworks that either
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encourage new investments or make reduction of waste mandatory. This can be sum-
marised by looking at some fundamental ways companies can use the opportunities
presented to them by the unsettling market components. Here we look at how different
CE practices connect with the CE business archetypes to create a necessary background
for an empirical assessment of the evolving CEmarket in Finland. Our example country,
Finland, has been ranked as one of the leading countries in circular business actions
along with France [1].

Although markets based on the principles of the CE have been in the making for a
long time, we still have relatively scant knowledge of what are the characteristics of such
markets. What fields of industry are most developed in the CE and what are the typical
products that comply with the CE requirements? How are the businesses organised and
to what concrete ways do they resort in order to engage in the CE? Essentially, this boils
down to various business models that utilise circular methods, such as recycling waste
materials or repairing worn parts and returning them into use. To answer these questions,
we will focus on a selection of 41 Finnish companies that are judged to be exemplary
operators in CE markets.

Themethodology used in this study is quite unique in the field of research that studies
evolving CEmarkets. We employ a network analysis to understand how the CE business
archetypes are adopted in forward-looking CE business cases. By identifying clusters
of company attributes, industry areas and CE practices, we can identify core business
models and reconstruct an evolving CE market structure.

2 How Do Companies Engage in the Circular Economy?

A number of business models have been demonstrated to help companies in their efforts
to become circular and it has become an established way to review these models as
archetypes [2, 3]. In this paper we rely on the nine archetypes reported by Haffmans
et al. (2018) and Bakker et al. (2020) because they cover the field comprehensively and
connect well to the strategic activities of a wide range of companies. These are the flow
management model, the reversed logistics model, the separation and sorting model, the
recycling model, the classic long-life model, the hybrid model, the gap exploiter model,
the access model, and the performance model [4, 5].

In looking at how exactly the companies adjust their activities to the requirements of
the CE, we are advised to break down the business models into their constitutive circular
parts, namely the well-known seven R’s, Redesign, Reduce, Reuse, Renew, Repair,
Recycle, and Retrieve [6]. The R’s entail the selection of basic circular business activities
or the manner of closing or extending the loop of the material flow of production.

It is not altogether clear if pay-per-use type of business or traditional rentals should
be included in the circular business practices alongside the seven R’s as renting is a very
old practice, indeed. However, renting, sharing and other types of temporary access to
a product or service against payment involve ways of reducing material consumption,
enhancing efficient use of products and encourage manufacturers to build longer lasting
products, which can then be reused in some form at the end of their life cycle [7, 8]; it is
also the fundamental principle of the access model of the circular business archetypes
[5]. These will have positive effects on ecological sustainability, which is at the heart of
CE (for a sceptical view, see Tukker 2004 [9]). Thus, we include Rent as the eighth R.
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How business models and CE practices support each other can be seen in Table 1.
These nine circular business archetypes, with their corresponding R’s, provide a sug-

gestive framework for businesses to implement CE principles. However, the boundaries
between these frameworks are fluid and there can be overlapping practices. As can be
seen in the table above, many of these circular business archetypes share similar circu-
lar practices. Further, it is useful to recognise the strategic difference between closing
the loop through retrieval and recycling and slowing it down for instance through an
extension of product lifespan [10].

Fundamentally, when it comes to designing for circularity there aremany key consid-
erations and practical issues, such as durability, standardisation and compatibility, ease
of maintenance and repair, adaptability and upgradability, and disassembly and reassem-
bly, as well as emotional properties, such as attachment and trust [5]. Answering all these
different requirements constitutes a functioning CE market, the value of which can be
communicated to the consumers to aid with their decision-making process. As Azad
et al. (2013) suggest, for a CE market to get established, there must be unity across the
whole process, from the conception of the market offerings and product design down to
the marketing and after-sales [11].

Although there exist several business models for companies to adopt CE practices,
empirical evidence tells that overall, only some of them seem to be in wider use. In
Europe, for example, Bassi and Dias (2019) found that only a minor portion of compa-
nies had resorted to any kind of CE business model. Often the reason for the slow or
limited adoption of CE seems to lie in the shortage of resources, but they also found
that there is sizable variation between countries [12]. Further evidence suggests that CE
businesses focus on a narrow selection of CEmethods. For example, in their world-wide
survey of different organisations, Barreiro-Gen and Lozano (2020) observed that most
organisations (including business organisations) relied on recycling and waste reduction
in their CE profiles and much less on repairing or remanufacturing [13]. A recent study
of 11,000 companies points at a similar pattern: waste reduction and process redesign
to minimise material use are prioritised by most companies [14]. However, there is also
evidence that points at a more positive development. According to a study by Garcés-
Ayerbe et al. (2019), we can identify a pattern of gradual expansion of CE practices on
a company level [15]. For example, a company may at first transform a small part of its
operation, say, water management, to become circular, and after that expand circular-
ity to include an individual product line before turning most or all operations circular.
Against this background, it would be interesting to take a closer look at a selection of
leading CE companies and how the CE market is developing. Before doing that, we
introduce our empirical material and methodology.

3 Data and Methodology

To recognise empirical applications of forward-looking business archetypes, we examine
a collection of 41 vanguard circular economy business cases collected and published by
the Finnish Innovation Fund Sitra [16]. Sitra is a public foundation established in 1967
and operates under the Finnish Parliament to promote the stable development of Finland.
Sitra has been actively promoting the CE for a long time and published the world’s first
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Table 1. Circular business archetypes and corresponding R’s

Circular business archetype Corresponding R’s

The Flow Management Model: Optimising and
reducing the reliance on energy and resources.
Technology can contribute here, sometimes
replacing flow systems into immaterial systems

Reduce (reducing materials and energy use in
the processes) and Redesign (of the systems
to utilise technology)

The Reversed Logistics Model: Product is
returned to the original sources. It can be used
in cases of repair, maintenance, return upon
failure and after the product is no longer
required

Reuse (product may be put back into the
system second-hand), Repair (repair of the
product), Recycle (recycled materials may be
used), Renew (full restoration of the product)
& Retrieve (products may be reclaim)

The Separation and Sorting Model: Collecting
waste to be seperated back into their raw
materials and sorted for further use

Recycle (materials are recycled after
separation and sorting) & Retrieve (materials
are separated and sorted which may have been
missed from other mainstream processes)

The Recycling Model: Organisation of the
right processes for recycling and retrieving
renewable materials from the flow system by
either purification or composting or into
biofuel, or a last option of thermal recycling or
burning

Recycle (materials are recycled which have
been contaminated and cannot go straight
back into the circulatory system without
purification first) & Retrieve (materials are
retrieved which have been contaminated)

The classic long-life model: Proposes that high
quality products are produced to ensure a long
lifespan, the high price point is the main
source of income, after-sales support is crucial
to the high-quality consumer perception,
service and repair are also integral

Reduce (longer lifespan)
& Repair (after sales support to ensure longer
lifespan)

The hybrid model: Revolves around the sales
of products and parts which only function
when used with a long-lasting product, both
products cannot function on their own

Repair (the part allows for the repair of the
long-lasting product) & Renew (the new part
may renew the product to its original
performance or aesthetic)

The gap exploiter model: Finds value gaps in
the existing system, here a third party between
the original provider and the user repairs, sells
second-hand or converts

Redesign (alterations to the original), Reuse
(second-hand), Repair (repair of the product),
Recycle (recycled materials may be used),
Renew (full restoration of the product) &
Retrieve (products may be reclaimed from
waste and rejuvenated)

The access model: Provides consumers access
to a product whilst retaining business
ownership

Rent (the products are rented to the
consumer), Reduce (once products are
returned, they can be rented to subsequent
users) & Reuse (platform businesses allowing
unwanted products to be sold or exchanged)

(continued)
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Table 1. (continued)

Circular business archetype Corresponding R’s

The performance model: The product is
retained by the service provider; users are only
interested in the service performance rather
than the products used

Reduce (products are not purchased by many
individuals but rather less are used by
businesses) & Reuse (one product used to
satisfy multiple customers)

national roadmap to CE in 2016. It was honoured as the leading public-sector CE actor
by the World Economic Forum in 2018. The list of the CE cases is intended to stimulate
Finnish companies to embrace the CE in a profitable way. It should be noted that the
selected companies do not represent all Finnish companies that have elements of CE in
their operations but are rather a selection of companies that are particularly interesting
in their take on CE and considered exemplary cases.

The 41 cases were encoded by two of the authors and reviewed by the other two to
cover key characteristics recognized in studies on CE. Disagreements in coding were
minimal and were resolved by reviewing the particular cases by all authors jointly and
then negotiated to achieve consensus.

In previous studies on companies’ involvement in the CE, typical variables have
included the company’s age, its size and the share of CE in its turnover. For example, in
their well-known study, Urbinati et al. (2017) found that older and larger companies were
usually among themost successful in implementingCE practices in their operation. They
also noted that very young companies without history in linear production could succeed
well [17]. These findings were corroborated by Bassi and Dias (2019) [12]. Looking at
other similar studies, the results seem somewhat mixed. It is not always clear that start-
ups or other micro companies would be spearheading in CE [14]. In fact, Garcés-Ayerbe
(2019) observed that midsized companies have the best chances in transforming their
operations according to CE requirements [15]. Based on these studies, it would seem
logical that old and established companies with large assets and investment capital were
in a better position to alter production to meet CE criteria and increase the share of CE in
the turnover. Likewise, newly founded businesses may jump directly into the emerging
CE market without the burden of having the other foot in the linear economy. In that
case, it follows that the share of CE in the turnover of these companies is naturally high.

To better understand how companies engage in CE practices, we need to focus on
these practices inmore detail. As this study is based on the idea ofCEbusiness archetypes
and their various use of the circularity R’s that describe the different ways businesses
can become circular, we naturally included the R’s (see table 1) in our list of variables.
As said, we added one more, namely ‘rent’ as the traditional seven seem to exclude
renting and other pay-per-use activities. In terms of the type of CE innovation on which
the companies’ business is focused, Katz-Gerro and Sintas (2018) found that at least
in the EU-28 countries most CE innovations are located in industrial manufacturing
and natural resource management. According to this study, the service sector is by far
the least active in using CE innovations [14]. Following their example, we used three
categories denoting the type of CE innovation: product, service, and process. In addition,
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we looked at the companies’ self-reported field of industry [18] and what the companies
produce as important factors in understanding the structure of CE-related business. The
variables are listed in Table 2 below.

Table 2. Variables and variable categories

Variables Variable Categories

Age Old = founded before 1994; Established (est) = founded between
1995 and 2010; New = founded after 2010

Size Micro (MSE) = turnover < 1 me or staff size ≤ 10; Small and
medium sized (SME) = turnover 1–50 me or staff size 10–250; Large
(LE) = turnover > 50 me or staff size > 250

CE Share of Turnover Low = 0–33%; Medium = 34–66%; High = 67–100%

Type of CE Activity Redesign; Reduce; Reuse; Renew; Repair; Recycle; Retrieve; Rent

Type of CE Innovation Product; Service; Process

Field of Industry Several codes based on information given by companies (e.g.,
plastics, retailing, textiles, transportation, waste and recycling)

Product or Service Several codes based on information given by companies (e.g.,
construction materials, biofuels, biogas, proteins, cardboard)

The encoding procedure led to 79 codes and 1,024 co-occurrences of codes, con-
tributing to a network with 79 nodes and 577 edges. We applied the Gephi network
software [19] to conduct data analysis and visualisation of the codes. Key analyses con-
cern calculation of connections (degrees) and clustering (modularity) of codes. The data
visualisation of the network relies on the ForceAtlas2 layout, which simulates a physical
system in which nodes push away from each other while edges draw them closer. It is
force-directed, and the placement of nodes depends on that of other nodes. ForceAt-
las2 can be described as a generic way to perform network visualisation as it draws on
features from other established network models [20].

4 Results

The network visualisation (Fig. 1) builds on the connections of the coded company cases.
As results are presented in the format of a network, they transcend categorizations and
connect coded characteristics across cases and collections of similar cases. For instance,
‘textiles’ is a central code and connects to ‘HighCE’ (7), which represents a high share of
circular economy in the observed product, ‘MSE’ (micro-sized enterprises, 5), ‘retrieve’
(5), ‘clothing’ (5) and ‘SME’ (small and medium-sized enterprises, 3). Accordingly, the
connecting characteristics of textiles show why it is meaningful to observe the CE case
collection as a connected network of characteristics rather than in a categorical way.

The sizes of the nodes represent how much the codes are connected to other codes.
For instance, the node ‘High CE’, which represents a high share of circularity of the
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Fig. 1. Coded circular economy networks

innovation in question, is large in size because it has many connections in its originating
purple cluster’s ‘product’ (16), ‘retrieve’ (14) and ‘new’ (new companies, 13), while
also connecting to the blue cluster’s ‘SME’ (17), ‘est’ (established companies, 10) and
‘service’ (10) aswell as the green cluster’s ‘old’ (old company, 8), LE (large enterprise, 5)
and ‘redesign’ (2). From this we can deduce that a high share of circularity takes place in
activities of new companies’ product innovations relating to retrieval of materials, while
established SME’s focus more on services with a high share of circularity and that old
and large enterprises’ activities in redesign achieve a high share of circularity.

Clusters according to the type of CE activity were identified with a modularity
algorithm [21, 22]. Connections between nodes within these clusters are denser than
with nodes in other clusters. This procedure led to the identification of three clusters
of the type of CE activity: 1) retrieval of materials, 2) services, and 3) mechanical
engineering.

The cluster on retrieval of materials is coloured in purple and focuses highly on
CE, connects to agriculture as well as waste and recycling, and involves micro sized
enterprises (MSE). The second service cluster (in blue) revolves around rentals, reuse,
clothing and established small and medium-sized companies (SME). The third cluster
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of mechanical engineering (in green) involves old and large enterprises (LE) with a low
or medium share of CE and focuses on redesign and repair mostly in machinery and
plastic production.

Referring to Table 1, which showed the nine circular business archetypes models
[4, 5], two observations stand out readily. First, when it comes to the four archetypes
concerning products that flow, ‘recycling’ and ‘retrieving’ are the most common types of
CE activity, which can be attributed to the speed of the flow (short product life cycles).
This can also explain why ‘rent’ is not present. With regards to the five archetypes
concerning products that last, ‘reduce’, ‘repair’ and ‘reuse’, are the most prevalent CE
activities, with ‘renew’ also featuring across two of the models. All eight R’s are present
for products that last.

The R’s in order of their prominence of the network analysis were: ‘retrieve’,
‘redesign’, ‘reuse’, ‘rent’, ‘recycle’, ‘repair’ and ‘reduce’. It is also worth noting that
‘renew’ was not present at all. The most used R, i.e., ‘retrieve’, links to the products-
that-flow archetypes, specifically the separation and sorting as well as the recycling
archetypes. That ‘redesign’ was secondmost prominent is unexpected considering that it
only relates to one products-that-flow archetype and to one products-that-last archetype.

The largest node cluster (in purple) bears a strong mark of the R’s ‘retrieve’ and
‘recycle’. The ‘recycle’ R is, not surprisingly, connected to ‘waste and recycling’. The
R’s of ‘retrieve’ and ‘recycle’ are the types of CE activity that belong to the separation
and sorting model as well as the recycling model. Both of these models are related to
products that flow and therefore the focus is on reducing the impact of product systems
that require a high and fast turnover of goods. Businesses such as this are represented
in the major node connections between ‘recycle’, ‘AI’, ‘product’, ‘waste and recycling’,
and ‘process’. A key example from the CE business case collection is Ecolanwhich takes
industrial side streams to create constructionmaterials and fertiliser. A different example
is ZenRobotics, an established software company that uses robotics to improve sorting
of waste in recycling facilities. These businesses concentrate on developing industrial
processes, possibly with the help of AI applications, to create products with a reduced
environmental impact.

The service cluster in the analysis (in blue) was centred on the access model, which
provides access to productswithout ownership. In connection to this, ‘rent’ cameupas the
fourth most prominent R in the analysis, which further establishes its place as the eighth
R in CE business. This cluster is also tied to the performance model which focuses on
service.Keyexamples from theCEbusiness case collection analysedhere areVaatepuu (a
clothing rental shop which also repairs and provides new sustainable products), 3StepIT
(provides laptop rentals which are then recycled upon their return), and Skipperi, a peer-
to-peer platform-based boat rental business. These example businesses are represented
in the major node connections between ‘rent’, ‘service’, ‘software’, ‘platform’, and
‘clothing’. Typically, the companies operate in platform business that mediate between
consumers and products or provide traditional renting services.

The third and final cluster, mechanical engineering (in green), is built around the R’s
of ‘redesign’ and ‘repair’. The strong mechanical engineering link is a connection to the
hybrid model, where the repair of component parts is used to keep larger high-quality
products workable. However, this also overlaps with the gap exploiter model as it is third
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party companies that are repairing the components rather than the original producer. A
prime example from the CE business case collection is Valtra which remanufactures
high quality gearboxes to its main product, tractors, whereas Konecranes has paid a lot
of attention to redesigning cranes so that they would be easily serviceable and could be
updated.

In summary, the type ofCEbusiness practice that has been emerging in these example
cases can be clustered according to the age and size of companies, as seen in Fig. 2.
These differing focuses form a complementary system between the organisations.

Fig. 2. The interplay between enterprise size and CE activities

5 Discussions and Conclusion

Companies have responded to the challenges of the circular economy (CE) in vary-
ing ways with circular business archetypes [4, 5] and the R’s describing CE activities
(Redesign, Reduce, Reuse, Renew, Repair, Recycle, and Retrieve [6] and this papers
addition of Rent) providing good foundations for reviewing how companies embrace
new ways of doing business. In our study, we have reviewed a sample of 41 CE business
cases in Finland and applied network analysis to distinguish and connect similarities
and differences across the cases. This methodology allows us to reach beyond categori-
sations of cases to networks of company characteristics, which we have clustered and
visualised with the Gephi software [19].

The company size and the type of CE activities they have chosen to adopt is repre-
sentative of the existing strengths of the business. Old large companies and established
small to medium sized companies are making strides in the CE business models related
to making durable products and the maximisation of product life cycle and use. Whereas
new micro-sized companies are finding opportunity in the flow cycle and the wealth of
resources which can be transformed and repurposed. Repurposed.

For large old companies that have established systems and are renowned for their
experience and quality market offerings, to focus on repair and redesign allows them
to draw upon the brand equity they have already obtained. Many of these established
companiesmay have already been operating under the classic long-lifemodel, producing
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high quality products to ensure a long lifespan. They have gained a strong reputation for
producing durable high-quality goods. In their line of business, service and support are
integral, making it a natural progression to focus on the repair and redesign as routes
to CE business practice. However, this area of CE activity is not limited to the original
providers of the products as this is also a prime area for the gap exploiter model with third
parties being able to work with the high-quality product and provide repair and redesign
services to ensure the duration of the product lifespan. Also, the hybrid model, where
a part is being produced for the original market offering, is highly relevant. Largely
this will be dependent upon if the original manufacturer provides this service and how
accessible it is to the consumer, whether through availability or cost.

Established small to medium sized enterprises that have developed a consumer base
and are structured around providing service elements, rent is the prime route to CE busi-
ness. Here these businesses typically have lean businessmodels which utilise technology
and the opportunities that platform services pose. Along with this comes the additional
option to have third parties (such as other users) to provide the market offering itself,
with the enterprise being simply a facilitator. This agile route to CE business follows both
the performance model and the access models, where the consumers are only interested
in the service rather than the product used, removing the need for individual ownership,
or providing a platform allowing reuse with the consumers buying and selling product
or service.

Newmicro-sized enterprisesfind awealth of opportunity in the retrieval and recycling
of material, working on pulling materials back into the system which would otherwise
have been discarded as waste. This innovative route to CE business corresponds with
the separation and sorting model as well as the recycling model and, therefore, working
in harmony with the bigger enterprises who are focused on maximising lifecycles and
finally returning any usable material into the system and completing the CE loop.

This interplay between organisation age and size represents a connectedness in the
Finnish CE marketplace. The differing strengths and dynamics of the organisations
depending on their size lends itself to certain circular business archetypes and by exten-
sion CE activities. Companies seeking to develop more circular business practice can
learn from this case and how their business structure may dictate which of the 8Rs are the
right choice for CE development or transition. This study also found that the flow man-
agement model and the reversed logistics model is lacking representation in the analysis
undertaken, which could imply that there are opportunities for business to develop in this
direction, particularly with large old organisations who could seek to transform some of
their traditional systems and processes towards the CE.

One potential limitation of this study is that it relied on organisations’ self-reporting
of their CE credentials, which could have resulted in overlooking some CE practices.
This study also explored exemplary Finnish CE business cases and further research could
seek to compare CE business cases internationally.
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Abstract. Sustainability is centred around the concept of finding an equilibrium
with regards to Earth’s ability to support life and the need for economic growth.
The circular economy complements this by seeking to provide a production and
consumption model which seeks to use resources for as long as possible with min-
imal waste. This paper aims to examine householder response towards recycling
campaigns using the shoving intervention strategy and subsequently the emotion
of shame. The case study methodology was used on a UK campaign using nega-
tively framed ‘waster’ stickers. Three secondary literature sources and twoprimary
interviews were used for the case study analysis. Two main reactions were found
because of the campaign – the feeling of being insulted and to shift the blame, with
the insult indicating a level of shame. Thus, the use of shoving as an intervention
strategy was found to lead to negative householder reaction, suggesting that other
strategies such as nudging may be more effective in positive recycling attitudes.

Keywords: Recycling · Shame · Reaction · Sustainability · Circular economy

1 Introduction

Sustainability as a concept is a consequence of recognition of human activity and its
subsequent impact on the environment, along with the existential risk that it creates for
future generations [1]. At the core of sustainability therefore the focus is on the state of
the Earth’s biophysical environment, with regard towards the use, damage, and depletion
of resources as they are not infinite. Ultimately, sustainability strives to find a steady
state, so that the planet can support life as well as economic growth [2]. Thus, with the
focus on sustaining life, of plants and animals as well as people, sustainability also has
ethical components, based onmoral claims regarding the responsibilities and obligations
of both individuals and organisations. This can be taken so far as to imply sustainability
is an ideology, consisting of a set of intertwined beliefs and values that determine how
collective life might be better organised [3].

The desire for more sustainable consumption and production has led to a drive
towards the circular economy. The circular economy is rapidly evolving, spurred on
by the challenges that we are facing in modern society, from climate change and envi-
ronmental devastation to social inequalities and global health concerns [4]. Circular
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economy activity avoids losses that premature wasting causes and generates a range of
new economic activities from the processes of recovery and reuse [5].

Thinking that waste is the problem of the government is common among individuals,
which has exacerbated the global waste crisis. However, the success of recycling efforts
is dependent on individuals’ attitudes towards waste and waste management options.
The best practice for recycling is to sort at the source, however this has proven difficult
to incentivise [6].

In this paper wewill look at a case fromPeterborough, theUK,where the city council
launched a recycling campaign trial whereby stickers were produced to be placed on
recycling bins depending on the contents by the collection team. We are interested in
the reaction to public shaming as a punitive measure. Although, there have been reports
of negative framing being the most effective in relation to shame appeals [7, 8], studies
focusing on sustainability report that a positive frame is more effective [9]; thus, in
a social marketing campaign promoting recycling both opposing findings are equally
likely to be encountered. We will ask whether a forced shove towards recycling can be
more useful than a nudge to increase consumer recycling intention and meet consumer
waste recycling targets.

2 Background

Sustainability is commended by an ever-growing collective ranging from individuals
to international organisations [3]. With awareness of environmental concerns growing,
individuals are attributing a higher value to environmentally friendly behaviours [7].
The UK government is also pushing towards an increased household recycling figure,
with the past target of 50% recycling of household waste by 2020. This 50% target was
not reached and has been reported at 44% [10]. In terms of UK household dry recycling
levels, the previous target of 50% is becoming less likely with the level of recycling
decreasing in 2020. This makes government and local authority recycling initiatives
crucial in the aim of shifting UK consumer waste and recycling habits.

Social marketing is used to encourage behaviours, such as recycling, which are bene-
ficial to society, even if they may not be useful for the individual [11]. It is largely recog-
nised that emotions play a critical role in sustainable consumption [12]. The emotion of
shame, a negative mood state, is the focus of this study [7].

With household recycling being a crucial element of the successful processing of
recyclable materials to enter back into the circular production system, there are many
ideas at council levels as to encouragement, with little knowledge of what emotions will
see the best return in terms of positive recycling attitudes. This paper seeks to contribute
to this knowledge by examining the outcome of using the emotion of shame to try and
improve household recycling rates.

Firstly, literature regarding the emotion of shame will be reviewed to better under-
stand the emotion which is central to this case, then knowledge regarding the use of
positive or negative message frames shall be explored, with the stickers in this case
providing a negative message frame, subsequently the value exchange matrix [13] shall
be reviewed as it explores how policy makers can encourage consumers. The method-
ology used in this study is a case study method and provides a multi-actor perspective
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of the event that occurred. This allows us to conclude by identifying phenomena which
occurred in this particular case.

3 Literature Review

This literature review begins by exploring the negative self-conscious emotion of shame,
which was used in the ‘waster’ sticker campaign case [14]. The effects of positive versus
negative message framing is then discussed. Finally, social intervention and French’s
(2011) value exchange matrix is reviewed.

3.1 Shame

In the study regarding shame in social marketing appeals by Brennan and Binney (2010),
the participants described shame as being the emotion that they experience, when others
who hold meaning to them are aware of any socially unacceptable behaviour they have
carried out. The closer the association the more deeply the participants reported they
would feel ashamed, as it would be going against that particular social group’s principles
[11]. It can also be argued that anticipated shame is the cause of pro-environmental
actions, as whilst guilt is a post action emotion, which produces a subsequent reaction
of trying to repair the perceived harm which was done; shame can occur both pre and
post action [12].

Many social marketing researchers have grouped shame and guilt together rather
than examining them as two separate emotions; whilst other notable studies have sep-
arated them have found distinct differences in their effectiveness when used in various
marketing scenarios [7, 11, 12]. Unlike guilt which implies a negative evaluation of a
specific behaviour, shame reflects a negative evaluation of one-self [15]. When people
experience shame, they feel they have done wrong and that they are ‘a bad person’,
and this can pose a threat to their moral self-image [16]. Thus, shame has the power to
devalue an individual’s sense of self. Therefore, shame is associated with avoidance and
inhibition in moral regulation literature [17].

When it comes to how the individual will deal with the shame they are experiencing,
they will behave in a way which allows them to cope with the emotion. Reactions can be
placed in two categories: withdrawing from the situation (avoidance) or participating in
a way which will remove the shame they feel e.g., blaming others. An important thing
to note here is that the chance of each of these responses occurring depends on whether
there is opportunity provided for the individual to change their actions and thus avoid
any additional damage to their self-concept [7, 18].

The reasoning behind why guilt and shame are often linked, or even used synony-
mously, in research is that to feel shame (of the post action type) the individual must
first feel guilt for what they have done, something which was also confirmed by the
participant responses in Brennan and Binney’s (2010) study [11]. The public awareness
of the individual’s guilt is what causes the shame; thus, the publicity of the actions is key
to social marketing campaigns seeking to elicit and use shame. Consequently, shame is
also linked to feelings of embarrassment and humiliation.
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It has also been reported in Brennan and Binney’s (2010) study that participants
generally considered the use of shame appeals in a negative way, claiming that they are
ineffective tomotivate them, withmany respondents reporting that they found the idea of
public shaming itself unacceptable. This was such as strongly felt sentiment that many
even reported that it should not be used even if it gained the desired results [11].

3.2 Positive Versus Negative Message Framing

Negatively framed communications can elicit anticipated shame. This anticipated shame
can motivate pro-environmental behaviours, as these actions enable the individual to
recover a positive self-perception. However, an individual’s personal level of environ-
mental concern is a mediating factor in the case of negative message framing, with
individuals who have a higher level of environmental concern being more likely to feel
anticipated shame [12].

Negative message frame has been found to be the more effective of the two opposing
frames [12]. These negative messages tend to be loss-framed implying that negative
repercussions will occur if the individual does not comply with the desired action [7].
If too many negative social marketing appeals are received by individuals, it has been
found that this can cause a saturation effect. As many social marketing campaigns lean
towards a negative frame when seeking voluntary compliance, this has led to consumers
filtering out these messages, particularly for individuals with a strong level of apathy to
the situation [11].

Positive social marketing appeals were found in the study by Brennan and Binney
(2010) to be more effective in motivating individuals towards compliance, especially
marketing campaigns which held a light-hearted note and contained and element of
humour. These campaigns provedmost effective at creating a ‘buzz’ amongst individuals
and spreading word-of-mouth [11]. These positive messages tend to also be gain-framed
implying positive outcomes if the individual complies with the desired behaviour [7].
Additionally in the context of sustainability messages positive emotions were more
effective in motivating people to sustainably consciousness than negative emotions [9].

The study by Baek and Yoon (2017) undertaken in the USA found that in the case of
appeals for water conservation, shame focused messages with loss-framing (negative)
were the most effective. In the third stage of their study the focus shifted from water
conservation to recycling, and it was found that themore effort invested by the individual
the negative frame had a stronger fit, but less so with lower effort expenditure [7]. The
study also supports the study by Duhachek et al. (2012) which also found that for shame
a loss-focus was preferable in the context of health messages [8].

3.3 Social Interventions

In the paper we draw upon French’s (2011) Value Exchange matrix. The value exchange
matrix states that social interventions – particularly those by governments/policy makers
are usually made up from a combination of ‘nudging’, which focusses around uncon-
sciously influencing human decision making with the intended outcome of promoting
voluntary behaviour change [19]. To more ostentatious interventions - referred to as
‘shoving’, ‘smacking’, and ‘hugging’- which involves direct messages, legally enforced
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punishments, and sometimes financial rewards [13]. Some contextual examples are as
follows:

• Hugging: Every time the household bin does not need collecting the householders
receive a payment into their account (positive, conscious decision)

• Nudging: Households bins are checked spontaneously, if they are all sorted correctly
the household receives a surprise rebate on their council tax when it is next due
(positive, un-conscious decision)

• Shoving: Rather than weekly household bins are changed to be collected bi-weekly
reducing the space the consumers can fill (disincentive, unconscious decision)

• Smacking:Aweight limit imposed on household bins alongside available bin volume,
householders fined for going over the weight limit (disincentive, conscious decision)

French’s (2011) value exchange matrix is useful as it encapsulates the notion that
social marketing is a multi-disciplinary field of study [13]. It also helps us highlight
that, consumers are not only influenced by the approaches taken by marketers, but by
the dynamic changes in the society they live [20]. Indeed, Lefebvre (2012) notes that
social marketing activities often relate to the challenges that a society is facing (e.g.,
economic turbulence and global warming) – with successful interventions often strongly
linked to the context for which interventions are applied [21]. As such, the findings of
the research will not only reflect on, and evaluate, the intervention strategies utilised by
Peterborough City Council, but also the context for which these intervention strategies
were undertaken within.

4 Methodology

In this paper we utilise a case study method, a common qualitative research method
used in social sciences. The case aims to increase knowledge and understanding by
describing the phenomenon, its various factors and its significance. It also interprets
change by interpreting the views of different actors and the meanings given to the case.
A case study is appropriate when the phenomenon is complex and possibly unstructured.
The data of the research is usually diverse data obtained in different ways. The case
study provides detailed, intensive information on an individual case and thus helps to
understand modern phenomena and answer complex, real-world questions [22, 23].

In this paper we are using a recycling campaign as a case. We will focus on the
public response to the campaign. As Peters et al. (2018) emphasise, householders are
key to returning recyclable materials back into the circular system, thus understanding
their attitudes towards this process is fundamental to successful recycling systems [6].
Our study consists of an analysis of three secondary sources who reported on the case,
along with extracts from two primary interviews which were conducted by the authors.

5 Case: ‘Waster’ and ‘Recycler’ Stickers

In 2018 Peterborough city council launched a 6 month, 7000 home, recycling campaign
trial under theWaste and Resources Action Programme (WRAP), whereby stickers were
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produced to be placed on recycling bins depending on the contents found on collection
day by the collection team. Red stickers were produced with a sad-face emoji and the
word ‘waster’ on for placement on general (non-recycling) waste bins which were found
to have recyclable waste inside. Green stickers were produced with a smiley-face emoji
and the word ‘recycler’ intended for bins which were found not to have recyclables
visible inside.

The reported plan was for the green ‘recycler’ stickers to be released a week prior to
the red ‘waster’ stickers, however in reality the red ‘waster’ stickers were the ones that
were released first. The public responded negatively to the trial, with many recipients
of the sticker reporting feeling insulted by what they saw as a derogatory action against
them [24]. The ‘waster’ recycling campaign caused such amongst residents that the
council was forced to publicly apologise. The graphic representation of the trial and the
subsequent reactions can be seen in Fig. 1.

2018 Peterborough launched a 6 
month recycling trial for 7000 homes: 

stickers

Household reaction:
Insult

Shift of blame

Local council:
Recognition of insult

Sift of blame 
Public apology

Campaigner: 
Recognition of insult

Defence of action
Public apology

Fig. 1. Recycling trial and reactions to the trial

The reaction to the trail can be categorised in the following way: Consumers com-
ments were mostly about expressing emotional reaction (Insult) and/or pointing out that
the city council is itself wasting (Shift of blame). This negative reaction from the public
was compounded further when it became apparent that the stickers themselves were not
recyclable [24]. With many consumers wishing to dispose of the unwanted stickers and
finding the irony in the fact that they could not place them in the recycling system.

Somekey socialmedia commentsmade by angeredmembers of the public are cited in
Jewell (2018) for the Daily Mail [24] and by the Newsroom (2018) for the Peterborough
Telegraph [25] and are collated as follows:

Comments showing recipient insult
“The stickers have upset a lot of people because the word waster is really insulting.

It was awful to come home and find the sticker on my bin.” [24]
“Waster is a derogatory word and I found it most insulting,” [25]
“It’s quite insulting considering we recycle as much as we are allowed to recycle.”

[25]
Comments showing shift of blame by recipients
“The irony of my binman wasting time to stick sticker calling me a waster today”

[24]
“Can we come armed with Stickers that say ‘waster’ if we feel your budget isn’t

efficient – like the sticker that has been put on my bin today” [24]
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“@WRAP_UK thanks for my ‘waster’ sticker plonked on my bin this morning! The
whole street has one. Is this sticker recyclable? As an avid recycler I’m miffed!” [24]

However, it was not just the public that took to social media to express their distaste
for the bin sticker recycling campaign, with many councillors also expressing their
disdain over the launch of the campaign trial.

Recognition of Insult
“I have had a number of comments from local people who were very unhappy with

this PR stunt.” – Ward councillor quote [25]
“Absolutely disgraceful. What kind of world are we living in where those in authority

feel justified in labelling residents ’wasters’. ’Name-calling, vilifying, humiliating, public
shaming: not the way for the council to meet its recycling targets. This is cack-handed &
wrong.” – Green councillor for the area [24]

The reaction of the local council was first to try to explain what had happened.
“Given that our residents are already pretty clued in when it comes to recycling I’d

like to see a more sophisticated plan that reaches those people who regularly contaminate
their green bins, rather than preaching to the converted with materials that are not
recyclable and add to the problem rather than solving it.” – Peterborough City Councillor
[25]

From the reactions we found similar type of categories as from consumers:
recognition of insult as named above and shift of blame.

Shift of blame
“WRAP fails to see the hypocrisy of using non-recyclable materials in its own

campaign to encourage recycling?… Perhaps after this exposure they will revisit this
national project and think more carefully about how to improve recycling through positive
encouragement and by practicing what they preach.” – Councillor [25]

With all the backlash in the media regarding the campaign trial, both WRAP – the
creators of the campaign and Peterborough country council who facilitated its roll out
made statements apologising to the public. Bhashah (2018) quotes Peterborough council
and WRAP both officially commenting on the case [26]:

“We apologise to residents for any offence the emoji bin sticker may have caused –
and we appreciate we should have communicated better with residents and local
councillors.” – Peterborough council cited by Badshah (2018) [26]

“It was intended that a green ‘recycle’ sticker with a happy face emoji would be
stuck on recycling bins, and the following week a red unhappy ‘waster’ emoji would be
stuck on residual waste bins as a reminder to recycle. Recycle Now has learnt that there
was an operational issue which meant that the stickers went out in the wrong order, and
that residents were delivered the red ‘waster’ sticker in the first instance. We understand
how this may cause confusion and offence for residents and apologise for this.” – WRAP
cited by Badshah (2018) [26].

With regards to the backlash from the stickers not being recyclable WRAP defended
this choice by explaining that the stickers needed to be able to withstand outdoor condi-
tions. Theywere subsequently cited as commenting that they recognise that the recipients
of the stickers may wish to remove them and recycle them.

The interviews conducted with both a contract manager for the council and a senior
waste manager help to explore this case further, from the perspective of individuals
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implementing the campaign trial. Firstly, an interviewwith the council contract manager
shows the strength of the backlash received from the trial of the red ‘waster’ stickers and
indicates shifting of the blame:

“One of the stickers was quite controversial, it was a red sticker with a sad face,
and it used the word “waster” on it, and we stuck it on the black bin and that kicked off,
people hated that. So, they didn’t like that judgement.

They didn’t like…being called a waster because they used their waste bin maybe more
than their recycling bin. So that definitely didn’t work, and I think that was around social
norming, and trying to sort of push people to think that if you don’t recycle properly, it’s
a real anti-social thing…but it just did not work. It just did not go down well at all. We
got so many complaints…

It appears when people… when it comes to their refuse and recycling collections
and things, they can take it quite personally. And that approach did not go down well…

But WRAP wanted to work with us to see, they wanted to try lots of different methods
to see what would work, and that definitely didn’t seem to nudge people to want to do
the right thing. Lots of people just took offence to it. – Interviewee 1 (Contract Manager)

Secondly, an interview with a senior waste manager who was actively involved in
the act of placing the stickers on the waste bins took the opportunity to express that they
were not convinced that undertaking the task was a good idea from the outset, which
was subsequently validated with the direct feedback they received from the public:

“We were not asked about this…the wasters, that kind of language. If we were asked
then perhaps, we could have come up with a different approach, but we were told… That
shows our position…We didn’t even know anything about this until the last minute and
from that moment we told…right, we’re going to have some feedback from the residents
obviously, and as we expected some of the residents were not happy at all. Surely if
that was me, somebody put a sticker on my bin saying ‘waster’ well I wouldn’t like
that, but we were only doing the job as we were instructed at the time. So that shows
our position. Again, if that’s what the council wants to do, that’s what you will do as a
contractor.” – Interviewee 2 (Senior Waste Manager)

It is also important to recognise that when this trial campaign was extended to other
areas inside the county that the stickers were switched to more traditional signage of a
green sticker with a recycling heart and a red sticker with a garbage truck symbol.

6 Discussion and Findings

The findings consistently highlight that not all stakeholders were engaged in the forma-
tion of the communications, therefore raising the need for all stakeholders in recycling
communications to be engaged in campaign creation, as was the finding of Rakib et al.
(2022)when they concluded from their study on sustainable communication that engage-
ment from all stakeholders is proven to be essential to corporate success [9]. Key points
made in the case, particularly with regards to the primary data collected from the senior
waste manager and contract manager, relate to the fact that they were not consulted as
to how appropriate and effective they thought the campaign would be.

The case also shows that the householders felt insulted, and this strongly implies
that the emotion of shame was evident. As shame is experienced when others close
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to the individual become aware of socially unacceptable behaviour they have carried
out [11], the highly visible ‘waster’ stickers highlighted the undesirable action of the
householder to their neighbours and by extension community. This negative reaction
to a negatively framed message is in contradiction to the findings of Baek and Yoon
(2017) and Duhachek et al. (2012), who both found that negatively framed shame-based
messages weremost effective [7, 8]. It does however support Brennan and Binney (2010)
who suggest that positively framed messages can be more effective due to the buzz they
cause [11].

As the ‘waster’ stickers were unexpected, this meant that the householders had one
of the two reactions taken from them (avoidance) which would have been a pre-action
shame reaction [18]. Likewise, although anticipated shame has been found to motivate
pro-environmental behaviours this was not possible with the stickers being placed on the
waste-bins without warning [12]. This left them with the reaction of blaming of others
[18].

Considering that the only stickers which were released were the ‘waster’ negatively
framed stickers and the ‘recycler’ positively framed stickers were not launched, this
meant that the only intervention strategy used in this case was that of shoving. The
‘waster’ stickers can be categorised as a shove intervention as using French’s (2011)
value exchange matrix, it is a punishment, and it was for a passive unconscious decision
as the householder was not aware that it would happen when making their waste sorting
choices. If the ‘recycler’ stickers had also been launched this would have acted as the
opposite intervention strategy – nudging. Additionally had the campaign continued to
run and the stickers were repeated after some time had passed, then as the householders
would have been aware that the judgement was coming, this would have transformed
into a hug (recycler) and smack (waster) as the waste sorting actions of the householder
would have been active and conscious [13]. Which would have created a balanced social
intervention campaign.

7 Conclusion

In conclusion the strong negative reaction of householders to the shoving social inter-
vention ‘waster’ stickers highlights the strong level of shame which can be elicited in
individuals when it comes to making socially unacceptable behaviours highly visible
to the community around them [11]. The lack of anticipation also limited the potential
for positive response, with previous studies having found that anticipated shame can
motivate pro-social behaviour, suggesting that if such a campaign was to be carried out
in the future, the householders may respond more beneficially if they are aware of the
potential punishment or reward [12]. The lack of information regarding the campaign
may have meant that given the two reactions available – avoidance or blaming of oth-
ers – householders chose blaming, which might have been exacerbated as they were not
aware that they could correct their behaviours and receive the reward in the future [18].
As sustainability is based on a set of interdependent social moral obligations, the use
of shame, which is a social judgement-based emotion, could explain why individuals in
this case felt so strongly insulted [3, 11].

A limitation of this study was that only the social intervention of shoving from the
value exchange matrix could be observed. This paper closes with a call for the field to
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continue this trajectory by examining the remaining social interventions from French’s
(2011) value exchange matrix in respect to the sorting of waste in households, as the
importance of proper waste management at this source is vital to the proper reclamation
of materials into the circular economy system [6, 13].

Implications for the design and manufacturing community would be firstly, that
materials used as a platform for encouraging recycling and more sustainable practices
need to fully reflect this message, as one of the unsuccessful aspects of this case was to
use stickers that could not be recycled, causing a misalignment with the principle being
portrayed. Secondly, this case has highlighted that individuals can find their recycling,
waste and consumption habits to be a very sensitive and personal issue, thus communi-
cations with them should be approached sympathetically. Consequently, messages using
a positive frame may be more appropriate as they encourage the individual to improve
their behaviour, rather than to highlight unfavourable actions which may cause negative
feeling and reactions. Lastly, it is important that the consumer is an integral part of
circular economy systems, from design to collection of waste resources, so that it is an
intuitive process for all involved.
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Abstract. In the literature, sustainability in customer-supplier relationships from
the perspective of manufacturing companies has not been extensively studied,
although there is pressure both within and outside of the companies. This paper
studies howmanufacturing companies view sustainability in their business and the
sustainability-related challenges in customer-supplier relationships. We explore
the theme by presenting findings from 12 recent interviews with five manufactur-
ing companies. The interviewees saw sustainability as containing a future-oriented
perspective of sustainable operations and a practical point of view. Sustainability-
related challenges in customer-supplier relationships were mentioned as turn-
ing sustainability into customer value and financial profit, identifying customers’
sustainability needs, managing data related to sustainability, and managing sus-
tainability through the value chain. The paper presents practical perspectives on
sustainability in manufacturing companies and a framework for identifying cus-
tomer needs related to sustainability. Managerial and theoretical implications con-
sist of clarifying scattered viewpoints about sustainability in customer-supplier
relationships in the manufacturing industry.

Keywords: Sustainability ·Manufacturing companies · Customer-supplier
relationships

1 Introduction

The manufacturing industry has an important role in reducing resource use, waste, and
emissions (see IPCC, 2014). Manufacturing and construction are responsible for a fifth
of global total greenhouse gas emissions (World Bank, 2017). A drastic change toward
sustainability is needed, as pointed out by the research community, industry, and gov-
erning bodies and politicians. EU-based industries are aiming for a low-carbon economy
in line with the EU’s climate neutral by 2050 and Fit for 55 targets (European Com-
mission, 2021). Companies can approach low-carbon targets by incremental reductions
in greenhouse gas (GHG) emissions, utilizing clean energy, energy efficiency, and new
processes and technologies. For manufacturing, new processes and technologies include
electrification (green electricity and storage), green hydrogen, and CO2 capture and
storage.
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The EU’s Twin Transition aims at utilizing digital technologies and adopting a circu-
lar economy model for an environmentally friendly and low-carbon economy. With the
emergence of the twin transition, the manufacturing industry is investing heavily in new
IT and green technologies such as electrification, batteries, and renewables production.
However, digitalization and green technologies consume vast amounts of raw materials,
several of which are considered critical (Bobba et al., 2020; Eerola et al., 2021). Further-
more, the IT sector has a considerable energy and environmental footprint (Eerola et al.,
2021). In a broader sense, manufacturing companies are dependent on the availability of
different raw materials, processed intermediaries, components, and end products, often
excavated, processed, and manufactured outside the EU (ibid.).

The lack of a comprehensive definition of sustainability has been a fundamental chal-
lenge in moving the field forward (Tricco et al., 2016). Moore et al. (2017) concluded the
following in their extensive literature search on sustainability definitions: ‘A comprehen-
sive definition of sustainability that includes five constructs: (1) after a defined period,
(2) the program, clinical intervention, and/or implementation strategies continue to be
delivered, and/or (3) individual behaviour change (i.e., clinician, patient) is maintained;
(4) the program and individual behaviour change may evolve or adapt while (5) contin-
uing to produce benefits for individuals/systems.’ Sustainability-related actions aim to
renew or improve products, services, and technological or organizational processes that
deliver an improved economic, environmental, and social performance, both in the short
and long term, and can generate positive sustainability impacts (Bos-Brouwers, 2010).

Sustainability has been studied from several perspectives in themanufacturing indus-
try, e.g. drivers (see Aboelmaged, 2018) and barriers (see Orji, 2019; Koho et al., 2015),
business potential (see Valkokari et al., 2014) relationships between lean manufactur-
ing, industry 4.0, and sustainability (see Varela et al., 2019; Ejsmont et al., 2020), the
lean energy-saving and emission-reduction strategy (see Cai et al., 2019), sustainability
of manufacturing processes (Jamwal et al., 2021), and the role of intellectual property
(Eppinger et al., 2021).

The circular economy has been identified as a cornerstone of sustainability transition,
but the relationship between the circular economy and sustainability in manufacturing
companies is vague. The circular economy can be used as a route to progress toward sus-
tainable development (Shroeder et al., 2019). The Ellen MacArthur Foundation (2015)
defines a circular economy as ‘an industrial economy that is restorative by intention and
design’. Bjørnbet et al. (2021) concluded that the research on the circular economy in
manufacturing companies has moved from purely conceptual work to empirical studies
and from research to implementation tools. However, in empirical studies, the impact
of sustainability is mainly addressed through the environmental dimension with narrow
approaches (ibid.). The authors suggested that more empirical research is still needed to
create the big picture of sustainability in manufacturing companies (ibid.).

Sustainability in customer-supplier relationships is not widely studied in the manu-
facturing industry. There is a need for long-term business planning and new frameworks
and models to answer customer needs for sustainability and not only from the circular
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economy perspective. This study is about sustainability-related challenges in customer-
supplier relationships in the manufacturing industry. The paper presents practical find-
ings from interviews and a framework to recognize sustainability-related customer needs
in the manufacturing industry.

2 Literature Review

2.1 Customer-Supplier Relationships in the Manufacturing Industry

In the early 21st century, companies started to search for new forms of external coop-
eration and opened their innovation processes in both directions in the value chain –
upstream toward suppliers and downstream toward customers (Paasi et al., 2012).
Customer-supplier management practices have been divergent. For example, customers
may have an ‘adversarial’ attitude towards their suppliers – valuing primarily the short-
term price of supplier’s wares and howmuch risk they are willing to take associated with
variations in supply and demand. This is very different from symbiotic arrangements
where customers also share knowledge with suppliers, help in solving problems, and
innovate together (ibid.). Both attitudes still exist. However, digitalization, e.g. Inter-
net of Things (IoT) applications, social media, and e-commerce, has brought customers
into closer collaboration with their suppliers. Nowadays, customer experience, cus-
tomer journey, customer orientation, customer value, seller-buyer interactions, and cus-
tomer engagement are being highlighted, and customer-supplier relationships are more
important (see Alhonen et al., 2018; Hakanen et al., 2014; Becker and Jaakkola, 2020).

Sustainability actions must respond to the needs of the present moment with a com-
mitment to future capacity and a compromise between increasing economic gains while
minimizing social and environmental consequences (Helleno et al., 2017). Organiza-
tional changemanagement for sustainability iswidely discussed and essential. Therefore,
motivated industrial companies are considering the environmental, social, and economic
impacts of their operations as well as changing their activities (Orji, 2019). Companies
may struggle to implement effective organizational change management practices and
reach sustainability goals. It is important to recognize the barriers and drivers of sustain-
able performance that have the highest influence on a company to foster change towards
sustainability (Lozano and Haartman, 2018).

Within the manufacturing industries, customers are setting several sustainability
requirements for their suppliers. Manufacturing companies must offer a higher return
on investment, and, at the same time, environmental impacts must be reduced (Machado
et al., 2020). Depending on the size of the customer, the requirements and sustainability
goals differ. The literature suggests that large firms often focus on activities related to
maximizing material efficiency, creating value from waste, and moving to renewable
energy, which are all linked to cost savings (Hernández-Chea et al., 2021). In addition,
sustainability is highly related to operations – for example, employee wellness, ensur-
ing working conditions, responsible purchasing, etc. Customers may outsource many
operations to their suppliers. Then suppliers provide not only raw materials and fin-
ished products but also transportation, energy, packaging, design, and recycling services
(Valkokari et al., 2014). Sustainability can be part of everything firms do. Large firms,
especially those listed on the stock exchanges, have clear sustainability goals and are
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required to report their sustainability programs and activities. Therefore, large firms
typically use different auditing methods for their supplier. Auditing methods can have
different targets, depending on the focus of auditing. One example is SMETA (Sedex
Members Ethical Trade Audit), which is the most widely used social audit in the world.
SMETA is a social audit methodology that enables businesses to assess their sites and
suppliers to understand theworking conditions in their supply chain. Social audits enable
businesses to assess their suppliers, monitor the health and safety of workers, and signal
zero tolerance for human rights abuses such as child and forced labour. Once an audit
is complete, the buyer and supplier businesses can work together to address any issues,
based on a Corrective Action Plan (CAPR).

2.2 Understanding Sustainability and Value Creation in Manufacturing
Companies

The main goal of sustainability is to meet current needs without compromising the
ecological systems, social justice, and welfare of future generations (Brundtland, 1987;
Jorna et al., 2009). For manufacturing companies, this implies that they must take into
account not just economic goals, but alsomeet environmental and social goals in carrying
out businesswhile recognising that economic, environmental, and social impacts occur at
all life cycle stages in their value network (Rantala et al., 2022). Additionally, sustainable
manufacturing focuses on the efficient and effective use of natural resources by creating
products and solutions that can satisfy economic, environmental, and social objectives
while continuing to improve the quality of human life (Garetti and Taisch, 2012; Uusitalo
et al., 2017). In manufacturing practice, sustainability has implied a focus onminimising
the environmental impacts of production, following social norms, promotingwell-being,
and creating business benefits (Schiederig et al., 2012; Buys et al., 2014).

In manufacturing, value is generated through activities and interactions between
suppliers, manufacturers, customers, and other stakeholders. Sustainable value creation
requires the integration of the three dimensions of sustainability – social, environmental,
and economic – in a manner that balances value creation for all stakeholders, including
the environment and society at all levels and through all activities of the business (Bocken
et al., 2015; Badurdeen and Jawahir, 2017).

The manufacturing industry has a considerable environmental, social, and economic
impact, and the transition to a sustainable operating model is of utmost importance to
save ecological systems and ensure social justice and the welfare of future generations.
However, measuring the comprehensive sustainability impact of companies and their
value network is challenging and resource-consuming, and few reliable frameworks
exist to support this task (e.g., Pande and Adil, 2022). The sustainability actions of most
companies focus on certain limited indicators or trying to understand and comply with
current and future legislation or pressing customer demands (Rantala et al., 2022).

2.3 Challenges and Value Creation of Sustainability-Related Actions

Stakeholders expect companies to develop and take sustainability-related actions to
achieve their economic, environmental, and social goals. Challenges and barriers to
sustainability-related actions can be categorized into environmental, economic, social,
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institutional, technological, informational, supply chain, and organizational factors (Tura
et al., 2019).Koho et al. (2015) studied challenges and the general situation of sustainabil-
ity in the manufacturing industry and concluded that the objectives of sustainable devel-
opment are not fully realized and the integration of sustainability and decision-making
needs to be increased. Theymentioned that lack ofmetrics, implications, demand, under-
standing, and awareness are the key challenges for manufacturing companies to proceed
with sustainability-related actions (Koho et al., 2015). According to a literature review
by Lood and Säfsten (2022), the most frequently mentioned barriers to sustainable man-
ufacturing in SMEs include lack of access to external technical knowledge to adopt sus-
tainable manufacturing practices, low skilled labour, lack of awareness of the benefits
derived from sustainable manufacturing practices, lack of financial resources, managers’
misunderstandings and pessimistic preconceptions, lack of time for planning, execution
and review of sustainable manufacturing practices, little knowledge on sustainability
in SMEs, difficulties accessing financial capital, resistance to change, lack of effective
legislation and/or weak regulatory environment, high investment costs, and low returns
of environmental technologies.

Identified barriers to sustainable manufacturing are largely in line with barriers to a
circular economy in manufacturing. Barriers to a circular economy include costs (e.g.
high investment or scrap material costs), measuring long-term benefits of investment,
customer response and long-term demand, lack of incentives (e.g. in the form of financial
support or taxes), complex and overlapping regulation, lack of appropriate partners and
resources, conflict with existing business culture and lack of management support, lack
of public awareness, technical skills and knowledge, and available systems or technology
(Tura et al., 2019; Kumar et al., 2019).

3 Methodology

The case studywas chosen as themethod for this study because of its suitability for situa-
tions that include complex and multiple variables and processes (Yin, 2014). Qualitative
data consists of 12 semi-structured interviews in 5 different companies in the machine-
building and electronics manufacturing industry (Table 1). There were 2–4 interviews
with each company to better understand the business of the case companies. The intervie-
wees represented different positions in the company, preferably in management, sales,
and R&D.

The case companies are operating in b-to-b markets. Some of them also operate
in b-to-c markets, but the focus of this research is on their b-to-b relationships. The
interviews were made from September to November 2021. They were recorded and
comprehensive notes were taken. The duration of a typical interview was 1 to 1.5 h, and
each involved 1–3 interviewers. Because the study is partly explorative and themeanings
of concepts (e.g. sustainability) needed to be negotiated with the interviewees, semi-
structured theme interviews were chosen as the main source of empirical material. The
interviews went beyond sustainability and customer-supplier relationships to understand
their business. The results have been elaborated in several discussions with researchers
and in a workshop for analysing the research results with the company and researcher
representatives in January 2022.
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Table 1. Interviewed companies, their main products and services, number of interviewees, and
interview dates.

Company Main products
and services

No of the interviewees and their
roles

Interview date

A Forestry machinery 2 (Director R&D, sales,
marketing)

September 2021

B Machine equipment 2 (Director service dev., R&D,
data analyst)

September 2021

C Packaging machinery 3 (Management plant, service
dev., R&D)

October 2021

D Glass treatment
machinery

4 (Management business unit,
R&D, software, product
management)

October 2021

E Sheet metal processing
machinery

1 (Management, R&D,
software)

November 2021

3.1 Research Question

The study aims to create an understanding of the main sustainability-related challenges
in customer-supplier relationships in the manufacturing industry. Thus, we pose two
research questions:

1. How do manufacturing companies understand the term ‘sustainability’ in their
business?

2. What are the main sustainability-related challenges in customer-supplier relation-
ships in the manufacturing industry?

In this paper, manufacturing refers to companies manufacturing machinery for
business-to-business customers.

4 Results

4.1 The Definitions of Sustainability in Manufacturing Companies

Sustainability as a term is seen to be very difficult to describe, and it has several different
meanings for the interviewees. For example, it was seen as accelerating products and
processes through data and improving communications. The interviewees considered
‘sustainability’ a challenging term. The interviewees looked at ‘sustainability’ from a
future-oriented perspective of sustainable operations or a practical point of view. Exam-
ples of future-oriented sustainable operations that were mentioned by the interviewees
focused on the big picture, long-term planning, persevering operations, clear goals, and
brand image. Customer care, long life cycles, the durability of machines and products,
safety issues, warranty matters, and well-being were examples from a practical point of
view.
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Below, there are examples of both future-oriented and practical perspectives of
sustainability according to the interviewees:

“Long-term sustainability of operations, building our and customer’s business on
long-term goals as well as right-minded actions in practice.”

“Doing what’s promised to customers, warranty matters, goodwill operations,
treating staff according to all the rules of art.”

4.2 Sustainability and Value Creation

According to the interviewees, actors driving the sustainability agenda in the manu-
facturing industry are mainly customers or customers of large customer companies in
the industry. Large companies may be the driver, but contractors are not happy about
increasing cost levels. For example, decreasing CO2 emissions will cost.

Our results show that turning sustainability into customer value is a challenge in
the manufacturing industry. Forefront customers understand better technological devel-
opment, data utilization, and the meaning of sustainability. However, the situation varies
greatly.Many companies are still at a stagewhere they are trying to understand themean-
ing of sustainability for themselves in general. The interviewees identified the potential
for value creation, for example, in speeding up the customer’s decision process, decreas-
ing life cycle costs, and offering data-based services. Sustainability was seen to have a
great indirect effect on business. An interviewee described the benefits of sustainability
for business as follows:

‘Sustainability benefits reputation, improved reputation benefits business.’
When we asked about converting sustainability solutions into financial profit,

the interviewees mentioned typical qualitative values. Seeing a slightly bigger picture
than a machine perspective was considered important. Long-term operations, long-term
customer relationships, and life cycle management were potential ways to convert sus-
tainability into financial profit. An interviewee clarified that mutual benefits of product
lifecycle management are very important, as there are economic benefits not only for the
buyer but also for the seller. From the sales perspective, sales arguments might be seen as
technical. This has a large effect on transferring sustainability into monetary value. The
interviewees mentioned that it should be possible to concretize measurements through-
out the supply and value chain and have a jointly agreed course of action. An interviewee
gave an example of how challenging it is to create value from sustainability, as follows:

‘It doesn’t matter to our business yet, even though all our customers write in capital
letters about their environmental policy and so on. When we’re out there trading, it’s
going to mean zero. It’s like roughly saying that it’s the price that counts when you talk
about something like this... If we present our life cycle there with small life cycles or
sensible lifecycle costs or other things like this, then they don’t listen to them.’

4.3 Sustainability-Related Challenges in Customer-Supplier Relationships

Basedonour results,data are a crucial part of sustainability, as they enable sustainability-
related actions, measuring, and verifying sustainability. Many challenges of sustainabil-
ity in customer-supplier relationships are on some level related to data and according to
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our study, those can be categorized into three categories – process, business, and change
management-related challenges. There can be process-related challenges, for example,
data acquisition, quality, and security issues. Business-related challenges include chal-
lenges to identify customer needs and best collaboration partners, communication and
sales-related challenges, and earning logic-related challenges. When communicating to
customers the value of data that improves sustainability, it is important to focus on the
right thing and have a clear message for each customer. The interviewees mentioned
that customers are traditional in their industry, and it is challenging to highlight the right
value to each person in the customer organization. The customer value must be nego-
tiated at different levels of the customer organization. Change management challenges
are related to acceptance issues, high expectations, and communication in the supply
chain.

Sustainability perspectives in the value chain are essential for manufacturing
companies. Production, operations, and after-sales depend on several actors in the man-
ufacturing value chain. There are many different suppliers, service providers, and other
actors in the ecosystemwhose opinions and behaviour also affect the overall sustainabil-
ity realization.However, agreed procedures orways to collaborate from the sustainability
perspective are usually missing. The challenges of customer-supplier relationships from
the sustainability perspective were described as follows by an interviewee:

‘Long-term supplier relationships, there should be written instructions for suppliers
in the future.’

Another challengewas the negotiation position of smaller companies. Smaller com-
paniesmay not have the power to influence sustainability aspects. The intervieweesmen-
tioned the difficulty in identifying customerneeds. For example, customers requestmea-
sures to protect the environment, minimize environmental impact, and improve energy
efficiency. Additionally, a regular procedure is to ask about liability issues, conformity
to the law, no use of child labour, safety, and health issues. An interviewee clarified the
situation as follows:

‘Customers ask about safety, environment, quality issues. For example, have you
committed an environmental crime for which you have been convicted?’

Based on our research results, customer needs related to sustainability are valuable
to identify already in the early phases of the company’s path toward sustainability. This
could be done through a straightforward table, where the customer segments and their
characteristics, sustainability needs, auditing requirements, required skills and resources,
and responsible person are identified (Table 2).
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Table 2. Example of a tool for identifying customer needs related to sustainability in the
manufacturing industry.

Customer
segment

Sustainability needs Auditing
requirements

Required skills and
resources

Responsible
person

Segment A CO2 emission limits
and special
requirements for the
supply chain

SMETA SMETA auditing
content
understanding and
resources

Person N.N

5 Discussion and Conclusions

The COVID-19 pandemic and Russia’s invasion of Ukraine are creating short-term
disruptions and provoking long-term changes in how the world lives and does business.
At the same time, companies need to cope with sustainability-related aspects in a very
volatile business environment. Increasing awareness of life cycle impacts of human
activity on nature, climate change adaptation and mitigation, biodiversity loss, social
impacts of production and energy and raw materials availability are just some examples
of perspectives that manufacturing companies must consider in their actions.

According to our findings, the manufacturing companies’ operating environment
may not be ready to accept new kinds of operating models with a sustainability focus.
The situation hasn’t changed so much since Koho et al.’s study in 2015, and our findings
are in accordance with the authors. There is, for example, a lack of metrics, demand,
understanding, and high costs still based on our findings (Koho et al., 2015; Tura et al.,
2019; Kumar et al., 2019). In addition, there is a need for informing thewhole value chain
(internally, delivery chain, sales partners, private dealers, and customers) when changing
the operating mode towards sustainability. When the company focuses on improving its
sustainability, it might not be that easy. As one interviewee mentioned:

‘The idea is very easy, but practical implementation more difficult.’
The results show that challenges of sustainability in customer-supplier relationships

can be related to thewhole value chain, although the actual purchase is done between two
companies. Sustainability is such amultifaceted concept that it relates to several different
aspects, e.g. raw materials, components, value chain, customer-supplier relationship,
subcontractors, and life cycle.

There are many methods and frameworks available for sustainability assessment and
reporting, which helps practitioners to select development areas for realizing sustain-
ability in their internal operations. In an ideal situation, the whole supply chain supports
common sustainability goals. Auditing methods (like SMETA) can be used for ensur-
ing suppliers’ sustainability and responsibility concerns. Optimally, the firm has perfect
visibility of the key sustainability metrics of its operations and optimizes its operations
from a sustainability perspective. However, in practice, there are many obstacles and
challenges when developing sustainability. Companies focus on a limited view of sus-
tainability that could be low-hanging fruit due to easily available data through existing
reporting processes. There is a clear need for a sustainability framework that guides
the formulation of sustainability strategy in manufacturing companies and supports the
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strategy implementation process. A holistic sustainability transition framework should
cover the relevant part of the company value chain and key aspects of sustainability. It
should also provide companies with a tailored sustainability transition roadmap, or at
least goals for reaching sustainability.

Many manufacturers are still in the learning phase of what sustainability could mean
for their operations. Sustainability is perhaps measured using metrics from sustainabil-
ity reporting standards and is an essential part of the brand image but does not yet
translate to the level of operations and product or service design. Forerunner companies
measure sustainability through multiple comprehensive standardized reporting princi-
ples or audits and modify their products, organizations, and strategies to improve their
performance.

Investments in sustainability might be hard to turn profitable. In some industry sec-
tors, firms are forced to invest in sustainability to reach the minimum standards required
by owners, customers, legislation, or other stakeholders. If customers are requesting sus-
tainable solutions, then it is easier to turn investments profitable. Manufacturing indus-
tries are mostly on the right track nowadays, as they are investing in and implementing
sustainability in their operations. The entire industry can be changed, and transition
needs steps of every size.

The paper presents practical findings from interviews of manufacturing companies
and a framework to recognize sustainability-related customer needs in themanufacturing
industry. These are valuable for company managers to plan their sustainability actions
in the future. Our explorative study with its limited sample only scratches the surface,
but it opens up several interesting paths to take in the future. More in-depth studies are
needed to develop a holistic sustainability transition framework. Thus, more in-depth
studies on the sustainability of customer-supplier relationships in different industry sec-
tors and company sizes may provide a better understanding. Formulating a sustainability
transition roadmap for companies would support both focusing on the right and valuable
actions as well as making better decisions.

Acknowledgements. The authors would like to thank all the parties behind the DataAsset (Sus-
tainable data-based business for the manufacturing industry) project, as well as Business Finland
for its support of this study.

References

Aboelmaged, M.: The drivers of sustainable manufacturing practices in Egyptian SMEs and their
impact on competitive capabilities: a PLS-SEM model. J. Clean. Prod. 175, 207–221 (2018)

Alhonen, M., Alamäki, A., Aunimo, L., Hallikainen, H., Korpela, P., Rantala, T., and Vuori,
J.: Value creation through the integration of sales and marketing: Smarketing. Haaga-Helia
Publications 1/2018, 30 (2018)

Badurdeen, F., Jawahir, I.S.: Strategies for value creation through sustainable manufacturing. In:
Procedia Manufacturing, 14th Global Conference on Sustainable Manufacturing, GCSM 3–5
October 2016, Stellenbosch, South Africa, 8(January 1, 2017), 20–27 (2017)

Becker, L., Jaakkola, E.: Customer experience: fundamental premises and implications for
research. J. Acad. Mark. Sci. 48(4), 630–648 (2020). https://doi.org/10.1007/s11747-019-007
18-x

https://doi.org/10.1007/s11747-019-00718-x


Sustainability-Related Challenges in Customer-Supplier Relationships 131

Bjørnbet, M.M, Skaar, C., Fet, A.M, Schulte, K.Ø.: Circular economy in manufacturing
companies: a review of case study literature. J. Clean. Prod. 294(126268), 14 (2021)

Bobba, S., Carrara, S., Huisman, J., Mathieux, F., Pavel, C.: Critical raw materials for strategic
technologies and sectors in the EU—a foresight study. In: European Commission. Luxemburg
Publication Office of the European Union (2020)

Bocken, N.M.P., Rana, P., Short, S.W.: Value mapping for sustainable business thinking. J. Ind.
Prod. Eng. 32(1), 88–102 (2015)

Bos-Brouwers, H.E.J.: Corporate sustainability and innovation in SMEs: evidence of themes and
activities in practice. Bus. Strateg. Environ. 19(7), 417–435 (2010)

Brundtland, G.H.: Our Common Future, World Commission on Environment and Development.
Oxford United Press, New York, pp. 414–423 (1987)

Buys, L., Mengersen, K., Johnson, S., Buuren, N.V., Chauvin, A.: Creating a sustainability score-
card as a predictive tool formeasuring the complex social, economic and environmental impacts
of industries, a case study: assessing the viability and sustainability of the dairy company A. J.
Environ. Manage. 133, 184–192 (2014)

Cai, W., et al.: Promoting sustainability of manufacturing industry through the lean energy-saving
and emission-reduction strategy. Sci. Total Environ. 665, 23–32 (2019)

Eerola, T., Eilu, P., Hanski, J., Horn, S., Judl, J., Karhu, M., Kivikytö-Reponen, P., Lintinen, P.,
Långbacka, B.: Digitalization and natural resources, GTK Open File Research Report 50/2021
(2021)

Ejsmont, K., Gladysz, B., Kluczek, A.: Impact of Industry 4.0 on sustainability—bibliometric
literature review. Sustainability 12(5650), 29 (2020)

Ellen MacArthur Foundation: Towards a circular economy. Business rationale for an acceler-
ated transition. https://ellenmacarthurfoundation.org/towards-a-circular-economy-business-rat
ionale-for-an-accelerated-transition (2015). Accessed 26 Apr. 2022

Eppinger, E., Jain, A., Vimalnath, P., Gurtoo, A., Tietze, F., Chea, R.H.: Sustainability transitions
in manufacturing: the role of intellectual property. Curr. Opin. Environ. Sustain. 49, 118–126
(2021)

European Commission. https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:520
21DC0550&from=EN (2021). Accessed 26 Apr. 2022

Garetti, M., Taisch, M.: Sustainable manufacturing: trends and research challenges. Prod. Plan. &
Control. 23(2–3), 83–104 (2012). Taylor & Francis Group

Hakanen, T., Kansola, M., Valkokari, K.: Acquiring customer knowledge to enhance servitization
of industrial companies. In: Lay, G. (ed.) Servitization in Industry, pp. 191–209. Springer, Cham
(2014). https://doi.org/10.1007/978-3-319-06935-7_12

Helleno, A.L., de Moraes, A.J.I., Simon, A.T.: Integrating sustainability indicators and Lean
Manufacturing to assessmanufacturing processes: application case studies inBrazilian industry.
J. Clean. Prod. 153, 405–416 (2017)

Hernández-Chea, R., Jain, A., Bocken, N.M.P., Gurtoo, A.: The business model in sustainability
transitions: a conceptualization. Sustainability 13, 5763 (2021)

IPCC AR5 Climate Change. Mitigation of Climate Change, https://www.ipcc.ch/report/ar5/syr/
(2014). Accessed 26 Apr. 2022

Jamwal, A., Agrawal, R., Sharma, M., Giallanza, A.: Industry 4.0 Technologies for manufacturing
sustainability: a systematic reviewand future research directions.Appl. Sci.11(12), 5725 (2021)

Jorna, R.J., Hadders, H., Faber, N.: Sustainability, learning, adaption and knowledge processing.
Knowl. Manag. Organ. Learn. 4, 369–384 (2009)

Koho, M., Tapaninaho, M., Heilala, J., Torvinen, S.: Towards a concept for realizing sustainability
in the manufacturing industry. J. Ind. Prod. Eng. 32(1), 12–22 (2015)

Kumar, V., Sezersan, I., Garza-Reyes, J.A., Gonzalez, E.D.R.S., Al-Shboul, M.A.: Circular econ-
omy in the manufacturing sector: benefits, opportunities and barriers. Manag. Cecis. 57(4),
1067–1086 (2019)

https://ellenmacarthurfoundation.org/towards-a-circular-economy-business-rationale-for-an-accelerated-transition
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52021DC0550&amp;from=EN
https://doi.org/10.1007/978-3-319-06935-7_12
https://www.ipcc.ch/report/ar5/syr/


132 T. Rantala et al.

Lood, C., Säfsten, K.: Barriers and enablers for the adoption of sustainable manufacturing by
manufacturing SMEs. Sustainability 14(2364), 1–34 (2022)

Lozano, R., vonHaartman, R.: Reinforcing the holistic perspective of sustainability: analysis of the
importance of sustainability drivers in organizations. Corp. Soc. Responsib. Environ. Manag.
25, 508–522 (2018)

Machado, C.G., Winroth, M.P., da Silva, E.H.D.R.: Sustainable manufacturing in Industry 4.0: an
emerging research agenda. Int. J. Prod. Res. 58(5), 1462–1484 (2020)

Moore, J.E., Mascarenhas, A., Bain, J., Straus, S.E.: Developing a comprehensive definition of
sustainability. Implement. Sci. 12, 110 (2017). https://doi.org/10.1186/s13012-017-0637-1

Orji, I.J.: Examining barriers to organizational change for sustainability and drivers of sustain-
able performance in the metal manufacturing industry. Resour. Conserv. Recycl. 140, 102–114
(2019)

Paasi, J., Luoma, T., Valkokari, K., Lee, N.: Knowledge and intellectual property management in
customer-supplier relationships. In: Tidd, J. (ed.) Exploiting Intellectual Property to Promote
Innovation and Create Value, World Scientific Publishing. Series on Technology Management,
vol. 29, pp. 195–22 (2012)

Pande, B., Adil, G.K.: Assessment of the current state of sustainability in a manufacturing firm.
Int. J. Product. Perform. Manag. 71(4), 1254–1276 (2022)

Rantala, T., Hanski, J., Uusitalo, T., & Hemilä, J.: Role of sustainability data in manufactur-
ing companies. In: Proceedings of the XXXIII ISPIM Innovation Conference in Copenhagen,
Denmark 5–8 June 2022 (2022)

Schiederig, T., Tietze, F., Herstatt, C.: Green innovation in technology and innovation manage-
ment—an exploratory literature review. R&D Manag. 42(2), 180–192 (2012)

Schroeder, P., Anggraeni, K., Weber, U.: The relevance of circular economy practices to the
sustainable development goals. J. Ind. Ecol. 23(1), 77–95 (2019)

Tricco, A., Ashoor, H., Cardoso, R., MacDonald, H., Cogo, E., Kastner, M., Perrier, L., McKib-
bon, A., Grimshaw, J.M, Straus, S.E.: Sustainability of knowledge translation interventions in
healthcare decision-making: a scoping review. Implement. Sci. 11(55) (2016)

Tura,N.,Hanski, J.,Ahola,T., Ståhle,M., Piiparinen, S.,Valkokari, P.:Unlocking circular business:
a framework of barriers and drivers. J. Clean. Prod. 212(1 March 2019), 90–98 (2019)

Uusitalo, T., Rana, P., Granados, M.H., Macchi, M.: Sustainable manufacturing: challenges,
approaches and a roadmap. In: Value Networks in Manufacturing, pp. 27–41 (2017)

Valkokari, K., et al.: Road-mapping the business potential of sustainability within the European
manufacturing industry. Foresight 16(2014), 4 (2014)

Varela, L., Araújo, A., Ávila, P., Castro, H., Putnik, G.: Evaluation of the relation between lean
manufacturing, Industry 4.0, and sustainability. Sustainability 11, 1439 (2019). https://doi.org/
10.3390/su11051439

World Bank 3.10 World Development Indicators: Carbon dioxide emissions by sector. http://wdi.
worldbank.org/table/3.10 (2017). Accessed 26 Apr. 2022

Yin R.K.: Case study research: design and methods, 5th ed.. Sage Publications, Thousand Oaks,
CA, p. 282 (2014)

https://doi.org/10.1186/s13012-017-0637-1
https://doi.org/10.3390/su11051439
http://wdi.worldbank.org/table/3.10


Archetypes of Business Models for Circular
Economy: A Classification Approach and Value

Perspective

Tirufat D. Woldeyes(B), Moreno Muffatto, and Francesco Ferrati

School of Entrepreneurship, Department of Industrial Engineering, University of Padova,
Padova, Italy

tirufatdejene.woldeyes@phd.unipd.it, {moreno.muffatto,

francesco.ferrati}@unipd.it

Abstract. In the circular economy, companies design their businessmodels based
on the principles of the circular economy and try to identify new opportunities
for value creation. Research on the circular economy business model (CEBM) is
in its infancy: the terminologies used in the classification and the meanings and
relationships between circular practices are unclear. In addition, very few studies
examine the value analysis in eachbusinessmodel archetype of a circular economy.
This study aims to categorize archetypes of businessmodels for a circular economy
and present the value analysis of each archetype from the literature. With the
help of an integrated framework by ( Accenture.: Circular advantage innovative
businessmodels technologies value growth, 2014) andVanRenswoude (2015), we
categorize 23 archetypes of business models for the circular economy into seven
categories and analyze their value based on three dimensions value proposition,
value creation, and delivery and value capture. Our results show that the product-
service system models, product life extension models, and end-of-life resource
recovery models are the most commonly discussed ones in the circular economy
literature. Only a few articles discuss how value is created, delivered, and captured
in each circular business model. Therefore, it is necessary to explore further the
value delivery and value capture dimensions. Future studies could investigate the
value analysis of business models for a circular economy from sector-specific
perspectives.

Keywords: Circular economy · Circular business models · Circular economy
business models · Value proposition · Value creation · Value delivery · Value
capture

1 Introduction

In recent years, environmental degradation has escalated pressure to change produc-
tion and consumption patterns, particularly among businesses to consider shifting their
business models from linear to circular economies (Kirchherr et al., 2017). According
to the EMF (2013), by designing superior materials, products, systems, and business
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models, the circular economy (CE) seeks to eliminate waste by replacing end-of-life
products with restoration, using renewable energy sources, and reducing toxic chemi-
cals (EMF, 2013). The business model is one of the main themes and building blocks
of circular economy thinking in which business model innovation takes a crucial part
in the success of a circular economy (DeAngelis, 2018; Linder and Williander, 2017).
Literature on circular economy with a business model perspective has become popular,
sparking discussion between academicians and practitioners to understand the opportu-
nities for creating, delivering, and capturing the value of a business while following the
principle of the circular economy (Diaz Lopez et al., 2019; Lüdeke-Freund et al., 2018;
Nußholz, 2018). Companies’ business model transformation towards incorporating cir-
cular economy principles has a significant impact on the value creation, delivery, and
capture (Bocken et al., 2016; Lüdeke-Freund et al., 2018; Planing, 2015). However, in
the circular economy literature, few studies examine the value analysis in each business
model for a circular economy (Okorie et al., 2021).

As a business model innovation tool, authors categorize business models for a cir-
cular economy from different perspectives. The most widely used framework of EMF
(2015) and the updated versions by Van Renswoude et al. (2015), Lewandowski (2016),
and Rosa et al. (2019) try to show the classification from the sources of value cre-
ation. While Accenture (2014), BSI (2017), R2π (2019), and Moreno et al. (2016) try
to classify business models for circular economy according to their role within the CE
and show the product outcome of such a business model. Classifications of business
models in the circular economy lack unified terminologies (Lüdeke-Freund et al., 2018;
Nußholz, 2017) and show ambiguity in the meaning and relationships between circular
strategies (Blomsma et al., 2019). Existing classifications of business models for the cir-
cular economy do not present explicit criteria and scientific procedures (Nußholz, 2017;
Pieroni et al., 2020). Our study uses circular business model classification frameworks
by Accenture (2014) and Van Renswoude et al. (2015) to study the most discussed cir-
cular economy business model archetypes in the literature and develop a categorization
to bridge the gap. By reviewing the literature, this study attempts to categorize existing
business models for a circular economy and present the value proposition, value cre-
ation and delivery and value capture in each CEBM archetype. Section 2 presents the
literature review on circular business model classifications and value analysis, followed
by a methodological discussion of how the study was drafted and carried out (Sect. 3).
We present the results of our research in Sect. 4, followed by conclusions in Sect. 5.

2 Theoretical Background

2.1 Value in Business Models for the Circular Economy

The business model for a circular economy (called a circular business model) is mostly
defined based on the traditional business model definition of Osterwalder and Pigneur
(2010) as well as Richardson (2008). Authors from the circular economy literature (for
example. Manninen et al. (2018), Lüdeke-Freund et al. (2018), Zucchella and Previ-
tali (2019)) define circular business models (CBM) by incorporating circular economy
principles into the traditional business model. Circular practices can contribute to the
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creation and capture of value. However, the business model frameworks lack mecha-
nisms to show which circular practices can capture what type of value. Few studies
such as Bocken et al. (2016) and Lüdeke-Freund et al. (2018) analyze the value analysis
of some circular business models. In order to integrate the sustainability and circular-
ity evaluation of a business model and its sustainability impact at an ecosystem level,
Antikainen and Valkokari (2016) try to redefine the business model canvas in light of
the circular economy and sustainability concept. While Nußholz (2017) integrates cir-
cular strategies into the business model canvas. Highlighting the value creation aspects
of circular business models, Linder and Williander (2017) and Lahti et al. (2018) relate
the circular economy to the core components of a business model based on Richardson
(2008). Table 1 summarizes few articles analyzing value in the business model of a
circular economy.

In the traditional business model, authors (e.g. Richardson 2008; Osterwalder and
Pigneur 2010; Frankenberger et al. 2013; Abell 1980) describe the business model com-
ponents in different ways. As shown in Fig. 1 below, this study will adopt the three
core components of a business model stated by Richardson (2008) to present the value
analysis of each business model in circular economy.

2.2 Classification of Business Models for Circular Economy

Researchers and practitioners have explored and categorized circular economy busi-
ness models from different perspectives. Studies on circular economy business models
have used different classification frameworks developed by practitioners (international
organizations and consulting firms) as one form of business model innovation tool in
the literature. The most commonly used classification approaches are the ReSOLVE
framework (EMF, 2015), CBM framework (Accenture, 2014), CBM strategies (Bocken
et al., 2016), business models for CE (BSI, 2017), business models archetypes for a CE
(Forum For the Future, 2018) and CBM scan (Van Renswoude et al., 2015). Following
the ReSOLVE framework of (EMF, 2015), the updated work of Van Renswoude et al.
(2015), Lewandowski (2016), and Rosa et al. (2019) seek to show classifications cir-
cular of business models from sources of value creation. The categorization of circular
business models made Accenture (2014), BSI (2017), R2π (2019), and Moreno et al.
(2016) focuses on classifying business models according to their role within the circu-
lar economy and showing the product outcome of such a business model. In Table 2,
we make a comparison of the four classification approaches by Accenture (2014), BSI
(2017), R2π (2019), and Van Renswoude et al. (2015).

Each classification approach fell to discuss one or more components in their classifi-
cation. For example, Accenture’s framework lacks twomain categories: shifting physical
products to virtual and resource-efficient practices before and after production. Among
the many sub-business models for the circular economy under the product life exten-
sion model, hybrid models, gap-exploiter models, product modularity, and encourage
sufficiency are the most discussed ones (Ceptureanu et al., 2018; Lewandowski, 2016;
Nußholz, 2017; Pieroni et al., 2020; Planing, 2018) however, Accenture (2014) does not
discuss these aspects.

Furthermore, Accenture (2014) discusses the resource recovery model in a more
general way which does not emphasize circular practices such as industrial symbiosis
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Table 1. Value considerations in the business models for circular economy literature

Author(s) Document Title Business Models for
CE

Business
models
dimensions

Focus

Lewandowski
(2016)

Designing the
Business
Models for
Circular
Economy
Towards the
Conceptual
Framework

Regenerate
Share
Optimize
Loop, Virtualize
Exchange
(26 sub models)

Value
propositions

Ownership-based;
access to the
product; or a pure
service and offer
incentives

Channels Sell and deliver
virtualized value
proposition
virtually, and via
virtual channels

Customer
relationships

Producing on-order,
customer
engagement, and
social marketing
strategies

Revenue
streams

Revenue generated
from products,
components, and
raw materials
collected back

Key resources Input choices
(circular sourcing),
less harmful
materials to the
environment, and
virtualization of
materials

(continued)

(Guzzo et al., 2019; Lüdeke-Freund et al., 2018; Marke et al., 2020; Nußholz, 2017;
Pieroni et al., 2020; Rosa et al., 2019), incentivized return & reuse (BSI, 2017; Husain
et al., 2021; Lewandowski, 2016), collection of used products (Brendzel-Skowera, 2021;
Hofmann, 2019; Pieroni et al., 2020), and energy recovery (Lewandowski 2016; Cep-
tureanu et al., 2019; Guzzo et al. 2019). Because of the noted gaps, Van Renswoude et al.
(2015) and BSI (2017) updated the Accenture framework. The British Standard Institute
(BSI, 2017) offers potential business models in six categories that are compatible with
a circular economy. However, business models toward circular inputs (industrial sym-
biosis, renewable energy, bio-based and recyclable resources) are not part of the frame-
work. Based on the four sources of value creation cycles (EMF 2015) and two added
categories (dematerialized service and produce on-demand), Van Renswoude (2015)
classifies circular economy business models into six categories and 19 sub-models. In
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Table 1. (continued)

Author(s) Document Title Business Models for
CE

Business
models
dimensions

Focus

Bocken et al.
(2016)

Product design
and business
model
strategies for a
circular
economy

Business model
strategies for slowing
and closing resource
loop

Value
proposition

Performance and
access to a service,
affordable product
by exploiting
residual value),
high quality and
long-lasting
product, and
reduction in
operating cost and
risks

Value creation
& delivery

Service and
maintenance,
take-back systems
and collaborations,
design for durability

Value capture Extended use of the
product, reduced
material costs,
premium pricing,
and waste to value

Geissdoerfer
et al. (2020)

Circular
business
models: A
review

Cycling Extending
Intensifying
Dematerializing

Value
proposition

Products/services,
customer
segments/markets;
customer
needs/problems;
how to address
them?

Value
Creation and
Delivery

Key-value chain
elements, core
competencies, and
resources
capabilities

Value capture Revenue streams;
cost drivers,
revenue model

this two frameworks, the shifting of physical products to a virtual model may include
dematerialized services (Virtualize) and the narrowing resource loop model (optimiza-
tion) may contain sub-models, such as made to order, waste reduction, and efficiency
(BSI, 2017; Ceptureanu et al., 2018; EMF, 2015; Horvath et al., 2019; Manninen et al.,
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Value capture 

How is value 
captured?

Value creation and 
delivery 

How is value created 
and delivered?

Value proposition

What value is 
proposed and to whom?

Fig. 1. Business model dimensions based on Richardson 2008

Table 2. CEBM categorizations (Van Renswoude 2015; Accenture 2014; BSI 2017; R2π 2018)

Van Renswoude (2015) Accenture
(2014)

BSI (2017) R2π (2018)

Long cycle Pure circles Circular
Supplychain

– Circular sourcing
Co-product
recovery

Cascades Resource
recovery

Recovery of secondary
raw
materials/by-products

Resource recovery

Short cycle Sharing
platforms

Sharing economy/
platforms and
collaborative
consumption

–

Product as a
service

Product as a
service/product–service
systems (PSS)

Access
Performance

Product life
extension

Product life cycle
extension/reuse

Re-make
Re-condition

Dematerialized services – Dematerialization –

Produce On demand – On Demand –

2018; Marke et al., 2020; Rosa et al., 2019; Van Renswoude et al., 2015). To make a
more comprehensive categorization of circular economy business model archetypes, this
study uses an integrated framework adapted fromAccenture (2014) and Van Renswoude
(2015) and categorize 23 CEBMs into seven categories.

3 Methodology

We conduct a systematic literature review on academic and grey literature to explore
and categorize existing business models in the circular economy and analyze the value
in each circular business model. Using academic search engines Scopus and Web of
Science, we identified relevant and adequate studies on circular business models using
the keywords business model, circular economy, closed-loop, resource efficiency, and
business strategy. Keywords were derived from prominent authors and keyword anal-
ysis software (Vosviewer) to support our analysis. The study excludes terms such as
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sustainability and sustainable development to limit the study only to a circular econ-
omy. Document types journal articles, reviews, and grey literature written in English
and focusing on both circular economy and business model or discussing the circular
business model as the major topic of the study are included. We reviewed 76 academic
articles and six grey literatures to identify the most frequently discussed archetypes of
business models for a circular economy based on descriptions, examples, similarities
in the terminologies, and the frequency of use in the literature and categorize them and
analyze value (Fig. 2).

Literature review

- CEBM classification
Conceptual Framework

for the Categorization of 
CEBMs 

Develop CEBM 
categorization and 

value analysis
- Value analysis

Fig. 2. Methodology to develop CEBM categorization and value analysis

In this study, we develop a circular economy business model categorization by
using the Accenture (2014) and Van Renswoude (2015) framework in an integrated
way (Fig. 2). Accenture (2014) presents five distinct types of CBMs and 11 sub-models:
(a) circular supply chain that is based on renewable energy, bio-based, or recyclable
materials and the “built to last” approach; (b) sharing platforms that encourage collab-
orative usage, access, or ownership models (c) the product as a service model provides
access to products or performance while maintaining product ownership; (d) the product
life extension model refers to extending the life cycle of a product through repairs, main-
tenance, upgrades, resale, and re-manufacturing; (e) the resource recovery model deals
with recovering energy or resources from wastes or by-products (Accenture, 2014).

The CBM Scan (Van Renswoude et al., 2015) classifies BMs into six cycles and 19
CBMs based on the value flow. The cycles and related CBMs include: (i) a short cycle
includes the CBMs paying per service, repairing, reduction of waste, sharing platform,
and progressive purchase; (ii) a long cycle includes the performance-based contracts, the
take-back system, resale, and refurbishmentmodels; (iii) a pure circle includes theCBMs
cradle-to-cradle and circular sourcingmodels; (iv) cascading categorizedwith upcycling,
recycling and collaborative production BMs; (v) dematerialized services contain the
shifting of physical products to virtual and rental models on subscription bases; and
(vi) produce on-demand includes produce on order, 3D printing, and customer voting
(Van Renswoude et al., 2015).While this classification includes most CBMs, the models
related to extending a product’s life cycle, such as modular design, upgrading, hybrid,
or gap exploiter models, are missing. The 3D printing and take-back management do
not reflect a complete business model since they are production methods and enabling
mechanisms. By reviewing the literature on the circular economy business model, we
develop a conceptual framework (Fig. 3) for categorizing the business models in the
circular economy.
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Fig.3. A conceptual framework for categorizing business models for a circular economy based
on Accenture (2014) and Van Renswoude (2015)

4 Result

4.1 Circular Economy Business Model Archetypes

This study reviews the scholarly research and grey literature to analyze and categorize
business model archetypes for the circular economy with the framework developed in
Sect. 3.Wecategorize businessmodels for a circular economyusing theAccenture (2014)
framework and the Van Renswoude (2015) framework in an integrated way as shown in
Fig. 3. In addition to the five main categories of Accenture, we adopt two other groups
from Van Renswoude (2015). This study identifies the sub-models from the reviewed
literature made on seventy-six academic articles and six grey literatures. As shown in
Fig. 4 below, this study identifies seven categories and twenty-three subcategories of
business models for circular economies.

• Circular Supplies focuses on inputs materials that are renewable, bio-based, or
recyclable, helping to replace single-lifecycle inputs (Accenture, 2014). The sub-
models we have included in our categorization are bio-/secondary materials; indus-
trial symbiosis; classic long-life model; modular design; design for x; and renewable
energy.

• Optimize model efforts to improve the performance or efficiency of products and
reduce waste in manufacturing processes and supply chains (EMF, 2015). Produce
on-demand and resource efficiency sub-models are included in this categorization.

• A product-service system provides access to products or performance while main-
taining product ownership (Accenture, 2014). The sub-models we have included in
our categorization are the access model, performance model, and product-oriented.

• Sharing platforms encourage the sharing or pooling of under-utilized products through
shared use, access, or ownership (Accenture, 2014).

• Virtualize (dematerialized services) focuses on delivering products virtually than
physically (EMF, 2015).
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• Product Life Extension focuses on extending the life of products/components (Accen-
ture, 2014). Sub-models included in our categorization are repair and maintenance,
reusing/redistributing, encourage sufficiency, upgrading, hybrid model, gap-exploiter
model, and re-manufacturing/refurbishing.

• The resource recovery model focuses on recovering energy or resources from wastes
or by-products (Accenture, 2014). We have included sub-models: recycling, incen-
tivized return, energy recovery, and collection and take-back of used products in our
categorization.

This study highlights that most studies in the circular economy business model liter-
ature concentrate on the product-service system models, product life extension models,
and end-of-life resource recovery models (Fig. 5).

Fig. 4. Archetypes of business models for circular economy

4.2 Circular Economy Business Model Value Analysis

Discussions made in Sect. 2.1 show that literature on the circular economy business
model addresses value in various considerations. By reviewing the academic papers
and grey literature, this study summarizes the value creation and delivery process, the
propositions, and value capture of business models in the circular economy as shown in
the table below (Table 3) using Richardson’s (2008) business model framework.
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Fig. 5. Most investigated business models in the circular economy literature

Table 3. Value analysis of business models in the circular economy

Archetype Value proposition Value creation and
delivery

Value capture

Bio-/secondary materials Environmentally
sustainable
material usage
(recycled,
renewable,
recyclable, or
biodegradable)

Value is created using
designing products to
use waste as input and
circular products or
materials (recycled
and renewable;
recyclable, or
biodegradable)

Value can be
captured through
premium prices
for
environmentally
sustainable
products. Cost
can be related to
reduction of
waste disposal
and inefficiencies
costs

Classic long-life model Provide
high-quality and
long-lasting
(durable) products

Value is created
through designing
products that last for a
long time or durable
products

Value is captured
through price
premium for
longevity and
high quality of
products
Cost related to
long-term service
and product
warranty cost

Renewable energy Manufacturing
and functioning
with renewable
energy

Value is created with
the use of renewable
energy as source to
produce and process

Information not
available

(continued)
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Table 3. (continued)

Modular design & design for x Modular products
with ease of
reparability and
design for
(recycling,
remanufacturing
and reuse,
disassembly, and
environment)

Create value by
designing products
into smaller parts that
can be used and
replaced (repaired,
maintained,
disassembled,
re-manufactured,
recycled, etc.) easily

Information not
available

Industrial symbiosis Residues or
by-products of
one process as
production input
for another
process; reduction
in overall
operating cost;
supply risk
reduction;
elimination of
third-party waste
and synergistic
partnerships

Create value from
residual resource
streams, collaborative
agreements to share
communal services,
and exchanging
by-products of
materials, energy, and
water

Value is captured
through joint cost
reductions and
repurposing of
previous waste
streams to a new
business line

Produce on-demand Provide products
or services only
when demanded,
with zero stocks

Value is created by
producing products or
services only when
demanded

Value is captured
through material
and energy cost
reduction

Resource and energy efficiency Information not
available

Value is created by
waste reduction
activities and
minimizing energy
consumption both in
the production
process and before

Value is captured
through the
reduction of
waste and
minimizing
energy
consumption

Collection and take-back of
used products

Facilitate return
or collection of
used products or
components

Value is created by
taking-back used
products (as well as
packaging) from
distributors and
end-users, leading to
closing material loops

Value is captured
through potential
new revenues or
savings from the
reduction of
energy and
material costs

(continued)
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Table 3. (continued)

Access model The convenience
of on-demand
availability;
flexibility and
greater range of
choice

Value is created by
delivering customer
service and related
asset management
(maintenance, repair,
and control of the
product) without
transferring the
product physically

Value is captured
through recurring
service
Cost related to
maintenance and
asset
management cost

Performance model Product
functionality;
result; user
education to shift
from owning to
using; product
maintenance,
repair and, control

Value is created by
delivering
functionality/result
rather than ownership
and activities may
include maintenance,
repair, upgrade,
diagnostics, and
performance
reporting

Value is captured
through recurring
service
Cost related to
maintenance and
asset
management cost

Product-oriented PSS Provide
information and
assistance to
customers about
product safety,
use, maintenance,
and repair

Value is created
through
product-related
training, advice, and
consultancy services

Value is captured
through extended
product
warranties or
take-back
agreements

Sharing or pooling
systems/platforms

Provide the ability
to share the use,
access, or
ownership of
products between
members of the
public or between
businesses, and
maximize the
utilization of
products

Value is created by
matching owners and
users of
overcapacities shared
with some form of
transactional
arrangement for
commercial purposes

Value captured
from the sharing
of products,
assets or Services

Dematerialized service Provide product
and service
functionality
virtually or
digitally

Value is created and
delivered by replacing
physical
infrastructure/assets,
services, or processes
with digital/virtual
services

Value is captured
with recurrent
income from
service contracts/
subscriptions

(continued)
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Table 3. (continued)

Repair and maintenance Extending
product lifecycle
through
maintenance and
repair services as
well as providing
repaired (second
hand) products
with an affordable
price

Value is created by
repairing and
maintenance activities
such as failure
prediction, detecting
and replacing
defective or worn-out
parts as well as
remarketing and
reselling repaired
equipment

Value captured
from sale of
repaired products

Encourage sufficiency Encourage and
educate
consumers to
reduce
consumption;
provide
warranties;
upgrading

Value is created by
designing long-lasting
products; repairing,
upgrading,
remanufacturing, or
remarketing products
Value delivered by
conscious actions to
moderate sales
activities

Value is captured
with a potential
reduction in the
need to produce
physical goods
and premium
pricing

Upgrading Provide upgraded
product

Value is created by
replacing outdated
modules or
components with
superior ones

Value captured
from the sale of
upgraded
products.
Material cost
reduced relative
to the original
manufacturing

Hybrid model Provide durable
products in
combination with
short-lived
consumables to
be replaced

Value is created by
designing a product
with a combination of
durable products and
short-lived
consumables

Value captured
from the gap in a
lifetime of
components

Gap-exploiter model Provide a service
of exploiting a
product’s residual
value

Value is created by
exploiting lifetime
value gaps in a
company’s products
or services

Value captured
from the gap in a
lifetime of
products or
services

(continued)
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Table 3. (continued)

Remanufacturing/Refurbishing Remanufactured
products (like
new) with an
affordable price

Value is created by
remanufacturing or
refurbishing activities

Value captured
from the sale of
remanufactured
products.
Material cost
reduced relative
to the original
manufacturing

Reusing/Redistributing Second and
third-hand
products with an
affordable price

Value is created by
reselling to the second
and third-hand market
or reusing them with
or without repairs or
upgrades

Value is captured
by redistributing
second and
third-hand
products

Recycling Environmental
sustainability of
recovered
materials

Value is created by
Upcycling or
downcycling of
products or materials
at the end of life

Value captured
from the sale of
recovered
materials;
reduction of
waste disposal
cost

Incentivized return Incentive
customers to
return used
products for a
predetermined
value

Value is created by
incentivizing
customers to return
used products at a
predetermined value
for enabling products
to have the next life

Value is captured
by reselling
products to earn
additional
income. Cost
related to
maintenance and
refurbishment

Energy recovery Provide energy
recovered from
waste

Value is created by
recovering energy out
of waste materials

Value captured
from the sale of
energy from
waste; reduction
of waste disposal
cost

5 Discussion and Conclusion

This study conducts a literature review on circular economy business models to explore
classification and analyze their value. Since circular economy business model research
is still in its infancy, very few studies examine the value analysis in business models
for a circular economy and there is also a lack of unified understanding and categoriza-
tions. In most of the reviewed articles, the categorization of business model archetypes
for the circular economy does not show explicit criteria and detailed methodologies to
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explore and systematize the circular strategies. Seventy-six academic articles and six
grey literatures were reviewed to identify the 23 most frequently discussed archetypes
of business models for a circular economy based on descriptions, examples, similarities
in the terminologies, and the frequency of use in the literature and categorize them into
seven categories using an integrated framework ofAccenture (2014) andVanRenswoude
(2015). The categories include the circular supplies model, product life extensionmodel,
optimize model, Virtualize model, product-service system model, and resource recov-
ery model. These results offer valuable insights into the current understanding of BMs
for circular economies. This study highlights that most studies in the circular economy
business model literature concentrate on the product-service systemmodels, product life
extension models, and end-of-life resource recovery models. Regarding the value anal-
ysis, we analyzed the value based on the business model dimensions: value proposition,
value creation and delivery, and value capture. Only a few articles discuss how value is
created, delivered, and captured through each circular business model. Therefore, this
study contributes in clarifying howvalue is proposed, created, and captured in the context
of a circular economy. Based on the findings, it is necessary to further explore the value
delivery and value capture dimensions. Studies in the future may examine the value of
business models for a circular economy from the perspective of different sectors.
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Abstract. There is global desire to reduce virgin plastic use and enhance the col-
lection and exploitation of plastics waste. Hence, governments are setting high
targets for plastics recycling and using statutory instruments such as the plas-
tic packaging tax as well as offering support to the manufacturing sector to trial
increasing use of recycled plastic to stimulate end markets with the aim of reduc-
ing the amount of virgin production. The construction sector has much promise in
terms of adopting circular economy principles and here we report on the results
of a trial project to introduce a closed-loop supply chain model. More specifically,
we seek to develop appropriate circular economy business models that manu-
facturers to the construction sector may adopt to enhance plastics recycling. We
identify three potential circular economy models: (1) customers return direct to
manufacturer, (2) customers return direct to 3rd party processor, (3) customers
return to hubs, with the second chosen for trialling. Several barriers were identi-
fied, which have been categorised according to demand (perception of quality),
supply (limited specialist suppliers, the provenance of the returned plastic, sourc-
ing quality and consistent recycled material), organizational (internal policies and
decision-making factors) and control (concrete contamination of end-of-life plas-
tic products, and a lack of cost incentives). Provisional results from in-situ trials
of the recycled content tubs suggest that a circular economy approach is feasible.

Keywords: Reverse logistics · Customer perceptions · Closed-loop supply chain

1 Introduction

There is global desire to reduce virgin plastic use and enhance the collection and exploita-
tion of plastics waste. This is driven by the sheer volume of plastic that is produced
annually, estimates vary but it has been suggested that around 370 million tonnes of
plastic are produced globally each year [1]. This accounts for 4–8% of the world’s oil
production [2].
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Some 95% of plastic packaging material in terms of value, $80–120 billion, is lost
annually, with 32% of plastic packaging escaping collection systems and only 2% being
used with closed-loop systems for same or similar quality applications [2]. Even the
most advanced economies in the world generate significant volumes of plastic waste, for
example, the EU generates 26 million tonnes of plastic each year, with less than 30%
being recycled, and some 70% going to landfills or incinerators [3].

Hence, governments are setting high targets for plastics recycling and targets for
incorporation of recycled content into single use items to stimulate market demand for
recycled plastic, reducing the amount of virgin production. Due to these laws, social
pressures, environmental concerns, and potential economic savings companies are con-
sidering the collection and recycling of their ‘end-of-life’ products aswell as the tradition
manufacture of new products. As a result, traditional supply chains are becoming more
closed loop.

The construction sector has much promise in terms of adopting circular economy
principles, but has significant barriers and complexities in successfully adopting practices
[4–6]. Hence, we report on the results of a trial project to introduce a closed-loop supply
chain model.

Specifically, we seek to answer the research question - “what circular economy
business models may manufacturers supplying the construction sector adopt along the
supply chain in order to enhance plastics recycling?”

2 Background

2.1 Circular Economy

The circular economy, although it has received considerable interest recently, is not a
new concept. In 1976 Stahel and Ready, in a report to the Commission of the European
Communities, presented the concept of a ‘loop economy’ to describe industrial strategies
for resource efficiency, waste prevention, job creation, and dematerialisation of manu-
facturing [7]. Furthermore, Stahel in 1982 [8] began to detail the concept of what we call
today ‘products as a service’, in other words selling product use as opposed to ownership
of goods, can help deliver what is called today the circular economy, allowing industries
to profit and reduce the risks associated with post-consumer waste.

More recently the circular economy concept definition widely adopted is that given
by the Ellen MacArthur Foundation, namely that the Circular Economy (CE) is “an
industrial economy that is restorative or regenerative by intention and design” [9].

Stahel in more recent work [10] categorized CE business models into two broad
groups. The first is those concerned with the reuse and life extension (repairing, reman-
ufacturing, and upgrades). The second is those obtaining new resources from what is
often called post-consumer waste via recycling their materials. The focus of this study
is the latter.

While there is acknowledgement of the huge potential impact of adopting circular
economy principles in the construction industry, the research knowledge base has been
slow to adapt principles for a construction context [4]. There is no broad consensus of
what the circular economy ‘looks like’ in the built environment and the behavioural
incentives are not yet effective in driving change [4].
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2.2 Closed-Loop and Circular Supply Chains

In a traditional forward supply chain, material flow is considered to be unidirectional.
Going from material (raw or component) suppliers to the manufacturers, and eventually
to the consumers. However, in closed-loop supply chains (CLSC) there are reverse-
direction flows of used/end-of-life products back upstream in the supply chain.

There are two primary drivers for the adoption of CLSC by industry: legislative pres-
sure and economic benefit [11]. Despite this drive towards the adoption of more circular
supply chains the uncertainties related to being able to procure used products/parts of
the appropriate cost, quality, and quantity, together with customer attitudes are still the
main barriers to achieving profitability [12, 13].

Studies have shown that technological developments can enable post-consumer prod-
uct returns to be handled effectively and in an economically beneficial manner [14].
Recent research on sourcing of the required post-consumer products has suggested that
there is a need to develop strategic long-term commitments between a group of core
actors to develop the systems and networks, including the creation of potentially new
relationships [15].

Although CLSCs are at the core of the CE it is considered that they have been mainly
treated as two separate themes of research [16]. This work will link the two through an
industrial use-case of creating a CLSC for mortar tubs.

Batista et al. [17] develop fundamental aspects of a circular supply chain, based incor-
porating the closed loop supply chain concept, incorporating sustainability augmented
design complexity, downstream design and value chain composition.

In the construction sector, there is growing awareness of the need for circular practices
supported by themove towardsmeasurement of embodied carbon impact of construction
and buildings, and many organisations are adopting lifecycle approaches to projects that
help to support circular practices, but logistics networks, businessmodels and appropriate
incentives remain key barriers to effective adoption [5, 6].

3 Research Method

The company at the centre of this use case supplies the construction sector with plastic
products manufactured using a rotational moulding process, a process ideally suited
to large, low production volume items. The process uses pulverised polyethylene (PE)
or low-density polyethylene (LDPE) powder, ground to a diameter of <600 µm. The
powder is poured into metal moulds and rotated in a gas fired oven to layer the inside
of the mould resulting in a shaped product. The process lends itself to production of
bespoke shaped products, for example, fuel tanks, buoys and our focus product, mortar
tubs for the construction industry. Currently, the company manufactures around 25,000
mortar tubs per year used to transport mortar around building sites, mostly on forklift
trucks, but also in lift products. These products are mainly made from virgin PE. This
is bought in a natural colour and a powder colour pigment added if customers require a
coloured product. Currently some recycled content is used, sourced from off-cuts from
their process is granulated in house then shipped to another company be extruded with
a black colour masterbatch and pulverised into a powder.
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The aim of this work is to increase the amount of recycled content in the mortar
tub product. It is estimated that if the recycled content is increased by 75–80% in the
mortar tub range, it will require around 220 tonnes of recycled material per annum,
hence, stimulating the market for recycled materials. Furthermore, it can demonstrate
that recycled materials can be used to manufacture a highly robust product.

We adopt a problem solving, interdisciplinary, design science approach working
collaboratively with a manufacturer of plastic products used in construction as a high
volume, mostly consumable product during the build phase. We take a systems wide
perspective of the supply chain, taking due account of the product and processes, exploit-
ing materials testing, process modelling, sales data analysis, and customer interviews to
establish a descriptivemodel of the current state. One of three potential circular economy
models is trialled to determine the outcomes of its application.

A team of academics and practitioners worked closely together on the trial project to
develop the final solution. The team included environmental consultants, the managing
director of a plastics manufacturer, academics from across business and engineering
disciplines. An important outcome from the collaborative working across the project
teamwas current state processmap, and a future state processmap that identifies different
circular economy flows and solutions.

Data collection phase occurred via a number of stages. First, a survey of 10 of the
largest customers was conducted with two key groups of customers. The first is Whole-
salers, who generally buy in larger batches and then sell onto housebuilders or general
builders. Tubs may be purchased as part of a range of engineering and bricklaying ancil-
lary equipment. The second is Housebuilders, who purchase based on site requirements
and send tubs directly to site e.g. in batches of 10. The survey was used to gain insights
into barriers and incentives for circular economy models.

Once the circular economy routes, barriers and enabler were investigated, the next
phase involved material testing and in-situ trials. The material testing involved (uniaxial
tensile) and dynamic (Charpy impact) to assess brittle failure, material strength, and the
effects of repeated recycling. The company’s existing recycled offering (50% recycled)
was compared against options consisting of varying levels of the new recycled material
source to virgin material.

The trials involved the production of a sample of 80 mortar tubs from recycled
materials, adhering a QR code with instructions for use onto each tub, and then efforts
to track and monitor recycled tubs in use.

Under ideal circumstances the QR codes would be scanned at several points during
its journey through the CLSC, and at least at the point of dispatch from production, when
it is discarded and when it arrives at the recycling facility. Several methods beyond the
use of QR codes were also employed to monitor and track the use of the mortar tubs
which were released onto construction sites:

• Trial participantswere contacted regularly to encourage use of the tracking technology
and to seek feedback on the quality and suitability of the tubs.

• QRCode asset tracking software reporting data was reviewed to determine whether
participants had used the software correctly and to check the location of the tubs ready
for repatriation.
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4 Development of a Circular Supply Chain Model

4.1 Existing Business Model

Figure 1 shows a high-level big picture illustration of the plastic tub supply chain with
recycled inputs. It shows that there is both a conventional open-loop supply chain where
virgin raw material is used to produce mortar tubs that contain no recycled content
and one closed-loop flow, L1, where tubs are manufactured using recycled material.
Currently offcuts and other waste from the production process are given to a recycling
company that then processes the waste into powder that suitable for manufacturing.

Once a tub has been produced they are dispatched to several categories of customer;
mortar companies that use the tubs to provide mortar, wholesalers that can supply either
builders or smaller retailers, house building companies, and finally general builders
including self-employed bricklayers. Once a builder has finished using a mortar tub it is
unknown what happens to them, although interviews suggested that they go to landfill.
A proportion of these would be unrecyclable. However, another proportion could re-
enter the supply chain. Industrial participants were unable to supply data relating to the
potential flows of re-usable materials, as indicated by the stock holding points in Fig. 1.

Fig. 1. Current plastic tub supply chain with existing recycled inputs

4.2 Circular Economy Challenges and Perception

The adoption of more circular approaches faces two challenges; the availability of recy-
cling services and consistent material content, and customer perception of recycled
products.
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During the research it became apparent that there were very limited sources of data
which provide information on specific plastic types produced by recyclers. Significant
input was required to determine suitable potential sources of recycled polythene plastics
for the rotational moulding process.

Focusing on the responses from housebuilders, we conclude the following:

• The purchasing approach is mostly unsystematic i.e. ‘ad-hoc’ for each site. There is
some evidence of batching/batch sizes. Cost is the primary driver, and quality is a
secondary driver.

• With respect to re-use from site to site, there is some evidence of re-use, but no specific
data available for analysis.

• There are no clear indicators of how long tubs last. There are mixed approaches and
enthusiasm towards segregation, and little appetite exists to clean tubs on site, using
the existing business model.

• Space constraints, cleaning, logistics and incentives were all highlighted as issues and
challenges to overcome, so will likely need to be considered for any proposed circular
economy model.

4.3 Barriers

Based on the surveys of perceptions, a number of barriers were identified, which have
been categorised according to demand, supply, organisational process, and control (as
per [18]), as shown in Table 1.

Table 1 Identified barriers to a CE approach

Category Potential barriers

Demand Perception of quality

Supply Limited specialist suppliers, the provenance of the returned plastic, sourcing
quality and consistent recycled material

Organizational Internal policies and decision-making factors

Control Concrete contamination of end-of-life plastic products, and a lack of cost
incentives

4.4 Potential Circular Supply Chain

Figure 2 below shows a big picture of a future CE supply chain scenario. It is possible
to see a number of recovery routes on the diagram.

Firstly, Route 1, there is customer re-use. There is some evidence that larger house-
builders are doing this, transferring tubs to alternative sites after use, but little precise
data on the number of tubs being recovered. Also, Route 2, the company could col-
lect and process tubs direct from building sites. There is some positivity in the survey
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data regarding this route. However, barriers to logistics and cleaning, and incentivisation
were raised. Then, Route 3, the company could collect and process via a wholesale return
model, or, finally, Route 4, tubs could be returned to the company via waste management
companies. These four routes constitute a potential new closed-loop L2.

Fig. 2 Proposed plastic tub supply chain with recovery routes

Within the survey, the perceptions of two further variants on the above routes were
raised. These were the customer proactively arranging delivery back to the company and
a leasing model. Indications from the survey suggested that this would be challenging
as customers do not see the rewards as greater than the cost. This suggests that although
from a CE perspective it might be the most appropriate approach [8] it could be difficult
to achieve without customer buy-in.

The logistics provider of the company was also interviewed which revealed that a
hub model is currently used, where all products are bulked and shipped to a hub in
Leicester before being distributed across the country. Whilst this model may work for
collections of waste tubs in the Midlands and North of Leicester, but it may be more cost
effective and efficient for customers based in the South to employ a localised collection
option.

5 Material Testing and In-situ Trials

The material testing involved quasistatic (uniaxial tensile) and dynamic (Charpy) tests
to assess brittle failure, material strength, and the effects of repeated recycling. The
laboratory-based material testing showed that differing levels of recycled material have
a limited effect on quasistatic performance, when comparing results from virgin, 50%,
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75% and 100% recycled content. More specifically it showed 70% higher impact energy
for the 75% and 100% recycled content material options, compared to the 50% option
(the company’s existing recycled offering) - 28.4 and 27.4kJm2 vs 16.3 kJm2.

Informed by thematerial testing confirming the suitability of using recycledmaterial,
and based on the circular economy supply chain model illustrated in Fig. 2 three options
were shortlisted for the trials:

1. customers return direct to manufacturer
2. customers return direct to 3rd party processor
3. customers return to hubs

In discussion with trial participants, the second option was chosen for trialling. The
CE model developed is illustrated in a simplified form by Fig. 3 and this forms the basis
of the in-situ trials. Critically, each tub would need to be tracked to ensure its location
is known to aid repatriation, with instructions on how to return the tub to the recycling
facility where it can be re-processed. Several waste tracking technologies were appraised
including GPS trackers, QR codes, RFID Tags, PolyTag, manual tracking. Overall, it
was concluded that the asset tracking technology best meets the needs of the in-situ
trials.

Manufacture of 
tubs

Use at 
construction site

Collection by 
waste carrier

Waste processing 
(shredding / 
bulking up)

Processing into 
raw material grade 

recyclate

Fig. 3. Simplified CE model

Initial feedback from the test sites was positive, with no negative feedback regard-
ing tub quality / durability received. Comments from the trial companies include: “Just
as good as the ones we normally buy” (House Builder); “Holding up well especially
through the frosty weekend, and performing as well as virgin” (Construction Materials).
The design characteristics (colour and height) might need changing for particular cus-
tomers due their corporate identity being associatedwith a particular colour. Finally some
suggestions to test at temperatures below freezing were received, to address concerns
associated with whether recycled being more susceptible than virgin to cracking.
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6 Discussion and Conclusions

At the outsetwe asked, “what circular economybusinessmodelsmaymanufacturers sup-
plying the construction sector adopt along the supply chain in order to enhance plastics
recycling?”. To answer this, we report on the results of an applied pilot project, focusing
on re-use and recycling of plastic mortar tubs, to introduce a closed-loop supply chain
model. The project incorporated industry representatives, and an interdisciplinary team
of researchers, to adopt a problem solving, design science approach to the development
of a new model.

The findings from the pilot project identified three potential circular economy mod-
els: (1) customers return direct to manufacturer, (2) customers return direct to 3rd party
processor, (3) customers return to hubs, with the second chosen for trialling. A number
of barriers were identified, which have been categorised according to demand, sup-
ply, organisational process and control. Demand: perception of quality. Supply: lim-
ited specialist suppliers, the provenance of the returned plastic, sourcing quality and
consistent recycled material. Organizational: internal policies and decision-making fac-
tors. Control: concrete contamination of end-of-life plastic products, and a lack of cost
incentives.

The proposed circular economy business model builds upon Batista et al.’s fun-
damental aspects of a circular supply chain [17]. Through incorporating sustainability
(the manufacturer already utilises by-product recycling), augmented design complexity
(the models adopt restorative processes and manufacturing forward flows), downstream
design (they encourage restorative processes with customers) and value chain composi-
tion (there are traditional and restorative supply chains with forward and reverse flows
of virgin and recycled materials).

Results from material testing suggest that recycled material is unlikely to negatively
influence performance, when benchmarked against virgin material. Provisional results
from the in-situ trials indicate that a circular economy approach is feasible with no
negative feedback regarding tub quality / durability received from the trial sites.

It is important to address the barriers early, and in consultationwith key stakeholders.
Potential supply barriers were addressed by finding a process to convert end-of-life tubs
into a material which is comparable to virgin plastic. Demand barriers were challenged
using demonstration trials to show that recycled products compared well with virgin
plastic.
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Abstract. Failure modes and effect analysis (FMEA) is widely used in industry
to quantify, mitigate, and eliminate risk for products and processes. It has the
potential to be an important technique in supporting sustainable manufacturing
by reducing the risks associated with transitioning to more sustainable processes.
Whilst traditional FMEA does quantify risk by calculating a risk priority number
(RPN), there are limitations to the usefulness of this due to the lack of objec-
tiveness inherent in the method. In this paper improvements to the traditional
FMEA approach are reviewed and their appropriateness in the specific case of the
manufacture of electrostatic chucks (ESC) is considered.

Keywords: FMEA · Fuzzy FMEA · Electrostatic chuck

1 Introduction

Transitioning and changing existing manufacturing processes to more sustainable meth-
ods carries inherent risks. Badurdeen and Jawahir [1] argue that establishing a business
case for sustainable manufacturing requires systems and procedures which facilitate sus-
tainable manufacturing and create value for the organisation. Enyoghasi and Badurdeen
[2] highlight opportunities for sustainable manufacturing through Industry 4.0 technolo-
gies. The potential for, and impact of, Failure Mode and Effect Analysis (FMEA) on
enabling sustainable manufacturing is a developing area of research. Boral et al. [3] go as
far as describing their novel approach to FMEA an essential requirement for sustainable
manufacturing. Nguyen et al. [4] also proposed a novel method of FMEAwith the inten-
tion of facilitating sustainable manufacturing. Malsch et al. [5] researched sustainable
manufacturing of nanomaterials and the role of risk mitigation which is at the core of
FMEA analysis.

This paper outlines part of the research undertaken during a collaborative project
between 3 Universities in Wales (University of South Wales, Swansea University and
Cardiff University) and SPTS Technologies, a division of KLA, based in Newport,
South Wales. The SPTS Division of KLA provides advanced wafer processing solu-
tions to the world’s leading semiconductor and microelectronic device manufacturers
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and designs, manufactures, sells and supports semiconductor manufacturing equipment.
Their equipment provides advanced wafer processing technologies and solutions for the
semiconductor and microelectronics industry.

The project aims to extend the understanding of electrostatic chuck (ESC) operation
to improve wafer processing and to support the company’s sustainable manufacturing
goals. The project is divided into three parts, (1) The development of a computermodel of
the ESC to replicate its operation and simulate possible failure conditions, (2) Research
into the use of FMEA as a technique to record, analyse and manage failure modes and
(3) To explore the potential of industrial Internet of Things (IIoT) devices linked with
the equipment for real time data analytics. This paper covers the work carried out in
part 2 above, which is to review the wide range of FMEA hybrid approaches developed
and to consider their applicability for failure identification within both the ESC and its
manufacturing process.

The paper is structured as follows: Sect. 2 provides a description of an ESC, Sect. 3.1
provides a brief introduction to FMEAand explores the drawbacks of the standard FMEA
approach. In Sect. 3.2 a critical review of FMEA literature is carried out with a focus on
research articles describing enhancements to the traditional approach. Section 4 is the
conclusion and future work.

2 Electrostatic Chuck

The Electrostatic Chuck (ESC) is a key component in semi-conductor manufacturing
and is used in the etch and deposition process. It is subject to a number of complex
interactions during use, often in extreme conditions such as low or high temperatures,
vacuum environments, gas plasma, high voltage, and RF power. By applying a bipolar
voltage to its internal electrodes, a directional electric field is created, and positive and
negative charges drift within the material to match the polarity of the ESC’s internal
electrode. This attracting force between the ESC and the material allows it to be used to
clamp or pick up silicon wafers as substrate materials [6].

Its manufacture is typically a fixed assembly of a bonded aluminum or titanium body
with sealed internal cavities, RTV (room-temperature-vulcanizing) silicone, conductive
epoxies, sputters metal layer and alumina ceramic. The final assembly is tested for its
surface flatness, parallelism, roughness and internal bonds all of which are critical to
quality.

Due to the complex nature of ESCs, and with limited access to internal components
and layers, once assembled, failure modes and causes of failures are difficult to identify.
A better understanding of the failures can lead to improved and more efficient produc-
tion methods and provide opportunities for improved working practices and employee
wellbeing. ESCs contain some components that cannot be reclaimed or recycled – princi-
pally the RTV silicone and ceramic (Alumina). Improved sustainability can be achieved
through more reliable ESCs thus reducing failures and scrap rates. Greater reliability
in the product can lead to more efficient semiconductor processing helping to relieve
impact on the global semiconductor market where shortages are on the increase.

The next section explores the use of FMEA as a technique to identify, understand
and manage the risk of failures.
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3 FMEA Background and Critical Evaluation

3.1 Failure Mode and Effect Analysis: Background

FMEA is a systematic procedure for analysing the risks of a system to potential failure
modes, their causes and effects on system performance. FMEA has been used as a
technique in manufacturing since the late 1960s and was popularised in the automotive
industry in the 1970s. Its origins go back further to the end of the 1940s where it was
used by the USmilitary to assess aircraft safety [7]. Today, whilst its use is commonplace
in manufacturing industries, it has not endured the popularity of other quality methods
promoted by lean and six sigma approaches. However, risk management is becoming
increasingly important with an increased focus on sustainable manufacturing within an
Industry 4.0 environment.

FMEA is based on conducting an analysis based on know-how and engineering
decisions to generate occurrence, severity, and detection values. An RPN (Risk Priority
Number) is calculated by multiplying OxSxD, where:

• Occurrence (O) is the probability of occurrence of the defect,
• Severity (S) is the significance of the defect/undesirable state,
• Detection (D) is the possibility of detection of the defect.
• Each parameter is typically assigned a numerical value from 1 to 10 [8] or can be
assigned a linguistic value (see Table 1).

Table 1. Typical numerical and linguistic values assigned to O, S and D parameters

Occurrence (O) Severity (S) Detection (D)

1 Negligible 1 Meaningless 1 Very high

2–3 Occasional 2–3 Low 2–3 High

4–6 Moderate 4–6 Moderate 4–6 Moderate

7–8 High 7–8 High 7–8 Low

9–10 Very high 9–10 Very high 9–10 Accidental

The risk level (indicated by the value of RPN) can have a value up to a maximum
of 1000. In practice, the upper limits of this index which can be defined as the level of
acceptability of risk, is arbitrary assigned. It is often assumed that an RPN less than 120
means an acceptable level of risk [10, 11].

FMEAs can be used at different stages of a project to achieve different outcomes.

• Design FMEA - used for the purpose of identification and prevention of failure modes
of products, which are related to their design, in order to validate the established
design parameters for a specific functional performance level, at system, subsystem
or component level,
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• Process FMEA - This type of FMEA focuses on potential failure modes of the process
that are caused by manufacturing or assembly process deficiencies,

• Concept FMEA - The concept FMEA is used to analyse concept in the early stages
before hardware is defined (most often at system and subsystem level).

Whilst the application of a traditional FMEA iswell establishedwithmany templates
and software tools available to support the process, it does have its limitations and relies
heavily on the existing knowledge and data and it is not easy for engineers to express
their evaluation of the risk factors in numerical terms [9]. Linguistic categories can be
used to overcome this where three or five level can be used (See Table 1 for a 5-level
example). Another limitation is that the RPN calculation overlooks relative importance
amongst risk factors where O, S and D values are assumed to be of the same significance
[8, 10, 11]. Also, in this case, different combinations of O, S andD values can provide the
same RPN value, but in reality their risk priorities may differ [8]. Although this suggest
that O, S and D values should be weighted relative to each other, assigning weights is
not straightforward. [12] in their comprehensive literature review of FMEA also include
interdependencies amongst failure modes and the limitation of only considering 3 risk
factors (O,S,D) as further shortcomings which are not taken account in the traditional
RPN calculation.

To overcome these limitations many researchers have explored alternative methods
for implementing and evaluating FMEA RPN values to provide a more reliable risk
ranking. The next section explores and evaluates alternatives to the standard FMEA
approach.

3.2 Critical Review of FMEA

A classification of evaluation methods to improves or enhance the standard FMEA
approach is provided in [12]. Themost popular category is AI, accounting for 40% of the
papers reviewed. This category is dominated by a Fuzzy systems approach. Integrated
approaches account for 11.25% of papers which also include a number of integrated
Fuzzy methods. The Multi Criteria Decision Methods (MCDM) account for 22.5%
of papers and include Analytical Hierarchy Process (AHP), Analytic Network Process
(ANP), The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS),
Grey, decision making trial and evaluation laboratory (DEMATEL) and Multicriteria
Optimization and Compromise Solution (VIKOR - from Serbian: VIseKriterijumska
Optimizacija I Kompromisno Resenje). Also included in theMCDM category are Fuzzy
variant of the above (For a detailed review of MCDM methods and their applications
see [13]).

In adding to the review by [12], papers post 2012 in Table 2 also show a dominance of
Fuzzy andMCDMapproaches. For Fuzzy approaches see [10] and [14], for combinations
of Fuzzy and other approaches (integrated approaches) see [8, 11, 15–18] and forMCDM
techniques see [7, 11].

Other techniques have been explored including combining FMEAwith other Quality
tools such as QFD for supporting the decision-making process [19, 20], and the Taguchi
method to explore combinations of decision criteria to minimise risk values [21].
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Table 2 lists some of the FMEA hybrid analysis techniques developed in recent years
with an indication of their application area.

In Table 2, focusing specifically on Fuzzy approaches, [10] and [14] use a Fuzzy rule
based method to rank the PRN numbers and compare the Fuzzy results with the classical
calculations. Differences in rankings of failure modes were observed between classical
and Fuzzy FMEA and the authors claim improvements in using the Fuzzy approach due
to overcoming drawback of equal weighting of the O, S and D values in the traditional
approach although there was no objective measure of this improvement. In both classical
and Fuzzy approaches the failure modes were determined using expert opinion. In [8],
instead of using a fuzzy rule based approach, use a Fuzzy MCDM approach based on
Fuzzy TOPSIS and Fuzzy AHP, where experts use linguistic variables to determine O,S,
D values. This approach also overcomes drawback of assigning equal importance to O,S
and D values.

A Fuzzy TOPSIS AHP approach was also adopted in [16], with the addition of 2
alternative evaluation criteria to the traditional S and D criteria and instead use two
criteria related to maintenance management along with the traditional O. Sensitivity
analysis was performed to test the influence of criteria weights.

Expert evaluation was also used by [15] to calculate the RPN values by applying a
novel integration model based on an interval type–2 Fuzzy (IT2F) inference approach.
This approach was designed specifically for group decision making where the main
advantage of this approach in that it enables evaluations from different area of expertise
to be assessed and combined. The authors claim the approach to be an improvement on
a traditional FMEA in that it overcomes the limitation of different O,S,D values giving
the same RPN score thus missing a potential of a high value in one of the measures
influencing the RPN value.

Whilst Fuzzy approaches remain the most popular approach to enhance FMEA anal-
ysis, its drawback is that it is characterized by only membership functions and initial
information may be lost in the process [22]. In order to address this shortcoming, the
authors have developed the Interval-valued Intuition fuzzy sets (IVIF) approach to deal
with uncertainty and incompleteness of information along with COPRAS and ANP (an
extension of AHP) to address the MCDM aspects. This approach was applied to a case
study in a hospital department setting. In this case, O, S and D values were further sub
divided into 2 or 3 sub factors. IVIF was used to construct pair-wise comparison matri-
ces between risk factors and sub-risk factors. The method was evaluated by comparing
the results with both a traditional FMEA and a GRA-based FMEA. Distinct differences
were reported between the traditional FMEA and the new model. The new model is able
to distinguish and assign different priority levels to Failure modes that score the same
RPN using the traditional method. Uncertainty is handled by IVIF-ANP and ranking
handled by IVIF-COPRAS. However the approach still relies on expert knowledge and
experience to develop the weighting of risk factors.

IVIF were also used by [11], where an integrated IVIF and Multi Criteria Broader
Approximation area Comparison (MABAC - a new form of Multi Criteria Decision
Analysis (MCDA))methodwas developed. This approach hasmerits in that it recognises
that information about risk factor weights is often only partially known or understood.
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Table 2. FMEA Hybrid methods and their application areas

FMEA Hybrid Technique(s) Application area Reference

Fuzzy Sterilization unit in a large hospital [10]

Fuzzy Supercritical water gasification system [14]

Fuzzy, TOPSIS, AHP Hypothetical case of a Manufacturing
facility in the automotive industry

[8]

Fuzzy, TOPSIS, AHP Development of a new street cleaning
vehicle with a telediagnosis system

[16]

Fuzzy IT2 (interval type 2) integrated
model

Furniture manufacturing company [15]

Complex Proportional Assessment
(COPRAS), Analytic Network Process
(ANP), Interval-valued intuitionistic
Fuzzy Sets (IVIFS)

Hospital service setting [22]

IVIF, MABAC - Results compare with
Fuzzy-VIKOR and Intuitionistic fuzzy
TOPSIS (IF-TOPSIS)

Radiation therapy process at cancer
treatment centres

[11]

Fuzzy, AHP, MULTIMOORA Occupational accidents at a steel factory [17]

Fuzzy, Possibility theory EOT crane for material handling [18]

Fuzzy QFD Shoe Manufacturing [23]

Process Activity Mapping (PAM) Low volume, high integrity
manufacturing

[24]

AHP, Composition of Probabilistic
Preferences (CPP)

Oil and gas sector services [7]

VIKOR Customer-oriented: 1. Ticket issuing
service at a travel agent; 2. Movie theatre
service

[25]

Action Research based approach New Product Development (NPD) in the
hydro-sanitary industry: manufacture of
flush toilets – flush control board

[26]

FTA Additive manufacturing system for metal
printing

[27]

QFD Steel manufacturing: Blast furnace
operation

[19]

QFD-System Dynamics (SD) -Causal
Loop Diagram (CLD)

Steel manufacturing: Roller transmission
system

[20]

Process-Aware (PA) using Delphi,
AHP, BPM life cycle

White goods manufacturing: end of
assembly line

[28]

Expectation Interval, Taguchi,
MOORA and Geometric Mean (GM)

Fuel oil system of a marine diesel engine [21]
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A Fuzzy based approach to determine weights of O, S and D parameters using an
extended Fuzzy AHP and Fuzzy Multiple multi-objective optimization by ratio analysis
(MULTIMOORA) for MCDM evaluations was adopted by [17]. In this case the criteria
of Cost, time and profit are used to calculate the weights of each failure mode.

All the above methods have combined or integrated Fuzzy approaches with other
methods, mainly MCDM, using information drawn from experts. Whilst this can be a
positive aspect where there is a lot of inherent knowledge in existence, the disadvantage
is when the existing knowledge on a product or process is unknown or poorly understood.

4 Conclusion and Future Work

The adoption of FMEA as a risk mitigation tool in industry is now widespread and it
is an expectation of many regulated industries that the procedures are followed. Whilst
some consideration of risk is better than no consideration of risk, the limitations of
traditional process and design FMEAs are repeatedly shown in the literature. The reg-
ulatory requirement to have an FMEA document often results in a box-ticking exercise
of little value. The reliance on opinions and subjective scoring results in unquantifiable
riskswhich cannot be compared across processes. FMEAs, particularly concept FMEAs,
can support the development of sustainable manufacturing processes by evaluating risk
before implementation, however traditional FMEAs have many shortcomings due to the
subjectiveness of the process.

Alternative FMEAmethodologies are becomingmore frequently applied in industry,
as seen in this literature review. Novel hybrid FMEA methodologies are numerous and
the literature shows that, in practice, they are more effective in quantifying risks than the
standard FMEA approach. This will provide industry with more confidence in taking on
risk when developing new products or processes.

In general techniques utilizing a Fuzzy approach are the most widely used methods
as it provides a mechanism to translate crips values for O,S, D measures into linguistic
valuables for the Fuzzy approach to analyse. In the short term, a standard FMEA has
its merits and provides a good starting point for developing more in-depth knowledge
of a complex product such as ESC [29]. However more work is needed to evaluate the
effectiveness of applying Fuzzy FMEA or other hybrid approaches to a complex product
such as an ESC where access to internal structures is limited making it difficult to assess
causes of failures.

There is a lot of existing knowledge and understanding of ESC operation in the
literature and within the company which makes many of the approaches reviewed in this
paper suitable where expert knowledge is needed for the FMEA development. The IVIF
approaches developed by [22] and [11] are potentially suitable for this application where
uncertainty and incomplete information can be accommodated. Also the approach by
[15] hasmerits in that it is applicable for groupworkwhere knowledge from experts from
different areas of expertise can be combined. This can be of advantage to the company
where data from customers using their products can be gathered and integrated into the
model.

The outcome of this literature review will be utilized in an ongoing research project
to improve the manufacturing process and design of an electrostatic chuck, with the
intention of improving the overall sustainability of the operations.
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Abstract. This paper presents a computer-based design approach of a piezoelec-
tric valveless micropump which consists of a piezoelectric element, a diaphragm,
a pump chamber, two diffusers, an inlet, and an outlet. The diaphragm and the
piezoelectric element act as the actuator of the micropump. In the study, geomet-
ric parameters of the actuator, diffusers and external parameters are numerically
analyzed in a Multiphysics environment using structural analysis and fluid struc-
ture interaction (FSI) simulations. At first, the ratios between the diameters and
the thicknesses are evaluated considering the maximum volumetric change of the
diaphragm for a specific frequency and voltage. Then, the trends of the flow rate
against the geometric parameters of the diffusers of the micropump are investi-
gated to select suitable geometric parameters based on the flow rate. Furthermore,
the effect of external parameters on the flow rate is studied. A direct relationship is
observed between the displacement of the diaphragm and the applied voltage. The
flow rate of the micropump increases exponentially when the width of the short
side and the length of the diffuser decreases. Additionally, curve fitting is used to
identify the relationship of flow rate with the applied voltage and the operating
frequency which showed a quadratic and linear relationship respectively.

Keywords: Micropump · FSI simulations · Parameter optimization ·
Piezoelectric actuation · Lab on a Chip · Diffuser · Valveless

1 Introduction

Microfluidics is an emerging technology that deals with manipulating and processing
micro-scale fluid volumes. Rapid advancements in Micro Electromechanical Systems
(MEMS) have contributed to the evolution of microfluidic systems in the last decade
and the use of bio-compatible materials has provided novel directions in developing
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MEMS-based microfluidic devices, suitable for biomedical applications [1]. MEMS-
based microfluidic devices such as Lab-on-a-Chip (LOC) devices for Point-of-Care
(POC) diagnostics, Micro Total Analysis Systems (μTAS), targeted drug delivery sys-
tems, and implantable devices are reported [2]. Fluid transportation is widely used in
these types ofmicrofluidic systems. Amicropump is a special type ofmicrofluidic device
that is used to transport microliter scale fluid volumes in microchannels. Regardless
of being continuous flow-based microfluidic systems [3] or droplet-based microfluidic
systems [4], the characteristics of the fluid flow inside microchannels affect the overall
functionality of the device’s effectiveness and efficiency.

Micropumps are mainly categorized as active and passive pumps. Active microp-
umps are further categorized as mechanical and non-mechanical micropumps [5, 6].
Micropumps can also be categorized as micropumps with valves and without valves
(or valveless). According to the literature mechanical micropumps use various types of
physical phenomena such as piezoelectric, electrostatic, thermo-pneumatic, shapemem-
ory alloys, bimetallic, ion conductive polymer film, electromagnetic, and phase change
[7]. Among these types, piezoelectric micropumps have higher flow rates due to their
high response rates [8]. In addition to the actuator, micropumps require check valves
or diffusers to maintain a net directional flow rate [9]. Micropumps with check valves
can generate a higher flow rate, but their durability is low due to the wear and tear of
the moving parts in the check valve. Conversely, micropumps with diffusers (valveless
micropumps) do not have any moving parts, but their flow rates are low [10].

Sustainable design techniques and computer-based analysis methods have enabled
the investigation of miniature systems and understand complicated functionalities prior
to device fabrication,which significantly reduce the cost at the design stage.Conservation
of resource, lower time-consumption, minimumwaste production, andminimum energy
consumption are few advantages of computer based sustainable design techniques. The
literature presents the use of various computer-based simulation and analysis techniques
to investigate the parameters related to different actuation mechanisms of MEMS-based
microfluidic devices on the functionality and performance of the devices [11]. FSI, flow
analysis, and stress analysis are conducted to evaluate the performance of the microp-
umps [12]. The behavior of the diaphragm and diffusers of the valveless piezoelectric
micropumps are used to investigate the performance of the overall micropump. Fan
et al. numerically analyzed the effect of the applied frequency on the deflection of the
diaphragm at a range from 50 Hz to 50 kHz [8]. Cui et al. conducted simulations using
the Ansys software to find an optimal thickness for the piezoelectric element. According
to their results, it is affected by material and the thickness of the pump membrane [13].
In the study, a mathematical model is developed, valveless piezoelectric micropump
is numerically analyzed, and parameters related to the piezoelectric element are inves-
tigated [14]. Dereshgi et al. numerically analyzed the operation of a valveless piezo-
electric micropump with single and dual diaphragm arrangements at a low-frequency
range [15]. Therefore, the literature provides the background to analyze the parameters
related to the piezoelectric element, the diaphragm, and the micropump design using
computational engineering techniques. Iterative design optimization capability of these
techniques improves the efficiency and productivity of the overall manufacturing process
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by eliminating the drawbacks of the commonly used ‘trial and error’ approach. Com-
paratively, shorter lead times have encouraged the use of computational engineering
modelling, simulation, and implementation of sustainable manufacturing technologies
for research and industrial product development.

In designing a valvelessmicropump, it is important to identify the key parameters that
affect the performance of the pumping device. The effect of the geometric parameters and
the external parameters on the flow rate of the micropump is analyzed by computational
methods, to understand the performance of the micropump. Additionally, optimization
of these parameters is essential in designing a micropump to deliver the required flow
rate to the microfluidic system. In this paper, we present an analysis of a valveless
micropump with a piezoelectrically actuated diaphragm using COMSOL Multiphysics
software. Numerical simulations are conducted to find the relationship between the ratio
between the thickness and diameter of the piezoelectric element and the diaphragm,
and the deflection of the diaphragm for different voltages and frequencies. Then, the
relationship between the flow rate of the micropump and the parameters of the diffusers
is studied numerically. The observations and the results provide a novel approach for
developing micro-scale pumping using piezoelectric materials and provide optimum
parametric values required for prototyping the devices.

2 Proposed Micropump

The micropump consists of a pump chamber, diaphragm, piezoelectric element, inlet,
and outlet as shown in Fig. 1. Two diffusers are used in the inlet and outlet; therefore,
the pump is categorized as a valveless micropump. The diaphragm is placed in between
the piezoelectric element and the pump chamber to avoid cross-contamination between
the working fluid which is favorable in developing biocompatible microfluidic devices.

(a)

Inlet

Outlet

Piezoelectric Element

Diaphragm

Pump Chamber

Inlet
(c)

Outlet 

(d)

Piezoelectric Element

Diaphragm

(b)

Fig. 1. (a) Proposed system layout and subcomponents; (b) Piezoelectric element and diaphragm;
(c) Inlet diffuser; (d) Outlet diffuser. Green arrows represent the flow direction (Color figure
online).

Based on the literature, the diameter and the thickness of the diaphragm and piezo-
electric element, length, and widths of the two sides of the diffuser are identified as the
dominating geometric parameters in designing themicropump [10].Operating frequency
and applied voltage are the external variables considered in controlling the micropump
[16].
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3 Methodology

At first, the parameters related to the diaphragm are analyzed. The design parameters
are shown in Fig. 2. Then, the results are used to analyze the parameters related to the
diffusers.

D
d

α=
d

β=
td
tp

Fig. 2. Design parameters and four ratios

To simplify the analysis, four ratios α, β, r1 and r2 which are shown in Fig. 2 are
defined by using the following parameters.

d – Diameter of the piezoelectric element
D – Diameter of the diaphragm
td – Thickness of the diaphragm
tp – Thickness of the piezoelectric element
hdiff – Width of the small side of the diffuser
Hdiff – Width of the large side of the diffuser
ldiff – Length of the diffuser
Since d and hdiff are designed to be less than D and Hdiff, α and r1 are less than 1. β

is varied from 0.2 to 5 and r2 is varied from 0.25 to 5. The height of the microchannel
(tcha) is taken as 1 mm. The highest operating frequency and applied voltage are selected
as 32 Hz and 400 V respectively for the analysis. Multiphysics simulations are carried
out to obtain the data points of flow rates for different parameters. Then, a curve fitting
technique is used to observe the trend between the flow rates and the parameters. Among
the different piezoelectric materials used in previous piezoelectricity-based studies [17],
Lead Zirconate Titanate (PZT) is the most commonly used piezoelectric element, due to
its ability to achieve high deflections [14]. Therefore, PZT is selected as the material for
the piezoelectric element in the presented study, and brass is selected as the diaphragm
material to maintain the biocompatibility of the device. Table 1 shows the steps taken
during the analysis of the micropump.
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Table 1. Micropump analysis steps

Observed
parameter

Varied
parameter

Fixed
parameters

Desired outcome Method/Technique

Maximum
volumetric
change

α β, r1, r2,
frequency,
voltage

Diaphragm
displacement at
different points for
different α

Parametric sweep

Total volumetric
change of
diaphragm for
different α

Surface integration

Maximum
volumetric change

Calculating the
maximum value

Obtaining the trend Curve fitting

β α, r1, r2,
frequency,
voltage

Diaphragm
displacement at
different points for
different β

Parametric sweep

Total volumetric
change of
diaphragm for
different β

Surface integration

Maximum
volumetric change

Calculating the
maximum value

Obtaining the trend Curve fitting

Diaphragm
deflection

Frequency,
voltage

α, β, r1, r2 Eigen frequencies
of the diaphragm

Mode shape analysis

Diaphragm
displacement

Diaphragms
displacement vs
frequency and
voltage

Structural analysis

Diaphragm and
piezoelectric
element stress

Voltage α, β, r1, r2,
frequency

Maximum stress of
diaphragm and
piezoelectric
element vs voltage

Structural analysis

Flow rate Diffuser
width

α, β, r2,
frequency,
voltage

Flow rate vs r1 FSI simulation

Obtaining the trend Curve fitting

(continued)
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Table 1. (continued)

Observed
parameter

Varied
parameter

Fixed
parameters

Desired outcome Method/Technique

Diffuser
length

α, β, r1,
frequency,
voltage

Flow rate vs r2 FSI simulation

Obtaining the trend Curve fitting

Frequency,
voltage

α, β, r1, r2 Flow rate vs voltage FSI simulation

Obtaining the trend Curve fitting

Flow rate vs
frequency

FSI simulation

Obtaining the trend Curve fitting

4 Results and Discussion

4.1 Variation of Maximum Volumetric Change

4.1.1 Maximum Volumetric Change with α

In this analysis, a voltage of 300V is applied to the piezoelectric elementwith a frequency
of 20 Hz. During this simulation β, r1 and r2 are kept constant at 0.5, 0.4, and 2. Variation
of the maximum volumetric change with α obtained by the analysis for 4 different
diameters of the diaphragm is shown in Fig. 3 (a). According to the results, themaximum
volumetric change of the micropump increases with the diameter of the diaphragm for
a specific α value. For a specific diameter of the diaphragms, the maximum volumetric
change increases until α = 0.9 and then, decreases at a higher rate. Therefore, the
maximum volumetric change is observed to be the highest at α = 0.9.

(a)

M
ax

im
um

 v
ol

um
et

ri
c 

C
ha

ng
e 

(μ
L)

M
ax

im
um

 S
tr

es
s 

on
 D

ia
ph

ra
gm

 (M
Pa

)

M
ax

im
um

 S
tr

es
s 

on
 P

ZT
 (M

Pa
)

(b) (c) 

Fig. 3. (a) Maximum volumetric change; (b) Maximum stress on piezoelectric element; (c)
Maximum stress on diaphragm vs α, for 4 different diameters of the diaphragm
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Variations of the stresses generated on the piezoelectric element and the diaphragm
against α, for 4 different diameters are shown in Figs. 3 (b) and (c). According to the
selected materials for the piezoelectric element and the diaphragm, the yield stress of
PZT and brass are 114.8 MPa and 140 MPa. The results show that the stresses generated
on the diaphragm, significantly reside below the yield stress. But according to the stresses
generated on the piezoelectric element at the range of α > 0.95, the element is at a risk of
failing. Having a higher safety factor ensures the reliability of the functionality and the
durability of themicropump.According to Fig. 3 (b), the safety factor of the piezoelectric
element can be increased by lowering the α value. For the study, a higher safety factor
of 2.2 is obtained by selecting α as 0.67 [18]. In addition, applications with high flow
rate requirements, need the piezoelectric element to be actuated at higher frequencies.
According to experiments conducted in a previous study by our research group, it was
identified that the piezoelectric element have a higher possibility to fail in such instances
[19]. Therefore, selecting a lower α value for the piezoelectric element is identified as
appropriate to avoid failures during the operation of the micropump.

4.1.2 Maximum Volumetric Change with β

Similar to the previous analysis, a voltage of 300V is applied to the piezoelectric element
with an operating frequency of 20 Hz. Variation of the maximum volumetric change
against β, for 4 different diameters of the diaphragm is shown in Fig. 4 (a). According to
the results, it is observed that the volumetric change decreases when the value increases
in the range of β > 1 and there is a peak in the range β < 1. The maximum volumetric
change and the β value correspond to the increment of the peak increases when the
diameter of the diaphragm is increased. Stress variation in both piezoelectric element
and the diaphragm which are shown in Fig. 4 (b) and (c) do not pass the yield stresses
of the materials. But there exists a local minimum near 0.5 in both of the stress graphs.
Therefore, 0.5 is selected as the suitable value for β to proceed with the analysis. During
this simulation α, r1 and r2 are kept constant at 0.67, 0.4, and 2.
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Fig. 4. (a) Maximum volumetric change; (b) Maximum stress on piezoelectric element; (c)
Maximum stress on diaphragm vs β for 4 different diameters of the diaphragms.
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4.2 Deflection of the Diaphragm

The first and the second mode shapes of the diaphragm are shown in Fig. 5. According
to the results, the center of the diaphragm has the maximum displacement when the
operating frequency varies up to 7801.4 Hz. According to the design considerations, the
highest operating frequency is below the first Eigen frequency. Therefore, the deflection
of the diaphragm has the same deformation throughout the selected operating frequency
range.

Fig. 5. (a) First mode shape (7801.4 Hz); (b) Second mode shape (14972 Hz)

Results obtained by the displacement analysis are shown in Fig. 6 (a). In the graph,
the maximum displacement of the center of the diaphragm is plotted against the applied
voltage and operating frequency during one cycle of operation. According to the graph,
the variation of displacement against the operating frequency does not show a signifi-
cant change, but the displacement increases when the applied voltage is increased and
achieves a maximum displacement of 42 μm for 400 V. Variation of maximum stress
of the piezoelectric element and the diaphragm with the applied voltage during one
operating cycle are shown in Fig. 6 (b). According to the graph, the stress generated
on the piezoelectric element is higher than the stress generated on the diaphragm, and
both have a linear variation with the applied voltage. Since the stresses are less than
the yield stresses of the materials, the selected range of applied voltages and operating
frequencies do not cause any failure in materials.
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Fig. 6. (a) Variation of displacement vs applied voltage and operating frequency; (b) Variation of
the stress of piezoelectric element and diaphragm vs applied voltage.



176 S. Dodampegama et al.

4.3 Variation of Flow Rate with Diffuser Parameters and External Parameters

4.3.1 Flow Rate with Diffuser Width

The operating frequency and applied voltage are taken as 20 Hz and 300 V for the
analysis. r2 is kept constant at 2. Therefore, the diffuser length is 200 μm. Flow rates of
the micropump for different r1 values are plotted in blue color dots in Fig. 7 (a).

According to the simulations, it is identified that theflowrate reduceswhen increasing
r1. It conveys that, the performance of the micropump increases when the width of the
short side of the diffuser keeps at low values compared to the other side. When r1 is 0.1,
the micropump has a flow rate of ~0.3 μLs−1. This value can be increased or decreased
by changing the operating frequency and applied voltage. A curve is fitted to identify
the relation between the flow rate and r1 by using nonlinear regression. It is shown in
the dashed line in Fig. 7 (a). The equation of the fitted curve is shown in Eq. (1).

y = 5.75985 × e−4.81765x (1)

4.3.2 Flow Rate with Diffuser Length

R1 is taken as 0.4 in this analysis. Since Hdiff is equal to 1 mm, hdiff is 400 μm. The
operating frequency and applied voltage are kept at 20 Hz and 300 V similar to the
previous analysis. The flow rate for two complete cycles against different r2 values is
shown in Fig. 7 (b).
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Fig. 7. (a) Variation of the flow rate of the pump vs r1. The dashed line represents the fitted curve;
(b) Red color dots represent the variation of the flow rate of the pump vs r2; (b) Blue color line
represents the fitted curve for r2 ≥ 1(Color figure online).

According to the results, it can be observed that the flow rate increases when r2
decreases from 5 to 1. Afterward, the flow rate reaches a maximum and decreases when
r2 decreases from 1 to 0. The flow rate of the micropump for r2 ≥ 1 can be estimated
by using nonlinear regression. The equation of the fitted curve is shown in Eq. (2) and
the curve is shown in Fig. 7 (b).

y = 1.230 − 0.2264x + 0.01810x2 (2)
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4.3.3 Flow Rate with Applied Voltage and Operating Frequency

For this analysis, r1 and r2 are taken as 0.4 and 2. Since Hdiff is 1 mm, hdiff and ldiff are
taken as 400 μm and 2 mm respectively. Figure 8 (a) shows the relationship between
the flow rate of the micropump and the applied voltage for three different operating
frequencies.

According to the results it can be examined that the flow rate and applied voltage
have a quadratic relationship. Quadratic curves are fitted using polynomial regression
analysis. Equations of the curves when the operating frequency is 10 Hz, 20 Hz, and
30 Hz are shown in Eqs. (3), (4), and (5) respectively. For the three curves, R2 values
are 100%.

y = −0.006614 + 0.00007578x + 0.000003066x2 (3)

y = −0.01012 + 0.0001978x + 0.000008852x2 (4)

y = −0.04301 + 0.0007396x + 0.00001454x2 (5)
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Fig. 8. (a) Variation of the flow rate of the micropump with the applied voltage for different
operating frequencies; (b) Variation of the flow rate of themicropumpwith the operating frequency
for different applied voltages.

Figure 8 (b) shows the relationship between the flow rate of the micropump and the
operating frequency for four different applied voltages. According to the results it can be
observed that the flow rate has a linear variation with the operating frequency. Straight
lines are fitted using linear regression to verify the relationship. Equations of the lines
when the applied voltage is 100 V, 200 V, 300 V, and 400 V are shown in Eqs. (6), (7),
(8), and (9) respectively. R2 values of four lines are 99.99%, 100%, 100%, and 100%
respectively.

y = −0.01782 + 0.004466x (6)

y = −0.05845 + 0.01684x (7)
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y = −0.1158 + 0.03565x (8)

y = −0.2171 + 0.06561x (9)

5 Conclusion

In this study, numerical analysis of a piezoelectric micropump with two diffusers is con-
ducted while studying the relationships between maximum volumetric change with the
diameter ratio r1 and thickness ratio r2 of the diaphragm and the piezoelectric element.
Simulations have illustrated the highest volumetric change when α = 0.9 and β = 0.5.
Results also show that the amount of deflection of the diaphragm is directly proportional
to the applied voltage, and it does not show any relation with the operating frequency.
It has been observed that the flow rate of the micropump increases when the difference
between the two widths of the diffuser increases. Initially, the flow rate increased with
decreasing diffuser length but with a further reduction of diffuser length, the flow rate
began to decrease. When the external parameters of the micropump are considered, flow
rate against applied voltage has a quadratic relationship and flow rate against operating
frequency has a linear relationship. In the proposed micropump, the highest operat-
ing frequency is 32 Hz, and the maximum applied voltage is set to be around 400 V.
Multiphysics simulations and numerical analysis were conducted using COMSOL and
MATLAB software platforms. According to the results obtained from the analysis, it is
concluded that the use of diffusers in the micropump can generate a flow rate that is in
the microliter range.

The micropump analysis reported in this paper can be used to design micropumps
to provide desired flow rates. The study is specifically conducted for low-frequency
range and low flow rate pumping applications. Furthermore, the performance of the
diffusers can be improved by analyzing different geometries using curved surfaces and
themicropump can be investigated for different working fluids to improve understanding
of the functionality of the piezoelectric micropump proposed in the study.
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Abstract. This paper developed an approach to integrate a human-robot collab-
orative assembly with a manual production line. The integration was completed
effectively by exploring several collaboration algorithms. The study was con-
ducted to enhance the working environment by improving the productivity and
the quality of the production. Variability in the assembly processes was reduced,
thus improving product quality and reducing rejects and reworks. The automation
or robot collaboration was evaluated on one of the existing assembly lines, to help
worker reduce repetitive work and increase productivity, which will also help to
save labor costs over the long term. The inspection outputs from a robot are easily
accessible, providing the quantitative data, analysis of which will lead to continual
improvement.

Keywords: Collaborative robot · Industrial application · Robot assembly

1 Introduction

Robots have blended into humans’ lives for several decades to assist humans in a large
number of application areas. Recent years have seen new developments in human–robot
co-assembly operations across themanufacturing sector. Global competitors and techno-
logical advancements have resulted in the use of such systems in more challenging and
complicated manufacturing environments [1]. At the same time, a hybrid assembly task
that combines a robot-assisted systemwith the human worker [2] has numerous vital and
outstanding advantages, which substantially lessen the amount of fixed production costs
in comparison to variable costs. Collaborative robotics triggered a huge shift from the
traditional robot-in-a-cage model to robots interacting with people in a fenceless envi-
ronment [3]. Consequently, human–robot collaboration is getting increasing attention
in manufacturing applications. The cooperation of humans and robots in collaborative
assembly tasks can take advantage of the differing strengths from both sides [4]. Gener-
ally, the robot provides several benefits including reduced worker fatigue and increased
productivity. Human-robot collaboration therefore results in reduced levels of physical
strains for human partners [5] while the human partner provides an incomparable ability
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to operate high accuracy sensory components, and rapidly adapt to new and complex
subtasks.

The conventional coding approaches for the collaborative robots are gradually
becoming less able to satisfy the flexibility and variability of product developments,
especially those with more personalized and customized requirements [6]. As a result,
more efficient and rapid programming approaches need to be developed to enable the
robot to be quickly adapted for new tasks in human–robot collaboration.

Programming by demonstration (PbD) is a similar technique to the record and replay
technique, in which a robot is shown a set of movements and then repeats them exactly
multiple times, but PbD has an aspect of learning integrated into it, making it a more
effective system. In contrast to conventional coding procedure, PbD allows this process
to be streamlined by showing the robot its task, while its position, joint rotations and any
other required pieces of data are recorded. This allows it to repeat the task by following
this data and no coding is required. It is also possible for the robot to learn how to
deal with varying circumstances by showing it through multiple different but similar
scenarios, enabling the robot to generalize its task. For example, Cousins et al. (2017)
demonstrated the possibility of replicating themovement of the user’s hands with robot’s
hands, allowing the robot to be adjusted remotely [7]. Wang et al. (2018) developed a
teaching-learning-collaboration (TLC) model for the collaborative robot to learn from
human demonstrations and assist its human partner in shared working situations [8].

During the last decade, the emergence of asset digitalization has enhanced the devel-
opment of robot processes with simulation tools that can accurately represent the human-
robot setup [9]. The work of Pieska et al. (2018) tests a number of modern robot process
development tools where a simulation environment is used together with robot teaching
or high-level programming to program the robot offline. Then the high-level code is
translated to a low-level code that the robots understand and execute [10].

Cobots are inherently passive robots whose goal is to facilitate a full collaboration
between the human and the robot. This collaboration means that the human and the
robot will share the working envelope, the task and the process. This work presents the
method followed to introduce cobots in the assembly process of a brake booster. The
aim is to develop and validate an environment of a human-robot collaborative assembly.
In such an environment the human and robot will work in cooperative mode where they
will share the working space and the time. In more detail, 1) Introduce a system using
cobots to assemble parts at production rates equal to or higher than the current ones.
2) Increase worker productivity during the assembly of two pistons, two extensions
and two plungers. 3) Reduce repetitive work undertaken by workers 4) Minimize the
effort to reconfigure the system for different parts 5) Design the system taking health
and safety standards into consideration. 6) Achieve the results without the need for part
tracing/identification.

The developed system is explained in the second section of this paper followed by
the third section which describes the methods used in the approach. The fourth section
illustrates the research results, and the final section presents the conclusions.
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2 Methodology

To determine the type of human-robot collaboration, the distribution of tasks and the
sequence of the distributed tasks follow a three-stages process. Firstly, the manual tasks
are analyzed. Then, a simulation model that includes both the human and the robot is
developed. The aim of the simulation model is to optimize the independent and collab-
orative activities as well as to ensure that the ergonomics of the assembly cell allows
for the execution of all tasks and does not impose increased or unnecessary strain to the
human. Finally, the tasks are individually validated at the purpose-built test bed with the
actual robot and the equipment and tools required for the assembly. More detail on each
of these stages is provided in the next sub-sections.

2.1 Assembly Procedure Analysis

In this section, every step of the assembly procedure is analyzed to decide where to
deploy the robot to handle certain tasks. The following is the details of the criteria that
have been used:

• The complexity of achieving the task by the robot: This aspect is needed to evaluate
the challenges that the system integrator can face during the installation and program-
ming of the robotic system. The complexity at this point is analyzed from the robot
perspective. This means that the nature of the task will play a major role in deciding
the level of complexity as some tasks are easier to be performed by the human and
vice versa.

• The complexity of robot control: This criterion analyses two aspects in the robot: the
first one is the kinematics of the robotic arm, the second one is the low-level control
of the robot’s joints. This is needed to control the robot movement.

• Reliability of the robot deployment: This criterion ismeasured by looking at the output
of the assembly and evaluate the quality for several cycles. This will give indication
about the level of trust in implementing the robotic solution in the manual production
line.

• Possibility to deploy the robot using the current system and equipment: This criterion
analyses the status of the production line the identify the benefits of implementing the
robot in the existing setup. This helps the company to evaluate the feasibility of using
the robot from the environmental, ergonomic and economical perspectives.

A summary of human-robot co-assembly procedure analysis is given in Table 1.
The subassembly breakdown is categorized into seven main operations. Green color is
the prior operations to implement the robot. Orange colored operations need further
investigation due to the constrains of using current assembly tools. Red operations are
easier for human operators due to the time limit of this project.

2.2 Production Cell Simulation

A novelty of this research project is that after the assembly process analysis a hybrid
development methodology is followed that combines simulation in parallel to actual
robot testing in a purpose-built testbed. Core objectives of the simulation model are:
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Table 1. Assembly procedure analysis

Categorised
operations

Human Robot Constrains with
current system and
equipment

Pick-up parts, Place
to nest

Repetitive work.
Requires pre-unload
parts for convenience
of latter operations

Reliable. Adding the
robot can save time
and efforts

Grasping point of
each individual part
needs to be identify

Place bullet over part Need to switch
between different
sizes of bullet for
different parts

Achievable. In this
step, the robot will do
a repetitive job with
one program

Design extension to
the current bullet for
robot to use these
current tools

Pick up O-rings/seals
from container

This step can be done
by a human operator
to eliminate the robot
control complexity

Achievable but
complex with limited
project time

May require advanced
sorting machine

Pick up pusher, push
O-ring/seals down
into groove

Speed depends on the
skill of workers

Achievable. In this
step, the robot will do
a repetitive job with
one program

Design extension to
the current pusher for
robot to use these
current tools

Pick up circlip This step can be done
by a human operator
to eliminate the robot
control complexity

Challenging for
robots to pick up
single item from
jumbled tray

Sizer parts Repetitive work Achievable. Can be
repeated/extended to
different size without
extra efforts

The grasping point of
the part need to be
identified

Store parts Repetitive work. Can
be done without extra
effort if last step is
done by human

Reliable. Adding the
robot can save time
and efforts

The grasping point of
the part need to be
identified

• Assist in the development of the control logic,
• Provide a robot cell visualisation to ensure that the available hardware canbe integrated
and that both human and robot tasks can be done efficiently

• Enable an iterative process where simulation results are embedded into the testbed
and testbed results are embedded into the simulation model.

Due to the nature of the simulation required, Siemens Process Simulate soft-
ware package was selected. This simulation package supports a detailed human and
robot simulation as well as virtual robot controllers that can be programmed like the
actual controllers allowing for code sharing and validation in both virtual and physical
environments.
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The first step for the simulation model development was to create a number of differ-
ent hardware setups that were proposed after brainstorming. These models contained all
hardware and tools that were either available or possible to build without any interactions
considered since this was the base to define the system logic. Some of the project partici-
pants used CAD software to express their ideas so the parts could be easily imported into
the simulation software package. Visualization is important to enable the engagement
of non-technical people that can provide valuable insight about the goals of the change
in the production.

After a generic setup of tools, equipment and human working space was defined,
the system interactions (logic) were modelled. This step took into account the assembly
procedure analysis in order to separate the tasks that are done by the robot and establish
sequences and relations or checks between all tasks (human and robot).

Then an iterative process was initiated where a specific process setup and logic was
modelled and the tasks whose result was not deterministic were flagged to be tested on
a physical system. A characteristic example are the tasks that involved the pushing of
washers or O-rings into the respective grooves. The simulation model cannot ensure that
the end-result would comply with the quality standards and in addition new robotic tools
were developed to achieve the desired result. In these cases, the task was developed and
tested on the physical testbed and the results were then passed to the simulation model
in the form of a 3D CAD model of the new tool when new tools were developed and in
the form of robot programming code when a different task execution was required.

Finally, the simulation model was used to make the production cell more ergonomic
in aspects such as easy reach of parts and tools by the human, minimization of the
collaborative space to improve human safety, and development of an easy to follow
routine for the human to reduce the required levels of focus. The simulation model
cannot be developed without the testbed (described in Sect. 3.3), and it is not intended
to provide an independent offline solution that would be downloaded to a production
cell robot only at the end of the development process (as it would be done in idealized
process development cases).

2.3 Task Validation Testbed

As explained in Sect. 3.2, not all tasks could be designed through the simulation model.
Installing washers and O-rings accurately required a redesign of the tool (pusher) that
pushed the washer/O-ring to the correct position. Then due to the bespoke nature of
the solution, details such as pushing angles/forces/speeds, and optimum tool gripping
position had to be defined through a trial and error process. To develop these tasks a
modular testbed was built where all trials could run. Since cobots can be easily relocated
the testbed was installed at a controlled space outside the production to ensure the safety
of personnelworking on other tasks and prevent obstructions in production that shopfloor
trials may cause.

The testbed consists of a table where the robot or other equipment can bemounted on
(at any position), the robot with its gripper, manual part conveyors and storage boxes or
trays. The testbed can be easily reconfigured which is important especially in the initial
stages of development where the orientation of equipment and even the flow direction
of parts has not been decided.
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Parallel development (simulation and testbed) requires that tasks are designed as
moduleswith discrete input and output in both the physical and the digital worlds. Taking
the fitting of a washer as an example, the task input is the positions and orientations of
the robot, of the pusher, of the washer expansion bullet and of the washer itself before
the task begins. The output is the positions and orientations at the end of the task. To
simplify the development of the cell the robot joints have zero speed at the beginning and
at the end of the task and the state of each model item remains the same (for example no
changes in shape or temperature). In addition to the physical systemparts the digital input
is the active signal(s) before task starts and the digital output is the signals generated
at the end of the task (as a result of the task). This modular approach facilitates the
transition between the physical testbed and the simulation model and ultimately enables
the development of the cell partially as a simulation model and partially as a physical
model. In the washer fitting example, the simulationmodel was developed with a generic
task representing the washer fitting. This task was then developed and executed at the
testbed using the input from the simulation model. The results were measured (in terms
of time, position and orientation) and finally transferred to the simulation model along
with the robot program.

Overall, the testbed could be considered as an extension of the simulation model.
The latter provides a more complete picture of the final production cell but it lacks the
accurate measurements, the quality checks and reliability verification which can only be
done at the testbed.

3 Case Study Demonstrations

3.1 System Description

The manual assembly cell produces master cylinders for automotive brakes which are
twin boosted to reduce up to 90% of the required pedal effort. The parts that this work
assembled with a human-robot collaboration are the pistons (0.165 kg), the extension
pistons (0.120 kg) and the plungers (0.338 kg). Examples of the parts are shown in Fig. 1.

Fig. 1. From left to right: piston, piston extension, plunger, full assembly (piston tower)

Prior to assembling the parts, a number of seals and O-rings need to be mounted on
the parts as well as a valve that is installed inside the piston extension. These form the
biggest challenge either for the human that needs to follow precisely multiple steps or
for the robot that must ensure that everything is mounted accurately.
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The manual process that must be followed to prepare the piston, piston extension
and the plunger is shown in Fig. 2. After the completion of Fig. 2 steps the three parts are
ready to be installed in the cylinder. Since these are parts of a twin booster system a set of
2 pistons, 2 extensions and 2 plungers are needed for each booster assembly. Installation
into the cylinders is done at a later stage and is not considered for the human-robot
collaboration.

Fit 2 O-rings in the 
grooves

Piston

Fit 2 PTFE seals over the O-rings

Piston 
Extension

Mount valve

Place into sizer (accuracy check)

Press valve

Mount square seal

Mount PTFE seal

Check seal alignment

Plunger

Fit 2 O-rings in the respective grooves

Fit 2 seals in the respective positions

Check and size the plunger in 2 sizers

Fit gland seal in the respective groove

Fit circlip

Fig. 2. Manual assembly steps

The average time needed for a skilled worker to assemble a piston, an extension
piston and a plunger is 15 s, 40 s, and 45 s respectively. The total time for each twin
booster is 200 s. Due to the nature of the manual work, there are numerous factors that
can affect these times. However, the average was calculated by measuring the worker
performance on one part and not on the average number of parts during a shift.

For the transformation of the assembly cell a Universal Robots (UR) UR5e robot
[11] has been selected. UR robot is designed to make collaborative robot technology
accessible to small andmedium-sized businesses.UR5e is a 6-axis industrialmanipulator
with a weight of 20.6 kg, the maximal payload of 5 kg and a working radius of 850mm,
featuring built-in torque/force sensors.

In manual control mode of the robot, the user can move each joint separately or
move all joints synchronously by setting a goal position for the end-effector of the arm.
A teaching mode is also available on the user’s interface, which allows the user to move
the arm by hand to the desired position.

The UR5e robot can run on automated control as well, and the programming can
be performed at two levels, the Script Level and C-API Level. In case of Script Level
programming, the arm is only controlled by a program written in URScript, a language
developed byUniversal Robots for theUR robot series. TheURScript language is similar
to Python programming language, and one can use variables, data types, functions and
the flow of control statements. It also provides necessary commands for communication
and motion control, but it does not include extended libraries for motion planning or
advanced mathematics.
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The grippers picked for this project are from SCHUNK, the Co-act EGP-C [12]. It is
certified in accordance with ISO/TS 15066 and integrates easily and fast with the UR5e
cobot.

3.2 Simulation Results

The first outcome of the simulation was the design of the human-robot collaboration
cell. This is depicted in Fig. 3. All parts flow in the direction of the arrow shown in
the figure. The human receives the trays containing the items to assemble, prepares the
parts for the robot (which includes placing washers and O-rings over the respective
expansion bullets) and operates the press that inserts a valve into the piston extension.
Then the human places the parts in the respective designated areas and the robot finishes
the assembly by pushing the washers and O-rings into the piston or plunger. Finally,
the robot places the parts into a sizer and moves them to an area where the next worker
can pick them up and continue the assembly process. All equipment and parts as well
as the position of the human and the robot are placed in a way to minimize travelling
distances. The human reaches assembly items and tools easily with minimum bending
and the robot makes the most of non-collaborative areas where it can run at maximum
speed and therefore reduce cycle times.

Fig. 3. Left: the simulated cell. Right: Simulation results

The second outcome of the simulation is the process logic. The robot operates in
‘opportunistic’ logicwhich selects between available taskswith a first in first outmethod.
As soon as assembly items are available in the designated area the robot starts the task
related to these parts. If parts are available in 2 different designated areas, then the robot
carries on the task related to the parts that became available first.

The third outcome was the calculation of the collaborative process times. Figure 3
shows the summary of times for the groups of tasks carried out by the human (discussed
in Sect. 4.2) and the robot. The robot is slower than the human and the overall cycle time
equals the robot cycle time (72 s) which is 28% less than the cycle time of the manual
process.
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3.3 Testbed Results

The feasibility of the purposed robot-assisted assembly operations were tested and
demonstrated on the testbed as shown in Fig. 4. Firstly, teaching by demonstration
method was used in robot programming. This shortened the learning curve for the new
operators and allowed them to use the graphical user interface (GUI) for programming
the robot. This method also provides redundancy of manipulating other customized parts
in different dimensions, which meets the needs of the company. This method was used
throughout the development of the process to create the programs that were then passed
to the simulation software.

Fig. 4. Robot assembly tasks validation. Left: Piston extension. Right: Plunger

As mentioned in Sect. 3.3, a new type of pusher was designed to improve the effi-
ciency of robot operation of installing O-rings and seals. Additional adapters handles
and stands were also designed and used for robot gripper to interact with different tools.
All these parts were tested in terms of finishing quality and process reliability.

4 Discussion and Conclusions

One of the main key findings that has been demonstrated in the reported research is the
feasibility of introducing a collaborative robot to a manual assembly process. This is
achieved by developing a hybrid model in which the robot and the shopfloor operator are
working side by side. For the development, a novel approach is followed where a simu-
lation environment and a physical testbed are running in parallel and provide feedback
to each other. It is found that the introduction of the collaborative robot improved the
productivity compared with the manual setup. Furthermore, the integration time for the
collaborative robots was relatively short since they came with integrated safety sensors
which limit the need for external safety considerations.

Two main challenges have been identified during the development of the approach,
The first one is that the approach need to guarantee the safety of the operator working
side by side with the robot. The second challenges are to find the balance between the
speed of the operator compared with the robot as they need different times to perform
the same task.
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Abstract. With the emergence of IoT, smart water monitoring systems have
become widely available. Their operation is typically related to the detection of
leaks and to water supply network management. These systems collect a large
amount of data that can be used in new ways to improve current services and
to introduce new functionalities for the user’s health and safety. This paper is
reporting the findings of a research project that developed a state-of-the-art water
monitoring system and explored new ways to use the generated data and the sys-
tem’s capabilities. The project found that by groupingwater consumption data into
hourly intervals improves user understanding and provides enough detail to iden-
tify usage patterns. In addition, exploitation of the unique characteristics of the
pipeline that was used for trials led to the development of a new small-leak detec-
tion method. The work expands system’s application to user health and safety
and proposes two more applications with their respective algorithms. The first
application produces early notifications when people who live alone stop doing
basic water consuming tasks and potentially require health assistance. The second
application monitors and prevents the growth of Legionella in the water supply
system.

Keywords: Smart water monitoring · Leakage detection · Legionella control

1 Introduction

Water conservation is important for long term preservation of fresh water resources and
also to reduce the costs for water companies, consumers and insurance companies. In
fact, insurance companies in the UK pay £1.8 million every day on property damages
related to water leaks [1]. In this regard, internet of things (IoT) solutions are being used
to collect and analyse data with a focus on minimising the amount of water lost through
leaks. However, domestic and commercial water consumption data contains much more
value, and the following sections present how this can be utilized in a wider range of
applications which include the observation of changes in consumer habits, the protection
from pathogens and the increase of water supply availability.

Due to its potential for cost reduction, the development and application of water
consumption monitoring, has been explored especially during the last decade initially
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from a water supplier’s perspective and later from a consumer’s perspective. In a 2008
publication Britton et al. [2] reported the results of a pilot study in Hervey Bay Australia
where the water meter readings of 2,359 residential properties were recorded. Among
other findings, the study identified residential properties where water leaks of more than
1 L per hour were present. To identify the leaks the water consumption between 1am
and 4am was analysed and if the water flow during this time was constant the property
was visited by a plumber who located and repaired the leak. The method, which is
typically referred as minimum night flow (MNF), correctly identified the leak in 52 out
of 54 cases. To simplify the monitoring system installation Larson et al. [3] developed a
system based on single point water pressure measurement and used the system to survey
household consumption. Using fluid dynamics theory, they created different profiles for
each type of water usage by mapping the pressure drop to the activity that was taking
place.

In the following years, improvements in microcontrollers, small size computers and
wireless technology created a commonly accepted way that water consumption is moni-
tored. A flow meter is installed at key points of a pipeline and through a microcontroller
the readings are sent wirelessly to a computer or directly to cloud-based services. There
the data is stored and graphical user interfaces provide insight to the users about their
water consumption and the current state of the system. In addition, the collected data is
analysed, and notifications are generated to warn about potential leaks or excessive con-
sumption. Indicative works following this approach are [4–7] and the same approach is
followed by the majority of off the shelf solutions which operate similarly to the product
examples discussed later in this report [12, 13].

The aim of the majority of studies about water consumption monitoring is primarily
to detect water leaks and to assist in water supply management. Aziz et al. [8] com-
bined IoT with a geographic information system (GIS) technologies to monitor water
consumption at Universiti Teknologi Malaysia campus. The system combines data from
various monitoring points around the campus to provide a real time digital model of
the campus and to manage the drop in pressure in different parts of the site. In another
research project, Farah and Shahrour [9] developed a system that monitors the water
distribution and consumption at Scientific Campus of Lille University France. The sys-
tem analyses monitoring data of a 15km pipeline to spot leaks with an adapted MNF
method. The campus does not have zero flows during the night, so the method uses a
probabilistic approach to classify the monitored flows based on the risk of leak.

The increasing number of water monitoring applications has created demand for
higher levels of accuracy in locating leaks and in providing system autonomy that enables
monitoring in places that power supply is not available. Abate et al. in [10] provide a
review of the leak detection methods and compare the advantages and disadvantages of
various sensing technologies. They also propose a battery supported system of very low
energy consumption to achieve an autonomous operation for more than 3.5 years. In a
recent work, Pietrosanto et al. [11] demonstrate the need for higher accuracy of flow
sensors. As they explain, despite the improvements in terms of real time data collection
and analysis, a small leak is not detected by flow meters that conform to the current
standards.
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To complete the review of previous work, it should be noted that currently there are
numerous products available that monitor water flow, inform the user over the internet
for identified leaks (based on the aforementioned methods) or excessive consumption
and can switch off water supply. Two of the more advanced solutions are Flo [12] which
offers the above functionswithmodernways of connectivity andLeakBot [13] that excels
in installation simplicity since it does not require any modifications of the pipeline. A
key incentive for buying these products is the reduction in building insurance premium
but as Pietrosanto et al. explain in [11] a new generation of systems is required for safer
and more accurate water monitoring.

The reviewed studies and applications are limited to major leak prevention and usage
statistics from a water supply point of view. However, there is potential to improve leak
detection and to introduce new applications of water consumption monitoring beyond
water conservation. This work developed a water flowmonitoring system to analyse data
from a user’s perspective, explore ways to overcome sensor limitations and identify new
ways to extract value from the datasets and improve users’ health and safety.

The rest of this paper is structured as follows. Chapter 2 presents the system setup
and the way that data is recorded and forwarded to the computer that stores and analyses
the data. Chapter 3 presents the findings from data analysis together with the suggested
methods for small leak detection and user safety enhancement.

2 The Developed Water Flow System

To experiment with the data collection and analysis a water flow monitoring system was
developed and built using the practices reviewed in the previous section [4–7, 12, 13]
as a starting point. The system hardware can be adapted by adding new sensors of a
different model or even type. The analysis and control software is parameterised and
can be updated with new decision algorithms. The system parts are:

• Hall effect flow sensor. The sensor’s range is 1–30 L/min and its output is a square
signal (pulses) that indicate the volume of the water passing through it. (Fig. 1B)

• Thermometer embedded to the housing of the flow sensor (custom built Fig. 1B).
• ASCO-Sirai L182D2 solenoid valve that works with a 12 V power supply Fig. 1C
• NodeMCU - ESP8266 based microcontroller (Fig. 1A)

• Raspberry Pi 3B + with official 7 inches touchscreen case (Fig. 2)
• 10 k� resistor, 5 V voltage regulator, IRF540N metal-oxide-semiconductor field-
effect transistor (MOSFET) and 12 V power supply to power the monitoring system
and switch the sensors and valve on or off. (Fig. 2 and Fig. 3)

The flow meter and thermometer are connected to the microcontroller which trans-
lates the signals to values whose units are litres and Celsius degrees respectively. The
microcontroller generates a data sample every 10 s and sends the sample to the server
(running on the Raspberry Pi) using a WebSocket protocol. In parallel to the data acqui-
sition system, a web application is running on the server which provides a graphical
user interface showing latest measurements and data statistics. Communication with the
microcontroller is bidirectional so that through the webapp the user can switch the valve

https://doi.org/10.1007/978-981-19-9205-6_2
https://doi.org/10.1007/978-981-19-9205-6_3
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Fig. 1. A. Microcontroller, B. Flow meter, C. Solenoid valve with plug

Fig. 2. Assembled system. Left flow sensor setup. Right Raspberry Pi setup.

Fig. 3. Valve and flow sensor assembly as installed to the water mains.

on/off either manually or by using an algorithm that defines the conditions under which
the valve should shut off the water supply. The software that was used to build the system
is:

• Apache Tomcat webserver. Hosts the web application and the application program-
ming interface that enables the microcontrollers to connect, submit data and receive
commands.
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• Arduino, ESP8266WiFi and WebSocket libraries. These are required to develop the
firmware for the microcontroller

• MariaDB relational database server. This is where the collected data and analysis
results are being stored. During the system development the database was running on
the Raspberry Pi but then it was moved to a cloud service.

Due to the system design, multiple flow sensors can be installed at different points so
consumption in different parts of the pipeline can be monitored. To add a new sensor, the
microcontroller firmware is installed on the microcontroller and each microcontroller
uses itsMACaddress as identification to register itself to the server and send the collected
data. Apache Tomcat server can support up to 200 connections, but it has not been tested
whether the hardware hosting the server was powerful enough to support a network of
200 sensors. The system was initially calibrated by connecting the flow meter to a tap
and filling up 10 L containers. The amount of signal pulses was recorded so the exact
number of signal pulses per litre that passes through the sensor could be calculated. The
setup was also used to identify the maximum flow rate that does not move the sensor’s
turbine and therefore passes unidentified (meaning a steady flow value of 0 pulses).

After the development phase, the system was installed at a residential property, and
it collected data for 5 months from the property’s water mains. During that time the
system was protecting the property from leaks or pipe bursts. Since the 5-month trial did
not capture any actual leaks, the setup was also tested in a second residential property
to monitor the pipeline of a bathroom, but this setup was only used to test consumption
profiles and experiment with different water flow cases.

3 Application and Findings

The research project that this work is part of explored various aspects of water flow
monitoring and consumption and therefore multiple observations were recorded and are
being reported. The contribution of this work is split in two parts. Firstly, it deals with
gaps in the literature by proposing an efficient way to store and visualise consumption
data and introducing a newmethod to identify small leaks. Then the second part is about
a new way to use the system and generate more value out of it without the requirement
for additional hardware. Chapter 3 is split into 4 sections each of which represent a
separate contribution.

3.1 Data Visualisation

The 5-month trial generated about 1.2 million samples of data which in its raw format
is not usable by the system user. In addition, raw data has the typical issues of noise and
of extreme values due to sensor malfunctions. The system was recording a sample every
10 s and initially, an average of 3 samples proved to be adequate in terms of smoothing
out noise and absorbing the extreme values. However, to make the data usable and
to facilitate the understanding of underlying patterns different groupings of data were
examined. The user of the system was also interviewed in order to identify the best data
visualisation method.

https://doi.org/10.1007/978-981-19-9205-6_3
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After analysing the characteristics of each data grouping the 1-h interval was selected
as the system’s default. In Table 1 a brief description of the findings from testing different
intervals is presented.

Table 1. Findings for different data grouping intervals

Interval (mins) Findings

<30 Noisy data which due to zero consumption gaps it does not reflect of
high-low water consumption. Patterns are not recognisable. High
consumption events are clearly visible

30–120 Smooth data, indicating intervals with high consumption events. Daily
patterns are easily identifiable and the user can relate the data to their
schedule

>120 Smooth but underlying usage patterns are non-identifiable. High
consumption events are smoothened out completely

Finally, the selectedmethodprocesses the data in two steps. First the cumulative value
of water volume consumed each hour of the day is calculated and stored in a separate
dataset. Then, from the new dataset, the average value of the hourly consumption is
calculated, and a chart is produced to visualise the results. Regarding temperature, the
hourly values in both steps represent the average temperature during that hour. Figure 4
shows the generated charts for the 5-month trial.

Fig. 4. Average recorded values during the trial period
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3.2 Small Leak Detection

As discussed in the introduction, the vast majority of studies and off the shelf products
identify leaks by spotting continuous flow during times where no flow is expected (typ-
ically during early hours). The problem with this approach is that small leaks are not
detectable as the flow meters have a minimum in the range that they can measure. The
flow meter of the system described in Chapter 2 has a minimum range of 1 L per hour.
The sensor was tested at lower flows by filling 10 L containersmounted on a 1 g precision
scale at decreasing flows. It was found that the flow meter continues to measure flows
under the rated minimum flow, but the accuracy drops as the flow is reduced. Finally,
the flow meter was not able to detect a flow of 0.45L/h and it would not start measuring
again unless the flow was not exceeding the 0.6L/h threshold.

To overcome the limitations of the flow meter, this work proposes the use of the
physical characteristics of the pipeline to identify the leak. To achieve this, the valve
shuts off and therefore the pipeline is isolated from any supply of water. If a leak exists,
then the water will continue leaking until the pressure inside the pipeline drops to a level
that is not enough to push water outside the gap/hole. As soon as the valve is switched
on again the portion of water that exited the pipeline will be substituted almost instantly
causing a spike in themetered flow value. To detect the spike, the system checks the value
of the first water flow sample collected after the valve is open. If it is more than a set value
(>1 pulses) then a warning for potential leak is shown to the user. Although the leak
detection process can be automated by running multiple tests during low consumption
times the pilot system does not automatically shut off the supply. Amanual confirmation
by the user is required until further testing ensures that the probability of a tap being
open during all automatic tests is zero.

For this method to succeed a combination of the following phenomena should occur.
The first (and most effective) is that the leak is not at the highest point of the pipeline
and therefore the hydrostatic pressure of water will maintain enough pressure to enable
the continuation of leaking. A secondary phenomenon is the increase of the capacity of
the pipeline under pressure at least as much as the flow meter can measure. This would
typically happen due to the air that is in the water or that is trapped within the pipes
which, contrary to the water, is compressible and will reduce its volume under pressure.
If a leak exists, the air decompresses and continues to apply the required pressure to
maintain the leak. For reference, the flow meter produces a pulse for every 5.7mL of
water which indicates the portion of leaked water that can be detectable.

These observations are based on the deployed system. If the only aim of the system
is leak detection, then it is suggested that a pressure sensor is installed after the valve
which would detect the pressure drop much more accurately. However, this work did not
produce pressure related data to allow for further discussion of this solution. It should
also be noted that other flow meters may be able to detect lower levels of flow compared
to the one used for the reported research work but as it was found in [11] the flowmeters
complying to the current standards could allow water leaks of several litres to remain
undetected during a day. This may not be enough to cause a flood, but it can damage
woodwork or lead to mould growth inside walls or other hidden parts of a building.

https://doi.org/10.1007/978-981-19-9205-6_2
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3.3 Person Activity Monitoring

The initial aim of the research project was to find new ways to use the data that the
system produces. Figure 4 demonstrates that a household has a usage pattern, but further
data analysis shows that specific water consumption events can be detected and lead to
conclusions about the state of the people that live in the house. In the case of houses
that only one person lives in, the absence of water consumption events means either that
the person is not home or that the person is not able to do the tasks that require water
consumption. A typical task would be flushing the toilet which when it happens it is an
indication that the person can to move around the house and do basic tasks.

To examine whether it is possible to detect separate events the raw data was analysed
to see if specific water consuming activities are detectable. To facilitate the investiga-
tion, typical tasks involving the usage of the bathroom, using washing machines and
food preparation were examined independently. The first finding is that tasks that con-
sume water through an automated mechanism create a consistent consumption profile.
Figure 5 shows the consumption profile of flushing the toilet and on the same chart
the consumption profile of handwashing that would typically take place afterwards is
shown. The second finding is that automated mechanisms tend to use the maximum
supply capacity which makes it easier to detect the profiles due to a clear difference
from multiple manual tasks that consume water at low flow rates.

The combination of the above findings with knowledge about water consumption
related to physical needs of the person that lives in the house led to the selection of
cistern refill as an ideal water consumption profile to seek for. Multiple recordings led
to the creation of an ‘average’ profile that is naturally combined with handwashing.

Fig. 5. Consumption profile of common water consuming tasks.

Toilet flushing is detected by the installed system if: A, flow rate exceeds 300 pulses
per 10 s for at least 3 consecutive samples (meaning 30secs) and B, the total number
of pulses through a period of 50 s is at least 1200. A is related to the maximum flow
that the cistern’s refill mechanism allows (assuming a constant pipeline pressure) and
B is related to cistern’s capacity. Both criteria are unique for each cistern and therefore
detection algorithm parameters require initialisation for every new setup.
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In addition to the consumption type selection, it was also found that increasing the
sampling rate to 1 Hz provided a better distinction between overlapping consumption
profiles. This is due to many tasks taking only a few seconds to complete and therefore
requiring higher resolution to create noticeable patterns. In any case, the goal is to ensure
that the person that lives in the house is active and therefore false detections are still a
sign of activity. If no activity is detected the system will raise a flag on its dashboard and
the care service responsible for the person will take actions such as calling the person
or visiting the house.

3.4 Prevention of Pathogens

Faucets, shower heads and generally water systems where water remains stagnant for
prolonged periods can potentially support Legionella bacterial growth. The developed
system monitors both the flow and the temperature of the water which are factors that
determine if the environment is favourable for the growth and multiplication of the
bacteria. According to the World Health Organisation Legionella bacteria multiply at
temperatures over 25 °C and it is recommended that the water does not remain stagnant
formore than aweek even if the temperature is below 25 °C [14]. To prevent legionellosis
the water systems should be treated with disinfectants or flushed.

There are many more factors affecting Legionella growth but controlling water flow
and temperature can eliminate the dangers. A notificationmodule had been implemented
into the monitoring system which flags a monitoring point as susceptible to Legionella
growth if no flow has been recorded for a week. The system produces the same warning
if the temperature of the water is over 25 °C A major limitation of the system is that it
cannot ensure that the risk is eliminated unless a sensor is installed at every point where
water exits the pipeline. The latter is not practical for residential applications, but it can
be a viable solution for hotels or hospitals where personnel must ensure that faucets
and showerheads are regularly flushed. Combined with electric valves the system can
automatically send a signal to turn on and flush the faucets or showerheads that have not
been used for a week.

4 Conclusion

Water monitoring systems have evolved during the last decades and are capable of real
time collection and processing of water consumption data. This facilitated the quick
identification of major water leaks and assisted water suppliers in managing their net-
works. Further utilising the capabilities of these systems will increase user engagement
through better data visualisation methods. By introducing small leak detection algo-
rithms and by exploiting the physical characteristics of the water supply pipelines the
detection of small leaks will be possible even with sensors that are currently not sensi-
tive enough to spot them. In addition, new algorithms related to user health and safety
can assist in the development of warning systems that send notifications when a per-
son who lives alone stops doing common daily tasks or when a water supply system
is susceptible to Legionella growth. There is however a need for further investigation
of the patterns, algorithms and methods that can identify specific water consumption
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activity and therefore automate the proposed system’s health and safety functionalities.
Especially about legionella prevention, this work has to be combined with studies test-
ing different pipelines and appliances to enable the development of a system that can
autonomously ensure that legionella standards are followed.
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Abstract. This paper aims to conduct a comparative analysis between commer-
cially available virgin and recycled ABS filaments of parts printed by Fused Fila-
ment Fabrication (FFF) technology as well as to provide information on the differ-
ences in performance of both materials for 3D printing. Material characterization
methods (FTIR, TGA, DSC and DMA), FFF for the manufacture of specimens
and mechanical tensile and impact tests were used to determine the characteristics
of each printed material. The study showed small differences in composition and
mechanical behavior between the two materials. The main finding was that Vir-
gin ABS had higher impact resistance. In addition, the recycled material behaved
more unstable during the 3D printing process. The results showed some differ-
ences between the two materials, virgin ABS proved to be much more resistant
to impact. In addition, recycled ABS displayed a little more sensitive behavior to
temperature and humidity when compared to virgin ABS.

Keywords: 3D printing · Additive manufacturing · Fused Filament Fabrication ·
Acrylonitrile butadiene styrene · Recycled material

1 Introduction

Fused Filament Fabrication (FFF), also known as Fused Deposition Modelling (FDM),
is the most widely used process among the manufacturing technologies available in 3D
printing, according to Gomes-Gras et al. (2018). This technology allows for fast, small-
scale, low-cost production of customized products without the need for machining or
tooling (Berman 2012). Industry, educational institutions, and ordinary users have an
increasing interest in 3D printing (Soares et al. 2018). The economic and environmental
issues of this sector must be considered, as this technology is promoting a change in
energy and material consumption, causing an unpredictable impact on society (Grif-
fiths et al. 2016). Due to an improvement in additive manufacturing, technologies, and
production speeds, it seems that the amount of 3D printed polymers will continue to
increase (Lanzotti et al. 2019).

The orientation, direction and scanning style of the printing process can influence the
mechanical properties of the manufactured part, and for this reason the characterization
of the materials used contributes to the understanding of some limitations (Goh et al.
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2017). There is little published data on the mechanical properties of parts manufactured
by 3D printing from recycled filament (Anderson 2017). According to Balart et al.
(2005), in order to enable the reuse of a recycled material it is extremely important to
maintain an adequate stability between its properties and processability. Despite this,
there is no need for the properties of the recycled material to be identical to those of the
virgin material.

According to Anderson (2017), the parts produced from recycled PLA (Polylactic
Acid) filament displayed a good performance, which encourages conducting new tests
with other polymers, such as ABS (Acrylonitrile Butadiene Styrene). Currently, there
are several filament options for 3D printing and an increasing demand for products made
from recycled raw materials (Dul et al. 2016).

3D printing contributes to sustainable manufacturing through the possibility of
using recycled materials and reducing waste, energy demand and carbon emissions
(Nadagouda et al. 2020). In the present experimental study, ABS was used in this pro-
cess, since it is one of themost commonmaterials used in 3Dprinting. Thus, the objective
of the present study was to conduct a comparative analysis between national commer-
cial filaments of virgin and recycled ABS of 3D printing parts using FFF technology to
determine their performance and to establish possible differences between them.

2 Experimental Study

The materials tested were two ABS filaments produced in Brazil by different manufac-
turers: the virgin ABS from Filamentos 3D Brasil (F3DB) and the recycled ABS from
PrintGreen 3D. A black colored 1.75mm3D printing filament was selected for standard-
ization purposes. According to their respective manufacturers, virgin ABS is generated
from a resin that has a high fluidity index, while recycled ABS is created from automo-
tive electronic casings. The comparative analysis between the filaments consisted of two
phases: characterization of materials and mechanical tests, in which different techniques
were used (see Fig. 1).

Fig. 1. Diagram of the methodological procedures.

ParticulateMatter (PM) emission profiles are significantly impacted by print filament
type, brand and color over time.During 3Dprinting, thefilament brand canbe responsible
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for relevant differences in the PM emission profiles. These differences occur because the
type and loading of components within these filaments vary for different brands (Khaki
et al. 2021).

2.1 Material Characterization

For a more comprehensive evaluation of the properties of the selected materials, both
filaments were submitted to three techniques: Fourier transform infrared spectroscopy
(FTIR); Thermogravimetric analysis (TGA); Differential scanning calorimetry (DSC).

The FTIR technique promotes the vibration of chemical bonds established between
atoms due to energy absorption through the emission of infrared radiation in a sample.
The evaluation of absorption spectra allows the characterization of the chemical compo-
sition of complex samples (Rubio et al. 2016). The equipment operated in this test was
a PerkinElmer Spectrum 100 with resolution of 4 cm–1, in which the surfaces of three
samples of each material were analyzed by performing 16 scans per sample.

TGA is a thermal analysis technique that measures the amount and rate of change in
the weight of a material as a function of temperature or time in a controlled atmosphere,
and displays the process of material degradation (Divyathej et al. 2016). This analysis of
the materials was performed using a TGA-Q50/TA device. The ABS filaments samples,
weighing approximately 10mg,were analyzed at a heating rate of 10 °C/min in a nitrogen
atmosphere in the temperature range of 23–600 °C.

The DSC technique is used to measure the energy difference between a sample and
a reference material as a function of a heating or cooling program under a controlled
atmosphere (Denari and Cavalheiro 2012). In this study, the tests were performed using a
NETZSCHDSC 404 F1 Pegasus® device (platinum crucible). At approximately 10 mg,
the samples were heated once in the temperature range of 25 to 600 °C, with a heating
rate of 10 °C/min in a nitrogen atmosphere.

2.2 Mechanical Tests

The mechanical tests were initiated with the 3D printing process for the production of
specimens with virgin and recycled ABS filaments. Next, the specimens were used for
the tensile and impact tests.

Fused Filament Fabrication - FFF. According to Kim et al. (2018), the design capa-
bility for part quality depends on the settings used for printing, such as layer thickness,
fill pattern, print speed, among others. Therefore, the print definitions used in this study
were: 50% infill (the maximum value allowed by the equipment); 0.1 mm layer height;
0.4 mm wall thickness (4 layers); XY building orientation at 45°; and no support mate-
rial. All specimens were printed using a Cliever CL1 3D printer, with a 0.3 mm diameter
nozzle. Table 1 shows the printing parameters considered suitable for the filaments, in
order to obtain parts with good quality.

Tensile Test. According toDizon et al. (2018), the tensile test allows themeasurement of
the material mechanical strength and the variation of this deformation due to the applied
tension. In the present study, five samples of each material were tested. The equipment
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Table 1. Printing parameters for the specimens.

Parameters Virgin ABS Recycled ABS

Extruder nozzle temperature (°C) 205 215

Bed temperature (°C) 100 110

Density (g/cm3) 1.04 1.0

used was a Shimadzu universal testing machine, with a 5 kN maximum capacity and
5 mm/min speed.

Studies have shown results that included the final resistance, deformation and mod-
ulus of elasticity of the printed parts and described the interference of the printing
parameters in their mechanical properties. Thus, the specimens were manufactured by
means of 3D printing, following the ASTM D638-2A type IV standards.

IZOD Impact Test. The IZOD impact test determines the impact resistance ofmaterials
when submitted to a sudden force, determining the impact energy or energy absorbed
before fracturing (Divyathej et al. 2016). Five samples of eachmaterial were tested using
an Instron, CEAST 9050, 5.5 J pendulum-type hammer. Similar to the tensile test, the
specimens were also manufactured by the FFF printing method, but followed the ASTM
D256 standard instead.

A tensile concentrator, represented by a notch located in themiddle of the specimens,
with angle and indentation specified by the testing standard, was observed during 3D
printing. According toRoberson et al. (2015), the differences between printed and carved
notches on ready-made parts are not significant, suggesting that a printed notch is also
appropriate for samples used in the impact test.

3 Results and Discussions

3.1 Fourier-Transform Infrared Spectroscopy

The resulting graphs showed a similarity in the main structural composition between
virgin and recycled ABS (Fig. 2). These values were mainly due to the presence of three
groups that characterize the material: the alkyl group made from a simple bond between
carbon and hydrogen (C-H) at the peaks 3000–2800 cm−1; the nitrile group made from
a triple bond between carbon and nitrogen (C≡N) at 2237 cm−1; and the presence of
an aromatic compound at 1495 cm−1 peak. Such information (Table 2) was obtained in
the FTIR software and libraries and compared to that of Li et al. (2017).

However, significant differences were found between the two materials as shown in
the following bands of the spectrum of recycledABS: 1772.12 cm−1, 1224.40 cm−1, and
1162.44 cm−1 (Fig. 2).According toLi et al. (2017), the bands investigated confirmed the
presence of the carbonyl group around 1772 cm−1 and a C-O bond stretching vibration
of approximately 1200 cm−1 can be observed, which characterizes a carbonate bond
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present in the PC (polycarbonate) molecule (Table 3). These aforementioned authors
reported that the peaks at 2237 cm−1, 1772 cm−1, 965 cm−1, and 910 cm−1 represent
a mixture composed of ABS and PC polymer.

Fig. 2. FTIR spectrum of virgin ABS and recycled ABS filaments.

Table 2. Identification of FTIR bands (cm−1) in ABS filaments.

Virgin ABS Recycled ABS Reference* Corresponding functional group*

3027 3200–3000 3200–3000 Stretching vibrations of aromatic

2920–2851 2922–2852 3000–2800 Stretching vibrations of aliphatic C—H

2237 2237 2237 Acrylonitrile unit represented by the C = N bond

1602 1602 1638 Stretching vibration of C = C double bond from
butadiene units

1493 1504 1495 Stretching vibration of aromatic ring from styrene
unit

965 965 967 Deformation of C—H for hydrogen atoms attached
to alkane carbons for 1,4 butadiene units

910 910 911 Deformation of C—H for hydrogen atoms attached
to alkane carbons for 1,2 butadiene units

*Reference bands of functional groups according to Li et al. (2017).

Other authors have also attributed such FTIR spectra to ABS and PC blends from
the automotive sector (Balart et al. 2005; Ferreira et al. 2018), which confirms the
specifications provided by themanufacturer of the recycled filament. It can be concluded
that, despite the presence of PC in the recycledmaterial, both commercial filaments were
mostly composed of acrylonitrile butadiene styrene.
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Table 3. Identification of typical bands (cm−1) of PC in recycled ABS filaments.

Recycled ABS Reference* Corresponding functional group*

1772 1772 Typical carbonate bond with an infrared absorption of carbonyl
group

1224 1200 Stretching vibration of C—O bond

1162
*Reference bands of functional groups according to Li et al. (2017).

3.2 Thermogravimetric Analysis

The comparative analyses of the materials showed a quite similar behavior pattern
between them. ABS degrades in two stages: Stage 1 with temperatures ranging from
180 to 480 °C, and Stage 2, from 480 °C to 620 °C (Yang et al. 2004). In both samples,
the TGA curve (Fig. 3) exhibits a mass loss, confirming the required pattern of the mate-
rial. However, a difference of 12.31 °C in the degradation temperature of the recycled
ABS sample was identified, suggesting the presence of fillers and additives.

Fig. 3. Comparative TGA curve of virgin and recycled ABS samples.

Table 4 shows the thermal decomposition stages of the tested material. When com-
pared to the virgin ABS sample, the recycled material showed a higher decomposition
onset temperature, whereas the temperature range to decompose was lower. In other
words, the degradation of recycled materials takes longer to start, however it occurs
more rapidly. Therefore, it should be observed that this difference exists mainly because
virgin ABS has an intrinsically more stable chemical composition, since it is a first cycle
material.
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Table 4. Identification of decomposition temperatures of virgin and recycled ABS.

Samples 1st Stage 2nd Stage Degradation
temperature (°C)Ti-Tf (°C) Mass loss (%) Ti-Tf (°C) Mass loss (%)

Virgin ABS 212–480 88.8 480–600 10.3 422.76

Recycled ABS 240–460 85.4 460–600 14.6 410.45

3.3 Differential Scanning Calorimetry

The DSC results showed an endothermic peak only for the virgin ABS samples, and
an exothermic peak followed by an endothermic peak for the recycled ABS sample
(Fig. 4). The endothermic peaks represent the movement of molecules at the time of
material decomposition. The exothermic peak present in recycled ABS can be attributed
to the presence of PC and additives during the recycling process.

Based on the data from all characterization tests, it can be said that recycled ABS
begins its degradation at slightly higher temperatures, but in a shorter interval. In pro-
cessing terms, this may indicate a higher sensitivity to 3D printing temperature. Thus,
the data obtained justifies the selected printing temperatures of 205 °C for virginmaterial
and 215 °C for recycled material.

Fig. 4. Comparative DSC curve of virgin and recycled ABS.

3.4 Tensile Test

During the mechanical tensile tests, the results extracted were: tensile stress, displace-
ment, elongation and elastic modulus (Table 5). Figure 5 shows the samples after tensile
test. It is worth mentioning that all the specimens broke, except in the fourth test for
recycled ABS, which was caused by a detachment of the outer walls. This event can be
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Table 5. Results of the tensile test.

Parameters Virgin ABS Recycled ABS

Average Standard deviation Average Standard deviation

Tensile stress
(N/mm2)

42.68 1.0 47.84 1.2

Displacement
(mm)

1.77 0.03 1.87 0.14

Elongation (%) 2.91 0.06 3.06 0.22

Elastic modulus
(N/mm2)

2142.50 341.48 1917.29 450.32

observed on a smaller scale during other tests and reveals a possible adhesion problem
between layers.

This data usually vary a lot between the specimens. In the virgin ABS specimens the
results range were: 41,54–43,85 N/mm2 for tensile stress; 1,82–1,74 mm for displace-
ment; 2,85–2,99% for elongation; 1572,36 to 2484,74 N/mm2 for elastic modulus. In the
recycled ABS specimens, the results range were: 46,23–48,98 N/mm2 for tensile stress;
1,72–2,00 mm for displacement; 2,82–3,28% for elongation; 1458,84–2592,23 N/mm2

for elastic modulus. That is, the recycled ABS showed a greater variation between values
from specimens tested compared to virgin ABS.

Fig. 5. Broken specimens after tensile testing: (a) virgin ABS and (b) recycled ABS.

Quantitatively, the results were homogeneous. The samples showed quite similar
mechanical properties, however, recycled ABS exhibited slightly higher tensile strength
compared to virgin ABS. Figure 6 graphically represents the stress–strain curves of the
average of all five samples of both materials.
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Fig. 6. Material stress–strain curves.

3.5 Impact Test

In the impact test, the samples did not break completely in the first collision, when
hanging only by one of the outer walls. This occurred as a result of the detachment of
the contour layers, which allowed the outer wall to bend to the passage of the pendulum
hammer and be ruptured upon return. However, when the surfaces were analyzed, the
specimens presented a fracture without visible plastic deformations (Fig. 7).

Fig. 7. Broken specimens after impact testing: (a) virgin ABS and (b) recycled ABS.

Regarding the results, it can be concluded that the recycled ABS samples absorbed
less energy compared to the others, which reveals lower impact strength of this material,
as demonstrated in Table 6.
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Table 6. Results of the Izod impact test.

Parameters Virgin ABS Recycled ABS

Average Standard deviation Average Standard deviation

Energy absorbed (%) 5.65 0.44 2.39 0.23

Impact strength (kJ/m2) 7.97 0.62 3.29 0.32

Impact energy (J) 0.31 0.02 0.13 0.01

4 Conclusions

This study contributed to the characterization of commercially available virgin and recy-
cled ABS filaments to provide with useful additional information on the mechanical
properties of 3D printed specimens. Contrary to most research on recycled filaments,
which comes from artisanal recycling processes, the commercial filaments analyzed in
this study were serially manufactured. That is to say, raw materials go through more
controlled processes to reduce performance variability.

The results showed some differences between the two materials, both in characteri-
zation andmechanical performance tests. The most significant difference was that virgin
ABS proved to be much more resistant to impact. This became evident when it absorbed
more than twice energy as it did before rupture. Comparatively, the impact strength of
recycled ABS was only 42% of that of virgin ABS. The elastic modulus was 11% lower.
In addition, after the preparation of the specimens through 3D printing, it is plausible
to say that recycled ABS displayed a little more sensitive behavior to temperature and
humidity when compared to virgin ABS. It should be pointed out that this behavior was
also observed in experiments with filaments of other recycled materials, as in the case
of PLA studied by Anderson (2017).

Loss ofmechanical properties can bemanaged in prototyping,which does not prevent
the use of recycled ABS in most cases. Further, the use of recycled filaments can help
reduce the environmental impact caused by 3D printed parts and supports sustainable
manufacturing. It is concluded, therefore, that filaments produced for FFF 3D printing
using commercial recycled ABS can be used by so-called domestic equipment, or even,
with due precautions, held to a professional standard.
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Abstract. This paper analyses and compares theLifeCycleAssessment of ceram-
ics, bricks, steel, clay, and polypropylene with cast stone widely used in architec-
tural ornaments. Architectural ornaments include, for example, statues, Georgian
architectural window surrounds and balustrading etc. A methodology was pro-
posed within this study which was verified after being applied to the case study.
The Life Cycle Assessment of all the materials was performed from “cradle-to-
gate” for a kilogram of each material. The transportation of the finished goods is
also included in this study as that is a crucial part of a business. The selected mate-
rials were compared based on the overall carbon dioxide equivalent, water, and
energy consumption during the general manufacturing process. Materials were
plotted at the end of this study based on each parameter. Concrete showed the
lowest contribution towards the carbon dioxide equivalent whereas cast stone had
the lowest water consumption. Polypropylene had the highest energy consump-
tion. A few recommendations to make cast stone greener were also made at the
end of this paper.

Keywords: Cast stone · Life cycle analysis · Carbon footprint · Embodied water

1 Introduction

Life Cycle Assessment (LCA) has gained popularity among researchers and companies
to estimate the environmental performance of constructionmaterialswidely used [1]. The
focus of the current LCA studies has mainly been on the energy efficiency of the building
and its GreenHouseGas (GHG) emission during its life cycle [2]. As per Persson et al., in
themajority of the European countries, the primary energy consumption by the buildings
is 40% of the total energy consumption [3]. However, some recent studies have been
used to improve the designs of the buildings [4, 5] and compare different construction
materials [2]. Although the operational phase of such a building contributes around
90% of its total life cycle energy use but the construction phase is also responsible for
contributing a significant amount of energy consumption [6, 7]. Such a comparison could
help in finding a more energy-efficient alternative.
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There are several studies done to perform LCA of various building materials where
concrete was included. One such study was performed by Bribián et al. where the total
embodied energy of 1 kg of commonly used raw materials were analysed. The study
measured the energy consumption during the building construction stagewith commonly
used rawmaterials and eco-materials [8]. The rawmaterials in the study include ordinary,
light clay and sand-lime brick. It also included ceramic and quarry tiles along with
ceramic roof tiles and concrete roof tiles and insulation material. The study assessed
Water Demand (WD), Global Warming Potential (GWP) and Primary Energy Demand
(PED). Among the tiles, the ceramic tile had 15 MJ-Eq/kg of PED, 14.453 L/kg of WD
and 0.857 kg CO2-Eq/kg of GWP making it the highest. Concrete tiles are a greener
alternative to ceramic tiles with PED 2.659MJ-Eq/kg,WDof 0.270 kgCO2-Eq/kgGWP
and WD of 4.104 L/kg. Among the ordinary and sand-lime bricks, the light clay brick
had the lowest GWP at -0.004 kg CO2-Eq/kg but had 1.41 l/kg of water consumption
and 6.25 MJ-Eq/kg of PED.

Similarly, a study done by the Souza et al., where ceramic brick, concrete brick,
and cast-in-place reinforced concrete for exterior walls were analysed [2]. Cement is
an active ingredient of concrete and cement requires 20% more energy than ceramic
bricks. The reason being, for concrete, high temperatures reaching 1450 °C is required
which is achieved using fossil fuels. Whereas, for ceramic bricks, a temperature of
950 °C is required which is achieved by burning residual wood chips making ceramic
bricks greener than concrete. The study also covered steel production as cast-in-place
concrete requires steel reinforcement, making cast-in-place concrete less green than
ceramic brick walls. To reduce the environmental impact, two recommendations were
given by the author. Firstly, the use of a fine particle filtration system for wood chip
burner and secondly, the use of biofuels during the shipment of the fuels.

In another study performed by Lasvaux [9] where 28 different materials commonly
used in construction were used to perform LCA. The aim of the study was to check
if the LCA databases used in the studies display the expected result when compared
to the generic databases as it depends on the background impact data. To perform this
study, the study assessed numerical andmethodological differences between two existing
LCA databases for the LCAs i.e., ecoinvent and a French database called Environmental
ProductDeclaration (EPD) database. It was found in the study that a considerable amount
of deviation was seen due to assumptions taken in the databases.

Numerous LCA studies have been done to compare the roofing on the buildings [10,
11]. In the study performed by Bianchini et al., roofs made from the greener alternatives
such as low-density polyethene and polypropylene polymer are compared. Similarly,
Kosareo et al., performed a comparative ‘cradle-to-gate’ LCA of three types of roofing
systems i.e., conventional, extensive green, and intensive green. One study performed
by Amaral et al., have performed brief LCA on the naturally quarried ornamental stone
such as Marble and Granite [12].

Cast stone is a manufactured stone whosemixed composition is designed to replicate
the natural stone [13]. It is widely used as an ornamental stone since the 1770s [14].
Recently, the demand of cast stone has also increased [13]. As it is part of the construction
sector none of the studies have mentioned cast stone in their studies.
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However, none of the studies mentioned above has performed comparative LCA on
the ornamental cast stone. The aim of this study is to compare ornamental cast stones
to other construction materials used as ornaments for carbon emissions and embod-
ied water. Cast stone would be compared against steel [15], ceramic [16], concrete
[17], polypropylene, cast iron, steel, and clay [12] as they are used widely in making
architectural ornaments. The system boundary will be from “cradle-to-gate”, but the
transportation is also considered as it also a crucial aspect of a business.

LCAcould get affected by the data gathered fromseveral uncertain secondary sources
[18]. As per Cellura et al., the uncertainty could be due to the methodology used, initial
assumptions and the system boundaries and the quality of the data collection. In this
study a sensitivity analysis is also performed in the results section.

2 Methodology

LCA can be performed in various ways as per the requirements of the organization as
per ISO 14040:2006 [19]. The methodology used in this paper was divided into different
steps presented below. The steps used in this methodology are shown in the Fig. 1.

Defining goal & 
scope 

Data collection & 
calculations Result 

Fig. 1. Methodology

2.1 Defining Goal and Scope

The goal of this study is to compare carbon dioxide emissions and embodied water of
different materials used in producing architectural ornaments. The system boundaries
for this study are from ‘cradle-to-gate’ i.e., from the point of getting raw material till
the final product has been shipped to the customer. To have a valid comparison between
different materials, a functional unit is chosen as each material has different density and
properties. In this study 1 kg is used as a functional unit.
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2.2 Data Collection and Calculations

For data collection, various databases can be used such as Ecoinvent [20], and Envi-
ronmental footprints [21] the missing information can also be added to these data bases
through the literature review. Data can also be collected from the factory to make the
study more accurate. In this step, assumptions are taken (if needed) before calculating
the carbon footprint and embodiedwater. Embodied carbon andwater in the rawmaterial
is calculated in this step as well. As the study is ‘cradle-to-gate’, the transportation of
the product to the customer is also considered within the boundaries of this system.

Dough 
Preparation

Drying & 
spraying

Firing

Packaging

Transportation

Ceramic 
Manufacturing

Mixing

Moulding

Drying
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Packaging

Transportation
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Packaging
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Fig. 2. Manufacturing process of different materials and the system boundary

2.3 Result and Analysis

After calculating the carbon footprint, in this step, the results are plotted and analysed.
For better comparison and interpretation between different materials, the results can be
broken down into different sections. Each section will represent separate indicator. For
instance, one section would represent carbon footprint and another section embodied
water.
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3 Case Study

3.1 Defining Goal and Scope

The above-mentioned methodology was applied to a cast stone manufacturing company
based in the UK. The study aims to perform comparative LCA on cast stone with clay,
ceramic, cast iron, polypropylene, steel, and concrete based on the CO2 produced per
kilogram as well as water consumed and energy demand of the materials. There are 3
types of cast stone i.e., Dry mix, Teclite and Tecstone. The system boundaries for all the
materials in this case study are shown in Fig. 2.

In ceramic manufacturing traditionally, a dough is prepared using mechanical mixer.
In this step the extracted clay is mixed with other compounds. This step is followed by
the mechanical shaping process where mechanical shaping of the ceramic is done. The
shape of the ceramic depends on the moulds used. During the drying phase the water
content is reduced from 25% to 3% and the ceramic becomes solid. It is also sprayed
with a glossy layer that stick to the surface after the firing process. In the firing process,
a furnace is used to bake the ceramic with a temperature up to 950 °C. Once baked
properly the product is packed and shipped [4].

Claymanufacturing follows a similar to ceramics, where a mixture of clay with other
additives are moulded into the desired shape. Once it has taken the shape it is baked in
a kiln where it becomes solid. Once the final product is made, it is packed and shipped
[22].

Casting process of iron requires melting of iron which is then casted into the desired
shape using a mould. Once iron is at the room temperature, mould is opened, and the
casted iron goes through a finishing process where any extra metal is removed, or the
product is polished. After polishing the product is packed and shipped to the customer.

Polypropylene is an olefin obtained from the fossil fuel [23]. Usually, the granular
polypropylene is used for injection moulding process where the granules are melted and
injected into amould where it takes the desired shape. Once it is at the room temperature,
the product is packed and shipped.

Cast stone are of three types i.e., Wet mix, Teclite and Dry mix. Teclite and Wet
mix follow similar process, where a mix of sand, cement and admixtures are mixed in
a calculated proportion. During the mixing stage in Teclite glass fibre is added to the
mix whereas, in Wet mix, aggregates are added to the mix. The finished mix is poured
into a mould of the desired shape which is demoulded the next day after it is cured. The
cast stone is then taken for an acid etching process where Hydrochloric acid (HCl) is
used to remove any oil and top surface which exposes aggregates. Once acid etched,
the final product is taken for finishing where any imperfections are dealt with as desired
shapes made from cast stone can be complex. Once finishing completes the final product
is taken for packaging and then it is shipped to the customer. Whereas in Dry mix the
no aggregates or glass fibre is added to the mix. As the name suggests Dry mix is a
dry powder like substance that is rammed into the mould. Once it is rammed into the
mould it is left overnight for curing and then it is de-moulded the next day. After it is
de-moulded, it is taken for the vapour curing process where steam is used to fasten the
process of curing. This increases the strength of the cast stone. Once cured, it is taken for
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packaging and then it ready to be transported to the customer. Concrete follows similar
procedure where a mix is created which is casted into the desired shape [13].

3.2 Data Collection and Calculations

Amodel of manufacturing process for all the rawmaterials was created in SimaPro 9 and
the ecoinvent data base was used. Ecoinvent database comes with two classifications and
three systemmodels. For this case study,market transformation classificationwas chosen
for the material comparison as it considers the transportation of the of raw materials
hence the emissions from transportation are included. Also, ‘cut-off by classification’
system method was used for ease in analysing the default system model. Simapro 9
follows an International Standard ISO 14044:2006 of process-based model with the
LCA assessment to be defined in 4 key phases such as ‘Define goal and scope’, ‘Life
cycle inventory analysis’ (LCI), and ‘ImpactAssessment’ and ‘Interpretation’. In theLife
Cycle Inventory (LCI), product stage subcategory was selected as it allows the analysis
to be performed in a ‘cradle-to-gate’ boundary. The indicators used were carbon dioxide
and climate change biogenic. Company provided any missing data which was entered
into the ecoinvent database.

As the concrete’s mix design varies for each purpose, it was assumed for this study
that no admixtures were added to the concrete block. The composition for concrete and
steel was taken from Bribian et al. which were used in SimPro 9 [8]. For this study, the
concrete selected is a low strength general purpose concrete. Also, the steel composition
selected during the study is chromiumsteel 18/8 from the ecoinvent database. Themethod
used for carbon dioxide and the water consumption is ReCiPe 2016 v1.1 midpoint
whereas to calculate the energy consumption, Cumulative Energy Demand (CED) is
used.

3.3 Results and Analysis

After performing the calculation in SimaPro 9, the results were obtained. Overall, it
was found that the biggest Carbon dioxide emitter was steel at 6.44 kg CO2-Eq /kg
and the lowest being concrete block at 0.158 kgCO2eq/kg as shown in Table 1. The
second biggest contributor of carbon dioxide was the Polypropylene (3.68 kgCO2eq/kg)
which is a thermoplastic polymer obtained from fossil fuel which justifies the high
emissions. Among all the cast stones, the Wet mix was the lowest carbon emitter with
0.478 kgCO2eq/kg followed by the Dry mix at 0.594 CO2 Eq /kg.

Similarly, for the water usageWetmix uses the lowest amount of water per kg. It uses
0.000029 m3/kg, whereas polypropylene has the highest water use i.e., 0.0355 m3/kg.
Steel has the second highest water consumption of 0.0355 m3/kg. Such low water con-
sumption in cast stone is due to the use of super plasticizer. In terms of Energy consump-
tion, polypropylene ranks the highest with 97.2 MJ for per kg and the concrete block
ranks the lowest 1.28 MJ/kg. Carbon dioxide, water consumption and energy demand
are plotted in Figs. 3, 4 and 5 respectively for easy comparison for the decision-makers.

However, for this study the density of each material is not taken into consideration
so, for instance, if a specific part is produced the density of each material will vary which
also would affect the weight of the part.
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Table 1. Carbon dioxide, water consumption and energy demand of different materials

Building
material

Carbon dioxide
(kg CO2-Eq /kg)

Water consumption (m3/kg) Energy demand
(MJ/kg)

Dry Mix (DM) 0.616 0.000094 4.344

Teclite Mix (TM) 0.824 0.000071 5.47

Wet Mix (WM) 0.478 0.000029 3.228

Cast Iron (CI) 1.93 0.00972 17.5

Ceramics (Cs) 0.825 0.00674 11

Clay (C) 3.49 0.0157 54.7

Concrete Block
(CB)

0.158 0.00135 1.28

Polypropylene (P) 3.68 0.0355 97.2

Steel (S) 6.44 0.0276 74.2
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Fig. 3. Carbon dioxide emissions where DM- DryMix, TM- Teclite Mix, WM-Wet Mix, CI-Cast
Iron, Cs- Ceramics, C- Clay, CB-Concrete Block, P- Polypropylene and S-Steel

To deal with uncertainty, a sensitivity analysis was performed. The input weight of
each criterion was changed. The weight was increased 5%, 10%. 15% and 20% of 1 kg
of each material in SimaPro model. The error was plotted in Fig. 6, where error in Steel
is 0.22 and lowest was concrete block with an error of 0.005.
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Fig. 4. Water consumption where DM- Dry Mix, TM- Teclite Mix, WM-Wet Mix, CI-Cast Iron,
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Fig. 5. Energy demand where DM- Dry Mix, TM- Teclite Mix, WM-Wet Mix, CI-Cast Iron, Cs-
Ceramics, C- Clay, CB-Concrete Block, P- Polypropylene and S-Steel
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Fig. 6. Error bar chart CO2-Eq, where DM- Dry Mix, TM- Teclite Mix, WM-Wet Mix, CI-Cast
Iron, Cs- Ceramics, C- Clay, CB-Concrete Block, P- Polypropylene and S-Steel

4 Conclusion

This study aimed to compare LCA of various materials widely used in architectural
ornaments. A methodology was proposed in this study which was verified by applying
to the case study. From the caste study, it could be concluded that proposed methodology
worked for comparing cast stonewith differentmaterial. From the results, concrete block
had the lowest carbon dioxide emissions in among all the raw material followed by Wet
mix cast stone. Polypropylene had the highest carbon dioxide emission. Among the cast
stone, Teclite had the highest carbon dioxide emissions. However, more improvement
can be made to reduce the carbon footprint for cast stone by finding alternatives to the
packaging and cement within the rawmaterial of the cast stone’s mix. As manufacturing
of cement is an energy intensive process. As part of the future work, more parameters can
potentially be included into the study which allow better decision making and material
selection and for uncertainty analysis.
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Abstract. Multi-Criteria Decision Analysis (MCDA) is an operations
research framework used to support decision-makers in choosing alterna-
tives characterized by multiple conflicting criteria. Over the past years,
several MCDA methods have been developed and a significant drawback
of using more than one algorithm for a given problem is the potential con-
flicting ranking that they may yield. This work aims at setting the first
steps toward a systematic framework that reconciles different rankings
from MCDA methods and returns to the decision maker a unique solu-
tion. The proposed method is contextualised within the existing scientific
literature and illustrated considering four case studies to select environ-
mentally sustainable solutions. Results show that a ranking agreed by
multiple MCDA methods is more reliable than a ranking obtained by
one method.

Keywords: Multiple-criteria decision making · Sustainable
manufacturing · Conflict ranking · Alternative occurrences

1 Introduction

Multiple-Criteria Decision Analysis (MCDA) – also known as Multi-Criteria
Decision-Making (MCDM) – is an efficient and effective operations research tool
to evaluate and solve decision-making problems that involve conflicting criteria
providing a final ranking of the considered alternatives “from best to worst”.
MCDA has seen significant interest over the past years, and it has been applied
to a number of different areas, including sustainable design and manufactur-
ing. Several MCDA methods have been proposed, each of them with peculiar
strengths and weaknesses. However, although applying more than one MCDA
method to a given problem is beneficial (because it can increase the confidence in
the final decision making), one significant drawback is that conflicting rankings
can be obtained.

This work describes the first steps in developing a structured, systematic
framework able to reconcile conflicting rankings from various MCDA methods
and return to the decision maker a unique final solution. A comprehensive liter-
ature review is performed to gain an understanding of the existing approaches
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followed by a critical analysis of relevant advantages and disadvantages. Finally, a
first attempt to develop a new reconciliation method is outlined and applied con-
sidering five MCDA methods: TOPSIS, VIKOR, ELECTRE, MULTIMOORA
and WASPAS. Input data from four case studies related to environmental sus-
tainability choices are collected and applied to the five MCDA methods. Finally,
the proposed ranking reconciliation method is applied to illustrate its use and
validate its effectiveness.

2 Conflicting MCDA Ranking Reconciliation Approaches

A notable limitation of applying multiple MCDA methods is that they may
return dissimilar results (i.e. rankings) for the same problem, and it is often not
simple to identify one MCDA method as the most suitable for a given decision
problem. MCDA techniques have their restrictions, hypotheses, theories and
perspectives, which may lead to distinctive outcomes when applied to the same
problem. Additionally, the choice of specific MCDA methods can be subjectively
related to the decision maker preferences and assumptions, making challenging
the analysis, evaluation and comparison of different methods [1]. An overview of
existing approaches to reconcile conflicting rankings obtained by different MCDA
methods follows.

One possible technique to solve the described problem is using Spearman’s
correlation coefficient to measure the agreement between rankings. Specifically,
if conflicting rankings are detected, Kou et al. [2] calculated Spearman’s rank
correlation coefficient ρ, first, between pairs of k-th and i-th MCDA methods

ρki = 1 − 6
∑n

j=1 d2j

n(n2 − 1)
(1)

where n is the number of alternatives and dj is the difference in ranking of each
j-th alternative for the ki pair of MCDA methods considered. Then, a coefficient
for each k-th MCDA method (of the q in total) is obtained

ρk =
1

q − 1

q∑

i=1,i �=k

ρki k = 1, 2, . . . , q (2)

and it is used (suitably normalized) as weight to combine MCDA scores to return
the final, unique ranking [2].

Alternatively, Kendall’s tau-b correlation coefficient can be used in a similar
way. For example, Zamani-Sabzi et al. [3] developed an approach that contrasts
the results of different MCDA methods highlighting their similarities and incon-
sistencies. The authors selected 10 MCDA techniques (including SAW, TOPSIS,
AHP, ELECTRE, VIKOR) and statistically evaluated their conflicting rankings
using Kendall’s tau-b correlation coefficients τB [3]. In general, for each pair k-th
and i-th of MCDA methods, τB,ki is calculated in the following way

τB,ki =
nc − nd√

(n0 − nk)(n0 − ni)
(3)
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where nc and nd are the number of concordant and discordant pairs between
methods k and i. Terms n0, nk and ni are calculated as follows

n0 =
n(n − 1)

2
nk =

∑

j

tj(tj − 1)
2

ni =
∑

l

ul(ul − 1)
2

(4)

where n is the number of alternatives, whereas nk and ni take into account of
potential ties in the ranking of the respective k-th and i-th MCDA method.
Specifically, nk is constructed counting how many groups of ties are present in
the ranking and, for each j-th group, measures the number of tied alternatives
in that group tj . Similarly, ni is calculated on the basis of the number of tied
alternatives ul for each l-th group of ties in the ranking of the i-th MCDA
method. Then, τB coefficients can be used by the decision maker to appreciate
the magnitude of correlation between methods and select the simplest method
that produces reasonably similar ranks to the others. Alternatively, it is possible
to calculate a weight coefficient for each MCDA method substituting τB,k to ρk

into (2).
Mohammadi and Rezaei propose a method to minimize the distance between

each ranking using half quadratic theory to approximate the overall aggregate
ranking R∗ [4]. The principle behind this method is to assign weights propor-
tional to the difference of rankings and are, therefore, objectively set. Such
weights are then used to calculate the final, output ranking [4]. The minimization
function is

min
R∗

1
2

q∑

k=1

||Rk − R∗||2 (5)

with q the number of MCDA methods considered and Rk the ranking of the k-th
MCDA method. The arithmetic mean of the rankings is the closed-form solution
of the minimization problem of R∗ that has been found [4]:

R∗ =
1
q

q∑

k=1

Rk (6)

More reliability is achieved introducing two indicators: the consensus index and
trust level. The consensus index is an indicator that shows the agreements
between MCDA methods, while the trust level reports the reliability of the
resulting final ranking. If there is an agreement between the methods, the con-
sensus index and trust level are equal to 1/q which means that their values are
both high. If there is a disagreement between all the ranks, then their values are
low [4].

A fourth method that can be considered is the Fusion approach [2]. In this
case the weights from different MCDA methods are determined by seeking a
compromising ranking that has a minimized solution between the overall rank-
ings and the optimal result [2]. To calculate the relevant weights wk, the rankings
of q MCDA methods Rk are combined to obtain the compromise ranking R∗

R∗ =
q∑

k=1

wk Rk (7)



226 E. Pagone and K. Salonitis

Then, it is selected among the available rankings Rk the one with the minimum
difference from the optimal R∗ calculated [2].

A fifth method of consideration is using the Gini Index which is one of the
primary metrics to measure statistical heterogeneity. Selmi et al. [5] propose a
comparative study to identify the similarities and differences between MCDA
methods to reconcile conflicting rankings. The Gini index D used to measure
the ranking dispersion is defined as:

D =
4

(n − 1)(q2 − | sin qπ
2 |)

q−1∑

k=1

q∑

i=k+1

|Rk − Ri| (8)

where n is for the number of alternatives, Rk and Ri are the position in the rank-
ing according to methods k and i, whereas q is the number of MCDA methods.
Equation (8) provides a normalised value between zero (same rankings) and one
(ranking highly dependent on the MCDA method). D can be calculated for each
alternative to assess the stability of the ranking across all the methods consid-
ered. However, such values are intended only to support the decision maker that
is, then, left to decide a compromised ranking, without a structured procedure
to follow [5]. Furthermore, D could be also evaluated between pairs of MCDA
methods to appreciate similarities between them for the problem at hand [5].

A final method of consideration is at the basis of the SIMUS software, as
proxy method [6]. The creator of SIMUS claims that there is always a risk of dis-
agreement between various MCDA methods caused by their inherent procedural
subjectivity linked (for example) to criteria weighting [7]. The proposed solution
by SIMUS is based on linear programming that leads to rankings independent
from the normalization method and removes subjectivity from the decision mak-
ing process [7].

Considering pros and cons of the described methods (Table 1), there is no
ideal solution to reconcile conflicting MCDA rankings in the literature. There-
fore, a new approach is proposed and implemented in this work as a first step
towards a complete method able to reconcile multiple, conflicting rankings with
minimal shortcomings.

3 A Novel Reconciliation Method

An approach based on the mode of the position in the rankings for each alterna-
tive is proposed and it is based on the principle that the preferable solution is the
one with the widest agreement among the MCDA methods. Furthermore, this
approach implies that no MCDA method is better than the others and allows
to scale the approach to any desired number of MCDA methods automatically.
One restriction to the proposed approach in the current form is that the number
of MCDA methods to be considered must be odd to avoid ambiguities in the
final ranking obtained.

The approach will be illustrated and tested with four case studies pertaining
sustainability and extracted from the scientific literature.
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Table 1. Advantages and limitations of existing approaches to reconcile conflicting
rankings by multiple MCDA methods found in the scientific literature

Reconciliation method Pros Cons

Spearman’s coefficient No assumption about
data distribution

Requires calculation of weights
and pairwise comparison for each
MCDA method

Kendall’s coefficient No assumption about
data distribution

Requires calculation of weights
and pairwise comparison for each
MCDA method

Half quadratic theory Simple calculation
(arithmetic mean)

Might be too simplistic and
Require rank position rounding

Gini index Provides a bounded mea-
sure
of dispersion of rankings
between 0 and 1

No structured procedure
to obtain the final ranking

Fusion approach Simple formula to apply Requires calculation of weights
for each MCDA methods
Two output rankings

SIMUS Totally objective method

4 Results and Discussion

To illustrate and test the effectiveness of the proposed approach, four case stud-
ies in the field of sustainability were collected from the scientific literature. More
specifically, for each case study, data comprising the typical decision making
matrix were extracted: i.e. alternatives, criteria and their measure of perfor-
mance along with an indication of their beneficial or non-beneficial impact (i.e. a
greater value is better or worse). Rankings were calculated according to five well-
established MCDA methods: TOPSIS [8,9], VIKOR [10], MULTIMOORA [11],
WASPAS [12], and ELECTRE [13]. The cases were evaluated using the R com-
puter language [14] package MCDM [15].

Case study 1 compares competing plans to build a sewer network. The criteria
considered are the dynamic performance in terms of flow volume, the cost of
construction to implement the plan, the cost of maintenance for inspection or
repairing, the environmental impact and the potential future profit [16]. It can
be seen that, in this case, TOPSIS appears to return a significantly different
ranking in comparison to the other MCDA methods (Table 2). Consequently, in
this case, TOPSIS has minimal influence on the final ranking.

Case study 2 compares ten different designs of support structures for off-
shore wind turbines. Ten criteria are considered: compliance or maximum dis-
placement of the rotor, dynamic performance, design redundancy, cost of main-
tenance, cost of installation, environmental impact of the installation, operation
and decommissioning, carbon footprint, certification, likely cost of the concept
and depth compatibility [17]. In this case there seem to be a lack of agreement
between methods with the mode of the position in the ranking showing low
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Table 2. Case study 1 alternative rankings.

Alternatives TOPSIS VIKOR MULTIMOORA WASPAS ELECTRE Final ranking

Plan 1 4 2 3 2 2 2

Plan 2 1 4 4 4 4 4

Extension 3 3 1 1 1 1 1

Extension 4 2 3 2 3 3 3

frequency (Table 3). In particular, a frequency of two is observed for the alter-
natives “Jacket” and “Barge”.

Table 3. Case study 2 alternative rankings.

Alternatives TOPSIS VIKOR MULTIMOORA WASPAS ELECTRE Final ranking

Jacket 1 9 7 2 2 2

Tripod 2 8 3 3 3 3

Monopile 3 1 1 1 1 1

Suction bucket 6 2 5 5 5 5

Jack up 4 7 4 4 4 4

Spar 9 6 9 9 10 9

Barge 5 4 2 6 6 6

TLP 10 10 10 10 9 10

Semi-submersible 7 5 6 7 7 7

Tri-floater 8 3 8 8 8 8

Case study 3 compares thirteen renewable energy investment projects consid-
ering the following criteria: power, investment ratio, useful life, cost, operating
hours, implementation period and the amount of carbon dioxide emissions [18].
It can be observed (Table 4) that there is a good agreement between WASPAS
and MULTIMOORA for most of the alternatives, unlike TOPSIS and VIKOR
that return dissimilar rankings. Furthermore, this case shows that, when the
number of alternatives increases, the agreement between the rankings of MCDA
methods usually decreases.

Case study 4 is a material selection investigation to design car bodies with
environmentally friendly processes [19]. Ten alternative materials were evaluated
in terms of physical properties, durability, suitability to manufacturing processes
(called “technical”) and environmental properties. In agreement with previous
cases, MULTIMOORA and WASPAS return similar rankings influencing with
their agreement the final output (Table 5).

As previously briefly mentioned, a factor that appears to cause a significant
difference between rankings is the number of alternatives n. In case studies 3
and 4 (that are characterized by a relatively large n) there is a low frequency
of agreed positions in the rankings among MCDA methods. ELECTRE, for
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Table 4. Case study 3 alternative rankings.

Alternatives TOPSIS VIKOR MULTIMOORA WASPAS ELECTRE Final ranking

A1 13 13 12 13 13 13

A2 11 8 9 10 9 9

A3 2 2 2 2 2 2

A4 12 12 10 11 12 12

A5 10 6 13 12 10 10

A6 4 11 11 9 6 11

A7 3 3 3 3 3 3

A8 9 4 8 8 10 8

A9 7 9 6 6 6 6

A10 7 10 7 7 6 7

A11 6 7 5 5 5 5

A12 1 1 1 1 1 1

A13 5 5 4 4 4 4

Table 5. Case study 4 alternative rankings.

Alternatives TOPSIS VIKOR MULTIMOORA WASPAS ELECTRE Final ranking

Material 1 1 1 1 1 1 1

Material 2 3 2 3 3 2 3

Material 3 4 3 5 5 2 5

Material 4 6 6 6 6 3 6

Material 5 9 10 9 9 9 9

Material 6 7 7 8 8 7 7

Material 7 8 8 7 7 8 8

Material 8 10 9 10 10 6 10

Material 9 2 4 2 2 5 2

Material 10 5 5 4 4 4 4

example, is particularly sensitive to the value of n because of its estimation of
the concordance and discordance matrices [13]. This consideration seems to be
reinforced observing that cases with fewer alternatives, like case study 1, show
good agreement among methods. However, a broader validation with more cases
would be beneficial before drawing a final conclusion.

Since the approach proposed in this work is the result of multiple MCDAs,
it provides the decision maker with more confidence in the results, increasing
the reliability and robustness of consequent choices. Moreover, another reason
that may make a multi-method ranking preferable, is the consideration that, in
general, no MCDA method can be considered superior.

On the other hand, an obvious drawback to the adoption of the proposed
approach is the additional time required. However, the calculation process of the
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output ranking has been designed to be quite simple to minimize additional time
and effort asked to the decision maker. Another related consideration regards the
specific MCDA methods to be included in the set of evaluations. For instance,
some methods not presented in this work may require additional work or more
resources from the decision makers. For example, the Analytic Hierarchy Pro-
cess (AHP) requires demanding pairwise comparisons of criteria performed by
experts that implies significant additional effort [20]. Furthermore, cases with
low consensus among MCDA methods can be still valuable because they signal
to the decision maker that any rankings for the specific case at hand do not have
a solution that can be trusted.

5 Conclusion and Future Work

Different Multiple Criteria Decision Analysis (MCDA) methods are known, in
some cases, to return conflicting rankings when applied to the same problem.
Since each MCDA method is unique in its way with specific characteristics, the
validity of their answers can be questioned by this potential inconsistency. Deep
research and analysis of existing approaches to solve this issue were presented in
this work and, subsequently, a novel reconciliation approach has been presented.
The method is simple and based on the mode of the position in the rankings
for each alternative. Four case studies in the field of sustainability were selected
and analysed to illustrate and test the applicability of the proposed approach.
Based on the results, the new ranking system appears promising and represents
an important step into the definition of a framework to reconcile conflicting
rankings of multiple MCDA methods.

Areas of further development lie in the handling of special or corner cases
(e.g. with methods like AHP or PROMETHEE) and including sensitivity stud-
ies to corroborate the robustness of the final ranking. AHP or PROMETHEE
introduce different type of thresholds and scaling that may affect the weights
and the final ranking of alternatives in a different way compared to the meth-
ods considered in this work. Sensitivity can be measured, for example, to test
the robustness of the approach against uncertainties in interpretative values or
weights. Further validation with more case studies would be also valuable.
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Abstract. The rapid development of nanotechnology-based products and appli-
cations over the last three decades has influenced numerous scientific fields and
industry sectors ranging from medical applications, food and consumer care up
to the semiconductor and the energy sector. The complexity and multidisciplinary
needed to approach the topic of sustainability in nanomanufacturing requires a
wide range of expertise from materials’ toxicology, risk assessment, life cycle
assessment, circular economy and ethics in nanotechnology. Moreover, profes-
sionals working in sustainable nanofabrication require adequate infrastructures,
skills, equipment, characterization and metrology that permit them to perform
their activities to develop their technologies or products at best. Scattered infor-
mation, lack of connection across the different communities or the difficulty of
getting the right information about a related specific theme are just some of the
issues that often prevent products from reaching themarket. TheEUH2020 project
NanoFabNet is addressing these issues by setting up a self-sustaining one-stop-
shop for all matters and concerns pertaining to sustainable nanofabrication. In this
paper, the authors describe the development of the NanoFabNet database as part
of the digital platform designed to collect, store, expert-curate and provide access
to all matters pertaining to sustainable nanofabrication.

Keywords: Technology sustainability · Sustainable nanofabrication · Database
development

1 Introduction

Nanotechnology is considered as one of the key enabling technologies of the 21st cen-
turies. Over the last 30 years, the production and applications of nanotechnology and
nanomaterials encountered a rapid growth bringing about fundamental changes in basic
research as well as in many sectors of industry and our daily life. Its innovations have
already helped to address several important societal needs, including the viability of
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renewable energies, medical treatments and early detection systems, creation of more
sustainable consumer products, and even the increase of agricultural productivity.

Nanotechnology makes use of the unique physical and chemical phenomena that
occur at these small scales in the nanometer range, such as quantum and surface effects.
Nanomanufacturing essentially connects the discoveries of the nanosciences and real-
world nanotechnology products. It encompassesmany processes from the design,manip-
ulation and control of matter at the nanoscale to the manufacture of nanoscale materi-
als, nanostructures, components, devices and complex system [1, 2]. For example, top-
down nanofabrication approaches make use of lithography or etching processes to define
structure dimensions, whereas bottom-up approaches use chemical synthesis to connect
individual molecules into larger, functional building blocks [3].

Beyond the technical difficulties inherent in the production of these advanced tech-
nologies, there are also many issues related to their production and integration into
complex and interoperable systems in a sustainable framework. The problems to be
addressed in order to envisage the implementation of a real sustainable, industrial-scale
nanofabrication are therefore very varied, but have the following point in common: the
conditions for trust must be met between economic actors in the same value chain,
between economic actors and public authorities, and finally with civil society.

1.1 Challenges of Technological Sustainability

Sustainability is a key-issue in an “age of sustainable development” demanding solutions
to important environmental, social and economic problems [4–6]. There exists to date
no universal definition for the term sustainability and a multitude of different concepts
such as life cycle sustainability assessment, ethics, circular economy, green chemistry
are associated to the topic of sustainability.

The complexity andmultidisciplinary themes that need to be covered and considered
to approach the topic of sustainable nanofabrication require a wide range of expertise,
covering from toxicology and ecotoxicology to risk assessment and safety of nanoma-
terials and ethics in nanotechnology. A literature review [7] identified three sustainabil-
ity areas relevant for nanotechnology and nanofabrication: (1) Environment, health &
safety, (2) Life cycle sustainability and (3) Ethics and governance. The area “Environ-
ment, health & safety” addresses the requirements and available tools to conduct a full
risk assessment for human and environmental health in alignment with existing EU
regulation. The “Life cycle sustainability” area represents approaches for a holistic life
cycle sustainability assessment with components coming from classical and social life
cycle assessments as well as life cycle costing analyses. The third area “Ethics and gover-
nance” addresses approaches, tools and concepts dealingwith the ethical and governance
aspects in nanotechnology and nanomanufacturing.

However, the science and technology fields of sustainability and (nano) fabrication
are still facing several major challenges: the existing separation between both fields, the
increasing specialization within each field, and the geopolitical clustering of specialized
communities and infrastructures as demonstrated by the in-depth bibliographic analysis
of more than 1.2 Mio. Scientific publications from the areas of nanotechnology and
sustainability (Friedrichs et al. 2022, publication in preparation).
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1.2 Establishing an International Community for Sustainable High-Tech Micro-
and Nanofabrication - the NanoFabNet Approach

The challenges described in previous sections, namely the fragmentation of the scientific
disciplineswith their individual thematic challenges aswell as the geopolitical clustering
of its expert communities clearly demonstrate the need for a central supportive system to
bridge theses gaps and bringing the communities together. In this context, the EUH2020
coordination and support action NanoFabNet project (International Hub for sustainable
industrial-scale nanofabrication, GA No. 886171) was set up with the aim to establish
an international hub for sustainable nanofabrication. The central objective was to set
up a consolidated, self-sustaining one-stop-shop collaboration platform for all matters
and concerns pertaining to sustainable nanofabrication. This virtual collaboration space
is offering strategic networking, up-to-date knowledge on research and standardization,
skills development and access to EU services and infrastructures. The elaboration of the
scientific challenges and strategic action plans, identification of key community needs’
as well as the business plan development were supported by a number of stakeholder
consultations and co-creation workshops.

The database described in this paper is at the core of this platform functioning as
a “digital twin” to the NanoFabNet stakeholder community. The paper focusses on the
design and implementation of theNanoFabNet database as central storage and structured
access point to the collected and curated information of the project.

2 Approach for Building the NanoFabNet Database

This section describes the approach employed to conceptualize and set-up the NanoFab-
Net database. The process follows a classical approach with an initial requirement anal-
ysis to decide on the most fitting type of database system for the data to be captured
followed by conceptualization, mapping and implementation steps (see Fig. 1).

(1) Requirement analysis for the content to be captured within the database
(2) Query analysis on the outputs of the database to decide on the most fitting database

type
(3) Conceptual design of the database
(4) Mapping of the conceptual design to a schema of the chosen database system
(5) Creation of administrative surface for data entries
(6) Creation of interactive query interface & implementation of query language
(7) Integration small workflow for simple data curation

The requirement analysis was designed to be built on several pillars, namely the
in-depth bibliographic analysis to map the existing ecosystem of actors and fields of
interest within the communities of nanotechnology and sustainability (Friedrichs et al.
2022, publication in preparation), a benchmarking analysis of existing online platforms,
data sharing and database concepts implemented within the fields of nanofabrication
and sustainability complemented by stakeholder input collected during the NanoFabNet
stakeholder engagement workshops conducted in 2020 and 2021 as well as by a number
of conducted online surveys. The results of these pillars as well as the following database
design and implementation steps are described in detail in the next section.
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Fig. 1. Overview of the development process of the NanoFabNet database starting with require-
ment analysis, data model development and technical implementation of administrative surface
for data entries, queries and user management.

3 Developing the NanoFabNet Database

This section is dedicated to describe in details the steps undertaken to develop the
concept and subsequent implementation of a database in the frame of the H2020 project
NanoFabNet following the methodology elaborated in Sect. 2.

3.1 Outlining Requirements for the NanoFabNet Database

Identifying potential data sources and content relevant to be captured within the database
formed the starting point for the requirement analysis. In addition, the database should
also provide the structure to capture the information generatedwithin the different project
activities such as the bibliographic analysis of scientific publications and other exist-
ing online data sources related to the communities of nanofabrication and sustainabil-
ity, in-depth profiling of relevant actors, organizations and projects as well as relevant
documents.

As a first step, a set of overarching questions to focus the requirement analysis
on was elaborated across the experts involved in the project. The questions covered
the identification of scientific disciplines and subdisciplines involved in nanofabrica-
tion & technology sustainability, most relevant technologies & applications, relevant
actors/organizations/infrastructures and available competences, skills, technologies and
resources. In the following, these questions were employed to direct the benchmarking
analysis of existing platforms and for the stakeholder consultations conducted during
two workshops and subsequent online surveys.

For the benchmarking analysis, a number of different online platforms, projects
and related reports were screened on the approaches undertaken to collect and display
relevant information, the type of information provided to the users and potential access
modes to the available data coming both from the areas of sustainability and nanotechnol-
ogy/nanofabrication. A selection of the analyzed platforms and data sources is shown in
Table 1. A lot of information was publicly available related to European research infras-
tructures, e.g. theMERIL andCatRIS projects [8, 9], the compilation of project and orga-
nization profiles working the areas of Industry 4.0 andmicro-nanotechnologies provided
by the SNERGY project [10] or the collection and analysis of stakeholder organization
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information provided by the EU Key Enabling Technologies (KETs) Observatory [11,
12] or the NanoData - Nanotechnology Knowledge Database [13].

Table 1. Selection of analyzed online platforms and projects related to nanofabrication

Platform name Short description Information provided References & Links

NanoData -
Nanotechnology
knowledge database

Database coordinated
by the European
Observatory of
Nanomaterials
(EUON) on the
current status of
nanotechnology in the
EU

Statistical data on
R&D activities,
organisations and
products related to
nanotechnology

https://nanodata.echa.
europa.eu/, [13]

KETs observatories I
& II

European online
monitoring platform
offering quantitative
and qualitative
information on the
deployment of Key
Enabling
Technologies in the
EU and worldwide

Statistical data,
reports on EU KETs
usage, Access to EU
technology centres
and innovation hubs

https://ec.europa.eu/
growth/tools-databa
ses/kets-tools/kets-obs
ervatory, [11, 12]

Projects MERIL-1,
MERIL-2,
CatRIS

Online portal for EU
research
infrastructures openly
accessible

Catalogue of services
and resources
provided by EU
Research
Infrastructures and
Core Facilities

https://portal.meril.eu/
meril/, [8, 9], https://
www.portal.catris.eu/
home, [14]

SYNERGY Profiling
IT Tool “SYNPRO”

Profiling tool for
organisations and
projects from the
(nano)manufacturing
sector created by the
CE Interreg project
SYNERGY

Competences, skills,
experience track
record, technologies,
available
infrastructures

https://synpro.e-scienc
e.pl/, [10]

As a result of this benchmarking analysis, relevant information from the different
sources was extracted, complied and categorized into three main data categories “orga-
nizations”, “projects”, and “infrastructures” relevant for the communities of sustainable
nanofabrication. Next, a set of relevant data fields for each of the main categories to
be integrated within the database was formulated and harmonized with the content to
be collected from the different project activities (mapping, profiling). These entailed
general information such as the official names, address details, web links, digital iden-
tifiers complemented by an in-depth profile describing the activity and industry sectors,

https://nanodata.echa.europa.eu/
https://ec.europa.eu/growth/tools-databases/kets-tools/kets-observatory
https://portal.meril.eu/meril/
https://www.portal.catris.eu/home
https://synpro.e-science.pl/
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provided services, available expertise, tools and equipment as well as references such
as certifications, publications or project involvements.

The integration of the collected information then led to an initial conceptual model
in which the various identified entities (organizations, infrastructure, projects,…), their
attributes (name, URL,…), and their relationships between the entities were modeled.
Cardinalities play an important role in the relationships. The cardinalities indicate the
minimum andmaximum number of other entities with which any given entity can have a
concrete relationship. This also has a significant influence on the design of the relational
schema. Figure 2 shows an extract of the conceptual model that has been created, in
which the entity “organization” with a few selected attributes is at the center, along with
the relationships to the other entities.

Each of the main entities (yellow squares) consists of a specific name and one or
more attributes (ellipses). The relationships between the individual entities are depicted
as diamonds and the cardinalities on top of the connecting lines describe the relation-
ship between the two connected points. For example, the relationship “coordinates”
between “organization” and “project” has the cardinalities <1,1> (project side) and
<0,n> (organization side). This means that a project is coordinated by exactly one orga-
nization (minimum 1, maximum 1). On the other side, an organization can coordinate
no project at all (minimum: 0) or multiple projects (maximum: n).

Fig. 2. Excerpt of the conceptual data model for the main category “organization”. (Color figure
online)

The outputs of this conceptual model were subjected to the stakeholder community
in the course of two virtual workshops to collect feedback and tailor the initial concept
to the actual needs of the communities of nanofabrication and sustainability. The experts
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coming from academia and industry active in the areas of sustainability and nanotech-
nology confirmed the relevance and necessity for such a one-stop-shop of information.
Advice was given from the communities to integrate a “quality assessment” for the
provided content, use the envisioned database content for targeted matchmaking and
also to explore the option of integration data from existing data sources (open access,
CC-by-licensing etc.).

As a next step, detailed Excel templates for each of themain categories organizations,
projects and infrastructures were generated to serve as basis for the actual design and
technical implementation of the database as well as for the data collection activities
conducted by the project consortium (see Fig. 3).

Fig. 3. Extract of the developed Excel templates for data capture and NanoFabNet database
conceptualization for the example categories “organizations” and “infrastructures”.

3.2 Database Selection and Application Development

Based on the requirements analysis, a suitable database system as well as the language
for implementing the application logic was selected. In this specific case, we decided to
use a classic relational database (MySQL), as it covers all the requirements for the appli-
cation. The implementation of the application logic was realized via the Python-based
framework Django [15]. This framework supports rapid development and massively
assists the user in the development of web-based applications, so that the developer can
concentrate on the application logic and does not have to constantly reinvent the wheel
[15]. For example, administration pages for creating, modifying and deleting records are
automatically generated for all listed entities, without the developer having to take care
of it. To test the database setup and functionalities, the data collected in separate excel
templates (see Fig. 3) was used for an initial import employing a special Django plugin
[16].

The characteristics of the established NanoFabNet database are summarized in the
following Table 2. After successful data import, the database will be integrated into the
virtual platform and access provided to external users in accordance to the developed
business model and user management (e.g. public user or registered member).
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Table 2. Overview on the key features of the implemented NanoFabNet database.

Database scheme The whole database consists of over 60 tables. This also includes the owner
management tables and the management of access rights. The high number
of tables is partly due to the fact that there are many n:m relationships
between the entities, which are mapped to so-called relationship tables in
relational databases. The user management is also used from an external
Content Management System for Single-Sign On

Search facilities A key aspect of the application is the search for suitable organizations,
projects, etc. For this purpose, there is a combined full text/expert search,
which supports a variety of query options. In addition, it is possible to mark
individual entities with freely selectable tags, or to expand existing
selection lists with your own entries, which can also be searched for

Interfaces The interface consists mainly in a number of webpages. Besides that, a
number of REST-API endpoints [17] exist, which allow a programmatic
access to the content of the database. Actually, i.e. the single-sign-on
mechanism is implemented as a number of REST-API endpoints

4 Conclusions and Next Steps

The established NanoFabNet database described in this paper provides an essential part
to the NanoFabNet platform and thereby to the NanoFabNet Hubs’ business model. The
hub is intended to function as a “connector of dots” providing relevant information on
all matters pertaining to sustainable nanofabrication in a condensed and expert-curated
format.As themain goal of this database is to facilitate for interested stakeholders a struc-
tured access to the collected and curated information from the projects’ work program, it
was important to iterate the concept and first implementationwith the relevant stakehold-
ers coming from academia and industry which are active in the areas of sustainability
and nanotechnology. The feedback collected from the interactions with the stakeholders
from the communities of nanotechnologies and sustainability clearly indicated a large
interest in getting access to such a database as provided by the NanoFabNet project. The
concept of self-governance of the content stored within the database to keep the infor-
mation as up-to-date as possible was highly appreciated. Similarly, integrating already
existing information from other sources such as the US NNCI, the EUROnanoLAB [18]
or the GoFAIR implementation network “Go NanoFAB” [19] into the database was
strongly supported by the communities. In this respect, FAIR principles [20] should be
employed for data exchange and sharing with other databases. Already realized within
the database is the recommendation of the open science community to use persistent
digital identifiers for the captured data such as Orchid IDs for individuals or Research
Organization Registry IDs for organizations.

The NanoFabNet database is providing one of the cornerstones to the implemen-
tation of the 2030 strategic roadmap for sustainable nanofabrication (NanoFabNet, in
preparation). Raising awareness on sustainability, compliance with regulation and legis-
lation, implementation of sustainability indicators and community engagement are some
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of the steps to be taken in order to establish and maintain a productive, collaborative
community in the highly interdisciplinary field of “sustainable nanofabrication”.

As briefly indicated in Sect. 1.2, one of the main goals and thus the next step is to
launch the NanoFabNet Hub as a formally registered entity at the end of the project
based on the developed business model and business plan which were done in align-
ment with the stakeholder consultations. The database described in this paper with its
collected content will be providing an essential part of the developed business model,
namely by providing the foundation (content) for the services to be provided to the stake-
holders, members and external users within the EU and beyond. These services include
access to relevant standardisation & harmonisation documents, curated safety-, ethics-
and governance-considerations in the high-tech sector, expert supported matchmaking
of sustainability opportunities or an international market place for R&I collaboration
and B2B services.
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Abstract. Themanufacturing industry is one of themajor drivers and contributors
to the success of the European economy.Within Central Europe, a large amount of
high-value innovation know-how coming from academia and industry is clustered
around the areas of advancedmanufacturing and industry 4.0, two areas critical for
maintaining Central Europe’s competitive edge and high employment rate. How-
ever, lack of transparency in access to knowledge on the opportunities offered
by Industry4.0 concepts and applications, insufficient cooperation and linkages
between innovation actors within and between regions and countries as well as
missing alignment of strategies and programs on a policy level are some of the
challenges that the Central Europe innovation ecosystem is currently facing. In
this paper, the authors describe the conceptualisation, realisation and outcomes of
a series of stakeholder engagements workshops for the community-driven devel-
opment of a sustainable comprehensive policy implementation framework for the
areas of advanced manufacturing and industry4.0 in Central Europe.

Keywords: Policy upstreaming · Sustainable knowledge transfer · Advanced
manufacturing · Industry4.0

1 Introduction

The European Union is the world’s biggest exporter of manufactured goods, and is a
global market leader for high-quality products [1]. In an analysis of the economy of
45 regions in the European Union, manufacturing contributed more than 30.0% of the
non-financial business economy employment, largely concentrated in central Europe [2].
Central Europe’s manufacturing sector is a fundamental component of the EU economy
with a large amount of high-value innovation know-how in the area of advanced man-
ufacturing and industry 4.0 (I4.0). These two areas are critical for maintaining Central
Europe’s competitive edge and high employment rate in this economic sector. In 2011,
the concept of industry 4.0 was introduced at the Hannover fair as one of the key initia-
tives of the German high-tech strategy and subsequently integrated into a large number

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
S. G. Scholz et al. (Eds.): SDM 2022, SIST 338, pp. 242–251, 2023.
https://doi.org/10.1007/978-981-19-9205-6_23

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9205-6_23&domain=pdf
http://orcid.org/0000-0001-5872-0164
http://orcid.org/0000-0002-8667-9004
http://orcid.org/0000-0002-7901-0919
https://doi.org/10.1007/978-981-19-9205-6_23


An Approach for Sustainable Knowledge Management 243

of national and European innovation and research strategies [3]. This so-called fourth
industrial revolution is based on the idea of merging the physical and virtual worlds
through cyber-physical systems revolutionizing the production and the supply of goods
and services, through the interconnection between products, processes and consumers.
Usage of internet of things (IoT), artificial intelligence, cloud computing, autonomous
robots, sensors, big data or advanced manufacturing are just some of terms associated
with the development and implementation of I4.0 concepts.

The increasing advance of I4.0’s facilitating/enabling technologies poses real chal-
lenges for industrial policy. A major concern is the potential displacement of labour
caused by the spatially uneven distribution of capital-intensive I4.0 manufacturing tech-
nologies. This could yet again unduly favour more dynamic regions over peripheral
ones, further amplifying regional socioeconomic divisions. [4]. The 2014–2020 Euro-
pean Union’s Strategies for Smart Specialization-S3 already included certain aspects
of related to Industry 4.0 and as of 2016 gained major importance with the digitizing
European Industry Initiative of the European Commission [3, 5].

A comprehensive analysis conducted on the current policy and strategy ecosystem
in Europe clearly demonstrated that as not all EU countries display the same level of
development of their manufacturing industries, Industry 4.0-focused policies are also
at different stages and paths. For an effective implementation, it becomes necessary to
consider the technological potential of each region. For example, Germany, France and
Spain were identified as EU leading countries with the most companies implement-
ing I4.0 concepts. Differences in the strategic focus of national policies could also be
observed, for example focusing in on research, development and innovation related to
I4.0, the digitization of SMEs or the emphasis on education and professional training
[3]. Academia and the private sector are required to work alongside public officials in a
multi-stakeholder endeavor (triple-helix stakeholders) to provide expertise on the tech-
nologies which are being developed, focusing on their applications and potential [3, 5,
6].

To date, the Central Europe innovation ecosystem is still facing multiple challenges
related to the integration and implementation of I4.0 concepts such as the lack of trans-
parency in access to knowledge and markets, insufficient cooperation and linkages
between the innovation actors in and between regions and countries. This translates
also to the policy level where alignment and cooperation across the different programs
is still missing on larger scale although the research & innovation smart specialisation
(RIS3) strategy already includes certain components related to I4.0. Another challenge
layer is added by the goals of the European Green Deal and the updated EU Indus-
trial Strategy [7] to transform the EU into a modern, resource-efficient and globally
competitive and resilient economy.

Recommendations taken from the policy analyses identify strategic support for
SMEs, novel approaches for upskilling and reskilling of the European workforce and
the promotion of collaborative enablers such as interregional partnerships or the dig-
ital innovation hubs (DIHs) as additional contributing success factors for the future
implementation of Industry4.0 [3, 5, 8].

This paper describes the process of a community-driven development of a com-
prehensive policy implementation framework for the areas of advanced manufacturing
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and industry4.0 in Central Europe. The involvement of stakeholder groups from the
triple-helix ecosystem will help to map the regional status quo, identify existing barriers
and challenges within the context of I4.0 and develop practical policy implementation
use cases to shape a comprehensive policy framework supporting the long-term and
sustainable development of policy instruments for Central Europe manufacturing.

2 Methodology – the CEUP2030 Approach

The CE Interreg project CEUP 2030 (Central Europe Upstreaming for Policy Excellence
in Advanced Manufacturing & Industry 4.0 towards 2030) was designed to generate a
unique innovation system approach for regional & transnational policy making for the
areas of advanced manufacturing (AM) and industry 4.0 (I4.0). The approach is driven
by and well-embedded within in a regional, national and European stakeholder dialogue
format to crosslink policies/strategies and programs for long-term validity. The project
builds upon available outputs and results from excellent work delivered in the program-
ming period 2014 to 2020 from the six H2020 / CE Interreg twin projects SISCODE,
Spirit, DIH2, SYNERGY, 3DCentral and S3HubsinCE for the project implementation.
A series of stakeholder interactionworkshops (Policy Learning Labs, Networkmeetings,
RIS3 round tables) with representatives from academia, industry and policy (triple-helix
ecosystem [5]) are being employed to establish stable innovation networks for improved
knowledge and resource exchange on the areas of AM and I4.0.

Within this context, the following fourmain topics of Intelligent Production Systems,
Automation & Robotics, Smart Materials and Artificial Intelligence (CAMI4.0 topics)
were recognized as the most strategic topics to be developed in the Central Europe
area and formed the underlying categorization scheme for the developed networks and
policy recommendations. The development of a comprehensive policy implementation
framework for the four CAMI4.0 thematic areas is supported by the development of
strategic policy pilot actions (flagship projects) showcasing practical examples for the
adaptation of these concepts into the innovation ecosystem on a national and European
level (see Fig. 1).

This paper focuses on the development of the trend and innovation networks and the
evaluation of the workshop series focussed on the topic of Intelligent production system.

Fig. 1. Schematic overview of the CEUP2030 project concept with defined outputs and stake-
holder interaction formats.
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2.1 CAMI4.0 Trend and Innovation Networks

Stakeholder engagement, co-creation and mutual learning are some of the key compo-
nents identified as excellent tools to realize the goals of the CEUP 2030 project and
to provide overall benefits to the communities of advanced manufacturing and industry
4.0 [9, 10]. The established trend and innovation networks will cluster key stakeholders
active in the four CAMI4.0 topics of intelligent production systems (IPS), automa-
tion & robotics (AR), smart materials (SM) and artificial intelligence (AI). At regional
level, these digital working groups are comprised of key triple-helix-oriented stakehold-
ers, who are critical for anchoring expertise and knowledge to target groups essential
to the economic development of each region. This is complemented by inter-regional
connections between these regional communities, championed by the partners of the
CEUP 2030 project and fostered through the capabilities and competencies of the partner
organizations and their network.

The main goals of the trend and innovation networks are (1) to generate improved
knowledge and exchange on new technologies relevant for the CAMI4.0 topics; (2) to
gather foresight on challenges and opportunities which emerge in the chosen technology
areas, and across the territorial area’s manufacturing sector including the EUGreen Deal
challenges; (3) to create a stable space to ideate, develop and implement new project
ideas promoting and fostering interregional cooperation; and (4) to generate and gather
professional input for direct and future-robust policy implementation.

2.2 Workshop Conceptualisation

Interactive workshop formats were selected as an established means of stakeholder
engagement to directly involve and interact with the triple-helix representatives from
academia, industry and policy-making working in the areas of advanced manufactur-
ing and industry 4.0 [9]. The objective of the planned workshop series and stakeholder
engagement was to raise awareness, provide knowledge and foster regional and transre-
gional networking and cooperation within the communities of advanced manufacturing
and industry 4.0 located in Central Europe.

The trend and innovation networkmeetings are designed as a set of 10 regional work-
shops complemented by one transregional workshop clustered around the predefined
CAMI4.0 categories IPS, AR, SM and AI. The workshop concept follows a common
structure of introducing the participants to the project activities, thematic focus and goal
of the individual workshops followed by expert sessions showcasing the state-of-the-art
and current challenges from an academic and industrial perspective for the respective
CAMI4.0 topic. The subsequent discussion session is intended to facilitate information
exchange between the participants to openly discuss about the presented topics, sharing
the individual perspectives and challenges and identifying key facts to be considered
for the projects’ follow-up actions such as the development of flagship use cases for
development of the policy strategies.

The outcomes of the workshops are being used to concretise the current state of
development, challenges and opportunities of the CAMI4.0 topic of intelligent produc-
tion systems also in relation to the sustainability goals of the EU Green Deal which
ultimately will contribute to the development of the corresponding flagship projects and
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overarching policy implementation framework. A comprehensive feedback form is used
to collect information on the workshop focussing on participants profiles, workshop con-
tent, key outcomes and lessons learnt from the organisers and participants perspective
complemented by input generated from peer review interviews with selected workshop
participants. This approach represents the summary of lessons learnt and best practices
exploitation of stakeholder engagement formats as a result from the output analysis
conducted for the selected six H2020 / CE Interreg twin projects.

3 Workshop Results

The results presented in this section will focus solely on the input generated from the
trend and innovation network workshops focusing on the CAMI4.0 topic of Intelligent
production systems (IPS). The evaluation of the workshop and impact assessment is
focusing on the content provided to the attending triple helix stakeholders followed
by the major outcomes of the workshop and derived recommendations for the further
strategy development of the topic of IPS.

3.1 Workshop Stakeholder Engagement

In total, the conducted 11 virtual workshops on the topic of intelligent production sys-
tems accounted for 320 attendees. The participants represented R&D organizations,
universities, large enterprises, SMEs, business support organizations, industry clusters
and policy makers thus covering the full spectrum of the triple-helix stakeholders. 58%
of the participants came from industry, 24% from higher education & research, 16%
are working for business support organizations and only 7% represented the group of
policy-makers/policy-influencing organization. This distribution already illustrates the
high importance of the topic of IPS for industry and that involving stakeholders with a
policy background is important but not always easy to achieve.

3.2 Workshop Content Analysis

The workshops effectively introduced the participants to the topic of intelligent produc-
tion systems with its subtopics smart & sustainable manufacturing, production in the
domain of big data, additive manufacturing-based hybrid process chains and scalable
flexible manufacturing. An overview on the current ecosystem at regional, national and
European levels was presented highlighting the progress achieved and main challenges
to be overcome. The expert presentations gave insights into new technical and scien-
tific developments and challenges regarding the application of IPS innovative solutions.
Sharing of best practices and showcasing of current initiatives on ongoing IPS solutions
allowed the participants to see how to overcome or cope with their individual challenges.

When looking at the predefined subtopics, the majority of the expert presentations
focused on Additive Manufacturing based hybrid process chains, whereas smart & sus-
tainable manufacturing or scalable flexible manufacturing were addressed to a lesser
point. For Additive Manufacturing based hybrid process chains, 3D and 4D printing
technologies were addressed as well as current developments for the usage of robots in
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modern manufacturing settings presented. Within smart & sustainable manufacturing,
the expert talks focused on sustainability in mass production or on approaches for energy
saving and reducing light pollution.

3.3 Workshop Key Outcomes

The conducted virtual workshops on the CAM4.0 topic of intelligent production systems
successfully launched the regional trend innovation networks of triples helix stakeholders
creating a space for knowledge exchange, to discuss and share trend and innovation fore-
sights on the targeted topics well as foster networking and potential collaboration within
the networks. The main outcomes can be clustered into the following five categories:

(1) Identification of regional expertise and competences
The expert talks, round tables and guided discussion sessions provided the attending
triple helix stakeholder communitywith a better understanding of the full ecosystem
for the topic of IPS. The mapped expertise, knowledge transfer and sharing of best-
practices should enable the networks to fulfill their initial goals of forecasting
trends, answering existing need and challenges in these topics as well as fostering
collaboration on a regional and interregional level. Emphasis should be put on
identifying research and innovation priorities for IPS on a regional level to create a
comprehensive map for the Central Europe region. As of now, relevant stakeholders
from the triple helix ecosystem are not yet effectively connected and there is a need
to create better understanding on the possibilities and capabilities offered by IPS
solutions.

(2) Awareness of IPS impacts at industrial level
The sharing of best practices specifically focused on industrial ecosystems gave a
tangible level of concreteness to innovative proposed solutions, attracting SMEs and
enterprises to invest on the topic. The triple-helix exchange format also presented
representatives from public administration and academia with the opportunity to
understand the real needs of industries and to create innovation supporters out of
them. The sharing of best practices amongst industry representatives was evaluated
as very positive supporting the development of mutual leaning platforms to foster
such exchange formats.

(3) Raise awareness on key challenges in the IPS sector
The involvement of expert panels did create a better understanding of the current
ecosystem regarding IPS technologies together with the current technological key
challenges. In addition, the need for general skills and competence development
within IPS as well as a specific support for SMEs in their transition towards IPS
models were highlighted. Sustainability as one of the EUGreenDeal key challenges
was surprisingly underrepresented in the discussions that require further attention
for implementation at industrial scale.
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(4) Awareness on current opportunities
Answering the existing market needs requires the involvement of all triple helix
stakeholders. Transition towards IPS needs dedicated funding programs for which
communication with policy-stakeholders on current opportunities, effectiveness of
existing IPS solutions and current gaps is key. Similarly, developers and end users
need support in navigating the funding landscape of available policy instruments.
For representatives from policy-making it is important to better understand the cur-
rent technologies to mobilize funds and create novel funding opportunity. However,
different communication formats and materials are needed to effectively interact
with this stakeholder group, e.g. focusing on success stories and practical examples
within a personal exchange format.

(5) Creation of active networks and communities
The workshops effectively addressed the communities’ [1] needs for networking,
knowledge exchange and discussion forums for such highly specialized topics like
IPS. Virtual formats allow for the engagement of larger number of stakeholders
with a wider geographical reach and direct feedback collection by different online
tools. However, effective networking, open talks and direct information exchange
are some of themain issues virtual events are facing compared to physical meetings.
Professional support in connecting technology providers with technology receivers
is needed to foster the adaptation of IPS solution. Support offered by digital innova-
tion hubs, cluster initiatives or other regional networks should be further exploited
in this context.

3.4 Recommendations and Next Steps

Based on the outcomes collected from the IPS trend and innovation network work-
shops and described in Sect. 3.3, the following set of recommendations for the policy
implementation framework can be formulated:

Firstly, there is a great interest in the topics of advanced manufacturing and industry
4.0 as was demonstrated by the large number of stakeholders attending the CAMI4.0
trend and innovation network series. Such exchange formats should therefore be fostered
to enhance understanding and identify key partners to build new cooperation [1, 5]. This
knowledge exchange will become even more important in the context of overarching
challenges such the sustainability and circular economy goals of the EU Green Deal and
how to implement these on a practical level.

Secondly, SMEs in particular were identified to need additional support in their
transition towards Industry 4.0 which reflects the priorities set within the update of the
EU’s Industrial strategy 2020 [7]. Here IPS solutions play an essential role, as SMEs
have a lot to gain by implementing Industry 4.0 concepts but also a lot to lose as they have
less resources than bigger companies [11, 12]. A first step would be to support SMEs
with easily accessible test-before-invest approaches. Via access to such testing facilities,
the SMEs can gather insight into the actual working of these intelligent production
systems and explore how to functionally adopt new solutions before investing. This
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entails exploring the added-value that additive manufacturing techniques are offering,
understanding where flexible production systems can be implemented to improve their
efficiency, and how to utilize big-data or intelligent data-mining for advancing their
own business model [13]. This need for strategic support for SMEs as well as novel
approaches for re- and upskilling is already being reflected in a number of national or
European innovation strategy document [14, 15].

Cooperation and collaboration initiatives have been intensified to be crucial for the
further development and adaption of the IPS concepts for the manufacturing industry.
Exchange formats such as the trend and innovation networks meetings described in this
paper should be implemented on a regular basis to create a common space for knowl-
edge exchange, discussions on current projects and initiatives and novel developments
related to best practices on IPS. Complementary virtual and physical meeting formats
should be developed to fully involve the audience and address the individuals’ needs and
mutual learning process. This should enhance the integration of a wider audience and
therefore should emphasize the connection between key stakeholders through a better
understanding of the ecosystem. Current examples for such collaborative enablers are
the digital innovation hubs, cluster initiatives or the national platforms for Industry4.0
as well as the policy learning platform provided by the Interreg Europe program [16].

To accelerate the changing process, it is crucial to not only raise awareness on poten-
tial funding opportunities but also to develop appropriate funding schemes to support
SMEs in their digital transformation and in their appropriation of IPS solutions. Again,
communication and exchanges are key to enhance understanding between the stake-
holders and especially between different types of the triple helix stakeholders such as
decision makers and SMEs. Communication approaches should be tailored to the needs
of the different interest groups providing tangible examples such as success stories,
flagship projects in particular for policy makers or best practice examples for industrial
representatives.

Finally, to support the changing process, it is key to develop understanding and
therefore competencies of individuals regarding IPS and Industry 4.0 topics. Therefore,
offers should be developed and awareness should be raised on these services to accelerate
the process. It is therefore key to enhance cooperation between service providers and
SMEs to enable SMEs to be aware of what is available and for service providers to
identify the market needs.

4 Conclusions and Next Steps

This study elaborated on the conceptualization and realizations of series of stakeholder
engagements workshops dedicated to the CAMI4.0 topic of intelligent production sys-
tems as means to formulate community-driven recommendation for a policy implemen-
tation framework. The interregionally-connected technology foresight networks were
successfully established thereby raising awareness on the challenges and opportunities
offered by the CAMI4.0 topic of intelligent production systems as well as initializing
new collaborations. The collected insight and feedback provided valuable input to the
preparation of the IPS policy implementation framework.

One of the IPS subtopics was specifically targeting smart & sustainable manufac-
turing which was surprisingly underrepresented in both the expert contributions as well
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as the discussion points raised by the different stakeholder networks. This lack of inter-
est could be either due a lack of knowledge and understanding or to a lesser priority
compared to the development of new technologies and innovation. This gap should be
addressed for both academic and industrial stakeholders to create a common understand-
ing on the benefits and approaches for this green and sustainable transformation process
supported by strategic actions from the policy making sector.

A next step involving the established regional networks will be the joint ideation and
realization of strategic policy pilot actions (flagship projects) to provide tangible exam-
ples for the triple-helix stakeholder communities on the implementation possibilities of
the CAMI4.0 topics. This combined approach of community driven development of best
practice examples and policy strategies will ensure a sustainable transfer of knowledge
and outputs generated within the CEUP2030 project into current and future project ideas
and facilitate communication of regional/national needs and strategy focus for policy
makers to shape the upcoming innovation programs.
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Abstract. A strategy to reduce computation time and improve minimisation per-
formance in the context of optimisation of battery electric vehicle power trains
is provided, motivated by constraints in the motor manufacturing business. This
paper proposes a holistic design exploration approach to investigate and identify
the optimal powertrain concept for cars based on the component costs and energy
consumption costs. Optimal powertrain design and component sizes are deter-
mined by analysing various powertrain configuration topologies, as well as single
and multi-speed gearbox combinations. The impact of powertrain combinations
on vehicle attributes and total costs is investigated further. Multi-objective optimi-
sation in this domain considers a total of 29 component parameters comprised of
differingmodalities.We apply a novel reinforcement learning-based framework to
the problem of simultaneous optimisation of these 29 parameters and demonstrate
the feasibility of this optimisation method for this domain. Our results show that,
in comparison to single rearmotor setups, multi-motor systems offer better vehicle
attributes and cheaper total costs. We also show that load points with front and
back axle motors may be shifted to a greater efficiency zone to achieve decreased
energy consumption and expenses.

Keywords: Machine learning · Reinforcement learning · Powertrain
configuration · Neural networks · Multi objective optimisation · Vehicle system
simulation

1 Introduction

Electric vehicles (EVs) are a major technology in next-generation mobility seeking to
fulfil global emission reduction objectives including the Paris Agreement [1] and Euro-
pean Union (EU) targets [2]. In the late 1970s, the EU established a link between air
quality and automotive emissions, culminating in pollution-control legislation. The Euro
criterion for passenger cars was enacted in 1992, and established a pollution concentra-
tion ceiling [3]. Over time, these standards have become stricter [4], and forced industry
to adopt more efficient car powertrains. This may be seen in the growing market share
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of hybrid electric vehicles (HEVs) and predictions of an increase in sales over the next
decade [5].

The automotive industry considers engine optimisation to be one of the most promis-
ing methods for reducing the environmental impact of urban transportation, improving
air quality, and meeting emissions objectives. Compared to classic internal combustion
engines (ICE), electric motors used in EVs are significantly more efficient, with peak
efficiency of a typical electrical machine for these applications oscillating around 95%.
Additionally, Battery Electric Vehicles (BEVs), in comparison to classic ICE vehicles,
are simple and easy to operate with a BEVs possessing far fewer moving parts and a sim-
pler powertrain architecture than a conventional gasoline-powered vehicle, comprised
only of a high voltage battery, an electric motor with a power electronics controller, and a
single speed gearbox. Currently, there is a great demand from Original Equipment Man-
ufacturers (OEMs) in the automotive industry together with its partners and suppliers to
reduce the costs associated with design, manufacturing, and assembly of BEVs.

1.1 Related Work

The powertrain is a vehicle subsystem consisting of an electric motor, battery, power
electronics, and transmission that has substantial impact on a vehicle’s energy con-
sumption and performance, including its total range. To improve the efficiency of the
powertrain, research has been conducted at various levels, ranging from component
improvements [7]–[10] and topology/structure [11, 12] to vehicle concept level opti-
misation [13]. Kivekäs et al. [14] investigated different powertrain configurations for
electric city buses and showed differences in the energy consumptions of up to 11%,
in comparison to a single rear motor configuration. However, the influence of compo-
nent sizing was not investigated and only five powertrain configurations were compared.
Pathak et al. [15] conducted a holistic design exploration to identify optimal powertrain
configurations for electric city buses. The results showed that the overall efficiency of
the powertrain is strongly influenced by the load points arising from the driving resis-
tances. The powertrain structure, transmission design, and motor sizing were thus varied
to identify concepts where the load points were shifted to regions of a higher efficiency.
However, a constant passenger load was used, which could have resulted in imprecise
estimates of the load points, and thus led to improper design of the powertrain concept.
Further investigations addressed the design of the required charging infrastructure [6]
and its respective impact on the battery capacity of the bus [6, 16]. Although vehicle
concept optimisation and powertrain concept optimisation represent a state of research
for electric passenger cars and enable the identification of an optimal solution regarding
design objectives across multiple criteria [16], there is limited research on optimising
vast ranges of design parameters. At this moment, industry, research centres and govern-
ment are combining efforts to address the key bottlenecks of this complex engineering
challenge.

1.2 YASA Powertrain Model

YASA is a British manufacturer of electric motors and motor controllers that is playing a
growing role in meeting strict emissions targets being set globally across a wide range of
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industries and requirements for greater efficiency through electrification. A well-known
challenge inBEVproduction is optimisation of the powertrain, a highly complexproblem
due to themultitude of potential optimisation variables and conflicting design objectives.
Solutions to this problem usually leverage overly simplified vehicle/powertrain models
or have produced optimisation processes with slow convergence and uncertainty as to
whether a true global optimum has been reached. In this context, efforts of minimising
the cost of all relevant electric powertrain components from battery, inverter, electric
machine to gearbox are a top priority. Whilst minimising these elements, a range of
performance constraints such asminimum range, top speed and acceleration timemust be
all simultaneouslymet for valid solutions. Some examples of optimisations are presented
in [7, 11, 12, 17]. In such cases, a computer-based simulation tool is necessary to identify
minimal-cost system designs taking all interactions into account while reducing the
necessary engineering effort. High system complexity prevents a careful consideration of
all relevant correlationswithout the support of numeric simulation tools. Consequently, it
is often exceedingly difficult to find aminimal cost system design for given requirements
at vehicle level by a top-down system design process.

Fig. 1. Illustration of YASA topology with
some of the key variables and variable groups
marked [16]

Fig. 2. Different powertrain configurations
used as one of the discrete variables in the
optimisation [16]

2 Literature Review on Powertrain Optimisation

Literature on optimisation of BEVs and HEVs parts is substantial. Numerous minimisa-
tion approaches have been proposed, ranging from component sizing [5] to low noise and
lightweight design optimisation [13] but implementations focusing on powertrains have
drawn the most attention because it is the module whose components have the greatest
impact on the overall vehicle cost structure [18]. According to [11], the battery accounts
for most of the expenditures associated with EVs. [18] provides details on the prices of
battery manufacture for EVs, stating that battery costs alone can amount for up to one-
third of overall vehicle expenditures. [17] suggested using a Genetic Algorithm (GA)
to optimise two-speed powertrain characteristics of electric cars. The key performance
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characteristics of the drive motor and the gear ratios of the two-speed transmission were
optimised. For the vehicle optimisation model and the GA optimiser, the authors recom-
mended using a combination ofMATLAB®andSimcenterAmesim®.Amulti-objective
genetic algorithm (MOGA) was introduced in [14] to optimise the HEVs powertrain for
optimal energy efficiency. In this scenario, the goals were to reduce fuel consumption,
increase battery state of charge, and maintain vehicle performance during the driving
cycle. AMOGA investigates the important trade-offs between many goals, resulting in a
group of equally valid answers known as Pareto front solutions or non-dominated solu-
tions [13, 19], rather than a single solution. The highest speed, battery state of charge,
internal combustion engine power, and other decision factors were employed in this
optimisation. Similarly, [3] proposes modelling the powertrain of a HEV conversion
system while considering multiple vehicle usages and using a multi-objective optimisa-
tion technique to configure the conversion system’s important components. The decision
factors for powertrain design are optimised using a GA-based optimisation technique.
While [3, 9] concentrated on HEVs, [20] discussed global parameter optimisation of
BEVs’ dual-drive powertrain system. A MOGA was also employed, but this time the
vehicle’s acceleration time and driving mileage were used as indicators of dynamic and
economic performance in the double-objective function. Torquato et al. [16] used the
MATLAB®/Simulink platform to create a vehicle simulation model that was used for
simulation.

3 YASA Vehicle Model

Electric powertrains are relatively new in the automotive industry and designing eco-
nomical, efficient, and high-performance powertrains is challenging. Different engine
architectures are frequently used in BEVs to minimise cost while satisfying essential
performance limitations. As bigger vehicles must deal with more inertial (acceleration)
and rolling resistance, efficiency and vehicle mass are intimately linked [2], justifying
the industry’s focus on component mass. Eliminating 1 kg of weight from a subsystem
does not immediately correlate to a 1 kg reduction in vehicle mass due to mass decom-
pounding [19]. Lighter bodies necessitate a lighter chassis, which in turn necessitates
a smaller, more efficient powertrain, resulting in greater mass decompounding. Conse-
quently, deriving the ultimate weight is an incremental process. Due to mass decom-
pounding, the only method to obtain an optimal vehicle is adopting a system approach,
where all powertrain components are optimised collectively rather than separately. The
plethora of complexity layers is challenge when using system level optimisation, with
each subsystem’s variables and constraints adding up to a huge number of independent
variables and constraints in a new, much larger optimisation issue.

TheYASAVehicleModel (YVM), developed inMATLAB®,was created to compute
a powertrain’s output performance in the context of a vehicle of interest. In earlier
work [16] a Machine Learning (ML)-based Vehicle Model (MLVM) was developed to
reduce execution time. In this work, we derive a new neural network (NN) model to
approximate the YVM using similar techniques. The model was created by randomly
selecting independent input variables within each variable’s respective upper and lower
bounds, running these inputs through the YVM to generate the corresponding dependent



256 H. Matallah et al.

output variables, recording the inputs and outputs in a dataset, and then using this dataset
as the basis for training the NN model with supervised learning. This data set contained
a total of 164k observations, each comprised of values for 35 variables with 23 inputs
(motor 1 andmotor 2 related variables, plus others) which are amixture of 14 continuous
and 9 categorical variables, and 12 outputs (6 cost related and 5 other variables). A
summary of these variables is given in Table 1. Illustrations of these parameters as they
relate to the physical powertrain are also given in Fig. 1.

Table 1. Input and output variables of the dataset

Input variables

Motor 1 Motor 2 Other

flatToFlatLength
innerHubDiameter
magnetThickness
barLength
copperWidthInd
copperThicknessInd
windingConfig_parallelPaths
peakCurrentDensity
inverterId

flatToFlatLength
innerHubDiameter
magnetThickness
barLength
copperWidthInd
copperThicknessInd
windingConfig_parallelPaths
peakCurrentDensity
inverterId

axle1_gbxRatios_1
axle1_gbxRatios_2
axle2_gbxRatios_1
axle2_gbxRatios_2
powertrainConfigId

Output variables

Cost Other

Battery
Gbx
motorBaseline
magnet
inverterBaseline
Switch
total

WireSelection1
WireSelection2
accelTime0_60
topSpeed
nFailedPoints

4 Reinforcement Learning Framework

Reinforcement Learning (RL) is aMachine Learning paradigm that depicts optimisation
issues as an agent interacting with its surroundings to attain a goal. The environment
responds to the agent’s activities by presenting new states and delivering a scalar numer-
ical reward signal that represents the current state’s favourability to the agent [20]. The
agent learns to optimise its received reward over time and via repeated exploration of the
environment by learning the best action to take in every given environment condition.
The agent and environment interact in a sequence of discrete time steps, t= 0, 1, 2, 3,….
At each time step t, the agent receives a representation of the environment’s state, st ∈ S
as an observation ot, and selects action, At ∈A(s). One time step later, the agent receives
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a numerical reward, rt+1 ∈ R and finds itself in a new state st+1. The state-of-the-art for-
malises RL tasks as sequential choice problems as a Markov Decision Process (MDP)
[21]. MDPs have been shown to be a versatile abstract model for framing optimisation
problems, and most of the research focuses on solving RL problems within the setting
of an MDP [22]. A MDP is a 5-tuple {S, A, P, R, α} with state-space S, action-space A,
transition dynamics P, expected immediate reward R, and discount factor α. The agent
in an MDP performs an action at in state st, earns a reward (rt+1), and then transitions to
the next state st+1 using the transition dynamics P (st+1|st, at).

Our work proposes incorporating our MLVM as the basis of a RL environment in
which an agent seeks to derive a feasible powertrain design and minimise its cost. We
propose a MDP in which states are defined by the configuration of input parameters
and subsequent output parameters from the YVM / MLVM as shown in Table 1, actions
involve selecting a new set of input parameters to the model, and the reward is calculated
based on meeting the constraints for a feasible powertrain configuration and the overall
cost. A software RL environment was written according to this MDP and incorporating
the MLVM to serve as a test-bed for applying RL optimisation techniques in the EV
powertrain optimisation domain. We subsequently apply a deep RL approach to solving
this environment using dual NN models trained via an actor-critic method implemented
in PyTorch [23]. We discuss the tuning of this model and the derivation of a suitable
algorithm below.

5 Results

Experimentalworkwas conducted to tune the newMLVMmodel discussed in Sect. 3 and
determine the effectiveness of the RL framework for EV powertrain optimisation defined
in Sect. 4, the results of which we present here. Firstly, we study the relationship of how
each input parameter affects the total cost output. Then, we analyse the performance of
our MVLM model by applying batch vs non-batch normalisation (BN) during training.
After this, we tune the learning rates for the policy and value networks used in the A3C
and GAE RL algorithms. Finally, we compare A3C and GAE methods for a single case
scenario from the vehicle configuration map.

5.1 Feature Importance

There are many input parameters that need to be defined in a powertrain design as shown
in Table 1. A study was undertaken to determine which parameters most significantly
affected the total cost of the powertrain, which directly correlates to the given reward in
our RL environment. A feature importance simulation revealed that powertrain configu-
ration, variations of which are shown in Fig. 2, is the most significant contributor to total
cost as shown in Fig. 3. The bearing on overall cost by other parameters is smaller in com-
parison but still important, especially when considering that the powertrain configuration
may be fixed in some instances due to other requirements.
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Fig. 3. Weighting of each input variable on the
output, total cost

Fig. 4. R2-score for the total cost: Batch
Normalisation (BN) vs Non-Batch
Normalisation (No-BN) Batch Normalisation
vs Non-Batch Normalisation

Table 2. Policy and value networks learning rates

Learning rate configuration Policy (Actor) Value (Critic)

α-1 10–2 10–2

α-2 10–3 10–3

α-3 10–4 10–3

α-4 10–5 5.6*10–4

5.2 Batch Normalisation vs Non-batch Normalisation

To improve the accuracy of the MLVM described in Sect. 3, we compared the effects of
BN and non-BN on model accuracy as depicted in Fig. 4. The input scaling is done with
the tanh-estimator [24]. In this case, an optimiser learning rate (α) of 10–3 is employed.
Batch normalisation has a significant impact on the learning process, as seen from the
R2-score of total cost in Fig. 4. When BN is disabled, the r2-score for battery, total, and
topSpeed is much lower at around 0.52, 0.82, and 0.78, respectively, compared to 0.80,
0.91, and 0.92 when BN is enabled. Therefore, BN is selected for construction of the
NN model.

5.3 Effect of Varying the Learning Rate for Policy & Value Networks

There are many hyperparameters to tune in RL and for the A3C algorithm (PyTorch
implementation [23]), however, learning rate (α) is one of the most significant param-
eters that influences the convergence of RL-trained NN models and so we focus on
identifying suitable α for training our policy and value networks. A set of four distinct α
configurations are used for the policy and value networks, given in Table 2. Of these, the
smallest α set (α-4) shows slower convergence as shown in Fig. 5. The highest rewards
are achieved in the least time with convergence stability with α-3 configuration.
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5.4 A3C vs GAE

The A3C algorithm is suitable for optimisation problems in which the dynamics of
achieving the optimum are unknown. Using an actor-critic approach and network archi-
tecture, A3C explores the state-space and reduces the action space to the most feasible
actions entailing best reward. Similarly, GAE (λ) simply uses λ-return to estimate the
advantage function and thus allows us to estimate the advantage and value functions in
RL with easy control over bias-variance trade-off. Based on the results of the previous
experiments, the α-3 learning rate configuration is chosen with learning rates of 10−4

and 10−3 for the policy and value networks respectively. A single case of accelTime =
7s, top Speed = 100 m/s and range = 200 km is considered. In Fig. 6(a) for training and
(b) for evaluation, A3C and GAE (γ = 0.99, λ = 0.5) algorithms are compared. There
is little difference at the final stage of learning process between the two algorithms, but
GAE is more stable throughout the training process.

Fig. 5. Effect of varying the learning rate on
the reinforcement machine learning
framework

Fig. 6. Comparison between A3C and GAE
on training/evaluation convergence

6 Conclusion

EV industry is growing at enormous rate of 45% per annum [25], but practical challenges
remain to cope with optimising the wide variety of parameters in the practical design
of EV meeting certain requirements e.g., top speed, acceleration. The optimisation of a
large number ofmulti-modal discrete and continuous variable is a complex challenge that
requires a pragmatic optimisation framework [26]. This paper presents a RL framework
integrating a vast number of input parameters and constraints to identify feasible designs.
This tuned framework has been tested on accurate powertrain simulation models by
EV component manufacturer YASA and demonstrated that it can be used to dictate
convergence towards certain feasible parameter regions in the design of EV for specific
applications. To the authors’ best knowledge, this is the first attempt to apply a RL
framework on such a complexmixture of wide ranging continuous and discrete variables
in the electric vehicle powertrain optimisation domain.



260 H. Matallah et al.

Acknowledgements. The authors would like to acknowledge the ASTUTE 2020 (Advanced
Sustainable Manufacturing Technologies) operation supporting manufacturing companies across
Wales, which has been part-funded by the European Regional Development Fund through the
Welsh Government and the participating Higher Education Institutions.

References

1. Aijaz, I., Ahmad,A.: Electric vehicles for environmental sustainability. In:Agarwal, P.,Mittal,
M., Ahmed, J., Idrees, S.M. (eds.) Smart Technologies for Energy and Environmental Sus-
tainability. GET, pp. 131–145. Springer, Cham (2022). https://doi.org/10.1007/978-3-030-
80702-3_8

2. Lynette, L.W., Cheah, W.T.: Cars on a diet : the material and energy impacts of passenger
vehicle weight reduction in the U.S. https://dspace.mit.edu/handle/1721.1/62760?show=full.
Accessed 8 July 2022

3. Kuklinska, K.,Wolska, L., Namiesnik, J.: Air quality policy in the U.S. and the EU – a review.
Atmos. Pollut. Res. 6(1), 129–137 (2015). https://doi.org/10.5094/APR.2015.015

4. Yang, L., Gobbi, M., Mastinu, G., Previati, G., Ballo, F.: Multi-disciplinary optimisation of
road vehicle chassis subsystems. Energies 15(6), 2172 (2022). https://doi.org/10.3390/EN1
5062172

5. Sierzchula, W., Bakker, S., Maat, K., van Wee, B.: The influence of financial incentives and
other socio-economic factors on electric vehicle adoption. Energy Policy 68, 183–194 (2014).
https://doi.org/10.1016/J.ENPOL.2014.01.043

6. Akehurst, S.: An investigation into the loss mechanisms associated with a pushing metal
V-belt continuously variable transmission, Ann Arbor, (2001). https://www.proquest.com/
dissertations-theses/investigation-into-loss-mechanisms-associated/docview/1477294801/
se-2?accountid=14680

7. Gokasan, M., Bogosyan, S., Goering, D.J.: Sliding mode based powertrain control for effi-
ciency improvement in series hybrid-electric vehicles. IEEE Trans. Power Electron. 21(3),
779–790 (2006)

8. Bilgin, B., et al.: Making the case for electrified transportation. IEEE Trans. Transp.
Electrification 1(1), 4–17 (2015)

9. Tran, M.K., Akinsanya, M., Panchal, S., Fraser, R., Fowler, M.: Design of a hybrid electric
vehicle powertrain for performance optimization considering various powertrain components
and configurations. Vehicles 3(1), 20–32 (2020)

10. Miri, I., Fotouhi, A., Ewin, N.: Electric vehicle energy consumption modelling and
estimation—a case study. Int. J. Energy Res. 45(1), 501–520 (2021)

11. Wang, L., Zhao, X., Liu, L., Wang, R.: Battery pack topology structure on state-of-charge
estimation accuracy in electric vehicles. Electrochim Acta 219, 711–720 (2016)

12. Song,X.,Wen,X., Zhao, F., Liu, J., Xu, L.: A control and drive system for permanentmagnetic
dual mechanical port electric machine used in hybrid electric vehicles. In: 2009 International
Conference on Electrical Machines and Systems, pp. 1–4 (2009)

13. Javied, A., Rajasegarar, S., Arshad,K.,Moessner, K.: A statisticalmoment deviation approach
to identify outliers in collaborative spectrum sensing for cognitive radio, 1(1), 4-6 (2017)

14. Kivekäs,K., Lajunen,A.,Vepsäläinen, J., Tammi,K.: City bus powertrain comparison: driving
cycle variation and passenger load sensitivity analysis. Energies (Basel) 11(7), 1755 (2018)

15. Pathak, A., Sethuraman, G., Krapf, S., Ongel, A., Lienkamp, M.: Exploration of optimal
powertrain design using realistic load profiles. World Electr. Veh. J. 10(3), 56 (2019)

16. Torquato, M.F., et al.: Cascade optimisation of battery electric vehicle powertrains. Procedia
Comput. Sci. 192, 592–601 (2021). https://doi.org/10.1016/j.procs.2021.08.061

https://doi.org/10.1007/978-3-030-80702-3_8
https://dspace.mit.edu/handle/1721.1/62760?show=full
https://doi.org/10.5094/APR.2015.015
https://doi.org/10.3390/EN15062172
https://doi.org/10.1016/J.ENPOL.2014.01.043
https://www.proquest.com/dissertations-theses/investigation-into-loss-mechanisms-associated/docview/1477294801/se-2?accountid=14680
https://doi.org/10.1016/j.procs.2021.08.061


A Reinforcement Learning Approach 261

17. Li, Y., Zhu, B., Zhang, N., Peng, H., Chen, Y.: Parameters optimization of two-speed
powertrain of electric vehicle based on genetic algorithm. Adv. Mech. Eng. 12(1),
1687814020901652 (2020)

18. König, A., Nicoletti, L., Schröder, D., Wolff, S., Waclaw, A., Lienkamp, M.: An overview of
parameter and cost for battery electric vehicles, World Electr. Veh. J. 12(1) (2021). https://
doi.org/10.3390/WEVJ12010021

19. Javied, A.: Application partitioning and offloading in mobile cloud computing, University of
Surrey (2017)

20. Ganesh, A.H., Xu, B.: A review of reinforcement learning based energy management systems
for electrified powertrains: progress, challenge, and potential solution.Renew. Sustain. Energy
Rev. 154, 111833 (2022)

21. Chen, I.M., Zhao, C., Chan, C.Y.: A deep reinforcement learning-based approach to intelligent
powertrain control for automated vehicles. In: 2019 IEEE ITSC, pp. 2620–2625 (2019)

22. Hu, X., Liu, T., Qi, X., Barth, M.: Reinforcement learning for hybrid and plug-in hybrid
electric vehicle energy management: recent advances and prospects. IEEE Ind. Electron.
Mag. 13(3), 16–25 (2019)

23. Paszke, A., et al.: PyTorch: an imperative style, high-performance deep learning library. In:
Advances in Neural Information Processing Systems 32. Curran Associates, Inc., pp. 8024–
8035 (2019). http://papers.neurips.cc/paper/9015-pytorch-an-imperative-style-high-perfor
mance-deep-learning-library.pdf

24. Li, X., Chen, S., Hu, X., Yang, J.: Understanding the disharmony between dropout and batch
normalization by variance shift. In: Proceedings of the IEEE/CVF Conference on Computer
Vision and Pattern Recognition, pp. 2682-2690 (2018)

25. Yong, J.Y., Ramachandaramurthy, V.K., Tan, K.M., Mithulananthan, N.: A review on the
state-of-the-art technologies of electric vehicle, its impacts and prospects. Renew. Sustain.
Energy Rev. 49, 365–385 (2015)

26. Coit, D.W., Zio, E.: The evolution of system reliability optimization. Reliab. Eng. Syst. Saf.
192, 106259 (2019)

https://doi.org/10.3390/WEVJ12010021
http://papers.neurips.cc/paper/9015-pytorch-an-imperative-style-high-performance-deep-learning-library.pdf


Digital, Scalable Manufacturing - A Sustainable
Production Scenario Using Collaborative
Robotics and Additive Manufacturing

Tobias Mueller1,2(B), Andreas Schmidt1, Steffen Scholz1,2, and Veit Hagenmeyer1

1 Karlsruhe Institute of Technology, Karlsruhe, Germany
tobias.mueller2@kit.edu

2 Karlsruhe Nano Micro Facility (KNMFi), Eggenstein-Leopoldshafen, Germany

Abstract. Industry 4.0 has become a well-known production paradigm over the
last decade. It represents innovation and creativity in research and industry but
also aims at including digital innovation into the manufacturing area. Robotics,
automation and handling of large data sets are key to fully exploit the potential
of Industry 4.0. Within this work, a novel production approach combining col-
laborative robotics, additive manufacturing and a state-of-the-art control and data
acquisition approach is conceptualized and implemented. At Karlsruhe Institute of
Technology (KIT), Germany, an exemplary setup is implemented based on the use
of four identical robotic systems, fused filament fabrication and databases to cap-
ture data from sensors andmachinery in real-time. The setupwill show the capabil-
ities of state-of-the art flexible, scalable manufacturing concept in order to release
the full potential of Industry 4.0 and enhance the flexibility and sustainability of
current and future value chains.

Keywords: Sustainable production · Industry 4.0 · Collaborative robotics ·
Additive manufacturing

1 Introduction

Over the past decades, production has evolved from a mere application of serial pro-
duction that allows for the increase of production volumes and cost reduction [1, 2].
The application of robots allowed for the automation of repetitive tasks, which offers a
variety of advantages like the reduction of throughput time, quality improvements or the
increase of workers’ health by using robots for unhealthy or risky tasks [3].

Within the past years,manufacturing scenarios are facingmainly twonewchallenges:
1) the demand for higher flexibility due to shortenedproduct life cycles and customization
trends and 2) the need to createmore sustainable production approaches enabling a better
use of resources [4, 5].

Several approaches can be used to overcome these challenges, ranging from creating
a robust facility layout enabling a rearrangement of production modules [6, 7] or the
implementation of differentmanufacturing techniques based on the properties of the final
product [8] to the implementation of robotics and human-robot collaboration. Concepts
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like these can be a basis for a more flexible production approach in certain areas, like
for example the shoe industry [9]. Additionally, uprising manufacturing techniques like
additive manufacturing allow for a sustainable use of resources in comparison to tradi-
tional subtractive techniques [10], while a sophisticated process control can minimize
the number of defective parts produced by detecting changes in processing parameters
and adapting in real-time [11].

While all of these approaches have been demonstrated on its own and even partly
transferred into actual production, the combination of several or even all of these
paradigms is still an ongoing research topic. At the Karlsruhe Institute of Technology
(KIT), Germany, a production concept is envisaged that combines a flexible shopfloor
layout planning with easy reorganization of robotic manufacturing cells, collaborative
robotics that allow for more precise handling and assembly, process control via a variety
of implemented sensors as well as the acquisition, processing and management of data
sets from machinery, robots and sensors [12, 13]. This so-called “Wertstromkinematik”
(WSK) vision [14] is therefore one of the first approaches that enables to incorporate
a variety of the above-mentioned technologies that will help to overcome the future
challenges and implement a truly sustainable and flexible manufacturing scenario.

Within thiswork, a production setupwill be implemented that demonstrates the vision
of a flexible, scalable manufacturing approach based on the integration of collaborative
robots, additive manufacturing and a real-time-control approach that has been partly
developed within the WSK project. In the following sections, the concept of WSK will
be presented in more detail, the demonstration scenario will be described with all its
individual components along with the current status and an outlook will be given on the
next steps involving this particular research topic at KIT.

2 Innovative Concept for Scalable and Sustainable Manufacturing

As thedemand for customizationor evenpersonalizationof consumer products increases,
the manufacturing industry is looking for new production concepts allowing for more
flexibility in setting up a manufacturing process chain. As a second aspect, green pro-
duction and sustainability are also a main driving force urging the implementation of
new approaches.

With the WSK vision, a consortium of different institutes of the KIT and the
Hochschule Karlsruhe are aiming at tackling these issues by developing a production
scheme based on the application of identical robots, that interact with each other to fulfill
even themost challengingmanufacturing tasks. The interaction allows for expanding the
use of robots apart frommere handling tasks to actual complex production and assembly
steps while increasing the forces and precision applicable to those processes. The goal
is to enable the replacement of specialized, expensive machines that are sometimes only
used for one specific task, helping to slim down the overall process chain and facili-
tate the switch between different products even more, which poses a huge benefit for
production companies.

Figure 1 shows the basic principle of theWSK concept. The shopfloor is divided into
a grid of docking points that are designed to connect to the individual robot units used
for each manufacturing scenario. The docking points provide all connections (power,
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network, sensor connections…) that are necessary to power and control the individual
robots as well as gather data from the process via implemented sensors, preferably in
real-time.

Fig. 1. Vision of the Wertstromkinematik concept [12]

The robotic cells are not only designed to carry out rather simple handling tasks, but
should also be able to collaborate closely in order to perform complex and challenging
production tasks that require the application of high force or high precision. This is not
feasible with today’s industrial robots. However, this problem can be resolved by cou-
pling of two or multiple robotic systems (Fig. 2), that interact according to a preliminary
trajectory planning and perform complex assembly or manufacturing steps.

Fig. 2. Visualization of coupled industrial robots (Comau NJ290 3.0) for performing complex
manufacturing tasks [12]

In order to gather information on the performed processes, the robots are equipped
with additional sensors that are able to provide data on the state of the production cell
(occupied, unoccupied), physical conditions while a procedure is carried out (acting
forces, acceleration…) and the quality of the product currently being processed. This
data is collected and analyzed either in real-time or after a certain production step has
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been carried out. With this data basis a digital process chain can be generated, allowing
for the planning of upcoming production scenarios by selecting the right combination of
tools, adapting production parameters from previous but similar process chains and also
to optimize already existing processes by investigating the data closely. An overview of
the digital architecture of this framework is shown in Fig. 3.

Fig. 3. Digital framework architecture for collection, preparation and storage of process-relevant
data

A second use of the gathered information is a real-time optimization of the produc-
tion. By identifying variances between the planned program and the actual performance,
the processing parameters can be adapted accordingly allowing to react on changing
conditions that may occur due to unexpected behavior, collisions, tool wear or slight
variances in material behavior.

Finally, the digital framework of the WSK also relies on a simulation tool that is
capable of building and simulating a wide variety of production scenarios. Based on the
data and experience from previous production runs, information on upcoming products
(CAD-files, material properties, final part properties) the setup of the robotic systems,
toolsets as well as an initial trajectory planning can be performed and tested virtually.
This concept allows to test different scenarios prior to installation on the actual shop floor
and thereby reduces the time and costs spent on finding the right setup and facilitates a
first-time-right approach.

Another aspect covered in the project is how such a change in the production
paradigm has to be seen in a social aspect as well. By changing the interaction between
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humans and machines, such a concept may also have an influence in how these technolo-
gies are received by the workforce and the general public. Therefore, the social impact is
taken account for by considering political, societal and regulatory framework conditions.
In addition to the inclusion of relevant scientific analyses, handouts and reports on the
broader range of topics of digitization in the world of work, artificial intelligence or data
security, specific questions of the WSK will also be explored.

It is obvious that such a holistic concept does involve expertise from a variety of
research fields including traditional mechanical engineering, information technology,
robotics, process control as well as a social and regulatory point of view.

3 Demonstration Scenario

3.1 Hardware Setup

Based on the concept of WSK individual scenarios can be realized, each aiming at a
different niche in manufacturing. One of these cases is the implementation of a large
number of production machines/elements in the process chain and using the robots to
carry out a variety of tasks to fabricate a complex final product. To visualize and inves-
tigate such a scenario, a demonstrator has been installed at the Institute for Automation
and Applied Informatics (IAI) of KIT combining multiple 3D printers, robots and a
sophisticated control and data acquisition system. The general idea of this approach is
to showcase the possibilities that a production process can provide in terms of scalabil-
ity and sustainability when combining a highly flexible manufacturing method such as
additive manufacturing with state-of-the-art automation and information technologies.

The demonstrator consists of three different elements:

• Hardware for the production itself (3D printers, robots, tools)
• Hardware for data acquisition, processing and management
• Software for controlling all elements, data acquisition, processing and management

In order to fabricate parts and establish a production scenario capable of high flex-
ibility in terms of materials, geometries and batch volume, additive manufacturing is
an obvious choice nowadays, except for actual mass production. Therefore, within this
scenario the production step is carried out by a large number of fused filament fabrication
printers (Prusa i3 MK3S). While these machines can print with a large variety of poly-
mer materials and with high resolution, more complex products require post-processing
steps of the printed parts. These can be carried out by the collaborative robotic systems
integrated in the demonstration setup. A total of four Franka Emika Panda robots are
positioned in a way that they can remove parts from the printing platform after the prints
are finished and they can perform additional task the manufacturing scenario might
require such as removal of support material, assembly of individual parts from different
printers or handling & assembly of proprietary components to be included in the final
part. In order to fulfill these requirements, a production setup has been developed and
installed where four collaborative robots can work together with a total of 16 printers,
as shown in Fig. 4.
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Fig. 4. Demonstrator for flexible, scalable manufacturing; real-life setup (left), scheme of
positioned participants (robots (R), printers (P); right)

The setup allows all robots to access the printers’ platform, but also includes areas
for interaction to carry out precise, collaborative tasks like removing support material
or assembly and inspection steps.

In order to coordinate such a high number of participants in a single production
process, the control and information management is of high importance. To gather data
on the actual state of the setup, the demonstrator is equipped with a number of sen-
sors and data acquisition systems that can deliver data on high frequency. This specific
demonstrator includes:

• Force and Torque sensors in all joints of the robotic systems to track changes while
moving along the trajectory

• Readout capabilities for the state of the 3D printers (On/Off, % of completion, error
tracking)

• High-frequency Force-Torque measurement at the end-effector coupling to determine
forces acting while parts are gripped

• Acceleration sensors on the end effector to measure g-forces while movement
• Energy monitoring for all printers and robots to identify possible energy saving
scenarios

In order to gather these datasets at a high rate, the acquisition systems have to be
capable of high frequency readout and processing as well as to allow flexible modeling
of the different setups of the hardware. The components were specifically chosen to
allow for a high data readout rate.

3.2 Data Management

For the setup described above, there are specific requirements for the data management
system due to the high flexibility and interaction of the components involved. Concrete,
the following points must be considered in detail:
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Metainformation: Due to the high flexibility in the setup of the robots and printers, a
suitable description (modeling) of the current production scenario must be possible, so
that information about the available sensors and actuators is possible at runtime. This
includes the assignment of the sensors to the available robots and their positioning as
well as the data sinks assigned to the sensors. Furthermore, access to the sensors must
be possible at runtime. This includes both the activation/deactivation of sensors, the
definition of the sampling rate as well as the query and modification of the data sinks.

Attributation: Furthermore, the system must be able to save the process parameters
used for individual production or test runs. Such process parameters include, for example
in case of the additivemanufacturing scenario, theG-code used to control the printers and
the trajectories or gripping force of the robots. This feature ensures the reproducibility
of the production/test runs.

Velocity: During a production/test run, a large number of sometimes high-frequency
sensor values are generated, which must be stored in a suitable manner so that they can
be analyzed later. The data rate and the necessary precision of the time stamps are critical
requirements here, especially in distributed environments.

Data Interfaces: Following the production/test runs, complex evaluations of the accu-
mulated data may have to be performed. This requires that all accumulated data must be
determined and can be offered to internal or external applications (e.g. AI) via a suitable
interface.

Critical for the selection of a suitable database system (or several different systems)
are in particular the following points:

Highly Precise Time Stamps: This requires the use of a local NTP-server that provides
the components involved with precise time stamps in the sub-millisecond range. It is also
important to assign the timestamps to a measurement as quickly as possible and not only
upon entering them into the database.Depending on the technology used, this can already
be done at the control pc or even when the sensor values are recorded directly at the
sensor. This mechanism makes it possible to send sensor values together with their meta
information and time stamps to the database in batchmode, which massively increases
the throughput of the measured values compared to having to write each measured value
individually to the database.

Due to the required high sampling rate and the resulting data volumes, a time series
database is the obvious choice here, as it can handle a much higher write load compared
to transactional systems. The loss of individual data records can be neglected in this
scenario.

Flexible Modeling Capabilities: TO implement the above-mentioned points “Metain-
formation” and “Attributation”, the database system must have flexible modeling and
query capabilities. However, transactional support is also necessary here, since it is
essential for the database system to be in a consistent state and the loss of individual
instructions can’t be tolerated. However, the time requirements for this system are not
particularly high. For reasons of flexibility, a schema-free database, e.g., a document-
store, is a good choice here. However, these NOSQL systems usually have limited
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transactional capabilities whose granularity is limited to one document at a time. How-
ever, since n:m relationships that extend over several documents are predominant in the
scenario presented here, this option is ruled out.

Therefore, a relational database management system is the obvious choice, which
provides fixed schemas, but can provide the flexibility required above through suitable
modeling. An alternative might be a property graph database system with transactional
support, such as Neo4j [15].

Fig. 5. Implemented data management architecture

The overall architecture of our current system is shown in Fig. 5. Due to the different
interfaces of the sensors, we currently have two types of data acquisition units. On the
one hand, we use the TwinCAT [16] automotive software fromBeckhoff. This runs on an
industrial pc with windows specially adapted for real-time applications. This software
runs on an industrial PC with windows specially adapted for real-time applications.
The data acquisition rate is up to 1000 Hz with the currently used sensors, but can be
further increased by using special sensors through oversampling. The sensor data values
collected via the TwinCAT system are either written directly into the InfluxDB or via
an intermediate step into a local file and from there into the Influx database using the
telegraph [17] plugin. Values from sensors that are not connected to the TwinCAT system
are written to the Influx database using a dedicated Python library. This library is also
used to record the position of the grippers of the robots. As a second central storage unit,
we use a relational MySQL database. This database is responsible for managing the
sessions and sensors. All data collection takes place in the context of sessions. Via the
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two acquisition units (TwinCAT and the python library), the available sensors register
themselves with the MySQL database. Through this interface, the acquisition of sensor
values can also be started and stopped. This is done by assigning appropriate values
for the concrete sensor data set. Setting these values in turn is done through various
interfaces, such as a web interface, a REST API or the command line.

In comparison to conventional production setups, the combination of the presented
hardware and state-of-the-art data management and control system results in several
advantages. It enables a high degree of flexibility in the production step up to even
one-off products due to the nature of AM. Sustainability is also a key advantage, as the
system can be tuned in real-time, avoiding process-related failures and waste of energy,
materials and time. Finally, scalability is emphasized as multiple, similar production
cells can be established on the shopfloor easily, allowing for shirt ramp-up times as well
as throttling depending on the current demand for the manufactured parts.

4 Conclusion and Outlook

The production concept discussed in this paper has the potential to permanently change
the future of production technology. As a visionary production system, it takes into
account the characteristics of innovative, sustainable production. The use of modular
robotics systems, capable of performing variety of tasks, makes specialized machin-
ery obsolete. A sophisticated process control architecture on different levels reduces
the number of errors during the manufacturing step, aiming for a zero-defect result.
Additive manufacturing as part of the modular process chain helps to minimize material
consumption and increases the flexibility.

However, in order to successfully implement the vision described here, a close
exchange between different scientific fields and a consistent consideration of common
interfaces is required.

Acknowledgement. Thisworkwas carried outwith the support of theKITFuture Fieldsmeasure,
the Karlsruhe NanoMicroFacility (KNMFi, www.knmf.kit.edu) a Helmholtz Research Infrastruc-
ture at Karlsruhe Institute of Technology (KIT, www.kit.edu) and under the Helmholtz Research
Programme MSE (Materials, Systems, Engineering) at KIT.

References

1. Alexopoulos,K.,Makris, S., Chryssolouris,G.: Production.CIRPEncyclopedia of Production
Engineering, pp. 1–5, Springer, Berlin, Heidelberg (2018)

2. Chryssolouris, G.: Manufacturing Systems: Theory and Practice. Springer, Berlin (2006)
3. Lien, T.K.: Robot in the international academy for production engineering. In: Laperrière L,

Reinhart. G (eds.) CIRP Encyclopedia of Production Engineering, pp. 1068–1076, Springer,
Berlin Heidelberg (2014)

4. Jamwal, A., Agrawal, R., Sharma, M., Giallanza, A.: Industry 4.0 technologies for manufac-
turing sustainability: a systematic review and future research directions. Appl. Sci. 11(12),
5725 (2021)https://doi.org/10.3390/app11125725

http://www.knmf.kit.edu
http://www.kit.edu
https://doi.org/10.3390/app11125725


Digital, Scalable Manufacturing - A Sustainable Production Scenario 271

5. Tseng, M.-L. et al: Sustainable industrial and operation engineering trends and challenges
toward industry 4.0: a data driven analysis. J. Ind. Product. Eng. 38(8), pp. 581–598, (2021).
https://doi.org/10.1080/21681015.2021.1950227

6. Pourvaziri, H., et al.: Robust facility layout design for flexible manufacturing: a doe-based
heuristic. Int. J. Prod. Res. (2021). https://doi.org/10.1080/00207543.2021.1967500

7. Pérez-Gosende, P., Mula, J., Díaz-Madroñero, M.: Facility layout planning. an extended
literature review. Int. J. Prod. Res. 59(12), 3777–3816 (2021). https://doi.org/10.1080/002
07543.2021.1897176

8. Scholz, S. et al: SMARTLAM-a modular, flexible, scalable, and reconfigurable system for
manufacturing of microsystems. In: INTELLI 2015, p. 154ff (2015)

9. Zhang, S., Li, S., Wang, H., Li, X.: An intelligent manufacturing cell based on human–robot
collaboration of frequent task learning for flexible manufacturing. Int. J. Adv. Manufact.
Technol. 1–16 (2022). https://doi.org/10.1007/s00170-022-09005-6

10. Peng, T., et al.: Sustainability of additive manufacturing: an overview on its energy demand
and environmental impact. Addit. Manufact. 21, 694–704, (2018) ISSN 2214–8604, https://
doi.org/10.1016/j.addma.2018.04.022

11. Fu, Y., Downey, A., Yuan, L., Pratt, A., Balogun, Y.: In situ monitoring for fused filament
fabrication process: a review. Addit. Manufact. 38 (2021). ISSN 2214–8604

12. Mühlbeier, E., Oexle, F., Gönnheimer, P., Fleischer, J.: Wertstromkinematik – Produktion-
ssysteme neu gedacht: Interdisziplinäres Forscherteam arbeitet an der Produktionstechnik
der Zukunft (Teil 1). Zeitschrift für wirtschaftlichen Fabrikbetrieb 116(11), 847–851 (2021).
https://doi.org/10.1515/zwf-2021-0179

13. Kimmig, A., Schöck, M., Mühlbeier, E., Oexle, F., Fleischer, J.: Wertstromkinematik – Pro-
duktionssysteme neu gedacht: Interdisziplinäres Forscherteam arbeitet an der Produktion-
stechnik der Zukunft (Teil 2). Zeitschrift für wirtschaftlichen Fabrikbetrieb 116(12), 935–939
(2021). https://doi.org/10.1515/zwf-2021-0207

14. Wertstromkinematik Homepage. http://wertstromkinematik.de/. Accessed 27 Apr 2022
15. Robinson, I., Webber, J., Eifrem, E.: Graph Databases. Beijing, O’Reilly (2015)
16. Beckhoff Homepage. https://www.beckhoff.com/. accessed 03 May 2022
17. InFlux Homepage. https://www.influxdata.com/time-series-platform/telegraf/. Accessed 02

May 2022

https://doi.org/10.1080/21681015.2021.1950227
https://doi.org/10.1080/00207543.2021.1967500
https://doi.org/10.1080/00207543.2021.1897176
https://doi.org/10.1007/s00170-022-09005-6
https://doi.org/10.1016/j.addma.2018.04.022
https://doi.org/10.1515/zwf-2021-0179
https://doi.org/10.1515/zwf-2021-0207
http://wertstromkinematik.de/
https://www.beckhoff.com/
https://www.influxdata.com/time-series-platform/telegraf/


Development of a Novel Laser Polishing Strategy
for Additively Manufactured AlSi10Mg Alloy

Parts

Ben Mason1(B) , Michael Ryan1 , Rossi Setchi1 , Abhishek Kundu1 ,
Wayne Nishio Ayre2 , and Debajyoti Bhaduri1

1 School of Engineering, Cardiff University, Cardiff CF24 3AA, UK
MasonB4@cardiff.ac.uk

2 School of Dentistry, Cardiff University, Cardiff CF14 4XY, UK

Abstract. Post-processing of additively manufactured (AM) aluminium alloy
parts via laser polishing (LP) is particularly challenging due to the materials’ high
thermal conductivity, diffusivity, and reflectivity.Here, a novelmulti-step laser pol-
ishing strategy, by combining laser ablation and smoothing steps, is developed that
effectively reduces the surface roughness of AM AlSi10Mg parts. The minimum
average roughness (Sa) and 10-point height (S10z) are achieved as 1.81 µm and
23.7 µm, representing maximum reductions of 94.1% and 89.8%, respectively,
from the as-built AM surfaces (initial Sa 8–28 µm). A strong relationship has
been observed between the initial surface roughness and the achievable roughness
reduction. Regarding the other surface integrity factors, sub-surface microhard-
ness (between 10–40 µm) after LP increases up to 182 HV0.01, compared to the
bulk hardness (105 HV0.01) measured ~60 µm below the surface. Clear evidence
ofmaterial’s flowwithin the surface asperities during the LP steps is observed from
the cross-sectional microstructures. Further study will involve in-depth analysis
of materials’ compositions within the LP-processed layers.

Keywords: Laser polishing · Additive manufacturing · AlSi10Mg alloy

1 Introduction

Additive Manufacturing (AM) offers immense benefits for design and manufacturing
engineers, from the unparalleled geometric freedom afforded to unique material proper-
ties and potential for producing functionally-graded parts. Despite the reported advan-
tages of AM technology over the conventional subtractive manufacturing methods, AM
parts, especiallymetal parts, suffer from substandard surface roughness, requiring exten-
sive post-processing before functional use [1]. There are a number of techniques available
to modify the surface roughness of components, such as mechanical milling, grind-
ing, electro-chemical polishing and so on, however these methods either suffer from
reduced geometric freedom (in the case of milling) or cause environmental concerns
(e.g., electrochemical polishing).
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Laser Polishing (LP) is a promising alternative for the surface modification of AM
parts. LP is a flexible, non-contact and automated method, only requiring line-of-sight
between the optics and the surfaces to be processed, retaining much of the geometric
freedom afforded by AM. LP also does not require any chemicals, and with a very low
material removal the environmental concerns are also minimised.

2 Literature Review

2.1 AM Surfaces

It is well known that AM parts have much higher surface roughness values compared to
the conventionally manufactured parts. A typical AM surface can have roughness values
in the region of ~5–15µmRa, compared tomilled surfaces, typically with ~0.5–6µmRa
[2]. The high surface roughness of AM parts is detrimental to their functional properties
such as tribological characteristics and fatigue resistance, as well as for their aesthetic
appearance [3, 4]. These AM surfaces are dominated by tall peaks, deep valleys, adhered
particles, and other surface contamination.While research has been undertaken to reduce
the roughness by theAMparameters’ optimisation [5, 6] the process is inherently limited
in this regard due to the nature of the feedstocks limiting the possible resolutions and
thus excess powder adhesion is common. Therefore, it is often necessary to post-process
AM parts to reduce the surface roughness to an acceptable level.

2.2 Laser Polishing

Laser Polishing (LP), ormore generally laser surface remelting, is the process of exposing
a surface to laser irradiation to reduce the surface roughness. This occurs throughmelting
of the surface material, which then flows by the effects of surface tension and capillary
forces from high points (asperities) to low points (valleys). Due to the very high thermal
gradients present in and around the melt pool (>103 K/mm [7]) the molten flow is highly
turbulent, leaving a certain degree of residual roughness after each pass. When using a
pulsed wave (PW) laser source, the residual surface texture also incorporates evidence of
individual melt pools from the repeated melting and solidification as the bean traverses
the surface.

With an excess energy input, a portion of the molten material vaporises and can be
removed by extraction systems. This is known as ablation. Ablation results in a degree
of material loss (~10 µm/pass) however at a much lower rate than would be expected
by traditional machining processes (e.g., for milling, material loss is >500 µm/pass).

Both laser remelting and ablation processes are shown schematically in Fig. 1. One
advantage of laser post-processing is the capability to incorporate surface functional-
isation, such as adding textures to improve tribological performance [8] or corrosion
resistance [9].

2.3 Laser Polishing of Aluminium Alloy Parts

Laser polishing has been implemented to post-process a varied range of metallic AM
materials, such as stainless steel, titanium and nickel alloys over the past 20 years [10],
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Fig. 1. Schematics of the (A) Laser polishing and (B) Laser ablation processes.

however to a much-limited extent on aluminium-based alloys. This is because LP of
aluminium alloy parts exhibits a particular challenge as the technology can be exe-
cuted within a very narrow processing window. The high thermal conductivity (130–
190 W/mK [11]) and high reflectance (>85% [12]) of Al alloys necessitate high energy
inputs to heat the material, while the low melting point (~580 °C) can result in over-
heating of the parts. Furthermore, aluminium readily oxidises in air, and this oxide layer
requires even more energy to melt.

So far, research into LP of AM aluminium has utilised both continuous wave [13],
and nanosecond pulsed [14] laser systems. Despite the reported improvement in surface
roughness following LP (~95%) it is difficult to draw conclusive remarks on the actual
roughness reduction as either discrete LP locations were analysed for roughness mea-
surement [13, 15] or different roughness filters were used for the polished and unpolished
surfaces (0.8 mm and 0.25 mm respectively) [1, 16]. Since the quality of the AM sur-
faces vary greatly, it is essential to measure the same area before and after any surface
treatment, where possible, and identical data processing operations applied.

The aim of this research is to develop a novel LP strategy that can effectively reduce
the roughness of AM AlSi10Mg parts’ surfaces. A multi-stage process is presented to
combine ablation of large surface asperities, with remelting to remove smaller-scale
features from the surface.
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3 Methodology

3.1 Manufacture of the AM Specimens

The AM specimens were fabricated on a Renishaw AM250 laser-based powder bed
fusion (L-PBF) system, using gas-atomised AlSi10Mg powder, also sourced from Ren-
ishaw plc. [11]. The manufacturing settings are recommended by the machine manu-
facturer for this particular Al alloy and are provided in Table 1, using the “meander”
scan strategy. The samples measured 50 mm × 40 mm × 3 mm, with the 50 × 40 mm2

surface built vertically onto an aluminium baseplate.

Table 1. AM samples’ manufacturing settings.

AM parameters Values

Laser power 200 W

Hatch spacing 100 µm

Point distance 80 µm

Exposure time 140 µs

Oxygen content <500 ppm

3.2 Laser Polishing

The 50 × 40 mm2 surfaces (built vertically) were chosen for the laser polishing trials
due to their higher surface roughnesses compared to the horizontally built surfaces. LP
tests were conducted using a DMG Lasertec 40 laser milling centre, equipped with an
SPI Lasers G3.1 laser source, the specifications of which are given in Table 2.

Table 2. Laser specifications for SPI G3.1 module.

Laser machine specification Value

Maximum average power 20 W

Laser source Yb-doped fiber laser

Focal spot diameter 32 µm

Beam quality M2 ≈ 1.2

Emission wavelength 1064 nm

Pulse frequency ≤290 kHz

Pulse duration 15–220 ns (pre-set)

Twoprevious pieces of researchwere formative in the development of theLPmethod-
ology in the current research. The first by Bhaduri et al. [14], wherein the roughness
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reduction via a given LP strategy was improved by 80–88% when the samples were pol-
ished after placing them on a thermally insulating ceramic baseplate. It was surmised that
the insulating baseplate reduced the conductive heat losses from the samples, reducing
the cooling rates and in turn allowing the melt pools more time to re-flow before solidifi-
cation. The researchers measured the sub-surface temperatures to be ~30% higher when
using the baseplate compared to that recorded without the baseplate. Based on this, all
trials in the present study were conducted with a thermally insulating ceramic baseplate
between the samples and the laser machine’s X-Y stage (made of stainless steel).

The second piece of work was by Petkov et al. [17] who proposed a multi-step
strategy for LP of AM titanium alloy parts, comprising of steps designed to ablate the
very tall peaks of the surfaces, followed by steps to remelt and smooth the surfaces.
Previous unpublished work at Cardiff University developed an effective laser ablation
strategy for AM AlSi10Mg samples, with laser pulse durations (Te) of 15 ns, a pulse
frequency (f ) of 290 kHz, and fluence (F) of 14 J/cm2.

Furthermore, in the work by Bhaduri et al. [14], the greatest smoothing effect for AM
AlSi10Mg parts (~88% reduction in Sa after LP from the as-built surface) was found
to be achieved with F = 12 J/cm2, with pulse overlaps of 97% in both the X and Y
directions. This was obtained using Te = 220 ns and f = 100 kHz.

Based on these, it was determined a multi-step process combining ablation and
smoothing steps would maximise the potential for smoothing AM aluminium surfaces.
The main thrust of this work involved iterating the speeds (v) and hatch spacings (h)
for each step to determine the optimal pulse overlaps in the range of 90–97% in X and
Y directions. This resulted in scan speeds between 275 and 925 mm/s for the ablation
steps, and 100 to 300 mm/s for the smoothing steps. The hatch spacings were between 1
and 3 µm for all steps. Once the optimal pulses’ overlaps were determined, the number
of laser scanning passes for each step was also iterated between 2 and 20, with an
increment of 2 passes from the previous iteration. Iterating the number of passes was
done holistically, ensuring changes to one step did not necessitate changes to any other
steps in the strategy. Finally, the focal offset settings were chosen such that the optimal
fluence and pulses’ overlaps were maintained at the maximum average laser power.

Throughout all the trials, the effectiveness of LP was evaluated based on the surface
roughness response. The roughness response was chosen as this is the most widely
assessed surface integrity factor and also due to the shorter analysis time compared to
that required to analyse other surface/material properties. Once the final LP strategy was
determined, further evaluations were conducted with respect to other surface integrity
responses such as porosity, microhardness, and microstructure.

3.3 Surface Integrity Evaluation of the LP Specimens

Surface Roughness. The surface roughness of the samples was measured using a Sen-
sofar Smart optical profilometer using the FocusVariation (FV) technique. FVessentially
works by imaging a surface with a very narrow depth of focus at various distances. In
each image, different regions are in focus; an algorithm then determines at which height
each pixel is in the greatest focus [18]. The resulting pixel heights can then be displayed
as a surface map or processed to determine various surface roughness parameters. Four
standard roughness parameters were used in this work, namely arithmetic mean height
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(Sa), maximum peak height (Sp), maximum valley depth (Sv), and the ten-point height
(S10z).

The surface roughness was initially measured on the unpolished surface and after
each LP processing step to monitor the surface evolution through the strategy. Subse-
quently, only the initial and final surface roughnesses were measured. In all cases the
surface measurements were post-processed using a 0.8 mm gaussian filter to isolate the
roughness features.

Sub-surface Porosity. Once the final LP strategy was determined, a sample was laser
polished according to the final strategy, sectioned, mounted, and mechanically polished
using SiC papers, followed by diamond (6 and 3 µm) and silica (0.06 µm) suspensions.

Sub-surface porosity of the AM parts was estimated by direct observation on the
cross-sections by using optical microscopy. A selection of the observed pores had the
maximum dimensions measured, while the porosity was estimated using the ImageJ
software to calculate the area coverage (%) from the surface to around 100 µm depth.
Bulk porosity was estimated in a similar way, using optical micrographs from a central
region.

Microhardness. Vickers microhardness measurements were conducted using a Mitu-
toyo MVK-G1 at a load of 0.01 kgf, and a dwell time of 10 s, in accordance with ASTM
E92. Up to 50 µm depth below the LP surfaces, indents were spaced ~5 µm apart along
the depth. Beyond this, the spacing was 10 µm to a final depth of 150 µm. Four indents
were made at each depth at different locations. Indent diameters and depths below LP
surfaces were measured using a Leica DM-LM optical microscope.

Microstructure. LP specimens were immersion etched in Keller’s reagent (2.5%Nitric
acid, 1.5%Hydrochloric acid, 1%Hydrofluoric acid) for 30 s to reveal themicrostructure.
Micrographs of the microstructure were then taken and inspected.

4 Results and Discussion

4.1 Surface Roughness

The optimum laser parameters of the developed LP strategy that rendered the minimum
surface roughness values are listed in Table 3, while Fig. 2 displays how each LP step
affected the roughness values with respect to the as-built surfaces. Figure 2 reveals that
the first ablation step has the greatest influence on the Sa, Sp, and S10z values, while
the final smoothing step causes the greatest reduction in Sv. Furthermore, only the Sp
value is improved by the third step, clearly showing the ablation steps are effectively
targeting surface asperities, while the smoothing step promotes material’s filling in of
the valleys. This exemplifies the benefit of the multi-step approach as the combination is
far more effective than any one step in isolation when considering a range of roughness
parameters.

Figure 3 shows surface height maps and optical images of the same surface region
in the as built state (A) and after each LP processing step (B-E). It is evident from the
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Fig. 2. (A) Total roughness reduction of various roughness parameters after each LP processing
step and (B) measured Sa values after each LP step.

figure that the surfaces after the second and fourth steps (smoothing) are much smoother,
with less variation in the heightmaps, and clear appearance. Figure 3 C and E were taken
with much lower illumination due to the increased reflectivity. The final surface shows
no evidence of adhered particles or soot as is common on as-built AM surfaces.

Table 3. Settings for final LP strategy

LP parameters Step 1
Ablation

Step 2
Smoothing

Step 3
Ablation

Step 4
Smoothing

Scan speed (mm/s) 620 325 620 325

Hatch distance (µm) 3.3 3.7 3.3 3.7

Pulse width (ns) 15 220 15 220

Pulse frequency (kHz) 290 100 290 100

Focus offset (mm) −0.38 −1.34 −0.38 −1.34

Fluence (J/cm2) 13.72 11.94 13.72 11.94

Pulse overlap X (%) 94 95 94 95

Pulse overlap Y (%) 91 94 91 94

Number of passes 8 8 4 14
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Fig. 3. Height maps (top) and optical images (bottom) of (A) the initial surface, and (B-E) after
successive processing steps (Steps 1–4).

The minimum roughness values achieved with the developed LP strategy were
1.81 µm Sa, 12.8 µm Sp, 12.2 µm Sv, and 23.7 µm S10z. The corresponding max-
imum roughness reductions for each surface parameter were 94.1%, 91.6%, 83.5%, and
89.8% respectively. While evaluating the repeatability of the LP strategy in improving
the surface finish it was noticed that the roughness reduction was lower at lower initial
roughness values, as can be seen from Fig. 4. It has previously been reported by Hofele
et al. [16] that their strategy was agnostic towards the initial surface roughness of parts.
This was determined based on the average roughness values of surfaces built at various
inclinations. Conversely, the present study shows that there is a relationship when con-
sidering the roughness of the same surface region before and after LP. Figure 4 shows
the roughness reduction data, along with an inferred trend and 95% confidence bounds
for that trendline.

Fig. 4. Trend showing the relationship between the roughness reduction after LP and the initial
roughness values.

4.2 Sub-surface Porosity

From the cross-sectional micrographs (Fig. 5 (A)) it can be seen that there is an increase
in the porosity concentration just below themelted layer (40–50µmdepth) after LP. This
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is possibly because the material flow during the smoothing step could not fully cover
the ablated surface, trapping air beneath. The maximum dimensions of pores observed
were 40 × 30 µm. Using the ImageJ image processing software, the porosity between
the surface and 100 µm below the surface was estimated to be 5.8%, much higher than
the 2.2% found in the bulk material.

Fig. 5. Micrographs of (A) the surface region showing the sub-surface porosity, and (B) after
etching to reveal the microstructure of the sub-surface region after the final LP step.

4.3 Microhardness

Figure 6 shows the microhardness data at various depths below the LP surface. It is
observed that there is a slight increase in hardness beneath the LP surface (20% up to
10µmdepth) increasing to amaximum of 182HV0.01 between 30 and 40µmdepth. The
bulk hardness of 105 HV0.01 is achieved at depths greater than 50 µm. This is similar
to findings by Bhaduri et al. [14] where surface hardening was observed following LP.
The increase in the sub-surface hardness is possibly due to the enrichment of the silicon
phases towards the surface [14].However, unlike [14], no softer heat affected zone (HAZ)
beneath the harder sub-surface layer is seen in the current study. Further investigations
on the material compositions in the sub-surface layers after LP is under progress.

Fig. 6. Graph showing microhardness at different depths below the LP surface.
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4.4 Microstructure

As described in Sect. 2.2, one aim for LP is to reflow surfacematerial from asperities into
depressions to achieve a smoother surface. The evidence of this can be seen Fig. 5 (B)
where the striations beneath the LP surface indicates successive layers of material have
been deposited with each laser pass. Below this, a darker region exists, resulting from
the proceeding ablation step (step 3). The unaffected region shows the typical fish-scale
structures originated from the melt-pools of the L-PBF process.

5 Conclusions

The developed multi-step laser polishing strategy has proven to be effective at reducing
the surface roughness (up to 94.1% reduction in Sa) of AMAlSi10Mg parts. The strategy
combines ablation and smoothing steps to minimise the residual roughness by targeting
different aspects of the surface parameters. Clear evidence of material redistribution
is seen in the cross-sectional micrographs. A correlation between the initial surface
roughness and roughness reduction due to LP is also revealed.

The LP strategy results in an increased hardness (up to 23% higher) between the
surface and 60 µm depth (maxima at 40–50 µm) before bulk hardness is achieved.
However, there is an increase in porosity concentration just below this hardened layer
(5.8% compared to 2.2% in the bulk). This increased porosity is thought to be due to
air being entrained in the surface after the ablation steps and trapped by the flowing
molten material during the smoothing steps. The success of the developed LP strategy
will be further implemented in large-scale post-processing of AM parts for functional
applications in automotive and aerospace industry.
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Abstract. Laser powder bed fusion (LPBF) ofmetallic components is used across
a wide range of industrial domains. Commercial LPBF machines utilise pulse
or continuous laser systems; however, research on the underlying physical phe-
nomenon in the pulse wave mode remains limited. Here, we developed a powder-
scale computational fluid dynamics (CFD)multi-physicsmodel to reveal the effect
of the pulse wave mode on the thermal behaviour and molten pool evolution of
18Ni-300 maraging steel during LPBF. A model was also developed under the
equivalent continuous wave mode to reveal the differences between these two
modes. The results indicated that a fish-scale surface morphology of the melted
track formed under the pulse wavemode, with deep penetration of the laser energy
underneath the baseplate material. The instability of the molten pool in the pulse
wave mode led to the formation of keyhole pores. Quantitative analysis showed
that the molten pool was deeper and narrower under the pulse wave mode than
under the equivalent continuous wave mode. The maximum temperature of the
molten pool was significantly higher than the boiling point in both modes. The
temperature slightly fluctuated under the continuous wave mode; however, a sig-
nificant temperature drop occurred under the pulse wave mode when the laser
source was switched off within one pulse. These findings demonstrated that the
simulations developed for the continuous wave mode do not accurately model the
equivalent pulse wave mode. This study also offers initial insights into the thermal
and molten pool behaviours during pulse wave LPBF.

Keywords: Laser powder bed fusion · Pulse and continuous wave ·
Computational fluid dynamics (CFD) · Molten pool · Temperature history

1 Introduction

Laser powder bed fusion (LPBF) is an advanced metal additive manufacturing process
that has been extensively employed in recent years inmany industrial domains, including
aerospace, automotive and medical industries [1]. Its main benefit is that it provides the
ability to fabricate complex components directly from raw powder materials [2]. During
processing, the powder material particles are selectively melted by a high-energy laser
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source and then rapidly solidified, and the final components can be obtained by repeating
this process layer by layer [3]. The extremely rapid melting and solidification rate during
LPBF generates as-fabricated components that have a very finemicrostructure compared
with conventionally built components.

The laser system is a very significant part of any LPBF machine, as it directly
influences the quality of the final components. Two laser types are widely employed in
the commercial LPBF systems: continuous wave lasers and pulse wave lasers. Figure 1
shows the schematic diagram of the two LPBF laser system types and their scanning
patterns. As their names suggest, the continuous wave laser mode continuously provides
an energy input during processing, whereas the pulse wave laser mode outputs the
energy intermittently by modulating the laser emission within a short period. Numerous
industrial machine manufacturers, including SLM solutions, EOS, Concept laser, and
Realizer SLM, use continuous wave laser systems extensively in their commercial LPBF
machines, whereas a smaller number of machine manufacturers, including Renishaw,
employ pulse wave laser systems [4]. The temporal distribution of the applied energy of
the laser source is a significant parameter during pulse LPBF. Research suggests that,
compared to the continuous laser mode, the pulse laser mode has greater advantages in
manufacturing finer geometries, such as thin-walled [5] and lattice structures [6].

Fig. 1. Schematic diagram of the different laser system types and the scanning patterns used
during LPBF: (a–c) pulse wave mode; and (d–f) continuous wave mode

Several experimental studies have explored the pulse wave LPBF, with a focus on the
process parameters, microstructure, performance and dimensional accuracy. For exam-
ple, Vecchiato et al. [7] studied the correlation between themolten pools and laser power,
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exposure time and energy input of 316L stainless steel during pulse wave LPBF. They
found that the laser penetration depth into the materials was determined by the combi-
nation of laser power and exposure time. Different melting modes can be also obtained
by varying the laser power under the constant input energy. Demir et al. [8] studied
the effect of various exposure times and pulse overlaps on the resulting part quality
produced from pulse wave LPBF-built 18Ni-300 maraging steels. They found that the
relative density was improved by increasing the duty cycle by 3%. Georgilas et al. [9]
studied the effect of various process parameters on the microstructure and mechani-
cal properties of LPBF-built Inconel 718 fabricated under the pulse wave mode. Their
experimental results revealed that the pulse wave mode generated more homogeneous
grains and better mechanical behaviours than were achieved with the continuous wave
mode. Kaschel et al. [5] compared the differences in dimensional accuracy, porosity and
mechanical properties of Ti-6Al-4V parts between pulse and continuous wave LPBF.
They found that under the same laser energy input, the tensile strength was higher for
continuous wave as-built samples than for pulse wave as-built ones, but the pulse wave
LPBF could improve the dimensional accuracy when manufacturing fine structures.

In addition to this previous experimental research, several studies have focused on
the simulation of pulse LPBF. For example, Han et al. [10] developed a finite element
model to predict the temperature behaviours of Al-Al2O3 composites during LPBF
under the pulse laser mode; however, their models used the equivalent continuous wave
mode by calculating the continuous scanning speed. Li et al. [11] introduced a 3D
transient numerical model to study the effect of exposure time and point distance on
the thermal behaviour during pulse wave LPBF of AlSi10Mg; however, their model
used equivalent solid materials as the powder bed and ignored the effect of process
parameters on the molten pool flows during processing. Zheng et al. [12] developed a
mesoscale model for a comparative study of the molten pool dynamics of Inconel 625
during LPBF under both continuous and pulse laser modes. Their simulation results
indicated that the surface morphology differed between these two modes, as the pulse
laser mode resulted in a regular fish-like morphology, while the continuous laser mode
gave a smooth surface morphology. That paper, to some extent, verified that the process
experienced different thermal and fluid behaviours between pulse and continuous laser
modes during processing, even under the same energy density condition. Similarly, the
numerical models developed by Ding et al. [13] for studying the heat transfer and fluid
flow behaviours during pulse and continuous wave LPBF of AlSi10Mg revealed a higher
temperature and a larger molten pool size under the pulse wave mode when the same
energy was applied.

The current literature indicates that the previous publications on pulse wave LPBF
were focusedmainly on experimental studies; therefore, knowledge regarding the numer-
ical simulation of pulse wave LPBF is presently lacking. Accordingly, the aim of the
present paper was to develop a powder-scale computational fluid dynamics (CFD)model
that would allow a comparative investigation of the thermal and molten pool behaviours
under pulse and continuous wave modes during LPBF.
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2 Methodology

2.1 Process Parameters

As shown in Fig. 1, the pulse and continuous wave modes use different key parameters.
Specifically, the key parameters of the pulse laser mode include laser power, exposure
period, pulse distance and hatch spacing, whereas the key parameters of the continuous
laser mode are laser power, scanning speed and hatch spacing. The laser energy density
(LED) is extensively used to correlate with various parameters in both modes. The LED
under the continuous wave mode is defined as [14]:

E = P

v · h · d (1)

where E is the LED, and P, v, h, and d are laser power, scanning speed, layer thickness
and hatch spacing, respectively.

The LED definition for the pulse laser mode differs due to differences in the key
parameters. The LED under pulse wave mode is calculated by [5]:

E = P · ton
dp · h · dh (2)

whereE is the LED, andP, ton, dp, h, and dh are the laser power, laser exposure time, point
distance, layer thickness, and hatch spacing, respectively. The laser movement speed
from one pulse to the next and the corresponding time when the laser is switching off
(toff ) are generally set as constant values. In the Renishaw AM250 machine employed in
the present study, these two parameters weremaintained at 5m/s and 20µs, respectively.

2.2 Numerical Modelling

ACFDmulti-physicsmodel was developed for pulse and continuous wavemodes during
LPBF. The dimension of the computational domain used in this study was 1000 × 210
× 220 µm3. The domain was uniformly meshed with a cell size of 5 µm, resulting in a
total mesh number of 369600. For the implementation of the developed model, ANSYS
Fluent v19.2 was used to solve the transport equations.

The process parameters used for the simulation of the pulse laser mode were as
follows: the laser power and layer thickness were 160W and 40 µm, respectively, while
the exposure time and point distance were set as 80 µs and 65 µm, respectively. For
comparison, the scanning speed (650 mm/s) for the equivalent continuous laser mode
was calculated by:

v = dp
ton + toff

(3)
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3 Results and Discussion

3.1 Molten Pool Evolution

Figure 2 shows the simulatedmolten pool evolution under the pulse and continuouswave
modes. The top-view morphologies of the simulated track at 1000 µs under both laser
modes were continuous (Fig. 2a and d). Some fish-scale solidification phenomena were
observed under the pulse laser mode, whereas the melted track of the continuous laser
mode was smooth. Zheng et al. [12] also observed similar results in their modelling of
the pulse LPBF of Inconel 625. They ascribed the formation of fish scales to the periodic
change in the molten pools during pulse LPBF.

The cross-sections along the laser beam centre showed a depression region in the
molten pool front under both modes; however, the depression depth was much larger
under the pulse wave mode than under the continuous wave mode (Fig. 2b and e).
The formation of the depression during processing was attributed to the evaporation-
induced recoil pressure of the metal materials when the temperature was higher than
the boiling temperature [15]. This observation suggested that a greater recoil pressure
could be formed during pulse wave LPBF than during continuous wave LPBF. The
cavity could collapse because of the instability of the molten pool when a strong recoil
pressure is formed; therefore, a keyhole pore could form after solidification of the liquid
metal. Hojjatzadeh et al. [16] also reported that the collapse of the depression would
occasionally result in pores when the laser beam switched off at the end of the laser-on
period in one cycle during pulse wave LPBF. A spherical keyhole pore was observed
under the pulse wave mode in the present study, as shown in Fig. 2b and c.

Fig. 2. Temperature distribution and molten pool evolution under different laser modes: (a–c)
pulse wave mode; and (d–f) continuous wave mode

Figure 3 shows the simulated dimensions of the molten pools under the pulse and
continuous wave modes during processing. The molten pool length under both modes
was similar, with a value of approximately 240 µm, whereas the width of the molten
pool was slightly lower under the pulse wave mode than under the continuous wave
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mode. The width of the molten pool was approximately 75 µm for the pulse mode and
85 µm for the continuous wave mode, indicating that a narrower molten pool can be
obtained under the pulse wave mode. However, both the depression and the depth were
higher under the pulse wavemode than under the continuous wavemode. The depression
decreased from 35.3µm to 18.5µmunder the pulse wavemode, while the depth reduced
from 42.8 µm to 28.3 µm. These pronounced drops suggested that the laser energy can
penetrate deeper during pulse LPBF.

Fig. 3. Simulated molten pool dimensions under the pulse wave and continuous wave modes

3.2 Molten Pool Temperature History

Figure 4 shows the simulated maximum molten pool temperature versus time extracted
from the computational domain under the pulse and continuous laser modes. This result
was helpful for estimating the difference in the thermal behaviour between the two
modes during processing. The two modes showed different thermal behaviour. For the
continuous wave mode, the maximum temperature of the molten pool greatly exceeded
the boiling point of 18Ni-300 maraging steel after the rapid increase in temperature at
the beginning of the simulation. Owing to the instability of the laser during processing,
the maximum temperature fluctuated slightly at around 3500 K. However, the periodic
laser energy applied under the pulse laser mode led to a great drop in temperature when
the laser was switched off within one cycle. During this laser-off period, the maximum
temperature was approximately 2700 K, suggesting that some areas within the molten
pools remained in the liquid state before the start of the next cycle. Note also that the
different heating and cooling processing during the pulse wave mode could result in the
formation of different microstructure than was formed with the continuous wave mode.
This should be studied further in future work.
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Fig. 4. Simulated maximum temperatures captured in the molten pools under the pulse and
continuous wave modes

4 Conclusions

Single-track CFD multi-physics models were developed for a comparative investigation
of the differences in the thermal behaviours between the pulse wave mode and the
continuous wave mode during LPBF. The following conclusions were drawn from the
findings of the single-track simulations:

(1) Different solidification phenomena can be observed under pulse and continuous
wave modes during LPBF. Fish scales were observed under the pulse laser mode,
whereas the melted track was smoother under the continuous laser mode. In addi-
tion, the laser energy can penetrate deeper underneath the baseplate material under
the pulse wave mode than under the equivalent continuous wave mode. Due to the
instability of the molten pool, a recoil pressure–induced keyhole pore was formed
under the pulse wave mode.

(2) Quantitatively, the length of the molten pool was similar but the width was slightly
narrower under the pulse wave mode than under the equivalent continuous wave
mode. However, the depression and depth of themolten pool wasmuch larger under
the pulse wave mode. This result indicated that a narrower and deeper molten pool
can be obtained during pulse wave LPBF. In addition, the maximum temperature
fluctuated slightly under the continuous wave mode, whereas a great drop in tem-
perature occurred when the laser was switched off within one pulse under the pulse
wave mode.

In summary, this study provides a fundamentally new understanding of the differ-
ences in the thermal behaviours between pulse wave and continuous wave modes during
LPBF. The study findings also proved that simulations developed for the continuous
mode cannot accurately model the equivalent pulse wave mode. Future work will focus
on studying the effect of different conditions on the thermal behaviours and molten pool
dynamics during pulse LPBF.
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Abstract. Regions and national economies are facing several challenges regard-
ing raw materials. As cities and metropolitan areas are increasingly becoming
hubs of economic activity, they may also play a role in addressing raw material
challenges. Many eco-industrial parks are not only found in industrial areas but
also in urbanised areas the concept of urban symbiosis may offer viable solutions
to those challenges. Urban symbiosis builds on urban and regional metabolism
and industrial symbiosis, providing a concept and analytical toolkit that can serve
to develop strategies to create the more efficient use and circulation of critical raw
materials (CRM), enabled by the integration of different and complex systems.
This paper aims to review how urban symbiosis of CRMs has been approached
and defined in the prior literature and what are the closely related concepts. One
of our key interest areas is to understand what kind of roles cities can have in the
urban symbiosis. Based on the results, we suggest future research topics such as
exploring concrete models of collaboration and new ways of joint value creation
in urban symbiosis ecosystems.

Keywords: Urban symbiosis · Critical raw materials · Circular cities ·
Conceptual paper

1 Introduction

There is a major need to find efficient and innovative solutions to stem the loss of
resources, including critical raw materials (CRMs), in the future economy. CRMs can
be broadly defined as raw materials that are economically and strategically important
for an economy but have a high-risk associated with their supply, which can include,
for example, metals (e.g., tungsten, cobalt, magnesium), minerals (e.g., phosphorus) and
gasses (e.g., helium) [1]. Applications that include CRMs are widely used in society, and
notably, as these materials are needed in buildings, infrastructure, and high technology
products nations need to secure access to CRMs. High-tech products are not often used
efficiently, and their lifetime can be relatively short. As they are used predominantly
in cities, the urban scale is an underexplored domain through which the societal value
CRMs can be retained.
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One viable solution for simultaneously minimising resource use and reducing pol-
lution is the transition towards a circular economy (see [2]) through implementing the
practice of urban symbiosis [3]. Prior research has shown that the circularity rate is not
a sufficient indicator for optimising resource use and footprint minimisation. Instead,
there is a need to combine different indicators, including the costs of different solutions
and the evaluation of trade-offs [3].

1.1 Methodology: Conceptual Paper

The aim of the conceptual paper is to interlink and integrate existing theories and con-
cepts, providing multidisciplinary insights into the phenomenon [9]. Thus, the focus is
on creating a bridge between different theories, rather than creating a new theory. A
conceptual paper is a relevant approach when exploring a new, complex multidimen-
sional phenomenon. We start by describing the state-of-the-art and exploring relevant
questions for further study [10].

This paper concentrates on creating an understanding of urban symbiosis for CRMs
and the role of the cities. We acquired published empirical studies through Scopus, Web
of Science, Science Direct, and Google Scholar using multiple keywords to identify
relevant articles [11]. Thekeywords included “Urban symbiosis”, “Industrial symbiosis”,
“Metabolism”, “Critical raw materials”, “Circular City” and their combinations.

We started with a systemic approach, encompassing the concepts in sustainability
literature, which relate to urban symbiosis and what it makes part of. Figure 1 gives
our understanding of the concepts. We included a special focus on the metabolism of
CRMs, which can be embraced by both Industrial Symbiosis, Urban Symbiosis, and
Urban Mining (Fig. 1).

Fig. 1. Sustainability concepts relating to sustainable management of CRMs.
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Taking a qualitative approach and using our prior knowledge, we selected the most
relevant 33 articles. 28 were published in scientific journals (impact factor between 3–9),
3 in peer-reviewed books, and 2 in conference publications.

1.2 Aim of the Study

Our objective is to study how the urban symbiosis of critical materials has been
approached and defined in the prior literature and what are the closely related con-
cepts. A key interest is to understand what roles cities can take in urban symbiosis.
The role of cities as urban scale actors in retaining the value of CRMs is understudied
and hence requires more investigation. The paper is structured as follows. Section 2
provides a brief literature review of industrial symbiosis, urban symbiosis, cities, and
CRMs. Section 3 provides our synthesis and areas identified for future research.

2 Literature Review

2.1 Industrial and Urban Symbiosis

Industrial Symbiosis
Industrial Symbiosis (IS) has been studied over the last 25 years, yet during the last five-
ten years, IS seems to have found a renewed impetus within the context of the Circular
Economy (CE) [12]. The term “symbiosis” derives from the biology describing two
different organisms living in a community that benefits both. Frosch andGallopoulos [13]
stated that an industrial ecosystem could operate analogously to a biological ecosystem.
They suggested that in such an industrial system, the use of energy and materials are
optimized, as the amount of waste and pollution is minimised. Based on this idea,
industrial symbiosis (IS) has become a core part of the industrial ecology (IE) field [14].
Whilst IE takes a multi-level focus—on global, regional, local, and enterprise levels
[15]—IS concentrates on enterprise linkages [16] One well-known example of such
linkages is the Kalundborg IS, started in 1961 in Denmark [17].

Chertow [15] defines IS “as part of the emerging field of industrial ecology, demands
resolute attention to the flow of materials and energy through local and regional
economies. Industrial symbiosis engages traditionally separate industries in a collec-
tive approach to competitive advantage involving the physical exchange of materials,
energy, water, and/or by-products. The keys to industrial symbiosis are collaboration
and the synergistic possibilities offered by geographic proximity”.

According to Chertow [15] input-output matching, stakeholder processes, and mate-
rials budgeting appear to be useful tools in advancing eco-industrial park development.
Evolutionary approaches to industrial symbiosis are also found tobe important in creating
the level of cooperation needed for multi-party exchanges.

According to Momirski et al. [17], IS constitutes at minimum three companies that
exchange at least two different sources creating a more circular than a linear process.
Similar toChertow’s [15] approach, the collaboration between different industry partners
has been identified as an essential element for IS to create environmental and economic
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benefits [16]. Successful IS is often based on collaboration and synergies resulting from
geographical proximity [15].

Laybourn [18], extends this definition by arguing that IS is not only for industries but
also can include organisations such as research and government actors. Lombardi and
Laybourn [19] highlight IS role as a business opportunity and tool for eco-innovation. IS
operates in a network of eco-innovation-minded organisations that exchange knowledge,
drive the process for cultural change and improve technical and business processes
aiming to find joint value creation models. They suggest that geographic proximity
might not play a crucial role in the exchange of physical resources [19]. Above all they
see IS as a tool for innovative green growth and, ecological benefits should be seen as
a result, not the driver. Summarising the discussion in the IS literature, IS becomes a
model of sustainability when it manages four pillars: 1) eco-efficiency, 2) collaboration,
3) adaptability, and 4) Proximity [20].

Based on the barriers and enablers in IE literature Golev et al. [21] have identified
seven enablers and enablers to industrial symbiosis: 1) organisational commitment to
sustainability at the strategic level, 2), information (qualitative and quantitative) about
waste streams and local industries’ material/water/energy requirements to provide the
starting point for the development of resource synergies, 3) cooperation and trust between
key players for sharing of information and network development, 4) technical feasibility
and knowledge, 5) understanding regulatory and legal frameworks are the drivers for
synergy projects, 6) community awareness of the environmental and economic impacts
that industries generate, and 7) both the positive economic outcome along with environ-
mental benefits concretising as increased revenue, lower input costs, lower operational
costs, and diversifying and/or securing water, energy, and material supplies. Yet, adding
to Golev et al.’s [21] work, the development of industrial symbiosis may require signif-
icant investments in companies at the same time as the economic benefits will take time
before materialising companies’ financial performance. Table 1 summarizes the most
important journal articles that were used in the literature review.

Urban Symbiosis
Industrial symbiosis has been extended to the urban level, focusing on the exchange
of urban waste and energy (Urban symbiosis). The concept of urban symbiosis was
introduced only in 2009 by Van Berkel et al. [22, 23]. Thus, there are many more
studies concentrating on IS or integrating IS and urban symbiosis perspectives than solely
focusing on urban symbiosis [17]. Yet, cities are facing several challenges regarding raw
materials, and because many industrial parks are not only industrial areas but also part
of an urbanized urban area where people live, urban symbiosis can offer viable solutions
to those challenges [14].

Urban symbiosis can be seen as an extension of IS and is defined as “the use of
by-products (wastes) from cities (or urban areas) as alternative raw materials or energy
sources in industrial operations” [17]. Much of the urban symbiosis emanates from
Japan, where solid waste source separation systems are well established in municipal
systems and uniquely suited to the Japanese core eco-urban program [24]. Van Berkel
et al. [22] stress geographical location in their definition of urban symbiosis: “(it) covers
specific possibilities arising from geographic proximity of urban and industrial areas to
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Table 1. Definitions and perspectives on industrial symbiosis

use physical resources discarded in urban areas (“wastes”) as alternative raw material
or energy source for industrial operations”.

Both IS and urban symbiosis aims for waste recycling and a network of symbioses
through feedstock savings and/or emissions reductions that provide obvious benefits to
society as a whole [25]. The main difference between IS and urban symbiosis can be
seen in the following way: as IS recognizes the exchange of waste resources and by-
products between enterprises that do not normally cooperate in resource exchange; urban
symbiosis recognizes the use of solid waste in cities as input sources for industries that
do not normally accept these sources [25]. Urban symbiosis can be seen as a network
of communities, in which industrial actors integrate the local needs to improve resource
utilisation by exploring synergies in urban and industrial areas [26, 27]. Often the public
sector facilitates the waste exchanges and firm/community interaction [28, 29].

Urban symbiosis is seen as a strategy toward more efficient metabolism of cities.
To achieve urban symbiosis, the integration of several systems is needed, which often
sets major challenges for renewing pre-existing systems and building new joint systems
connecting novel areas. It can be stated that urban symbiosis is a physical, economic, and
political challenge, but it also faces several other challenges including the complexity
of managing the interests of all stakeholders involved [30]. Therefore, similar to IS, the
collaboration between stakeholders plays a crucial role in enabling the transition towards
urban symbiosis [7].

Reviewing sustainable urban development strategies for eleven cities,Momirski et al.
[17] show that the awareness of IS and urban symbiosis is rising, and there already exists
legislative support that is aligned with EU legislation. However, they show the reuse of
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by-products either for energy or new products is almost totally missing or plays a trivial
role. Table 2 summarises the discussion and perspectives on urban symbiosis.

Table 2. Definitions and perspectives on urban symbiosis

2.2 Urban Symbiosis and Cities

The Circular City
While industrial symbiosis is seen as a business-focused collaborative approach, the
circular city plays a key role in evolving urban symbiosis systems. Cities consume about
75% of global resources, emit 50–70% of all greenhouse gases and generate 50–70%
of global waste [31, 32]. Cities are, thus, a potential source of secondary materials and
can play a significant role in recirculating critical resources, thereby supporting the
resilience of societies and diminishing the extraction of virgin sources. Indeed, the EU
Urban Agenda presents 12 priority themes concerning the crucial in the development of
cities, one of which is circular economy (CE). City-level actions are seen as essential
in encouraging businesses and consumers in adopting circular modes of thinking and
doing, putting local governments in a unique position in facilitating a transition from a
traditional linear economy to a more sustainable circular one (European Commission,
2021). Cities have a density and concentration of producing businesses and consuming
citizens that generate material and resource flows with circular potential. Moreover,
many cities also have a scale that, on the one hand, enables quick decisions, having the
power to regulate and incentivise, and, on the other hand, is large enough to enable the
establishment of new circular city functions and services, and circular business models
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[32]. However, cities often tend to view themselves as facilitators, disinclined to risk the
investment into new circular infrastructure themselves and provide little funding for CE
initiatives [33].

Paiho et al. [34] pointed out in their conceptual work the lack of a single definition
of a ‘circular city’, but several components of urban circularity have been proposed.
The European Investment Bank has described a circular city as one that conserves and
reuses resources and products, shares and increases the use and utility of all assets, and
minimises resource consumption and wastage in all forms [32].

The International Council for Local Environmental Initiatives [35] defines a circular
city as one that promotes a just transition from a linear to a circular economy across the
urban space, through multiple city functions and departments and in collaboration with
residents, businesses, and the research community. Moreover, Williams [36] highlighted
seven circular strategies – looping, localisation, substitution of resource-intensive mate-
rials and products, adaptation, sharing, optimising, and regenerating natural capital to
operate together to deliver the circular city.

Cities’ Role in Urban Symbiosis
With the increased resources being concentrated in cities, they can be seen as urban
mines. With the increasing amount of waste generated within cities, the city as an urban
mine creates the market potential for recovered materials. Moreover, considering the
metal criticality, the importance of extending the lifetime of products containing CRMs,
and recovering and recycling CRMs containingwaste gathered in urbanmines is increas-
ing [37]. In this context, the collection of waste electrical and electronic equipment
(WEEE), the main urban flow containing critical metals, has achieved much attention
lately. The significance of this potential resource will also likely increase with shifts
concerning energy production and consumption.

With the regeneration of cities, acceleration of renewable energy production tech-
nologies, including wind and solar technologies, has taken place, and, related to this
trend, new technologies formore efficient electricity consumption patterns have emerged
[38].With increasing smartness, relating i.e. to energy use, cities are also becomingmore
reliant on the use of critical raw material [39].

2.3 Critical Raw Materials

Ensuring a sufficient rawmaterial supply tomeet demand is seen as economically impor-
tant inmany countries and regions. InEurope, EU levelCRMlisting arises from the grow-
ing concern of securing valuable raw materials for the EU economy. The actions taken
to support raw materials supply, the European Raw Materials Initiative was launched in
2008, followed by establishment of a list of CRMs at the EU level.

The needs, economic importance, and geopolitical relations evolve, leading to
updates. The current (fourth) list (2020) contains 30 CRMs that are particularly impor-
tant for high-tech products and emerging innovations and therefore of high economic
concern [40]. For example, transitioning to a low carbon society with low carbon tech-
nologies and to a data economy with increased digitalization will entail an increased use
in CRMs containing components such as batteries, magnets, PCBs, etc.
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The EUmethodology for CRMs relies on a criticality assessment of rawmaterials. In
this assessment, supply risk is considered to be related to recycling (End-of-Life Recy-
cling Input Rate), substitutability (Substitution Index), and the Herfindahl Hirschman
Index [41]. Actions minimizing supply risk taken through secondary raw materials and
substitution are widely used and actions to increase the overall circularity of CRMs may
substantially reduce supply risk. Actions taken to support life-time extension through
circular economy business models would both decrease the need for new products, and
CRMs and support the collection and proper cycling of CRMs.

3 Conclusions and Future Research Areas

The literature review highlighted several perspectives on urban symbiosis. Urban sym-
biosis is a strategy toward a more efficient metabolism of cities and, thus, can offer
significant sustainability improvements. However, significant challenges (such as phys-
ical, ecological, political challenges, and stakeholder involvement) must be overcome
(e.g. [42]).

Our proposition for urban symbiosis builds on urban and regionalmetabolism (see [4,
5]) and industrial symbiosis [6], serving as a concept and analytical toolkit to develop
strategies for the efficient use and circulation of CRMs enabled by the integration of
different and complex systems (cf. [7]). Urban symbiosis starts with understanding the
metabolism of CRMs—how CRMs flow through cities and their different systems—
and moves beyond an empirical exercise, analysing CRMs flows through cities wealth-
creating subsystems to develop novel business ecosystems. Urban symbiosis emphasises
the disruptive value-adding collaborative models, and resource dependencies between
businesses, organisations, and consumers within cities.

For CRMs in high technology products, the urban symbiosis approach starts with
understanding the metabolism of CRMs and the actors involved in their governance
(public, private, and consumers) and then developing business ecosystems, circular sup-
ply chains, and city-level policy strategies that are tailored to their institutional context.
Urban symbiosis emphasises the resource dependencies between actors within a city
and, thus, a need for the co-evolution of institutionally embedded value co-creation and
policy process [8]. Urban symbiosis would offer a possibility to increase the sustain-
able circularity of CRMs through city-level actions, notwithstanding the global nature
of supply chains and the systemic changes required.

There are several barriers and enablers identified in the IS context, and many of them
also apply to the urban symbiosis context (e.g. [21]). For example, the role of collab-
oration between different stakeholders is highlighted in both IS and urban symbiosis
contexts and CE in general. Thus, the concrete models of collaboration to accelerate the
urban symbiosis of CRMs requires further research area. The role of the city in accelerat-
ing the transition towards circularity and models for collaboration and common interests
of private companies and public organisations also requires investigation. Understanding
of different value creation models for different actors as well as the sustainable value in
general in urban symbiosis-based ecosystems would be needed to accelerate the transi-
tion process. Furthermore, more research and understanding, in general, is needed on the
real cases, barriers, and enablers in implementing urban symbiosis of CRMs to create a
concrete understanding of the phenomenon.
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Abstract. Electric vehicles support low-carbon emissions that facilitate sustain-
able transportation. This paper explores different design parameters to optimize an
interior permanentmagnet synchronousmotor that contributes to enhancingmotor
performance hence advancement of sustainable transportation. Various geometry
parameters such as magnet dimension, machine diameter, stator teeth height, and
number of pole pair are analysed to compare overall torque, power, and torque
ripples in order to select the best design parameters and their ranges. Pyleecan, a
comparatively new open-source software, is used to design and optimize themotor
for electric vehicle applications. It is verifiedwithMotor-CAD software to observe
the performance of the Pyleecan software. Following optimisation with NSGA-II
algorithm, two designs A and B were obtained for two different objective func-
tions of maximizing torque and minimizing torque ripple and the corresponding
torque ripples values of the design A and B are later reduced by 32% and 77%.
Additionally, the impact of different magnet grades on the output performances
are analysed.

Keywords: Eelectric vehicles · IPM motor ·Magnet grade · Optimization ·
Permanent magnet motor · Torque ripple

1 Introduction

Electric vehicles (EV) are playing key role for clean energy and total emission reductions
that helps sustainable transportation. It is a next-generation mobility technology to meet
the global emission reduction targets especially those set out in the Paris Agreement [1]
and the European Union (EU). The transition towards electrification of vehicles plays
a crucial role in creating a greener and more sustainable future. Compared to classic
internal combustion engines (ICE), electric motors used in EVs are significantly more
efficient. Due to high efficiency and torque density, A growing proportion of electric
vehicles are now based on Permanent Magnet (PM) motors. The most viable solutions
in the automotive industry to reduce the environmental impacts of urban mobility, to
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improve air quality, and to achieve emissions targets is optimization of electric vehicle
motors with objectives of high torque and power densities, as well as producing low-cost
solutions throughmaterials andmassmanufacturing capabilities [2]. Therefore, toensure
the advancement of sustainable transportation highly efficient motor for electric vehicles
is a key requirement.

One of the bottlenecks of interior permanent magnet synchronous motor (IPMSM)
operation is known as the cogging torque [3]. The interaction between the stator teeth
and rotor magnets, and the permeance variations during the magnet rotation lead to
the production of cogging torque, which eventually lead to audible noise, vibration,
fluctuation in speed, and the introduction of torque ripples. In case of motion control
applications, these torque ripples result in significant deterioration of the motor perfor-
mance and therefore, it is an important aspect to address. Multiple parameters have been
identified in the literature [1, 4–6] to have an influence on torque ripples including slot
pole combination [7], stator slot opening, slot width, slot height, notch radius [8], airgap
length [9], stack length, pole numbers, magnet dimensions, magnet shape and position.

Various studies have explored this issue, and it is understood that one of the most
commonmethods of combating this is bymagnet skewingwith surfacemountedmagnets
[3, 10]. Magnet skewing involves dividing the magnet into layers and placing them in the
rotor in different radial positions that vary by a small angle [11]. The major disadvantage
of this method is that it increases cost and manufacturing complexity. Another method
of skewing is the stator skewing. However, this complicates automatic winding, and it
is not widely popular in mass manufacturing environments.

In order to address the torque ripples issue, an alternative solution has been proposed
by optimizing parameters such as number of poles,magnet dimension, stator teeth height,
and stator diameter.

The main purpose of this paper is to identify the best component sizing for a given
set of requirements and to investigate the trade-offs between torque, power, and torque
ripples. A new Open-Source software called Pyleecan is used to analyze the motor
characteristics, design and optimize the motor in view of output constraints such as
maximum torque and minimum torque ripples. This paper investigates the tradeoffs
between objectives of maximizing torque and minimizing torque ripples, ensuring that
the ‘best possible’ physical motor parameters are selected through optimization. The
paper ends with a discussion of the advantages and disadvantages of the optimized
designs, along with the effect of different magnet grades.

This work adopted the Tesla Model 3 motor [12] as a baseline design which is a light
duty passengers’ vehicle and employsNSGA-II optimization to investigate the trade-offs
between two different objective functions of maximizing torque and minimizing torque
ripples. Additionally, the impact of different magnet grades on output performances are
analyzed.

2 Methodology

The electromagneticmodel of the IPMmotor is described at the beginning of this section.
After that, themodel using Pyleecan software [13] is outlined. The verification of electro-
magneticmodel usingMotor-CAD software [14] comes after that. Next, the optimization
process, use of different magnet grades and sensitivity analysis are described.
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2.1 Electromagnetic Model

The analytical model of Interior Permanent Magnet motor is modelled in the steady
state. MATLAB [21] is used for the analytical model based on a 54 slot 6 pole IPM
motor from the Tesla Model 3 and verified using two different software Pyleecan and
Motor-CAD. The magnetic properties of the chosen magnet materials are provided in
[15]. The Magnets are “V shaped”. Table 1 gives the initial motor specifications for the
baseline design.

Table 1. Initial motor specifications

Number of pole pairs 6

Stator outer diameter (mm) 232.1

Stator inner diameter (mm) 151.5

Rotor outer diameter (mm) 148

Rotor inner diameter (mm) 70

Stack length (mm) 135

Airgap (mm) 0.85

Number of Slot 54

Magnet material N40 UH

Rated RMS current (A) 800

Rated Speed (RPM) 17900

The steady state voltage equations for d and q axes of an IPMSM are presented by
Eqs. (1) and (2) [16].

vq = Rsiq + weλm + weLd id (1)

vd = Rsid − weLqiq (2)

where vq, vd, iq, id are q and d axis voltages and currents, Lq, Ld are q and d axis
inductances, Rs shows phase resistance, ωe is electrical frequency and λm is permanent
magnet flux linkage. The electromagnetic torque developed for an IPM motor can also
be found as, [16]

Tem = 3p

2

[
λmiq +

(
Ld − Lq

)]
id iq (3)

where, p is the number of pole pairs.

2.2 Pyleecan Model

APython-based open-source softwarePyleecan (PYthonLibrary forElectrical Engineer-
ing Computational ANalysis) [13] is used to verify the analytical design. The software
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includes object-oriented modelling of 2D machines and multi-objective optimization
[17]. In this study, the Graphical User Interface of this software is used to model the
IPM motor, where the design parameters of the machine are defined in their respective
sections. The electromagnetic model of the motor is then simulated using the mag-
netic and electrical modules in the software is used to simulate and observe the output
performance of the machine. The Pyleecan model of the IPM motor is shown in Fig. 1.

Fig. 1. IPM motor design in Pyleecan

The air gap flux density of the Pyleecan model differs by only 3% from the analytical
design, which gives good validity of the model.

The overall torque of the above simulated motor is 402 Nm and the power is 167 kW.
The output of the above simulated motor is given in Fig. 2. It can be observed that there
is a high fluctuation in torque of 30.57 Nm, which is the peak-to-peak value of the torque
ripples.
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Fig. 2. Motor output with torque ripples

2.3 Motor-CAD Model

The electromagnetic model of the IPM motor again verified using Motor-CAD soft-
ware [14] to observe the performance of the comparatively new open-source software
Pyleecan. Figure 3 shows the developed electromagnetic model using Motor-CAD.

Fig. 3. IPM motor design in Motor-CAD

Output results ofMotor-CADmodel showsgoodvalidity of Pyleecanmodel. Figure 4
gives the Torque Speed characteristics of the IPM motor for different model.
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Fig. 4. Torque Speed characteristics of the IPM motor for Baseline Tesla, Pyleecan and Motor-
CAD model

2.4 Optimization

To optimize the IPM motor, the Pyleecan software [13] is used. This software utilizes
one of the most efficient algorithms in the realm of multi-objective optimizations, the
NSGA-II algorithm [18]. In this study, it is particularly suitable due to its speed and
accuracy. A random initial population is generated in this optimization method and the
goal is to narrow down designs that meet the objective of the optimization and rank
them. From the population, the offsprings are generated through selection, crossover,
and mutation. This process repeats until the algorithm terminates [19].

Tomaximize the torque andminimize the torque ripple, optimal designs can be given
as [20]

Design A = maxF1(x) (4)

Design B = minF2(x) (5)

where x boundary limits and constraints for the optimization.
In this study, magnet height, magnet width, stator teeth height, number of pole pair,

and stator diameter is chosen as independent variables for the optimization. The size
of population is set as 52 and the number of generations as 8. Table 2 shows the lower
boundaries (LB) and the upper boundaries (UB) for the independent variables.
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Table 2. Boundary limits for the independent variables

Independent variables LB UB

Number of pole pairs 6 8

Stator teeth height (mm) 15 30

Stator outer diameter (mm) 115 120

Magnet length (mm) 15 25

Magnet width (mm) 4 8.5

2.5 Different Magnet Grades

The output performances were analyzed by replacing baseline magnet grade N40UH
with different magnet grades of same temperature range. Different magnet grades are
used to see the effect on motor performances for the same amount of magnet. Table 3
shows different Neodymium magnet grades that were used for this analysis.

Table 3. Different magnet grades [15]

Magnet grade Remanent flux density(T)

N30UH 1.13

N35UH 1.21

N40UH 1.29

N42UH 1.31

3 Results and Discussions

Table 4 gives the results of the optimization process for optimal design A (maximum
torque) and B (minimum torque ripple). Design A gives a small reduction in torque
ripples and an increase in torque and power by increasing magnet width, stator diameter,
teeth height and reducing magnet length while maintaining the number of pole pair.
Whereas, design B has increased pole number, stator diameter, teeth height and reduced
magnet length while magnet width is maintained.
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Table 4. Optimization results

Baseline Design A Design B

Number of pole pairs 6 6 8

Stator teeth height (mm) 18.8 19.2 22

Stator outer diameter (mm) 116.05 117 120

Magnet length (mm) 25 24 22

Magnet width (mm) 7 8 7

Torque (Nm) 402 417 380

Torque Ripples (Nm) 30.57 20.74 6.88

Power (kW) 167 173 148

Design B significantly reduced torque ripples, but it is accompanied by a small
reduction in torque and power.
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Fig. 5. Torque and torque ripple of Design A

Figure 5 and Fig. 6 shows the torque ripple of design A and design B. Table 5
illustrates that, for same amount of magnet, replacing the magnet grade increase torque
and power with increasing magnet grade.
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Fig. 6. Torque and torque ripples of Design B

Table 5. Effect of different magnet grades

Magnet Grade Design A Design B

Torque (Nm) Power (kW) Torque (Nm) Power (kW)

N30UH 381 152 341 126

N35UH 390 158 354 134

N40UH 417 173 380 148

N42UH 425 175 389 154

4 Conclusion

This paper optimized IPM motor for electric vehicle and explored the effects on sus-
tainable transportation. This paper presented the issue of cogging torque and its effect
on the performance of interior permanent magnet motors. The optimization yielded
two designs whose performances are compared in terms of the overall torque, torque
ripples, and power. This demonstrated that the design B with increased pole number,
stator diameter, teeth height, and reduced magnet length had a superior performance in
terms of torque ripples, which is reduced by 77% compared to that of the initial design.
Furthermore, analysis was extended to the performance of designs based on different
magnet grades and their respective results were compared. It can be seen that for the
same amount of magnet, replacing the magnet grade increase torque and power with
increasing magnet grades. It is also shown that optimization of EV motor to maximize
torque and to minimize torque ripples can improve the performance of EV which can
play an important role to fulfil the requirements of sustainable transportation. Further
research can be performed on cost of energy and different motor topologies to see the
effect on EV.
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Abstract. This article evaluates the economic and environmental impact that
small- and medium-size industries’ investments in energy-efficient lighting
improvements had on a Midwest region in the U.S. Utility rebate programs were
also examined to identify the importance that these programs can have in encourag-
ing industries to invest in energy efficiency, which was shown to positively benefit
multiple economic sectors. An economic input-output analysis is used to estimate
the cascading regional economic impacts of implementing the energy-efficient
lighting upgrades in manufacturing facilities. It was found that if lighting recom-
mendations were implemented throughout all manufacturers in the study region,
implementation costs through rebate programs could be decreased by e64M, and
aboute435M could be directly invested into the economy, which could save about
e265M in energy costs and 2.9 million tonnes of CO2 emissions.

Keywords: Industrial energy efficiency · Industrial energy audit · Input-output
analysis · Lighting

1 Introduction

According to the United States Energy Information Administration, the industrial sec-
tors consume about 35% of U.S end-use energy consumption and about 32% of total U.S
energy consumption. About 12% of the consumption is from electricity, which produces
about 25% of greenhouse gases in the U.S [1]. Researchers have shown that increases
in greenhouse gas emissions have led to a global temperature increase by about 0.5–
1 °C over the last 100 years [2]. European Union (EU) has established different plans
and directives that regulate the efficiency of different energy systems in buildings [3].
Schweiger et al. [4] concluded that consumer participation greatly influences the efficacy
of smart energy systems and can reduce energy demand. Energy audits have been shown
to influence small to medium-sized manufacturers (SMEs) to invest in energy-efficient
practices to influence more participation [5]. The U.S Department of Energy sponsors
multiple Industrial Assessment Centers (IACs) nationwide that perform no-cost energy
assessments that typically identify about e130,000 of potential energy-saving opportu-
nities for SMEs [6–8]. Lighting is the most prominent energy system IAC teams notice
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when they begin an assessment because light fixtures are placed in nearly all areas of
facilities since they are necessary for people’s productivity and health [9]. According
to 2014 data, lighting in manufacturing facilities consumed about 1.4% of total U.S
electricity consumption [10]. Thus, increasing the efficiency of lights or reducing the
usage of artificial lights can reduce peak electricity loads, the burning of fossil fuels, and
greenhouse gases released into the environment. This article analyzes the economic and
environmental effects generated by energy efficient lighting recommendations that the
University of Dayton’s Industrial Assessment Center (UD-IAC) offered to the manufac-
turing facilities across Ohio between 2008 and 2018. This article also analyzes the effect
of energy efficient lighting rebates have had on encouragingmanufacturers to implement
lighting recommendations.

2 Literature Reviews

Advancements in lighting technology have made lighting more efficient, and with rebate
opportunities provided by some utility companies, facilities have more incentive to
upgrade their outdated systems. Studies have highlighted the benefits of different energy-
efficient lighting retrofits in reducing energy usage and greenhouse emissions. Multiple
researchers found that commercial office buildings could reduce their electricity con-
sumption by retrofitting wireless sensors for occupancy lighting control. Controlling
lighting can be difficult if different users require different comfort levels [11]. Pap-
atsima and Linnartz developed a layered architecture model for building control that
could keep user comfort and create 30% energy savings [12]. Installing lighting controls
usually require a capital investment. However, due to increases in energy efficiency pro-
grams,more than 70%of theU.S has lighting rebate programs covering lighting systems,
including lighting controls [13]. As energy efficiency has become more important, a key
issue has been to replace old, inefficient light bulbs with light emitting diode (LED)
bulbs. According to researchers, about 95% of lights in Brazil were incandescent before
2001 [14]. Replacing these lamps with LEDs has many benefits, including increased
efficiency, decreased replacement costs, and a lower life-cycle impact [15]. The color
temperature of LED lamps can also impact the thermal comfort of occupants, which
can also reduce heating and cooling loads, thus reducing energy usage and costs. Due to
these benefits, LEDs are typically included in energy efficiency rebate programs across
the U.S. [16]. For example, Ohio passed a bill in 2008 that set a standard of energy
reduction by 23% by 2027. To help achieve this goal, many utility companies in the
state have offered rebates to residential, commercial, and industrial clients to switch to
energy-efficient lighting. While artificial lighting has come a long way to become more
efficient, another effective method to reduce energy usage is to utilize natural lighting
instead of artificial. Daylight has many benefits to buildings and the occupants inside,
including increasing the mood of the occupants as well as reducing cooling loads and
energy demand [17]. Utilizing both artificial and natural lighting can provide occupants
with a good balance of visibility and comfort. A study performed by Sun et al. [18] found
that incorporating smart windowsmade of a transparent insulationmaterial that automat-
ically regulates natural light, and solar heat can have about 27%energy savings compared
to standard windows. When making recommendations to utilize daylight, it is important
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to consider the function and orientation of the room because some tasks cannot be per-
formed properly with just daylight as the main source of visibility [18]. Many economic
models are available for analyzing the various macroeconomic impacts of technologies
[19–21], policy implications [22], energy efficiencies [23], etc. Both general equilibrium
and partial equilibrium models have been used for energy economics analysis. Out of
many different general equilibrium models, economic input-output (EIO) analysis has
adopted by most countries in the world for their national accounting methods. Many
different techniques are available for the EIO analysis [24, 25]. One popular way of
using the EIO is to analyze the impact of the changes in value-added (i.e., tax, subsidy,
employment, and investment) on the whole economy [26–28].

3 Methodology

Figure 1 illustrate the overall framework of this study. Data from energy assessments
performed by the UD-IAC between the years 2008 and 2018 was gathered to estimate
the overall economic and environmental impact that the UD-IAC team had on the state of
Ohio. During an assessment, the team analyzes different energy systems’ performance
across facilities and presents findings for potential energy-saving recommendations.
Alongwith energy savings, these recommendations can save facilities money and reduce
their CO2 emissions. After an assessment is completed, a survey is sent out nine months
later to understand which recommendations were most helpful and were implemented.
This study focuses on recommendations for lighting systems out of the many different
energy systems analyzed during assessments. Recommendations usually require a cap-
ital cost, which can deter facilities from implementing them, but this cost can benefit
the community because money can flow through the economy and stimulate business.
Rebate programs offered by utility companies were applied to some of the recommen-
dations, reducing the total implementation cost. To get a broad view of all the economic
sectors impacted, all implementation costs were divided into labor and material costs.
The total amount of applied rebates were also considered to understand their impact
on saving facilities’ implementation costs. Economic Input-Output analysis [29] was
utilized to investigate the cascading economic impact of the industrial energy efficient
lighting investment. The implementation costs were allocated to different North Amer-
ican Industry Classification System (NAICS) sectors. The sectors directly impacted by
energy-efficient lighting system recommendations are identified. Those direct impacts
also have the potential for increasing production in other upstream industries in the sup-
ply chain, which are categorized as indirect effects. Both these direct and indirect effects
also increase the income of the employees of all of these industries, which can then be
spent on local services, education, healthcare, etc. These effects on the broader commu-
nity are considered induced effects. We determined value not only from an economic
outlook but from an environmental one. Three scenarios were created and analyzed to
estimate the economic and environmental effects. The first scenario estimates the effects
generated by the 139 lighting recommendations that facilities implemented. The sec-
ond scenario focuses on the 222 recommendations offered but not implemented. The
final scenario looked at the effects of all the recommendations and extrapolated esti-
mates for all manufacturing facilities in Ohio. While there were already some policy and
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rebate programs offered when these recommendations were made, these analyses offer
a perspective on adopting a stronger energy efficiency policy in government.

Fig. 1. Overall framework for analyzing impacts of lighting implementations

4 Energy-Efficient Lighting Recommendations

Table 1 lists the different types of assessment recommendations (ARs) and the category
where each recommendation belongs. Since this work aims to analyze the broader eco-
nomic impacts of implementing the energy-efficient lighting system, it is not the scope of
this article that presents the technical calculation of these ARs. All the technical analyses
of the energy-efficient AR examples are available in the UD-IAC resources [30]. The
data from these recommendations are used in the input-output analyses section further
in this article.

5 Regional Economic and Environmental Impacts of Lighting
Implementation

This section examines the effects of implementing energy-efficient lighting recommen-
dations in industrial facilities on different economic sectors in Ohio. This section also
looks at the role that rebates played in encouraging facilities to implement recommenda-
tions and how much the rebates reduced the implementation costs. The implementation
cost includes the cost of materials, equipment, and labor needed which creates direct,
indirect, and induced effects that benefit other manufacturers, suppliers, consulting ser-
vices, and other sectors. These sectors are all affected by the environmental impact that
these recommendations generate. This analysis covers the lighting recommendations rec-
ommended to 171 facilities in Ohio between 2008 and 2018. Table 2 shows the estimated
annual cost savings, the implementation costs, and the average payback period for the
recommendations of each category. Implementation costs include the material, labor,
and any cost associated with offered rebates. This analysis shows that implementing
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Table 1. Breakdown of recommendations for increasing the efficiency of lighting systems

Category Description of the assessment recommendation

Controls Install occupancy sensors

Add area lighting switches

Install timers on light switches in little used areas

Use separate switches on perimeter lighting, which may be turned off when natural
light is available

Use photocell controls

Hardware Utilize higher efficiency lamps and ballasts

Install skylights

Lower light fixtures in high ceiling areas

Install spectral reflectors/delamp

Operation Utilize daylight whenever possible in lieu of artificial light

Make a practice of turning off lights when not needed

Keep lamps and reflectors clean

Disconnect ballasts

Levels Reduce illumination to minimum necessary levels

energy-efficient lighting recommendations can provide facilities with short-term simple
payback periods. Three of the four categories observed had average simple paybacks of
less than six months. Lighting hardware recommendations had an average payback of
over two years. The higher simple payback of lighting hardware recommendations can
be attributed to the fact that they were the most implemented recommendation. Along
with being recommended themost, hardware recommendations include retrofitting light-
bulbs to higher-efficiency bulbs, which typically have high implementation costs due to
the high number of bulbs that need to be retrofitted at one time. The implementation
costs were broken down into material and labor costs, and Table 3 displays the different
NAICS sectors to which those costs were allocated.

Table 2. Labor, material, and rebate costs for implemented assessment recommendations

Category Savings Labor costs Material costs Rebate costs Payback (month)

Controls e161,465 e32,888 e53,985 e25,480 5

Hardware e1,173,004 e379,977 e2,358,561 e383,026 25

Operation e165,382 e10,615 e12,032 2,455 2

Levels e2,770 e0 e0 e0 0
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Table 3. Allocation of total implementation costs to the NAICS sector

NAICS Description Allocated cost

335110 Bulbs, electric light, complete, manufacturing e1,133,406

333413 Light emitting diodes (LED) manufacturing e839,554

238210 Electrical contractors and other wiring installation contractors e420,600

334290 Motion detectors, security system, manufacturing e34,625

332321 Skylights, metal, manufacturing e3,282

238350 Window installation e2,880

335129 Reflectors for lighting equipment, metal, manufacturing e2,575

335931 Switches for electrical wiring (e.g., pressure, pushbutton, snap,
tumbler) manufacturing

e175

The result of the input-output analysis allowed us to identify all of the economic
sectors affected by the implemented lighting recommendations. In total, 505 different
sectors had some economic benefit. Figure 2 shows a selection of 20 of those identified
sectors to show the variance and percentage of direct, indirect, and induced effects
across a wide range of economic sectors. Looking at the directly impacted sectors, four
out of the five sectors manufacture equipment and materials required to complete a
recommendation. The fifth sector includes services facilities that would need to consult
and hire to perform the labor necessary to implement recommendations. The indirectly
affected sectors include those businesses that interact with the directly impacted sectors.
For instance, wholesalers of machinery and equipment are positively impacted when the
equipment manufacturers increase production. It is interesting to note that the sector of
insurance agencies, brokerages, and related activities had a higher indirect impact. The
sectors affected the most by induced effects include hospitals, dentists, and physician
offices. The increased income by the directly and indirectly affected sectors allowed for
more spending on health and wellness.

Along with material and labor costs, some recommendations can utilize rebates
offered by utility companies to lower the total implementation cost. Figure 3 compares
the percentage of recommendations utilizing rebates to howmuch those rebateswere able
to reduce the implementation costs of the recommendations. This analysis shows that
offering rebates can play a role in reducing implementation costs for energy-efficient
lighting recommendations. For instance, facilities audited in 2011 were able to save
almost 16 times more than those audited in 2009 because of the much larger percentage
of recommendations that could utilize rebates. It is interesting that 2011 saw a lower
percentage of rebates being utilized but saw higher savings than 2010. Sincemost rebates
provide savings per retrofit, UD-IAC provided facilities in 2011 with recommendations
that required more lighting retrofits than the recommendations offered in 2010. When
comparing all of the years that utilized some number of rebates, the years that rebates
were a part of 50% or more of the recommendations, facilities saved about twice as
much as the facilities in the years where rebates made up less than 50%.
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Fig. 2. Twenty selected economic sectors affected by the implementation of energy-efficient
lighting recommendations, with estimated percentages of direct, indirect, and induced benefits

Fig. 3. Comparison of the percentage of recommendations with rebates and the impact on the
capital cost

Figure 4 compares the economic and environmental impact of three scenarios involv-
ing energy-efficient lighting system recommendations. After estimating the total eco-
nomic output (i.e., direct, indirect, induced) by the EIOmodel, emission intensity factors
for all economic sectors are multiplied to estimate the avoided CO2. The first scenario
compares the impact of the 139 lighting recommendations that facilities implemented.
Similarly, the second scenario focuses on the 222 lighting recommendations offered but



Broader Impacts of Implementing Industrial Energy-Efficient 319

not implemented by facilities. The third scenario estimates the impact if facilities had
implemented all of the offered recommendations. In the first scenario, facilities invested
about e2.5M, which allowed them to save about e1.5M annually and 16,000 tonnes of
CO2. Almost 1.5 times more recommendations were made in the second scenario than
in the first scenario, which affected implementation cost, energy savings, and carbon
emission reduction by 1.5. The recommendations included in the second scenario could
save facilities about e3.5M per year and reduce their annual carbon emissions by about
23,000 tonnes. When looking at scenario 3, facilities had the potential to reduce their
annual emissions by about 40,000 tonnes and annually save aboute3.6M. However, this
would have cost them aboute6M. This analysis showed that the greater number of light-
ing recommendations that facilities implement, annual energy costs can decrease, and
carbon emissions will decrease while maintaining a simple payback. Facilities can take
advantage of generating more savings by implementing more energy-efficient lighting
recommendations if the simile payback can remain constant.

Fig. 4. Comparison of economic and environmental impacts of three scenarios considered

Extrapolating the data from the previous analysis, estimations were made for the
potential impact that all Ohiomanufacturers could have on the economy and environment
if similar energy-efficient lighting recommendations were implemented. According to
2017 and 2019 data, 12,371 manufacturing facilities in Ohio added about e112 billion
to the economy and about 37.6 million metric tonnes of CO2 into the atmosphere [31,
32]. Suppose every Ohio manufacturer implemented energy-efficient lighting practices
similar to the recommendations offered to manufacturers during UD-IAC audits. In that
case, Ohio manufacturers could annually save e265M in energy costs and about 2.9
million tonnes of CO2. This would be about a 7% reduction in annual CO2 emissions.
It was estimated that these savings would come at about e435M, but rebate programs
would allow savings of about e64M.
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6 Conclusion

This article looks at how a small portion of Ohiomanufacturers during ten years was able
to impact the economy and environment of Ohio through implementing energy-efficient
lighting practices after being offered by UD-IAC. This article also analyzes the impact
that rebate programs have had on those practices. A wide variety of economic sectors
can be impacted through direct, indirect, and induced effects by the various lighting
recommendations that UD-IAC offers to facilities. Any amount of investment was able
to have an impact on the facility itself as well as the community. Rebate programs played
an important role in convincing facilities to implement certain recommendations due to
the cost savings they can create. Even though rebates save money that would have gone
into the economy, the rebates help generate more interest in recommendations that can
add even more money to the economy. Including rebates, the assessed facilities directly
invested about e2.5M, which added another e2.5M to the economy through indirect
and induced effects.

In 2019, Ohio enacted House Bill 6, which minimized Ohio’s renewable-energy
goals and brought an end to energy efficiency rebates offered by Ohio utility companies
[34]. However, utility companies can still offer rebates if they get permission. This article
can be used as evidence of the impact that rebate programs have had on incentivizing
manufacturers to implement energy-efficient recommendations that save them money
and stimulate the economy and reduce carbon emissions released into the atmosphere.
This article showed that manufacturers tended to see higher savings when more rebates
were taken advantage of, which created a lower return on investments andmore incentive
to become more energy efficient.
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Abstract. In the recent years, the diversity in customer requirements asks indus-
trial companies tomove frommass production tomass customization, overcoming
the traditional strategy of realizing a large volume of a single product in favor of
themanufacturing ofmultiple product variantsmatching different customer needs.
In such a scenario, traditional production strategies such as Make to Stock (MTS)
and Make to Order (MTO) show some limitations, leading to the advent of new
hybrid production strategies. TheDelayed Product Differentiation (DPD) is one of
the most relevant, which attempts to join the dual needs of high variety and quick
customer response time by using the so-called product platforms. This working
paper proposes a preliminary indicator to assess the similarity among a set of parts,
i.e., product variants, according to their production cycle, acting as a first criterion
to assess the feasibility of implementing the DPD strategy. The application of the
proposed indicator to an operative industrial instance showcases its effectiveness
to suggesting to the companywhether to implement theDPDor to using traditional
production strategies.

Keywords: Product variety · Mass customization · Delayed product
differentiation · Product platforms

1 Introduction and Literature Review

The heterogeneity in customer needs is causing a wide proliferation of product variety,
necessarily increasing the complexity in product planning andmanufacturing [1]. There-
fore, especially in Small &Medium Enterprises, most of the products derives frommod-
ules and components assembly. Hence, the variety magnitude propagates downwards
across the different assembly levels of each variant [2]. Several factors exist affecting
the increase in product variety. The most relevant is represented by the various cus-
tomer’s requirements, including functional features, or a desired level of performance,
reliability, and serviceability [3]. A second factor affecting variety is represented by the
different regional needs. In fact, some requirements differ from a region to another in
terms of local preference, language, or govern regulations. Moreover, the presence of
different market segments, rapid technology changeovers and price discrimination and
competition are further elements affecting variety. In managing variety, the attributes of
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similarity and commonality are crucial to reduce the complexity and the related costs. To
this aim, the stream of Design for Variety (DfV) rose in the past years to join customers’
needs and their relationship to families of technological solutions [4, 5]. Among the tools
spread byDfV, the Quality Function Deployment (QFD) is a well-known tool supporting
in identifying customers’ requirements and their relationship to product specifications
[6]. The study proposed by Rizzi and Regazzoni [7] explored the use of different design
methodologies to manage product variety, such as the Module Interface Matrix, the
Design Structure Matrix and the Pugh Matrix, applying them to a real product from
the household appliance field. ElMaraghy and AlGeddawy [8] introduced an innovative
method to design product variants integrating the similarity feature to the concept of
co-evolution. Cladistics, i.e., an approach to biological classification in which organ-
isms are categorized in groups (“clades”) based on hypotheses of most recent common
ancestry, was used to identify component modules. Then, algorithms are proposed for
functional and structural analysis and for variants generation.

The analysis of current literature highlights that several strategies rose to manage
product variety, acting both on the product structure, as the methods described above,
and on the production strategies adopted to deliver them to the customers. In fact, in the
current years governed by mass customization, traditional production strategies such as
Make to Stock (MTS) and Make to Order (MTO) present limitations [9]. MTO leads
to low warehouse costs but to high customer lead times, while MTS shows an opposite
trend [10]. To best cope with the emerging trends, hybrid production strategies have been
developed. The Delayed Product Differentiation (DPD) is among them and attempts to
join the dual needs of high-variety and low customer lead times by using the so-called
product platforms [11, 12]. Following the original definition, a product platform is “a set
of sub-systems and interfaces forming a common structure from which a set of deriva-
tive variants can be produced” [13]. In detail, product platforms are manufactured and
stocked following the MTS strategy in the first production stage. Then, they are recon-
figured into different variants after the arrival of the customer order, following the MTO
strategy, in the second production stage [11]. Among the most relevant studies avail-
able in current literature for product platform design, Ben-Arieh et al. [14] proposed an
optimization model for platforms design to minimize their production cost determining
the optimal number of platforms and their configuration. ElMaraghy and Abbas [15]
developed a methodology for co-platforming to match the product features platform to
the related manufacturing systems platform. Zhang et al. [16] introduced a method for
platform planning using the product data available in the product lifecycle management
(PLM) database. This method used the pruning analysis to find the most shared com-
ponents within a set of product families, i.e., the platform, while the attribute matching
methodology was used to classify the product modules into different categories accord-
ing to their sharing degrees. Galizia et al. [12] proposed a decision support system for
product platform design, selection, and customization in high-variety manufacturing by
applying themedian joining phylogenetic networkmethodology. Despite a set of models
and methods for product platforms design is available in current literature, preliminary
indicators assessing the feasibility and convenience of implementing the DPD strategy
in industrial companies are missing. To fill this gap, this working paper proposes a pre-
liminary indicator to assess the similarity among a set of parts, i.e., product variants,
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according to their production cycle, acting as a first criterion to evaluate the feasibility
of implementing DPD. Unlike the existing similarity indicators, e.g., Jaccard similarity
index, etc., the indicator proposed in this paper provides a global similarity measure by
evaluating all the parts within the product mix towards the average length of the part
production cycles.

Starting from this background, the remainder of this paper is structured as follows.
Next Sect. 2 introduces and discusses the developed indicator, while its application to
an operative industrial instance is in Sect. 3. Finally, Sect. 4 concludes this paper with
final remarks and future research opportunities.

2 A Preliminary Indicator for Delayed Product Differentiation

The product platform concept is based on determining the shared components or oper-
ations among a set of parts, i.e., product variants. A low level of similarity in their
production cycle may prevent the possibility to create common platforms and apply the
DPD strategy in a successful way. For this reason, in this paper we propose a preliminary
indicator to evaluate the parts similarity called Parts Similarity Index (PSI). According
to the PSI values, the decision makers can decide whether to go on applying a specific
product platforms design method or not, avoiding spending time and effort in unproduc-
tive further analysis. Positive feedbacks from this early part structure’s study imply that
the considered parts share a high level of operations, make them good candidates for the
adoption of a DPD strategy.

To ensure a high level of applicability and ease of use, the structure of the indicator
is kept simple using few basic assumptions on each part production cycle. In detail, as
highlighted in next Fig. 1, the production cycle is made of a linear sequence of working
operations, dealing with the assembly of specific components. An operationmay involve
more than one component and include components assembled also in other operations.
In addition, each operation occupies a specific position, i.e., phase, in the production
cycle. As reference example, in Fig. 1, Op4 occupies the third position of the production
cycle.

           …
1 2 3 4 5 8 9phase

Fig. 1. Example of a part’s production cycle

According to these assumptions, the PSI focuses on the operations needed to man-
ufacture the different parts, independently from the specific position in the production
cycle. Therefore, using the same set of operations for several parts increases the index
value although they are arranged in different positions of the production cycle.
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In the indicator formulation, the following notations are used.

j operations, j = 1, . . . , J
k, k1, k2 parts, k, k1, k2 = 1, . . . ,K
p phase of production cycle, p = 1, . . . ,Pk

While the parameters are:

Ckjp =
{
1 if operation j is performed in phase p to produce part k
0 otherwise

with
∑J

j=1 Ckjp = 1

Pk total length of the production cycle of part k with Pk ≤ J

The introduced parameters include information about the production cycles of the
different parts. Hence, they are used to compute the average value of the production
cycles length V through (1) and the total number of couples of different parts D using
(2).

V =
∑K

k=1 Pk

K
(1)

D = K !
2! · (K − 2)! =

(
K
2

)
(2)

As previously mentioned, the PSI evaluates the degree of common operations used
during the production. It is defined according to (3) as the ratio between the average
number of common operations S and the average length of the production cycles V .

PSI = S

V
PSI ∈ [0, 1] (3)

The average number of shared operations S is get considering each couple of dif-
ferent parts k1 and k2. Fixed the pair, their production cycles are scanned looking for
each operation j in any phase p performed for both the parts. The number of common
operations for a given pair of parts σk1k2 is obtained through the following Eq. (4).

σk1k2 =
J∑

j=1

⎡
⎣

⎛
⎝

Pk1∑
p=1

Ck1jp

⎞
⎠ ·

⎛
⎝

Pk2∑
p=1

Ck2jp

⎞
⎠

⎤
⎦ (4)

The total sum of the common operations for each different pair is divided by the total
number of pairs D.

S =
∑K−1

k1=1

∑K
k2=k1+1 σk1k2

D
(5)

Based on its structure, the value of the PSI lies in the range [0,1]. The value is close to
0 if the parts share few components compared to their average length whereas the more
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components they share, the higher the index value will be, enhancing the possibility to
use product platforms and the DPD strategy.

Applying theDPD strategy is a subjective decision for a company: because it involves
many context-specific drivers, the same PSI result may lead to different decision accord-
ing to considerations made by each company. Starting from this observation, a threshold
value of about 0.4 is suggested: a family of parts with a PSI equal or greater than this
value represents a good candidate for the application of the DPD strategy and is admit-
ted to further investigations. Otherwise, a PSI value lower than 0.4 is generally due to
an excessive dissimilarity in the parts’ production cycles, making the candidate family
probably unsuitable for the implementation of DPD.

To exemplify the PSI calculation and use, let us assume a set ofK = 3 parts produced
through sequences of J = 9 different operations. Table 1 shows the production cycles
for the considered set and their length, which is used in (1) to calculate the average length
of the production cycle V , equal to 4 in this reference case.

Table 1. Working cycles for the considered parts and respective length

Parts Work cycles V

K1 Op1-Op2-Op3-Op4-Op5 5

K2 Op2-Op5-Op8-Op9 4

K3 Op7-Op9-Op6 3

V = 4

Table 2. Number of common operations

σk1k2 K1 K2 K3

K1 – 2 0

K2 – 1

K3 –

Table 2 presents the number of common operations for every pair of parts σk1k2 :
because of the structure of the example data set, made of 3 parts, the total number of
couples involving different parts D is equal to 3, with parts K1 and K2 sharing the
maximum number of common operations (Op2 and Op5).

Starting from these values, the numerator of the PSI is calculated as:

S = (2 + 0 + 1)

3
= 1

and, following (3),

PSI = 1

4
= 0.25
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The low result of the indicator reflects the significant difference in the part’s produc-
tion cycles, excluding the 3 examined parts from further investigation for the application
of DPD.

An extensive application of the proposed index within an industrial company based
in the Emilia-Romagna territory follows in the next section.

3 Case Study and Discussion

A real industrial case study is presented for illustration. The case company produces
fixtures and windows frames through a set of assembly operations involving different
components to obtain a wide product variety.

The considered fixtures family consists of K = 16 parts, each of which is manufac-
tured through a different sequence of J = 13 possible operations. Table 3 shows the part
production cycles.

Table 3. Part production cycles

Parts Production cycles

K1 Op1-Op3-Op5-Op6-Op7-Op8-Op10-Op11-Op12-Op13

K2 Op1-Op3-Op4-Op6-Op7-Op8-Op10-Op11-Op12-Op13

K3 Op1-Op3-Op5-Op6-Op7-Op8-Op10-Op11-Op12

K4 Op1-Op3-Op4-Op7-Op8-OP10-Op11-Op12

K5 Op1-Op3-Op5-Op6

K6 Op1-Op3-Op4-Op6

K7 Op1-Op3-Op5-Op6-Op7-Op8

K8 Op1-Op3-Op4-Op6-Op7-Op8

K9 Op2-Op3-Op5-Op6-Op7-Op8-Op9-Op10-Op11-Op12

K10 Op2-Op3-Op4-Op6-Op7-Op8-Op9-Op10-Op11-Op12

K11 Op2-Op3-Op5-Op6-Op7-Op8-Op10-Op11-Op12

K12 Op2-Op3-Op4-Op6-Op7-Op8-Op10-Op11-Op12

K13 Op2-Op3-Op5-Op6

K14 Op2-Op3-Op4-Op6

K15 Op2-Op3-Op5-Op6-Op7-Op8

K16 Op2-Op3-Op4-Op6-Op7-Op8

Analysing the production cycles in Table 1, several operations are commonly used
for more than one part. As reference example, the operation Op3 is included in the
production cycle of every part contained in the analysed set. Because of this noticeable
sharing of operations, a high value of the PSI is expected.
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To determine this value, the average length of the production cycles V and the
total number of couples of different parts D are evaluated for the depicted scenario.
The average production cycles length, i.e., V, is of about seven operations, while the
combinationof the total parts, i.e.,D, produces 120couples of different parts, as described
below.

V = 115

16
≈ 7, 19 operations

D = 16!
2! · (16 − 2)! = 120 different pairs of parts

According to the formulation of the PSI (3), the number of common operations is
evaluated for each pair of different parts and collected in the Table 4. For example, part
K1 shares 9 operations with K2 whilst only two with K14.

Table 4. Number of common operations for each couple of parts

σk1k2 K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12 K13 K14 K15 K16

K1 – 9 9 7 4 3 6 5 8 7 8 7 3 2 5 4

K2 – 8 8 3 4 5 6 7 8 7 8 2 3 4 5

K3 – 7 4 3 6 5 8 7 8 7 3 2 5 4

K4 – 2 3 4 5 6 7 6 7 1 2 3 4

K5 – 3 4 3 3 2 3 2 3 2 3 2

K6 – 3 3 2 3 2 3 2 3 2 3

K7 – 5 5 4 5 4 3 2 5 4

K8 – 4 5 4 5 2 3 4 5

K9 – 9 9 8 4 3 6 5

K10 – 8 9 3 4 5 6

K11 – 8 4 3 6 5

K12 – 3 4 5 6

K13 – 3 4 3

K14 – 3 4

K15 – 5

K16 –

The sum of the elements in the matrix is divided by the number of different part pairs
D to obtain the average number of common operations for the considered variety S. This
value is used with the average length of the production cycle V , calculated before, to
evaluate the PSI, as in the following.

S = 554

120
≈ 4, 62
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PSI = S

V
≈ 0, 64 → 64%

As expected, the obtained medium-high value of the PSI confirms the significant
sharing of operations within the part production cycles. The PSI value can be considered
as a measure of the production mix aptitude to create platforms, i.e., the higher the index
value, the higher the suitability of the application of product platform design methods.
For the considered production mix, the PSI is about 64%, greater than the suggested
threshold of 40%. Based on this result, the possibility of implementing a DPD strategy
identifying common platforms from which deriving the different parts should be taken
into consideration.

4 Conclusions and Future Research

Dynamic customer requirements and instable market demands are responsible of the
proliferation of product variety. In this changeable context, the Delayed Product Differ-
entiation (DPD) rose as an effective strategy implemented by several industrial compa-
nies to best cope with the product variety, by means of the so-called product platforms.
Platforms are defined as a set of sub-systems and interfaces forming a common structure
form which a stream of derivative variants can be efficiently produced and developed.
Despite a set of models and methods for product platforms design is available in current
literature, preliminary indicators assessing the feasibility and convenience of implement-
ing the DPD strategy in industrial companies are missing. To fill this gap, this working
paper proposes a preliminary indicator to assess the similarity among a set of parts, i.e.,
product variants, according to their production cycle, acting as a first criterion to assess
the feasibility of implementing the DPD strategy. The application of the proposed indi-
cator to an operative industrial instance showcases its effectiveness to suggesting to the
company whether to implement the DPD or to using traditional production strategies.
Future research deal with the extension of the indicator panel to include relevant issues
not considered at this stage, e.g., production cycle precedence constraints, etc., as well
as the development of models and tools for the effective product platforms design able
to overcome the limitations of the models available in current literature.
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Abstract. Populations aremoving to urban locations and, with the rise in automa-
tion in both manufacturing systems and agricultural systems, are increasingly
detached from where and how food is sourced and processed. The trend has been
for larger andmore intense production systems tomovebeyond the urban boundary
that have both environmental as well as social consequences. Technological devel-
opments in hardware and software are enabling distributed, small scale, efficient,
clean production which can be located within urban boundaries. This research has
explored how food production in an urban center for local supply can be modeled
using a digital twin. The focus is on a vertical, container farm and the supply to
local customers using typical manufacturing and supply chain framing. In pre-
senting the modeling capability and results, the paper brings out the challenges of
modeling semi-automated production and opportunities for extending the design
of the food system to impact on environmental performance. The paper concludes
with consideration of wider application and the social and environmental impacts.

Keywords: Food system · Modeling · Digital twins · Urban production ·
Container farm

1 Introduction

The imperative of sustainability, especially environmental sustainability, has been
steadily growing in prominence in practice and in academia evidenced by the public
prominence, corporate sustainability strategy publications and academic paper publica-
tions. This has been reinforced and broadened by the agreement and widespread use of
Sustainable Development Goals (SDGs) [1]. More recently the language of ‘netzero’
has grown within the UK as a result of government policy [2]. As a consequence of the
causes of climate change and the imperative for fundamental changes to our approaches
to production and consumption, existing norms of production, business models, etc. are
being challenged [3].

One of the major consequences of globalization is the separation of production
and consumption. Here production has been intensified and centralized for efficiency
[4]. Consequently, the dispersed population is far from production in terms of both
distance and understanding. The resultant consumption behaviors and generation of
wastes are separated from production meaning closed-loop, circular economy principles
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[5] are potentially limited due to the lack of motivation and opportunity to extract the
highest value, energy consuming due to distances involved and sub-optimal due to lack
opportunities to use locally. The environmental impacts of the lifecycle are at best hidden
and at worst unknown.

Given such structural challenges for circularity to reduce impact and the willingness
to challenge current methods, then localized production [6] and consumption could
be a viable, less impactful alternative. Advances in hardware offer potential for small
scale production [6] and advances in digital offer potential [7], particularly on visibility,
brokerage and optimization.

This research considers how digital technology (specifically twins) can be used
in urban production (specifically food) against local demand and how impacts can be
captured. In more detail, the research considers how a vertical (container) farm as the
production system using standardmanufacturing and supply chain concepts can bemod-
eled for operational improvement. The research seeks to address: How can urban food
systems be modeled to consider production efficiency and environmental impact?

The paper is structured to use a literature review as foundation to confirm the research
question and then justifies the methodology to apply the concept of a digital twin to opti-
mize the production and supply. The discussion brings out the challenges and oppor-
tunities for urban production generically before conclusions identify opportunities for
further research.

2 Exploring Small Scale, Local Production

This literature review considers research on three areas of production localization, pro-
ductionminiaturization and production digital twins before considering how the learning
from each of these can be combined to explore a digital twin of small scale, local, urban
production.

2.1 Production Localization

Against the backdrop of globalization and the Ford model of production that has driven
intensified, global production [4], is growing work on localized [6] and distributed [7]
manufacturing. Whilst large factories may be efficient, their regional and global siting
of brings challenges for logistics and particularly environmental impacts [8].

The ability to produce locally has potential environmental benefits, not just in logis-
tics but also in opportunities to use wastes locally through circular economy principles
[9]. Locally can be interpreted in different ways from national to regional to specific
communities. Potentially this could be in central urban areas or even within building
complexes, such as hospitals [7], and provide opportunities for greater user engagement
and personalization [7].

From a sustainability perspective, assuming localized production is economic, there
are potential environmental and social benefits too. Environmental impacts can be felt
through use of localmaterials, reduced logistics and potentially the exploitation ofwastes
such as heat. Social benefits can come from community engagement in production [10]
and well as the use of local labor and quality of life [11].
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2.2 Production Miniaturization

The consequence of production localization is the necessity to reduce the size of the
production system to be able to efficiently produce to the lower production volumes.
Technology developments enable small production systems to be operated efficiently.
Additive manufacture is one such technology to enable small-scale production [6, 11]
but this is not the only means.

There are examples of other forms of localized production, some ofwhich aremobile.
Truck-based is one such example for beer canning [12] as well as using shipping con-
tainers [13, 14] more generally. A mobile manufacturing system [15] may be designed
to be frequently moved or constructed and moved once as in the case of vertical con-
tainer farms [16]. In summary, there are examples of the principles, however, in practice
implementations are far less numerous than the breadth and quantity of published papers.

2.3 Production Digital Twins

The advance of digital technologies has led to the conceptualization of a portfolio of
complementary technologies collectively termed as Industry 4.0 [17] or simply digital.
One of these technologies is the digital twin [18] that mirrors the real system with a
simulation model of that system.

There are different types of digital twin used in practice and academia ranging from a
digitalmodel that is an unconnected copyof the real system, to a digital shadow that draws
live data from the real system, to a digital twin that draws live data and autonomously
issues decisions back to the real system [19]. For a digital twin that is anything other
than amodel, other digital technologies including sensors, communications andmachine
learning [20] are needed in support.

Digital twins have been applied in numerousways includingwarehousemanagement
[21], food supply chains [22], automotive [23], automated flow shops [24] and robotic
cells [25]. These examples seek to improve the operational efficiency, increase resilience,
decrease cost or, in a few cases, reduce environmental impact through energy reduction.
In summary, these examples demonstrate that digital twin technology has the potential
to model a wide variety of applications and scales as well as assess economic and
environmental impact.

2.4 Opportunity for Digital Twins of Small Scale, Local, Urban Production

The above literature reviewhas brought out the changes in production configuration in the
areas of localization and miniaturization as well as the role of digital twins. Localization
brings out the need for digital or Industry 4.0 technologies, of which digital twins is just
one. Whilst enabler of additive manufacturing is frequently cited in the literature, the
examples above show that the principles are applicable to small scale production from
production cells to food production.

There are gaps in the knowledge in local, small-scale production. Aside for the lack
of examples generally, there is an absence of small-scale food production in the context
of local supply modeled using digital twins. Additionally, there is a lack of insight into
the modeling of the environmental impacts using digital twins here. This therefore led to
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the research question of: How can urban food systems bemodeled to consider production
efficiency and environmental impact?

3 Methodology

This research sought to understand how small-scale, local, urban production and supply
could be modeled. Given the lack of available literature in the area, the research was
necessarily exploratory to address the ‘how’ question above.

A single case of a vertical (specifically container) farm was selected out of conve-
nience as it was located within the York city center at Spark:York and operated by the
University of York. The farm is operated semi-automatically with manual germination,
sowing, harvesting and packing operations and autonomous growing system controlled
through lighting, water supply and temperature. Access to the farm’s Ostara [26] oper-
ating system meant the production schedule and farm conditions could be accessed
remotely and therefore connected to a digital model. Lanner Group Ltd’s Witness sim-
ulation product [27] was selected as the system to pursue the creation of a digital twin
given its ability to model production and supply systems and the connectivity to external
data sources.

4 Modeling Local Production

Spark:York is an entertainment and enterprise complex formed of shipping containers
in York city center in the UK. The hydroponic farm was located on the first floor on the
complex in a container pre-fitted by LettUs Grow Ltd. The leafy green products were
germinated from seed, grown in the growing beds (under LED lighting, nutrient, water
and temperature control), harvested and packed within the container. The products from
the farm were supplied to the local catering outlets within Spark and beyond. Demand
was gathered from the catering outlets and complemented with predictions of wider
demand. The consolidated demand was the key input to the optimization and simulation
model that would provide farm input data and model the process.

The digital twin system was constructed using the Witness software and supporting
optimization software. The optimization was configured to create a production schedule
which minimizes the total tardiness which is determined by calculating the difference
between a crop order due date (DDc) and its harvest time (HDc) known as tardiness and
aggregating the results (Formulated in Eq. (1)). Equation (2) calculates the harvest time
(HDc) of a crop order using its sowing date (SDc), germination time (GerTc) and growing
time (GrwTc). Equation (3) ensures that the sowing date of a crop order is between the
schedule start time (SST ) and the schedule finish time (SFT ). To prevent waste, Eq. (4)
ensures that the difference between a crop order due date and its harvest date is less than
perishability period for the crop (PPc).

Min Total tardiness =
n∑

c=1

DDc − HDc (1)

HDc = SDc + GerTc + GrwTc ∀c (2)
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SST ≤ SDc ≤ SFT ∀c (3)

0 ≤ DDc − HDc ≤ PPc ∀c (4)

The generated production schedule was then input in Witness simulation model to
test the production (or logistics) and make recommendations to the farm operator. The
model takes in live updates from the farm as the production schedule was implemented.
To minimize the risk in this research, the production schedule was implemented man-
ually rather than autonomously into the farm’s operating system. This food production
system of inputs, transformation, outputs and supply shares the characteristics typical of
any production system. Perhaps unusually for production systems, the germination and
growing process are highly predictable and subject to very low process time variation.
The digital twin model is shown in Fig. 1.

Fig. 1. Schematic of the data flows between the digital twin of the container farm

The model was run over many weeks to model the scope of germination, growing,
harvesting and supply to the local businesses. Results that are typical of the digital twin
are shown in Fig. 2. The results show the typical production systems metrics as well
as the facility metrics of energy and water that can be used for both economic and
environmental assessment. No social sustainability modeling was undertaken for this
work, however, the location and resulting visibility of the operation of the farm gives
potential for a broad social sustainability assessment.

The results are typical of any production system operation and modeling with the
ability of the model to capture the utilization of the facility as well as the flow of product
through it. It also addresses the environmental metrics that are starting to appear in pro-
duction systems visual management performance boards. The ability to incorporate this
range of metrics gives the potential for multi-criteria optimization not just of utilization
and flow but also the environmental impact.
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Fig. 2. Example of the onscreen results output from the digital twin of the container farm

5 Discussion

This research on modeling an urban production system is part of a wider program
of research advancing how digital twins can be used for production and supply chain
systems considering the environmental impacts. Importantly this program of work
contributes to environmental assessment, circularity and urban/local aspects together.
Implicitly this is challenging whether production scale and location must be large and
centralized to be efficient and low impact. Specifically, here the focus was on how can
urban food systems be modeled to consider production efficiency and environmental
impact.

5.1 Urban Supply Chain Conceptualization

Food production (i.e. the growing and harvesting stages) and food processing (i.e. typi-
cal manufacturing systems operations) are typically considered as two separate systems
and “farm-to-fork” is typically too complex to be considered together. Factors includ-
ing scale, lead-time, complexity, discipline and control result in systems improvement
being compartmentalized, improved and optimized separately. The above factors are less
significant in this work hence give potential for wide scope of analysis. Although the
processing and consumer activities are not modeled here, conceptually and practically
they have potential for immediate inclusion.

The language of production systems and supply chain is used in this paper to draw
on technical manufacturing language to guide the conceptual modeling, implementation
techniques and metrics. This is not the typical language considered for this type of
operation. This application of engineering thinking to an agricultural system offers an
opportunity to apply concepts to small scale, urban production and supply generally.
This can be both from the sizing of the production to efficiently meet local demand
as well as the conceptualization and the influence on scope 3 emissions which can be
diffuse, hard to establish and hard to influence.

The circular economy concept promotes the retention of wastes for further use. The
shorter the loops conceptually the greater the potential value retention.With a small urban
scenario the waste volumes are low but so too can be the cost of transportation. The close
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proximity of waste sources and sinks offers an opportunity to think differently on how
energy wastes (e.g. heat) and material wastes (e.g. agri-food nutrients) are captured and
traded at a local level.

5.2 System Behavior Challenges

Whilst not shown in the results in this paper, the production flow is highly predictable
given that the farm management system is able to tightly control temperature and light
levels. This stability results in highly predictable lead-times, rapid transfer to customers
and therefore the food consumers. This early predictability of the farm-to-fork flow
contrasts with the later external variability of consumers eating the produce (in the food
operating businesses, FOBs, within Spark and beyond). The close coupling of growing
stageswith the processing stage (e.g. by anFOB) and the consumption stage of perishable
food products leaves little room for buffering between stages.

There are opportunities here for nutrition optimization through balancing the mix
of crop type grown with the time after harvesting that consumers consume the avail-
able stock. Overall, this contrasts with typical technical production systems for non-
perishable products which are more complex, have internal variability with longer, less
coupled supply chains allow greater buffering of the external variability.

5.3 Digital Twin Advance

One of the modeling challenges that also features in engineering production systems
is the semi-automated nature of production. Some parts of the farm modeling could be
implemented as a full digital twin with automated data transfer from physical twin to
digital twin, autonomous decision making and actioning the decision in the physical
twin. For example, the collection of production status, demand and return of an opti-
mized schedule. However, the manual tasks of seed germination, planting, harvesting
and packaging mean that some parts of the farm modeling can only be implemented as
a digital shadow. For example, manual data entry on the germination, sowing and har-
vesting and manual actioning of model recommendations. The combination of manual,
automated and autonomous digital twins is an under-researched area.

There is potential to develop the twin for functionality beyond immediate operational
area. Technically, there is potential for multi-scale, hierarchical modeling in the digital
twin as here themodeling is at a production logistics level whilst other forms ofmodeling
are at the ‘machine’ or crop growing level. Socially, as the graphical features of the digital
twin are improved there is potential for videos or live feeds of the operation for online
access to complement the physical visual access within Spark. Currently the twin cannot
deliver a live web display for virtual access.

6 Conclusions

This paper has presented the results from digital simulation modeling of an urban food
production system and local supply. The work has documented the ambition to create a
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digital twin and show how production and supply can bemodeled and use live production
data feeds to update the model.

The research has shown how local, small-scale production and supply can be mod-
eled and the output and environmental impact through energy and water consumption
uncovered. Whilst the focus of the production unit was for a farm growing leafy greens,
conceptually the production was the same as a technical production system converting
raw material inputs to valuable outputs. Further, the modeling has examined the vari-
ability which at production system level is very low compared to wider production types
yet potentially high variability at supply chain level given the short chain to consumer
purchasing. The research has shown the potential for modeling urban, small-scale pro-
duction and local supply chains. Issues arising in the modeling included how to get
access to a combination of digital automated data as well as manual activities and how
to use a digital twin in a way that autonomous decision making can only apply to part
of the production and supply operation.

The work has uncovered potential avenues for new research. The first is to apply
the learning here to other urban product production and supply chain scenarios. Given
the potential for small scale, distributed manufacturing then better understanding of
local product and wastes flows would be of value. Following on from this, with higher
number of production locations in a locality and associated movements of resources
brings potential for consideration of circularity and resulting changes in environmental
impact. Modeling with digital twins gives the potential to understand the efficiency
and environmental performance locally compared to regionally or globally. Finally, the
presence of production in localities opens up the potential for engaging the general public
and consideration of the social impacts arising from awareness of the provenance and
environmental impact of the products they use or consume.Whilst modeling is not easily
suited for social impact, it has inherent potential for communication of the provenance
and environment performance.
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Abstract. Designing Circular Economy (CE) educational programmes to a
diverse group of learners presents challenges and opportunities. This paper shares
insights from the development of a CE educational programme for disadvantaged
learners through the BLUEPRINT project. It explores the pivotal role Business
Schools inHigherEducation Institutions (HEI) play by serving as a bridge between
business and society in the transition to a CE. Through the lens of pedagogical
approaches from education for sustainable development (ESD) theories, the paper
discusses CE educational programmes and explores the barriers at a learner, aca-
demic institution, and stakeholders level. It presents the benefits of co-creation for
the design of CE educational material to equip learners with the skills required to
deal with the ever-changing landscape in our society, environment, and economy.
The paper makes recommendations on the application of ESD to turn challenges
into opportunities for HEI when developing CE educational materials for the
community which require a different approach to those for the HEI curriculum.

Keywords: Circular economy · Education for sustainable development · Higher
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1 Contextual Background

1.1 BLUEPRINT Project

With the many definitions given to the Circular Economy (CE), 115 according to Kirch-
herr and Van Santen (2019), in this work we will not introduce another and refer the
reader to the EU’s and OECD’s published definition (2022). We will however consider
it from a functional perspective as a vehicle that can guide production and consumption
in modern global society towards systems that are more sustainable than current linear
models. Given its cross-disciplinary origins, wewill take Boulding’s seminal 1966 paper
‘Economics of the Coming Spaceship Earth’ as the first to introduce the concept. The
basis for any economy, linear or circular, is production and consumption of products.
Consumers and producers can adopt sustainable ways through developing the right skills
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to both empower consumers to make sustainable choices, and to provide the workforce
with training needed to work in a CE.

The BLUEPRINT to the Circular Economy project is a cross-border programme,
funded by Interreg France Channel England to develop, promote, and implement strate-
gies promoting CE among key stakeholders. It brings together Universities, local author-
ities, social enterprises, industry, and community-based charities, to deliver the pro-
gramme over 3 years (2020–2023) to create new training opportunities for individuals
at risk of economic exclusion by developing bespoke training that can be delivered to
them to increase their employment opportunities.

1.2 The Role of Business Schools in Lifelong Learning

The BLUEPRINT project partner entrusted with leading the design and development
of a CE educational programme is the Faculty of Business and Law at a British higher
education institution (HEI). Business Schools contribute to society in different ways,
such as by enabling entrepreneurship (Eesley and Lee, 2021), regional economic growth
(Kochetkov et al., 2017), environmental citizenship (Lillah and Viviers, 2014), and busi-
ness ethics (Sims, 2004), to name a few.Business education can also shapemoral philoso-
phies of students that guide their future behaviours in business (Neubaum et al., 2009),
and in that its students span career stages, is a primary source of lifelong learning.
Through community outreach, Business Schools can also facilitate linkages between
academia itself and its industry and government partners in economic and social devel-
opment (Ye et al., 2013). Economic growth and human development derives primarily
from what Business Schools teach - the ability to combine resources - to manage. Given
that climate change and environmental degradationmaypose an existential threat (Haney,
2017; Mitchell and Callaghan, 2019; Mitchell et al., 2020), Business Schools may be
in a unique position to drive the sustainability agenda, their students being part of the
global cohorts of managers of businesses contributing to the crisis.

The CarringtonCrisp Report (2021) advocates that “employers would like a closer
relationship with business schools to develop programmes relevant to the future of work.
79% are interested in co-creation of content whilst 77% would like short, inexpen-
sive programmes that deliver relevant skills for employees.” Organisations surveyed
report change management; resilience/mindfulness; global mindset; ethics and ethical
behaviour; and managing across cultures as five key skills needed for staff. On the other
hand, a quarter of employees surveyed want learning providers to be known for chal-
lenging world views by combining innovative and critical thinking; seeking a culture
of enterprise; engaging with start-ups and social entrepreneurs; and focusing on social
responsibility. The CarringtonCrisp Report (2021) concurs with Tilbury et al. (2005)
who argued for Business Schools to rise to the challenge of leading change through their
academic research and practice by serving as “a critical link between the sustainability
needs of businesses and curriculum offerings.”
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1.3 Circular Economy Education in Higher Education and Business Schools

HEI stakeholders are key to driving systematic changes toward CE as they provide guid-
ance to other stakeholders and can inculcate a vision of CE-oriented eco-responsible cit-
izenship (Serrano-Bedia and Perez-Perez, 2022). Introductory educational programmes
are helpful in that they can foster debates (Kirchherr and Piscicelli, 2019). CE educa-
tion best pedagogical practices such as interactivity, non-dogmatism, and reciprocity
together with application of constructive alignment and problem-based learning can be
particularly useful (Kirchherr and Piscicelli, 2019). Interactivity improves engagement
and can make learning more enjoyable. A non-dogmatic approach can develop critical
thinking skills, and reciprocity created by incorporating student feedback into courses
can improve engagement.

1.4 Positioning Circular EconomyWithin the Pillars of Sustainability and the UN
SDGs

Sustainability is widely known to comprise of three pillars: Society; Environment; and
Economy. A transition towards a CE supports the pillars of sustainability and the UN
Sustainable Development Goals. It offers solutions by placing society and economy in
the context of sustainable limits and planetary boundaries. One of the most pressing and
central questions of sustainability has been formulated as being that of ‘intergenerational
equity’ (WCED, 1987). CE educational programmes can build skills and behavioural
changes that address the consumption patterns of current generations to address the
intergenerational equity debate.

2 Conceptual Background

2.1 Education for Sustainable Development (ESD)

Education is widely recognised as a pivotal lever in preparing for an uncertain and chal-
lenging future, as we settle deeper into the Anthropocene (UNESCO, 2014, UN SDG’s,
2015). Never has there been more purpose and urgency to the sustainability challenge as
planetary boundaries continue to be passed with severe and devastating effects (Rock-
ström et al., 2009) that impact hardest on those most vulnerable. Global responses to
these issues reflect an increasing awareness of the urgency of action required (IPCC,
2022) and there is growing recognition of the contribution Higher Education (HE) can
make towards a better future (Blake et al., 2013; Ryan and Tilbury, 2013; Sterling,
2014). This momentum is supported by international frameworks, such as the United
Nations Decade of Education for Sustainable Development (UNDESD) 2005–2014,
and the Global Action Programme (GAP) on Education for Sustainable Development
(ESD) (UNESCO, 2014; Buckler and Creech, 2014). However, with the global pan-
demic, energy and food security crises, and war in Ukraine, the pace of change is slow,
reactionary and quite often sporadic.

Indeed, there is increasing evidence (McKeown&Hopkins, Cloud, Bourn, in Chalk-
ley et al., 2009) and (UNESCO, 2014) of the need for more work to assist individuals in
making changes in their decisions and actions for the benefit of the future of our planet
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and future generations around the world. Individuals need to be equipped with cognitive,
practical, thinking, decision-making and problem-solving skills to feel adequately confi-
dent and sufficiently motivated to engage in a more sustainable lifestyle. The UNDESD
signalled a recognition that education is a powerful tool to drive the changes in social
attitudes required to protect future generations. Fien (2006) argues that “education for
sustainable development is not a global imposition on countries and education systems
but an invitation for them to explore the themes and issues, the objectives and the peda-
gogies that can make education locally relevant and culturally appropriate in the search
for a better world for all.”

ESD is a process whereby through teamwork, stakeholder engagement and deci-
sion making, teams across disciplines and social groups learn from each other as they
explore options, identify solutions, and consider the consequences to the future for each.
It not only provides learners with the knowledge and understanding to engage with sus-
tainability themes, but also the skills and competencies to plan, motivate, and manage
change towards a sustainable and resilient future. This pedagogical approach brings
about ancillary benefits to learners. When learners are given the opportunity to observe
their cognitive and emotional patterns on sustainability issues, it enhances their ability
to manage the automatic flow of thoughts and establish more successful ways of seeing
and responding to the world (Brown and Ryan, 2003).

2.2 Learner Engagement

Against a backdrop of seismic global events leaving communities, through no fault of
their own without a job and a good quality of life, it is difficult to visualize a sustain-
able and resilient future. Citizen discontent gives rise to disconnect and loss of trust in
those that hold the economic and political powers. A number of these would be clas-
sified as disadvantaged learners. Motivating these members of society into making a
commitment towards reducing their impact on the environment poses serious difficul-
ties. Fagan, in Stibbe (2009:200) proposed the creation of “a shared common space in
education between people and professionals, and between traditional and non-traditional
learners.” The concept of shared common space builds on the richness of knowledge and
skills within communities whilst drawing upon the pedagogical competencies typically
found in academic institutions. This participatory pedagogical approach in the design
of education material would represent the views and reflects the needs of a range of
learners with diverse social and economic circumstance thus making it more likely to
be accepted by the learners.

2.3 BLUEPRINT Disadvantaged Learners

CE educational programmes for disadvantaged learners can be developed through the
concept of a shared common space for education. Skills for whole systems approaches,
critical thinking and collaborative problem-solving will also be needed for private sector
transformation (UNESCO, 2014). The CE educational programme for the BLUEPRINT
project has potential to equip disadvantaged learners with the skills needed by working
in collaboration with the social enterprise and local authority project partners.



Application of Education for Sustainable Development (ESD) 345

2.4 Learner Competencies

Stemming from the ESDpedagogical approaches, learner competencies in Table 1 below
are considered applicable when designing CE educational programmes:

Table 1. Learner competencies

Future-orientated learning Critical thinking and creativity Interpersonal skills

Collaborative skills Ability to demonstrate agency Ability to manage change and
uncertainty

(UNECE Expert group, 2013, Wiek et al., 2011, Sterling, 2014).

It is useful to explore behavioural and educational psychology that can shed light
on how to embed learner competencies and how these can be effectively embedded in
educational programmes. de Bono (1991:18) argues that “in a complex society political
decisions and pressures depend very much on individual thinking. If that thinking can
see only narrow self-interest, or only an immediate future, then society becomes a power
struggle for self-interest.” When such statements are applied to the pressing issues of
ecological destruction and climate change, it immediately becomes clear that thinking
skills, systems thinking, experiential learning and problem-based learning need to be
infused in CE educational materials. In so doing, individuals are not only equipped with
the skills to lead a sustainable lifestyle but also with ones that provide themwith the self-
confidence needed to question the status quo, to become actively engaged in decisions,
actions, and initiatives for a sustainable and resilient society.

Psychologists and behavioural scientists have long debated the roots and importance
of human emotions (Arnold, 1960; Smith, 1991; Goleman, 1995, in Doppelt, 2008).
Adult humans have the cognitive ability to create a distinction between emotions and
action by controlling how they view and therefore think through situations. It follows
that humans have the potential and ability to act purposely to adopt newways of thinking
and behaving that protect social and planetary well-being. CE educational programmes
are intended to bring about these changes in the learners. Subsequently, it is important
to consider the barriers that impede learners from change, and drivers that lead them to
change their view of the world and by default their behaviour. As Doppelt (2008:69)
rightfully argues “by understanding this intrinsic human ability to change, you can avoid
actions that may impede the process…you can help facilitate and speed the change
process.” The trans-theoretical model of change (TTM) (Prochaska et al., 1994) can
serve as a good tool when designing CE educational programmes. Doppelt (2008) has
adapted it to better meet the requirements of sustainability related themes. Table 2 below,
adapted for this paper, provides an overview of Prochaska’s steps, with Doppelt’s 5-D
stages (in brackets) and how it can be used to provide support to disadvantaged learners
in the BLUEPRINT project.

Through the identification of learner competencies and applying thinking and
behavioural change techniques, learners stand a better chance of becoming effective
actors for change in their respective communities.
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Table 2. Change process and learner support (adapted from Prochaska, 1994, and Doppelt, 2008)

Stages Process of change Learner support

Stage 1
Pre-contemplation
(Disinterest)

We have not started to think about
changing (through lack of awareness
or denial)
Something needs to capture our
interest and cause us to see a need
for change

Information alone will not
necessarily create such an
awareness

Stage 2
Contemplation
(Deliberation)

We begin to think about changing
We weigh up benefits vs costs of
change; assess whether we have the
capability of changing

Reinforcement of their ability, plus
information which highlights the
benefits of change

Stage 3
Preparation
(Design)

We plan for the change we are about
to make
We work out the best way to change,
gathering the tools and skills we
need, and ensuring that our change
will be successful

Provision of assistance and
resources they need; encouraging
them to maintain motivation and
keep moving

Stage 4
Action
(Doing)

We begin the act of changing
We are susceptible to relapse in this
stage as habits are yet to be formed

Continued reinforcement, and,
where possible, measures to ensure
that their change experience is
positive

Stage 5
Maintenance
(Defence)

We are engaged in the new behaviour
regularly and it becomes a habit
Chances of relapse are lower,
although the change should not be
taken for granted

Continued efforts to improve the
reliability and stability of the
environmental conditions in which
the behaviour is being performed

3 Discussion

3.1 Identification of Key Barriers in Circular Economy
Education – the BLUEPRINT Project

A significant part of the BLUEPRINT project is the design and delivery of educational
materials developed in consultation with project partners and stakeholders. The main
target group of eligible learners are those classed as disadvantaged defined by Article
2.18 of theRegulation (EC) 800/2008. It is a far-reaching andwide-ranging definition and
as Redmond and Walker (2009:126) point out, “serious issues are raised for educators
seeking to design and deliver environmental education for small businesses who are
a disparate group in need of individualized and specific programs.”. Furthermore, of
significance to the experiences gained from the BLUEPRINT project is the point made
by Noe (2013) that any effective training involves the use of a training design process
which starts with a needs assessment. Key barriers we identified during the BLUEPRINT
Circular Economy educational programme design are:
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• Perceived and in some instances real gaps between the learners and HEI.
• Complex and intricate project partners that each have varying realities in the
community they serve.

• Wide definition for disadvantaged learner.
• Challenges in identification of learner needs.
• Establishing common ground across partners to build a contextually relevant educa-
tional programme.

• Competing educational needs from partners and learners that may be viewed as taking
priority over skills for the CE.

3.2 Application of ESD to Overcome Key Barriers

There is no ‘one size fits all’ model for organisations, hence the logical approach for
CE education programmes is to reflect this diverse reality by modelling elements into
the programme that are truly needs-based and relevant to the context within which they
are being implemented. If CE education for disadvantaged learners for social enterprise
and local authorities is not introduced effectively and appropriately, there is the risk for
it to lose support. The organisations involved in the BLUEPRINT project need some
reassurance that any initiatives for their learners will meet their expectations as a route
to creating the behavioural and societal transformation needed to transition to a more
sustainable and resilient future. Hence this paper supports Lenglet (2014:124) when
he states that “more and sounder research is needed on how ESD-inspired content and
learning methods can make a real difference in getting people to move onto paths of
sustainability.” Findings from UNESCO’s report, (2014:151) suggest that “short expe-
riential training events, which focus on systems thinking and practical decision-making,
and which challenge participants from different sectors to co-create solutions to real
problems, are most effective.” CE educational programmes are ideal candidates for
assisting the BLUEPRINT project disadvantaged learners to co-create solutions to chal-
lenges they and their communities are facing whilst also becoming part of the global
transition to a more sustainable, equitable and resilient world.

4 Conclusion and Recommendations

Our recommendations reflect real world experiences from the BLUEPRINT project. We
hope the recommendations offer guidance to academics creating educational content for
learners in the community in collaboration with their external stakeholders. These are:

• HEI need to engage with the selected communities from the outset of the project to
create an environment of shared learning space.

• Identify community groups with representation of disadvantaged learners to provide
a platform where academics and learners conduct a needs assessment.

• Build a community of disadvantaged learners from a wide range of sectors and cir-
cumstances to provide depth and breadth that guides the co-creation of CE educational
programme relevant to the learners.

• HEI enable learners to direct the design of the CE education programme.
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• Establish strong links with social enterprises and stakeholders from the community
to offer them the pedagogical expertise during the design of CE educational material
for their learners.

We have discussed the role Business Schools and HEI play in the development of
skills for business and community resilience for a greener future for all. The paper
presented ways on overcoming barriers at the design stage through the application of
participatory approaches and by borrowing insights from behavioural change and ESD
pedagogical theories that can guide academics on developing a common learning space
between themselves and the learners in the community.

Acknowledgement. The authors wish to acknowledge the BLUEPRINT to a Circular Economy
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Abstract. The rise of circular economic thinking in academic literature can be
traced back to Boulding’s work on open and closed systems in the 1960s. Since
then, the Circular Economy (CE) has been developed as a model to facilitate
environmentally sustainable production and consumption, aswell as economic and
social prosperity. Recent geopolitical destabilising events such as Covid-19, and
thewar inUkraine, have further increased the urgency of finding practical solutions
to the climate crisis. In this paper we will explore industrial transformation, and
how it can best adapt to amore circular and greener landscape from the perspective
of economic activity and social prosperity. Training, or retraining of the workforce
with the new skills they will need must be targeted and part of a unifying strategy,
locally, nationally, and ultimately, globally. We present a conceptual paper on this
theme and present initial work carried out to co-design and deliver training to
disadvantaged individuals; working with local authorities, community charities
and social enterprises and focusing on the grassroots of the drive to promote and
establish the systemwide changes needed to shift from linear to circular economic
practice.

Keywords: Circular economy · Sustainability · Public policy · Social enterprise

1 Geo-Political and Environmental Context

Environmental degradation now poses an existential threat to humankind (Mitchell et al.,
2020). Global warming and increasing carbon dioxide (CO2) and other greenhouse gas
emissions are leading to increased global temperatures (Trenberth et al., 2014). Drinking
water pollution and accumulation of effluent and even pharmaceuticals in the water
supply is increasing (Benotti et al., 2009) together with plastic waste in the planetary
water systems (Jambeck et al., 2015). These, and other effects, have been described as the
advent of the Anthropocene (Mitchell et al., 2020), the age of the human where modern
industrial lifestyle has become the dominant threat to the planet and the environment.

Much scholarlyworkhas sought to developbest practices to improve recycling, reuse,
and to reengineer business models to embrace sustainability (Piscicelli et al., 2018).
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Efforts have also been made to embed sustainability in public procurement (Rainville,
2021), the operation of clothingmarkets (Goworek et al., 2012), and in fashion (Goworek
et al., 2020), lengthening product life cycles and slowing consumption (Cooper, 2005).
Despite some progress in certain areas, over the past decade, there has been little progress
towards systemic and systematic changes needed to address this existential threat. Some
work suggests that businesses are starting to lose interest in the circular economy, as
they deem it too hard to implement in practice (Kirchherr and van Santen 2019).

A failure to take a holistic ‘bottom-up’ approach to finding solutionsmay risk ineffec-
tive policies and targets failing due to the exclusion of the individuals and communities,
whom it is vital to reach, as both producer and consumer in all economic models.

Developed countries have advanced on the back of environmental pollution and
degradation and there is righteous indignation among developing countries who did
not contribute to it, but now also abide by the limitations inherent in overcoming the
challenges of global sustainable development. These tensions were palpable during the
COP26 Summit in November 2021 (Reliefweb 2021) where leaders of the emerging and
developing economies made powerful statements on climate injustice.

Of the increasinglymore influentialBRICScountries,Brazil in 2018had a population
of about 209million, Russia 144million, India 1.35 billion, China 1.39 billion, and South
Africa 57.8million, together comprising about 3.15 billion, or close to 42%of theworld’s
population. TheUSA,UK, France, andGermany have great influence geopolitically, and
with the BRICs countries include about 3.694 billion, or 49% of the world’s population
(WB, 2020). It might not be an exaggeration to suggest that geopolitical forces arising
from these countries disproportionately shape global geopolitical and economic realities.

The current Ukraine war (Boungou and Yatié, 2022; Johannesson and Clowes, 2022)
brings home an important message. We cannot assume that the goals and values of a
small minority of the world’s population of developed countries are shared with those of
BRICS and other developing counties. This assumption may be a particularly dangerous
heuristic.

As part of their history, many developed countries experienced increasing nation-
alism, which led to World War II, a conflict between liberal values and nationalistic
militarism. To what extent is nationalistic militarism an unavoidable stage in the devel-
opment of leading powers as they approach an economically developed status? Are we
experiencing a retreat from globalisation due to a rise in nationalism not seen since the
1930s? Some have argued that growth in globalisation has been slowing, from about the
year 2000 onwards, with growth of economic globalisation negative for the first time
this century in 2016, perhaps due to the forces of deindustrialisation (Callaghan, 2021).
This is exemplified in the following text from Preston:

“Globalisation has been rolled back since the banking crisis of 2008, first by the
banking regulation that followed, then by Trumpian and Brexit nationalism and mercan-
tilism, then by Covid and now by the shock of war. The current dislocation of supply
chains, especially for energy butmuchmore broadly,means inflationwill bemuch higher
for longer- because businesses will speed up the shift in procurement of raw materials,
energy, components, etc. to suppliers much closer to home. History may show that the
definitive moment globalisation stalled was when China, India and South Africa all
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abstained on the United Nations vote condemning the invasion of Ukraine by Russia.”
(Preston 2022: 1).

Although Preston’s perspective may be extreme and it is unlikely that the failure
of China, India, and South Africa to join the vote to condemn the invasion of Ukraine
represents the ‘death of globalization’, the implication of these global geopolitical events
cannot be ignored. These events need to be understood within increases in indicators of
global autocracy (Repucci and Slipowitz, 2022), as liberal democracy is also declining
across the world.

One has to ask, towhat extent are countries that are becoming increasingly autocratic,
and autocratic countries, really incentivized to become sustainable, or to expend scarce
resources on mitigating climate change they may feel they did not cause? Reshaping of
geopolitical power relationships is a dynamicprocess, and elites cannowmore effectively
manipulate and control populations using rapidly evolving technologies (Callaghan,
2018). We suggest here that Mode 2 knowledge creation is required, that focuses aca-
demic, industry, and governmental resources in a triple helix approach (Etzkowitz and
Leydesdorff, 2000; Limoges et al., 1994). Although what we argue might be taken to
be common knowledge, there seems to have been little progress to date at resolving the
environmental crisis, which at this point is perhaps an existential threat (Mitchell and
Callaghan, 2019).

Rapid diffusion of CE knowledge and skills might be urgently needed, to embed
behaviour change, from the bottom up, into communities and populations and equip
these with the necessary tools to address these urgent concerns. In this conceptual paper,
we follow Reese’s guidelines (Reese 2022), to make the case for this and will present
initial work done as part of the EU Interreg France(channel)England funded project:
BLUEPRINT to the Circular Economy (2020–2023). This looks at ways to promote a
circular economy by integrating processes and practices, at the local level, and effect
change with co-development and delivery of bespoke training for local government,
social enterprises, and individuals. By focusing on these stakeholders, the project will
aim to have the greatest impact at the community level, as well as drive change from the
ground-up, towards a greener and more socially inclusive economy.

2 Sustainability and the Circular Economy

Given the global directionof travel towards anunsustainable planet, and agrowing aware-
ness of the crisis this entails, the world’s leading economies now all recognise what has
been the majority scientific view since the 1970s, that pollution generated by modern
lifestyle and the industries that support it, are responsible for changing the planetary
biosphere, leading to global warming, extreme weather events, ecological devastation,
and mass species extinction (Jambeck et al., 2015). All these have been accelerating
in the 21st century, leading to complex systemic changes on an unprecedented scale.
These extremes also drive mass migration and take place in a world where the geopo-
litical system is out of step with the reality of a global environment and are potentially
ineffective in reacting in the timescales needed (Bimpizas-pinis 2021). Additionally, the
displacement of people due to environmental and/or political crises, fuels the far-right
nationalist sentiment in western economies leading to more divisions in society, at a time
when what is needed is more unity.
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The release of greenhouse gasses, especially carbon dioxide, the majority from fos-
silised carbon, along with one of its by-products, the group of chemicals known as ‘plas-
tic’ are two key factors contributing to the changing climate. The excess greenhouse
gasses accelerate global warming, which changes the climate, and plastic pollution now
affects all biosystems, and we have yet to fully understand the effects it has on living
organisms. There are other factors, such as global industrial agricultural practices, and
an absence of rules governing what should be ‘universal resources’ such as oxygen gen-
eration systems or the seas and oceans, and the need for finding circular economy policy
solutions is urgent (Hartley 2020).

The current policy of reducing the planetary carbon footprint to net-zero by 2050 is
ambitious and requires significant reductions, not only of the world’s largest economies,
but also that other, developing economies, adopt low carbon systems, and do not follow
the route of large-scale industrial farming. Presently the legal commitment to net-zero
has only been made by a few countries, while Brazil, India and China have made pol-
icy commitments (see Fig. 1). From the perspective of the climate crisis, the ongoing
recovery from the SARS Covid-19 pandemic, the current geopolitical complexities of
de-globalisation, the war in Ukraine, and energy and food insecurity, can act as powerful
drivers to stimulate action towards a more green and circular economy (Alvis 2021), and
re-boot to a global economic model based on sustainable goals and inclusive circular
ways of thinking and working.

Fig. 1. Net-zero targets. Source Hannah Ritchie, Max Roser and Pablo Rosado (2020)

Since the rise of the concept ‘the circular economy’ it has been used as an umbrella
term with no definitive definition. As a concept it embraces elements of economics,
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sustainability, ecology, business modelling, behavioural sciences, politics, and policy.
From a practical perspective it brings all these together to focus the realisation that there
is an urgent need to change the system, and a call to action if we wish to avoid the
consequences of most activities that make up modern global systems of consumption
and resource transformation (Padilla 2020).

This move towards a circular economy and a more sustainable future will require
significant changes across the industrial spectrum.New sectorswill emerge, old oneswill
disappear, and newmarkets and supply-chains be established to replace the old ones. This
will require that a large part of the adult workforce be re-trained for the new occupations.
The effect this will have on the labour force will be different for different regions and
industries.Without a better understanding and a recognised standard classification of the
circularity of industries, or a central strategy and inherently connected policies, training
programmes may not align with the industrial sector’s needs, or those of the workforce
that require the training. It remains unclear how the changing climate will affect the
labour market, or how a move towards a circular economic model will take place in
practice (Martinez 2010). Moreover, while the need for better training and education has
been recognised as a key factor in this transition (ibid), so far little has been established
in the way of policy and practice that we can say are having an effect at the global scale.
Indeed, despite decades of academic work on the circular economy, we have yet to find
any evidence that it is a realistic and practically sustainable alternative to current linear
economic models (Padilla 2020).

3 Transformation of Industry, Employment, and Society

While many industrially polluting jobs will disappear or be transformed, the move
towards a less polluting, greener, circular economy, will also generate new employ-
ment and the establishment of a ‘greener’ labour market, which will be needed to pre-
vent unemployment in those regions affected. For this transformation to be positive and
resilient, we need a holistic and whole systems view of the industrial and social com-
ponents of all sectors. We must especially consider physical and human geography, to
ensure that any policies are targeted to promote efficiency and effectiveness so as to
accelerate the process. If we wish to transform the most polluting industries and retrain
and reskill their workforces, we will need to ensure that we really understand the indus-
trial landscape and what skills and training are needed, as well as how and where these
can be delivered to have the most effect in the shortest time.

Work has been carried out that focuses on aligning skills gaps with vocational educa-
tion and training (Brown et al 2022), but the policy recommendations they suggest appear
unrealistic in practice as they do not target specific industries with specific training and
may not have an effect fast enough to be of value. At best, they risk becoming yet another
series of potentially good policies, which were never applied, and at worsted, they fail
to actually address the problems/challenges they were designed to solve (Hartley 2020).

3.1 Key Factors Influencing Transformation

Kapernaiou (2020) highlighted some of the key factors that may affect this transforma-
tion, these were focused on the UKmarket, and the creation of systems that would better
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allow us to understand, the geography, workforce demographic, and level of sustain-
able/circular/green credentials of industry. Merli (2018) also focus on the importance
of developing a strategy to integrate social and economic dynamics and administrative
processes with new models of consumer behaviour and product design. We expand on
their work and explore options to suggest some of the vital actions necessary to achieve
and effective transformation towards a circular economy.

The following propositions are made for areas where we need to focus on link-
ing the intangible (social) and tangible (material) components of an overarching strat-
egy. Perhaps, most importantly, these need to include the bottom-up perspective of the
labour force that powers industry, and the top-down view of legal and regulatory policy
frameworks, joined by strategic cohesion across sectors, regions, that foster sustainable
international trade.

1. We must establish comparable metrics that can allow an understanding of how
green/circular an industry/business is. While these must include material factors,
waste and pollution, importantly it must include social, and human factors that make
up the systems.

2. We must develop tools that give a better understanding of how existing skills map
onto potential circular job skills. This will ensure that training is targeted to where
it will be the most effective and make the transition as easy as possible for the
workforce, and guide industrial development. This was not done when the mining
industry was dismantled in the UK in the 1980, to disastrous effect (Murry 2005).

3. To ensure levelling up and that jobs and skills are developed in the areas that most
need them, we must have an agreed policy and strategic process to guide re-mapping
of the industrial landscape and ensure that we target training specific to different geo-
graphical areas and sectors, and different demographics and skill levels. Retraining
and reskilling will need to be inclusive of the whole work force, especially targeting
those individuals who are in most need and are most likely to be excluded (i.e.,
disadvantaged workers, or youths).

4. We must develop inclusive strategies that transform industry and the economy from
the top-down, and from the bottom-up (or from the outside-in and the inside-out). As
well as the need for a joined-up policy at all levels (international, national, and local),
to promote a more circular and social economy globally, which will also require
that individuals and communities who are highly motivated and driven by local and
social concerns are included as part of the solution. Social Enterprise ismore likely to
effect change in individuals and communities at a local level and promote a tangible
behavioural change towards more circular and socially just business models. And,
to society in general.

3.2 Targeting Training and Skills Development for Individuals Based on Local
Factors, Community Need and Social Enterprise: The BLUEPRINT Project

The transition to a CE in Europe is estimated to be worth e1.8 trillion a year by 2030
(Ellen MacArthur Foundation 2018). Yet, ‘only limited progress has been accomplished
so far regarding the CE’s implementation’ in the EU (Kirchherr 2018) and is ‘little
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implemented in practice’ (Ritzen 2017). McKinsey (2015) claim that this is due to ‘non-
optimal public sector and policy makers decisions. If policy makers do not address this
issue, there could be substantial shortages of workers with the right sills to support
sustainable growth and job opportunities that will be created through the CE.

The BLUEPRINT Project aims to promote employment and co-create new train-
ing programmes to reskill individuals for CE economy practices (i.e., better recycling,
reverse logistics and secondary markets). These will target individuals most at risk of
economic exclusion by developing a strategic framework that enables local authorities,
social enterprise, and communities to accelerate the transition and transformation to a
circular economy and meet among others, the EU target of raising municipal waste recy-
cling rates to 65% by 2035. The project has focused on the issue of training and skills
development from the perspective of the individual at the community level, and for this
reason has worked with social enterprises and community interest groups to develop
bespoke training that can be delivered to them and promote change at the grassroots and
community level, which can then filter upwards towards the larger policy initiatives that
are also driving towards a more sustainable world.

The project is also working to deliver the training with local authorities to develop
the necessary policy and processes to reach those members of the community that are
in most need of training and support them with the skills they need to secure work in
the circular economy sector. Local councils are best placed to understand the needs of
their areas and communities and ensure that the training will have a greater reach and
more chance of reaching more members of the community. By addressing the training
and skill development needs of individuals and communities directly, we can increase
their effect at the base/center of the circular economy, the consumer. This will serve to
diffuse the necessary skills to work in the circular economy, but it is also hoped that it
will lead to more consumers living more sustainably.

3.3 Future Challenges for a Circular Economy to Drive Sustainable and Socially
Just Development

Key challenges focus on data and information management, the use of digital technolo-
gies and aligning commensurate policy with practice. In his cornerstone paper, ‘The
Economics of the Coming Spaceship Earth’ Boulding (1966), looked at previous work
on biological models of open and closed systems and formed the basis of what we now
call the circular economy, with its open and closed loops and material and energy flow
models based on mimicking the cycles of life. Boulding also introduced the concept of
open and closed information systems, which have not yet been taken up by the circular
economy movement, and could provide insight into better use of data.

Developing, sustainable digital technologies such as: Industrial Technology 4.0, Big
Data, Data Analytics the Internet of Things, AI, and machine learning, Blockchain,
etc.(Kahn 2022); and the power of social media and fake news to shape our outlook,
these are important areas that can guide and promote a CE and need further expansion.

As well as matching policy commitment to delivery of training/reskilling, the sector
is underfunded and in need of investment. To date there has been varied success in
developing greener jobs, depending on which sector and which country, but overall,
very few new green jobs have been created. Monitoring of sectors, skills and training
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remains ad-hoc and unfocused and underfunded. Improved data structures are required
to allow to richer data to focus on a system wide solution (Faso 2010).

4 Conclusion

Alternative education and training routes (i.e., charities, adult community learning cen-
tres, social enterprises) can offer more effective and cheaper alternatives to higher edu-
cation or training. Inclusive trainingmust be developed with those organisations to target
the specific skills gaps and needs of local communities and individuals, as well as indus-
trial sectors more widely. New skills will be vital, to remap existing occupations, and
drive the extensive transformation the shift to a more sustainable economic model will
bring. New forms of accreditation will also need to be established, and certification
standards will also need to be developed.

The BLUEPRINT project is piloting this new model of inclusive retraining and
reskilling, at the community level working with social actors and local stakeholders.
Good leadership, at national and international level will also be needed to marry this
with higher level policy and sector wide transformation, to ensure that the bottom-
up and top down, do indeed meet in the middle, and strategic policies become more
targeted and effective for the essential transition towards a greener and more sustainable
circular economy. Institutional and organisational, as well as community and individual
cooperation and collaboration are essential to achieve this vital transformation in time.

Given the importance of addressing the issue of how we effectivity move towards
greater sustainability, we are indeed in need of answers to some of the big questions
we have raised. Even if Western European and other liberal democracies can actuate
strategies and policies that do support sustainable economic models, they will not be
enough without buy-in from the worlds most populated economies. The current geopo-
litical context in which we find ourselves in shows us how rapidly things can change.
System wide strategic thinking does not seem able to operate at the speeds necessary to
be effective, and we propose to address the problem from the bottom-up and work to
promote action from the individual, community, and societal levels to attempt to change
the way we live, work, and do business.

The authors wish to acknowledge BLUEPRINT to a Circular Economy, which is an
Interreg VA France (Channel)England project No206.
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Abstract. The recognition of Industry 4.0 (I4.0) technologies as enablers of Cir-
cular Economy (CE) is a debated topic throughout the last decade. Material flows
and operations within circular cross-industry networks require information shar-
ing platforms and supporting digital tools to improve resource optimisation and
to aim at CE principles. As a branch of CE, Industrial Symbiosis (IS) connects
traditionally separated entities for sharing and exchanging by-products, energy,
information and know-how. Practical implementations of IS are still limited. Sev-
eral factors currently hamper the implementation of IS exchanges, i.e., technical,
managerial, legislative, social, and I4.0 technologies, especially sensors, IoT and
data analytics, can contribute to address them. However, in current literature few
studies explore this promising tandem.According to this vision, this paper presents
an updated review of the literature about the concepts of “Industry 4.0” and “In-
dustrial Symbiosis”, focusing, firstly, on the analysis of the authors keywords,
and then, on the identification of methods and applications used. Finally, potential
areas of interest for future agendas of researchers and practitioners in this field are
proposed.

Keywords: Industrial symbiosis · Industry 4.0 · Literature review

1 Introduction

Digitalisation and sustainability are two of the most debated topics driving international
discussions during the last decades. Although they have been commonly investigated as
separated research themes, several synergies can be identified by overlapping them [1].
Within an industrial perspective, the digitalisation of production systems is associated to
Industry 4.0 (I4.0), whilst sustainability suggests amore efficient use of natural resources
and closed loop supply chains, related to principles regulating the so-called Circular
Economy (CE) [2].

The term “Industrie 4.0” emerged in 2011 into a high-tech strategy project of German
government regarding manufacturing computerisation, and then it was publicly intro-
duced during the Hannover Fair. I4.0 transforms traditional production systems with the
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use of advanced digital technologies and Internet, aiming at the full automation and dig-
italisation. In 2015 the Boston Consulting Group recognises nine enabling technologies
of I4.0: big data and analytics, autonomous robots, additive manufacturing, simulation,
augmented and virtual reality, horizontal and vertical system integration, the Industrial
Internet of Things (IoT), cloud, and cyber-security [3, 4].

On the other hand, overcoming the conventional “take-make-dispose” industrial
paradigm, the CE concept promotes the closing of resources loops by aiming at zero
waste production and harmful emissions reduction, extending the life cycle of a product
or a service. Instead of thinking to a finite supply of resources, products and compo-
nents are redesigned and rethought to adopt a returned and renewed culture, and to ease
disassembly and recycling after their first usage [5].

To implement CE principles, Industrial Symbiosis (IS) can positively contribute to
optimise the use of material and energy resources within a specific geographical area. It
engages distinct organisations in an industrial network where by-products and outputs
of a company represent potential inputs and raw materials for another business [6].
Allowing companies and entities that traditionally are separated to cooperate by sharing
resources, sustainability is enhanced in terms of environmental, economic and social
benefits [7]. However, the practical implementation of an IS network is hampered by
several factors. First, taking part in an IS network (ISN) is an investment of financial
resources and time. Then, a variety of cultural, managerial, technological, legislative
issues affects decision making [8]. In addition, the efficient simultaneous management
of physical and informational flows in cross-industry networks requires the integration
of different skills. Industry 4.0 technologies, especially sensors, IoT and data analytics,
are expected to boost the efficiency of circular material flows by data [9].

The aim of this paper is to present an updated literature review on the merging of
the topics of IS and I4.0. According to this background, the reminder of this paper
is structured as follows: the next Sect. 2 analyses the authors keywords and targets
addressed, whilst Sect. 3 discusses the methodologies and applications. Finally, Sect. 4
draws conclusions and potential research steps.

2 Database Creation, Keywords Analysis and Research Targets

The reviewprocess focused on titles, abstracts, and author keywords by using Scopus and
Web of Science as sources of scientific papers. First, a keyword search was conducted in
Scopus. Second, Web of Science was consulted as a renowned database for assuring the
consistency of the analysis. During the article screening, search strings contained only
the two main terms: “Industry 4.0” and “Industrial Symbiosis”. The analysis allowed
finding 21 articles and collecting data about title, authors, years, keywords, and research
targets. The analysis included relevant contributions published after 2016. Nevertheless,
all the papers are dated from 2017 onward, confirming the novelty of the research.
The subject areas cover engineering, environmental science, business management and
accounting, and computer science. While the number of studies addressing CE and I4.0,
jointly, is wide, few explore the link between IS, rose as a branch of CE, and I4.0 [5].

The retrieved papers are analysed by authors keywords to comprehend the syner-
gies between IS, I4.0 and other related topics. Table 1 shows the most frequently used
keywords, present in at least two papers within the selected set of articles.
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Table 1. Author keywords (present in at least two papers out of the total).

Author Keywords Ref

Author(s) Year I4.0 I.S C.E Sust.Manuf Sustainab A.I C.B.M Eco
Eff

Ind.Ecol Waste.M

Ferrera et al 2017 X X X X [10]

Baptista et al 2018 X [11]

Tseng et al 2018 X X [12]

Garcia-Muiña
et al

2019 X X X X X [13]

Hertwig et al 2019 X [14]

Kalyan et al 2019 X X X [15]

Kerdlap et al 2019 X X X [16]

Naderi et al 2019 X X X [17]

Colla et al 2020 X X [18]

Gurjanov et al 2020 X X [19]

Ponis 2020 X X X [8]

Scafà et al 2020 X X [20]

Cohen and Gil 2021 X X X [21]

Jamwal et al 2021 X X X [22]

Järvenpää et al 2021 X X X [9]

Mendez-Alva
et al

2021 X X X [23]

Norouzi et al 2021 X [24]

Pizzi et al 2021 X [25]

Pyakurel and
Wright

2021 X [26]

Cappelletti
et al

2022 X X [27]

Chari et al 2022 X X X [28]

Total 12 11 11 4 3 2 2 2 2 2 21

The sparsity of the keywords distribution in Table 1 demonstrates the lack of estab-
lished commons streams under investigation. The keywords “Industry 4.0”, “Industrial
Symbiosis” and “Circular Economy” are the most widely adopted by the authors, with
a frequency of 12, 11 and 11 respectively, out of a total of 21 papers. A Pareto chart is
used to order by occurrence all the keywords of the retrieved contributions (Fig. 1).

Starting from this analysis, the selected articles are examined by considering how
authors address the topics associated to the three most used keywords (I4.0, IS, CE) and
what common threads emerge in papers research targets.

2.1 Shared Features

The contributions jointly considering the three most adopted keywords, i.e., I4.0, IS, CE,
are by Garcia-Muiña et al. [13], Järvenpää et al. [9] and Chari et al. [28]. Garcia-Muiña
et al. [13] tested eco-design phase and IoT technologies in the ceramic tile production
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for promoting a circular business model as a tool of competitiveness in enterprises. Eco-
design allowed to assess different industrial solutions and to forecast their performance
by an environmental, socio-economic and technological perspective. Järvenpää et al. [9]
explored the information sharing related to IS material flow and how I4.0 can facilitate
waste or by-product flows.A case study composed by three sub-cases, threematerials and
eight Finnish companies was used for conducting qualitative interviews. The research
revealed difficulties in investing in I4.0 technologies compared to the information value,
and it suggested that significant benefits can be achieved considering the whole network
of actors. Finally, Chari et al. [28] conducted qualitative research to assess how dynamic
capabilities (DCs) enable manufacturing supply chains to build resilience and transition
toCE. Three steps constituted the research process: a literature review,with the keywords
“resilience”, “Circular Economy”, “Industrial Symbiosis”, “DCs” and “capabilities”,
the participation of a European project to investigate the potential of IS in Europe, and
interviews to experts. The role of I4.0 in the development of DCs was also investigated
since it emerged from the review.

Other relevant contributions about I4.0 and IS are proposed by Tseng et al. [12],
Colla et al. [18], Ponis [8] and Pyakurel and Wright [26]. Tseng et al. [12] discussed
the mitigation of the complexity of cross-industry networks in multiple supply chains
with I4.0 tools, including data-driven methods and big-data analysis. In this context,
research opportunities included the identification of sustainability gains from empirical
assessment of I4.0, the optimisation of IS practices through mathematical models for
providing decision-making support, data-driven analysis among industrial networks, the
development of universally applicable metrics for IS and big-data driven analysis for the
benchmarking of different IS parameters. Colla et al. [18] presented a set of application
examples in the steel industry with the aim of implementing digital enablers for CE
and IS solutions, such as big data techniques, Machine Learning (ML) and Artificial
Intelligence (AI). The heterogeneity of data sources, the different available volumes
and the unpredictable frequency of data sampling require advanced decision-methods to
support managers and to improve the environmental footprint of production processes.
Ponis [8] introduced an innovative business model supported by a B2B marketplace
based on blockchain technology to mitigate IS barriers and to enable the creation of
symbiotic relationships among cross-sectoral manufacturing firms in Greece, i.e., ISN,
Industrial Symbiosis Network. In this context, blockchain acts both as a trust mechanism
and an exchange platform. The model has technical and social limitations due to the
lack of trusts among participants and the technology adoption. Pyakurel and Wright
[26] proposed a framework and a methodology for the implementation of energy and
resources cooperation combining related topics of IS, sharing economy and CE. Authors
highlighted the significance of potential applications of blockchain technology and I4.0
in coordination and information sharing, and in enhancing trust among IS entities.

The performed analysis reveals that the main issues faced concern the management
of information flows and the analysis of large amounts of heterogeneous data. The
branch of I4.0 technologies related to Information Technology (IT), i.e., AI, big data
and analytics, IoT, cloud, and cyber-security, is the most debated for addressing IS
networks complexity. Frameworks and procedures that test I4.0 technologies especially
within real industrial cases and circular supply chains cover most of the scientific papers.
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Fig. 1. Pareto analysis of the keywords frequency.

Next section will explore more in depth the methods and applications of the retrieved
contributions.

3 Methodologies and Applications

This section is devoted to analysing papers by methodology adopted and by possible
applications. Table 2 illustrates a classification of the articles according to the method-
ologies and the type of application used. Methods are divided into literature review,
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frameworks and procedures and algorithms. Frameworks are qualitative methodolo-
gies represented by logical schemes, such as conceptual or operative. Procedures and
algorithms include quantitativemethodologies, optimal or heuristic, consisting in a finite
sequence of instructions to achieve a result. About the applications, illustrative examples
and industrial real case studies are considered.

Table 2. Contributions classification by methodology and application.

Author(s) Year Paper methodology Application Ref

Review Frame-work Procedures
&
Algorithms

Illustrative
example

Industrial
case study

Ferrera et al 2017 X [10]

Baptista et al 2018 X X [11]

Tseng et al 2018 X [12]

Garcia-Muiña
et al

2019 X X [13]

Hertwig et al 2019 X X [14]

Kalyan et al 2019 X X [15]

Kerdlap et al 2019 X X X [16]

Naderi et al 2019 X X [17]

Colla et al 2020 X [18]

Gurjanov et al 2020 X X [19]

Ponis 2020 X [8]

Scafà et al 2020 X [20]

Cohen and Gil 2021 X X [21]

Jamwal et al 2021 X [22]

Järvenpää et al 2021 X X [9]

Mendez-Alva
et al

2021 X X [23]

Norouzi et al 2021 X [24]

Pizzi et al 2021 X [25]

Pyakurel and
Wright

2021 X X [26]

Cappelletti
et al

2022 X [27]

Chari et al 2022 X X [28]

Total 7 9 7 2 9
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As shown in Table 2, the use of qualitative approaches within paper methodologies,
i.e., literature reviews and frameworks, exceeds the use of quantitative ones, i.e., proce-
dures and algorithms. In addition, by analysing scientificmethods,mathematicalmodels,
e.g., optimisation models, still constitute a small portion of the total. Regarding appli-
cations, industrial cases represent the majority compared to illustrative examples. The
validation of several methods and procedures in real business contexts is very significant
and promising for the future development of the analysed research topic in Academia
and Industry.

4 Conclusions and Next Steps

Nowadays, digitalisation and sustainability represent two of the most debated topics
in Academia and Industry. Within industrial contexts, the opportunities provided by
Industry 4.0 (I4.0) technologies can address environmental challenges. Material flows
and operations within circular cross-industry networks, i.e., Industrial Symbiosis (IS),
require information sharing platforms and supporting digital tools to improve resource
optimisation and to aim at Circular Economy (CE) principles.

The aim of this paper is to present an updated literature review on the merging of
the concepts of IS and I4.0. The review allowed to retrieve 21 scientific papers. The
analysis of the papers pointed out mainly the variety of contributions by keywords,
methodologies and applications. This emphasises bibliometric evidence of the sparsity
of scientific literature and the lack of common threads. The main issues faced concern
information flow management and data analysis for decision-making support within IS
contexts. AI, big data and analytics, IoT, cloud, and cyber-security are the most debated
I4.0 technologies for addressing IS networks complexity. Qualitative frameworks are
preferred, whilst regarding applications, methodologies are tested and validated through
industrial case studies.

The limitations of the study concern the restricted set of keywords selected. There
may be related articles that the review does not cover, but the extension of the research to
other keyworks would have expose to the risk of including articles not strictly related to
I4.0 and IS. A possible future research development will comprehend related keywords
for both IS, such as CE, waste management, circular supply chain networks, and I4.0,
including the key enabling technologies.

Given the evident potential of I4.0 technologies within IS, future research agendas
are encouraged to deeply investigate these two topics from an applied perspective, also
implementing quantitative approaches. A “smart” IS is the target to achieve, supported
by digital platform based on I4.0 technologies, e.g., blockchain or cloud computing, and
that leverage the energy and resources cooperation among firms or entities to reduce
emissions and optimise the circular networks.
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Abstract. Additive Manufacturing (AM) technologies, also known as 3D Print-
ing technologies are one of the main driving technologies of the fourth industrial
revolution. The main benefits they offer to academic as well as industrial adopters
include, increased design complexity freedom, decreased lead times and enhanced
functionalities. Additionally, due to AM processes not needing any tooling or
material removal, they are also considered to be material and resource efficient.
However, there exists a gap in process knowledge and know-how when com-
pared to traditional manufacturing or machining processes which hinders the full
deployment of AM technologies. There is especially a gap on understanding the
impact of AM on sustainable manufacturing. This paper makes a case as to why
further research and development using simulation technologies could enable the
filling of this gap. This manuscript presents the benefits that can be gained using
simulation of AM processes and the pathways that current research efforts are
taking in this regard.

Keywords: Additive manufacturing · Sustainable manufacturing · Simulation

1 Introduction

Additive Manufacturing (AM) technologies are part of a group of advanced manu-
facturing technologies that are currently creating a revolution in global manufacturing
chains. This has been motivated by their inane ability to offer large design freedoms to
engineers that makes more complex components possible. These complex designs can
further be enriched by the advanced functionalities and enhanced performances offered
by the integration of features such as conformal cooling channels, inclined thin walls
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and weight optimization. AM also offers the ability for material optimization through
producing lightweight components designed through methods of generative design such
as topology optimization. These as well as other additional benefits such as supply chain
optimization and new business models enabled by AM have led to their adoption for a
wide range of applications in aerospace, automotive, medical and other industries. The
applications and implementation of AM in industry and society grows every day.

AM processes are characterized by their method of layer by layer manufacturing.
While AM processes themselves can be separated into seven different classes based on
their feedstock type and energy source, the basic principle that all of them follow is the
layer-by-layer addition ofmaterial. Compared to conventionalmanufacturing/machining
processes that are based around the removal of material from a larger block of metal
or polymer to achieve the final desired shape, AM does quite the opposite. The process
chain for AM begins with the creation of a digital CAD model of the desired part. The
CAD file is then converted into a special format for AM through tessellation that depicts
the surfaces and planes as triangles called an STL file, or nowadays the CAD file directly
is used to build the final print file. The print file which is machine readable by most AM
systems is then sliced into numerous layers depending on the desired layer thickness.
After which the file is transferred to the AM system for printing. Normally as-built parts
from AM systems require some amount of heat treatment or post processing before the
components can reach their final desired functionality or design.

AM processes due to their ability for material, design, process chain and weight
optimization are considered to be relatively sustainable and several studies have sug-
gested this well. Moreover, several studies also discussed opportunities provided by AM
to various industries to streamline supply chains and innovate new business models.
Though the real impact of AM on the aspects of sustainability and lifecycle is currently
a popular topic that needs a lot more progress to be made in order to be fully understood.

Simulation of manufacturing processes through the usage of simulation software and
building process models that replicate the multi-physical and multi-scale behaviour of
AM process is an important and popular area of current day manufacturing research.
Largely because simulations once validated, provide a trustworthy way to visualize
outcomes of various processing conditions without the need for expensive experimental
printing. For AM processes true process models have only been developed in the recent
past and several avenues to tune anddevelop thesemodels still continue to exist.However,
the connection between simulation of AM and the benefits that may be achieved as a
result of this simulation in terms on sustainability is a very unexplored topic. Therefore,
this paper will put forward a number of such avenues and the potential benefits on
sustainability that each theme can provide. In the upcoming sections, this paper will
introduce and discuss the topics of Digital Twins, Modelling and Simulation, Design
optimization and Flexible Manufacturing with conclusions and outlooks presented at
the end of the paper.

1.1 Modelling and Simulation

Numerical modelling of metal AM processes has recently attracted a lot of attention
from both academia and industry, since these models, once they are calibrated and
validated versus experimental findings, could replace the conventional and laborious
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trial-and-error and merely-experimental approaches [1]. These numerical simulations,
as also noted by many recent review papers in the field, cover a wide range in terms of
physics, application, complexity, etc. [2–5]. Therefore, these models could be selected
as a smart as well as a reliable tool for predicting a specific quality aspect of metal AM-
manufactured parts. This quality aspect ranges frommicrostructural analyses, where one
studies the grain size and orientation and its morphology [6, 7] to melt pool simulations
and finally part-scale simulations that are potentially used for understanding the impact
of process parameters on the meso- and macro-scale defects such as porosities and
deflections, respectively [8–11].

In this respect, instead of going through an expensive experiments-only approach
that asks for a comprehensive design-of-experiment, which as underlined earlier is nei-
ther cost- nor energy-effective, one could select an alternative path and do a combined
numerical-experimental study with limited and at the same time, dedicated experiments.
This alternative hybrid approach would, as expected, reduce the material waste to a large
extent when compared to the earlier-mentioned experimental approach. Therefore, it is
clearly implied that not only does numerical modelling promote and address sustainabil-
ity in metal AM processes, but also it serves as a tool that can be used for uncovering
the mechanisms of defect formation – which is almost impossible to do via ex-situ
experimental testing. As an example, Charles et al. used a multi-physics simulation to
understand the mechanism behind the formation of a well-encountered surface defect,
namely the dross defect, and this model was then used to study how changing of main
input process parameters affects the quality of the overhang structures in L-PBF parts
[12]. Therefore, in this case, the validated numerical simulation was used as a tool to
develop a process window without any need for new experimental samples, and this
would to a large degree be beneficial when addressing sustainability. Similar studies,
where multi-physics models were used to understand how the input process parameters
affect the formation of porosity or the final track shape/quality inmetal AMprocesses [8,
13], show in essence, how one could benefit from numerical simulations to understand
the mechanisms of defect formation while keeping the possible material waste at a rea-
sonably low level, compared to conventional experimental approaches. It is interesting
to furthermore underline the fact that even earlier studies already showed the potential
of using simple models for developing a process map for metal AM processes [9] that
could replace unnecessary experimental sample manufacturing.

1.2 Digital Twins

Digital Twins (DT) in their most basic form can be defined as a digital representation of a
physical object, where the object can be one singular product, or even whole production
systems and services. In essence a Digital Twin is theoretically able to accurately act
as a replica of a physical object, and therefore should accurately behave as a physical
object would [14]. Therefore, it opens up a wide range of applications in the cyber sphere
to visualise and predict issues within a process chain in real time. Thereby making it
possible to take real time decisions based on predicted key performance indicators. The
developments of digital twins is a hot topic, especially for manufacturing processes
[15, 16]. However, the creation of digital twins for AM processes is still in early stages
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of developments, since as mentioned in the previous section, development of process
models for AM processes are only currently underway.

The creation of digital twins for AMcomeswith its own issues. For instance, inmetal
AM processes, the computational power needed for accurately simulating heat and mass
transfer, the melt-pool evolution and solidification rates, internal stress concentrations,
the physical distortion of components due to warping etc. is very high. Therefore, real-
time analysis and decision making is further complicated by this factor. Furthermore, the
exact effects of AM processes, and AM based process chains on sustainability are still in
their early stages of investigation. Therefore, there is large progress still to bemade in this
regard. However, this has not discouragedmany researchers to attempt to build first stage
digital twins of AM processes. Zhang et al. have presented a literature review of DT for
AMprocesses where they conclude that one of the areas where further research is needed
for achieving DT’s is in further integrating Artificial Intelligence/Machine Learning
techniques that will be the onlyway to analyse real time data [17]. Knapp et al. developed
a three dimensional transient process model that can calculate temperatures, velocity
fields, cooling rates, solidification rates and part geometry that can be the key building
blocks for a computationally efficient first generation digital twin [18]. Gunasegaram
et al. make a strong case for the creation of digital twins of AM processes, where they
say that businesses can also benefit from DTs as increased confidence can be gained in
process reliability which will increase the scope of AM processes [19]. While product
integrity can also be improved which can also significantly reduce testing requirements.
Furthermore, DTs can help assure a quality process which can help reduce defected
components. Additionally, with increased first-time-right production, plant productivity
will only be increased. On a more holistic level, Scime et al. have created a scalable
digital platform based on a cyberphysical infrastructure that will help build the digital
twins where they say that the entire AM product lifecycle needs to be integrated into
the digital model to make DTs realisable [20]. Mandolla et al. proposed the usage of
blockchain technology, which offers traceability applications, exploiting which industry
specific DTs for AM processes can be built [21]. Guo et al. have also proposed a similar
framework for personalised production based on blockchain [22]. Bartsch et al. also
reiterate what others have said, which is that the role of AI is vital for creation of DTs
for AM [23].

It becomes quite clear that though the current state of the art is still distant from
realising DTs of AM processes, the benefits that can be incurred make it a valid pursuit.
While the benefits mentioned may mostly be process based, the incurred sustainability
benefits can also be justified. Firstly, with the predictive capacities of DTs, reduced
testing requirements make it possible to save energy and resources that will otherwise
be exhausted. Secondly, improved first-time-right products and decreased defects means
that materials are not wasted. This helps to increase the overall material efficiency and
therefore results in improved sustainability. A vision for such a Digital Twin enabled
AM factory is presented in Fig. 1.

1.3 Design Optimization

The design freedom offered by AM processes is one of the major benefits associated
with its implementation. AM gives designers the ability to design components using
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Fig. 1. A vision for digital twin enabled additive manufacturing

techniques such as topology optimization where parts can be designed in 3D in such
as way such that the designs can be made that fulfill the required functionality while
also only containing materials where it is needed. This has created new opportunities
for components with improved properties and improved weight optimization. Most of
the time, topologically optimized designs possess challenging features that are only
realizable by taking advantage of AM’s capabilities. Therefore the integrated research
of implementing topology optimization with additive manufacturing is a popular theme.
The further connection to sustainability is however not a much explored topic with
only preliminary investigations being reported. Martens et al. in an attempt to optimize
concrete structures in the design phase itself, created a topology optimization method
which included material and manufacturing constraints [24]. Their developed topology
optimizationmethod created optimized concrete structureswith improved feasibility and
sustainability. Another approach is shown by the works of Kalliorinne et al. who utilized
topology optimization for the optimization of hydrodynamic thrust bearings’ designs
such that they have lower friction and higher load carrying capacity, thereby increasing
the efficiency and thereby the sustainability of the processes that they are a part of [25].
Tsavdaridis et al. showed that through structural topology optimization, aluminium cross
sectional designs can be generated that are lightweight, corrosion resistant and also
display an improved weight-to-stiffness ratio while still saving the amount of material
needed to print it [26].
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1.4 Flexible Modular Manufacturing

The recent transformation of manufacturing systems into flexible and modular systems
due to the need for fulfilling varying customer demands process monitoring, modelling
and simulation become more and more significant. Those manufacturers with access
to better simulators and predictors of the manufacturing processes have an edge over
their competitors, with an increased process efficiency for both economic efficiency and
quality of the product [27].

Following the first micro revolution initiated by the raise of Silicon MEMS, smart
multimaterial microsystems are now gaining importance as critical enabling components
of a variety of macro products in many application areas in both traditional and emerging
market sectors [28].

While there are few examples of truly high-volume 3D flexible manufacturing, there
is a growing demand for fabrication facilities that can cope with variable volumes and
be cost effective for small batch sizes as well as high volume manufacture [29]. Today’s
fabrication methods requires complex and expensive tooling where the cost to benefit
ratio of incorporating functionality is too risky for the typical laboratory, diagnostic or
medical device developer. Especially, currently, most of the applications in the flexible
and modular manufacturing area are addressing small and medium batch size manufac-
turing. This is in addition to the high cost for the production facilities for medium volume
manufacturing which effectively hinders small companies in bringing new products to
the market (production costs are too high to allow for reimbursement). Therefore, a new
generation of fabrication methods and manufacturing systems, namely additive manu-
facturing technologies, is required to address the industrial needs for highly productive,
reliable, innovative and efficient processes in 3D micro manufacturing. In order to facil-
itate this growth however, simulation technologies become vital, especially for SME’s
since the cost to entry of AM technologies is generally high. Furthermore, simulation
and digital twins of AM processes allow the testing of flexible manufacturing systems
and to investigate the possibility for scaling up of production.

2 Conclusions and Outlook

This paper has presented briefly a case for the usage of simulation technologies in
connection with additive manufacturing technologies within the context of improving
the sustainability of the overall manufacturing of components. Especially since global
trends see major pushes for improved sustainability from the manufacturing industry.
This paper summarizes the benefits of simulation for sustainability in the following
aspects:

1. Numerical modelling of AM processes can replace costly equipment and material
usage. Thereby improving material usage and reducing material wastage.

2. For research, simulations stand to replace costly design-of-experiment studies that
are neither cost nor energy efficient.

3. Digital Twins help developed improved confidence on AM processes and can also
predict process behavior and final part quality which prevents further energy and
material wastage.
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4. Digital Twins also reduce testing requirements and create the possibility for more
first-time-right products with decreased defects, with overall increased material and
equipment usage efficiency.

5. Topology Optimization has shown promise for improved sustainability where parts
can be designed in such a way that the fulfill their functionality while reducing
material usage.

6. Simulation of production process chains is necessary for circumventing the high costs
and resource usage that comeswith establishing production facilities, especially ones
focused on additive manufacturing. Since initial investment costs with AM are high.

As a digital manufacturing technology, AM stands at the forefront of enabling the
next industrial revolution. However there is still a gap in process maturity and confidence
that exists when comparing AM processes to conventional manufacturing or machining
processes. Simulation is one of the tools that will help bridge this gap. Combining this
with other new technologies such asAIwill help develop the journey towards sustainable
manufacturing even more.
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Abstract. This study provides insights into the effect of different process param-
eters on the precision of inkjet printing when producing micro scale features.
The parameters examined are printing resolution (which controls the droplets
center-to-center distances), printing speed as well as printing mode, whether it
is unidirectional or bidirectional. The results show that the smallest possible fea-
tures were achieved with a resolution of 720 dpi. Prints with a higher resolution of
1080 dpi caused the ink to blur and could not be characterized. However, a lower
resolution of 360 dpi resulted in larger, but sharper features. The deviation across
all measured resolution is below 20%. The findings of this research help iden-
tify proper working conditions for cost-efficient high-throughput prints of high
precision features in a sustainable manner.

Keywords: Inkjet printing · TIFF resolution · Printing speed · Precision of
printed features · Printing direction mode

1 Introduction

3D printing (also known as additive manufacturing, AM) has become a smart asset and
well-integrated into modern manufacturing systems in the context of Industry 4.0 frame-
work [1]. Although more and more research into this topic is being conducted, still there
is a distinct lack of investigation on the achievable precision using this manufacturing
technique, especially at sub-millimeter scale. In particular, although multiple investiga-
tions have attempted to elucidate the effect of several parameters on the overall accuracy
of printed samples, the large body of these studies focused on relative large-scale fea-
tures [2], the effects of only a single parameter [3], or a conventional inkjet process with
a limited number of single nozzles [4]. A more thorough understanding of the effect
of multiple process parameters on the precision of sub-millimeter scale features would
enable a more sustainable printing process.

In addition to the ability of additive manufacturing to produce a wide range of forms
and 3D structures, inkjet printing has the huge potential to print highly accurate features
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in the range of a fewmicrometers [5, 6].When comparing inkjet printing to other additive
manufacturing technologies, such as fused filament fabrication, inkjet printing has been
utilized to produce smaller features with high accuracy [7].

2D/3D inkjet printing is highly dependent on jetted ink droplets and their in-flight
formation and their physical, mechanical and chemical interaction with other droplets
and the substrate [8]. This study aims to experimentally investigate the effect of a number
of process parameters on the precision and accuracy of printed features at themicrometer
scale. This can be obtained by looking at different parameters that influence the printing
process and comparing the outcomes at different levels as well as by comparing the
final part with the theoretical TIFF images utilized for printing. To achieve this the
experimental work as well as the characterization process is established. This leads to
the discussion of the results. Finally, a conclusion is deducted from the discussed results,
together with a brief outlook into possible future work in this topic.

2 Methodology and Experimental Work

This study examines the effect of three process parameters on the precision and accuracy
of printed features. A full factorial Design of Experiment was chosen, due to the fact
that the number of examined parameters are fairly low. Those parameters in particular
are resolution of the TIFF images, also called printing resolution, printing speed and
bidirectional printing mode versus unidirectional print.

2.1 Printing Conditions

For the resolution and the printing speed, three different values are chosen. Bidirectional
printing on the other hand, can only be enabled, where the droplets will be fired in both
directional movement of the printhead or disabled and thus the droplets will be fired in
a unidirectional mode. This leads to an overall number of 18 printing trials, as seen in
Table 1. The output parameter is the relative deviation of the measured features, to the
theoretical value given by the TIFF-image.

The relative deviation percentage (d%) of the printed features is calculated using
Eq. 1 as follows.

d% = abs ((measured length − theoretical length)/theoretical length) ∗ 100 (1)

Table 1. Input factors

Factor Unit Level

1 2 3

Resolution dpi 360 720 1080

Printing speed mm/s 300 200 100

Bidirectional printing -- on off --
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The printing resolution describes the number of pixels in an inch of the TIFF-Image
used to print. A higher resolution thus means more pixels per inch and this affects the
droplet center-to-center distance, when droplet size remains constant. In this study the
resolution levels varied between 360 and 1080 dots per inch (dpi).

The printing speed corresponds to the velocity of the printhead while it is jetting ink
on the substrate, and in this study, it is varied between 300 and 100 mm/s.

As previously stated, while unidirectional printing mode lets the printhead fires
droplets while moving in one direction, bidirectional printing allows the printhead to jet
droplets on the way forward and backward.

To carry out the printing trials, TIFF-images with a binary color, black and while,
structure were created, entailing a rectangle with a length of 80 mm and a width of
45 mm with some features inside, as seen Fig. 1.

Looking at the detailed feature, a checker like pattern is located in the lower right
half of the model, and from now on will be referred to as a square feature. This is further
split up into four sections of squares with four-by-four pixel, three-by-three, two-by-two
and one-by-one pixels. Characterization of this feature is done by investigating the areas
cover with ink (and called herein as positive features). Another feature are the three forks
located in different positions: Two parallel bars with the same width and the same length
converging into smaller and smaller bars, with each section having the length of five
millimeter. It goes from nine pixels, to six pixels, then to four pixels and down to one
pixel at the end. The model overall contains three of these forks, a horizontal, a vertical
and a slanted one, to capture any discrepancies in printing directions. These features are
characterized by examining the empty space between printed features (termed here as
negative features) and can be seen in Fig. 1 below.

Fig. 1. TIFF-Image used for printing

2.2 Printing Setup

The machine used for printing is an “n.jet high laydown 3D inkjet” printer by Notion
Systems, see Fig. 2. The printhead used in this system is a Konica Minolta “KM1024i”
printhead with 1024 nozzles. It prints by using the so called “job” file in combination
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with Images in the Tagged Image File Format (TIFF). While the TIFF-image determines
the printed model, the other file is used for setting up parameters and actual execution.

Fig. 2. The n.jet high laydown printer by Notion Systems

2.3 Printing Trials

To conduct the printing tests, a water based red ink was jetted onto a DIN A4 sheet of
glossy photo paper by EPSON. The reason for using a water-based standard ink for the
printing trials is to minimize the uncertainty effect that might be introduced due to the
complex nature of functional inks. Figure 3 presents an example of the printed samples.

Fig. 3. First run of printing samples

2.4 Characterization

The printed features were investigated using a ZEISS SteREO Discovery V12 micro-
scope, Fig. 4. A picture was taken of each feature and then measured through its native
software. The theoretical scaling provided by the software through examination of the
magnification and parts of the microscope was also verified using an appropriate scale.
Along the fork shaped features, the width of each bar was measured, as well as the length
of each bar. For square features, of each level of pixels, five squares are chosen from the
middle and each corner, to account for any abbreviation. The dimensions acquired are
all in the micrometer range.
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Fig. 4. ZEISS SteREO Discovery V12

3 Results and Discussion

3.1 Results for 360 Dpi Resolution Samples

Figure 5 shows the relative deviation of square features compared to the CADmodel for
360 dpi resolution, when printing in a single direction.

For this 360 dpi resolution the length of a pixel would equate to 70.5µm. Looking at
the results reported in Fig. 5 for all printing speed ranges, one can see that as the feature
size gets smaller, dimensional deviation increases. Also, it is seen that in this pattern,
the slowest speed, 100 mm/s, seems to give the most accurate results, in general. This
can be explained by the fact that the lower speed allows for more accurate allocation of
the jetted droplets on the substrate, which could not be the case for high printing speed.

Fig. 5. Relative deviation of the square features

When comparing both the bidirectional printing mode with the single directional
printed samples as seen in Fig. 6, it is apparent that there is a trend indicating bidirectional
printing to decrease relative deviation, especially andmore significantly for the one pixel
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features. Increasing in feature size seems to mitigate these differences between printing
modes. This is most apparent when comparing the samples printed at 300 mm/s.

Fig. 6. Relative deviation of the squares for single vs bidirectional printing modes

Looking back at the presented results as of so far, it can be concluded that for a
resolution of 360 dpi, bidirectional printing is showing better results, as it is shown
to produce more accurate features. This is true for both negative features and positive
features.

Regarding the accuracies of different printing speeds, especially when looking at
square features that utilize single directional printing, 300 mm/s clearly has the higher
relative deviation. Overall, the values of percentual deviation were measured to be below
20%. Bidirectional printing of square features seems to give more accurate results for
different feature sizes, especially when compared with the single printing speed mode.
Adding to this, one can argue that a combination of a bidirectional printing mode and a
printing speed of 300 mm/s can give an overall lower deviation, while using 200 mm/s
will lead to the highest accuracy of single pixel size features, for this resolution.

3.2 Results for 720 Dpi Resolution Samples

The next resolution used is 720 dpi, where the results are illustrated in Fig. 7. Here, the
length of a pixel would equate to 35.3 µm, which theoretically leads to a smaller feature
size compared to prints were printed using a resolution of 360 dpi.

When taking a look at the results for the square features printed at 720 dpi resolution
one can conclude the following: Unlike with the low resolution before, there are a lot
of errors in both single and bidirectional samples. As these will be discussed in the
next section, only the intact patterns will be discussed here. Beginning with the single
directional printed samples, only the two largest square features were printed correctly,
leading to the relative deviation across printing speeds illustrated in Fig. 7.

Clearly, the speed of 100 mm/s leads to the largest deviation, while the other printing
speeds result in fairly similar deviations. Besides, looking back at the deviation of the
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Fig. 7. Relative deviation of intact square features using bidirectional printing and a resolution
of 720 dpi

lower resolution of 360 dpi, the relative deviations arewithin the same range. This further
confirms that with both resolutions, similar accurate results can be achieved. Nonetheless
it should not be neglected that the two-by-two and one-by-one pixel sized square features
could not be characterized. Thus, if only similar features need to be printed, that do not
go smaller than 70.6 µm, the resolution of 360 dpi should be considered. As for the
square features of the bidirectional printing, only the four-by-four pixels sized pattern,
while using the speed of 300 mm/s were printed correctly. Here the average relative
deviation is 6.57%, making it worse, than the deviation of the samples printed using a
single directional printing mode, while not improving the print in any other capacity.

As clearly shown in Fig. 8, the higher resolution leads to a higher spread of ink in
the printed samples, while prints using the resolution of 360 dpi, an issue of ink not
fully covering the substrate is detected. This higher spread of ink, present in print using
higher resolutions also causes the features to show a blur around the edges that caused
some features to be unmeasurable, as mentioned before.

In comparison, the resolution of 360 dpi, while not capable of features as small as the
higher resolution, allows for sharper edges, while sacrificing full ink coverage. It should
also be noted, that prints using higher resolutions took longer to produce, meaning,
bidirectional printing could be a way to reduce print time and thus increase output.

3.3 Errors in Prints

This section focusses on displaying and showing the errors of the printed samples. The
undoubtedly most influencing factor is the resolution of 1080 dpi. Looking deeply at
the results, one can see that the small-scale features were not printed correctly, with the
square features not being present at all and the fork features smearing into itself. Themost
likely cause of this is, as seen before, a lower center-to-center distance between droplets,
leading to an excess of ink that causes blurring to such a degree, where characterization
was impractical.
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Fig. 8. A comparison of square features printed with a resolution of a) 360 dpi, and b) 720 dpi

Figure 9 displays the square features, utilizing two-by-two and one-by-one pixel
sized squares, printed with a resolution of 720 dpi. It becomes clear, the two-by-two
square feature displays a form of zigzag pattern, instead of uniform squares. Moreover,
looking at the one-by-one square feature, no pattern at all is visible. The latter one most
likely stems from the blurring of ink already discussed. The first one on the other hand,
while seeming to stem from the printing direction at first, appears on all samples using
a resolution higher than 360 dpi, as well as in both single and bidirectional printing.

Fig. 9. A comparison of square features printed with a resolution of 720 dpi having a pixel size
of a) two, and b) one

Another major error in the printed features was found in all trials printed with the
resolution of 360 dpi in combination with the bidirectional printing mode. As demon-
strated in Fig. 10, the printed feature that is supposed to be straight, shifted. Singling out
the TIFF-image used for printing, due to it being the same across all trials printed with
a resolution of 360 dpi, it is assumed, and that this causes the problem is the specific
combination of the low resolution and the bidirectional printing mode.
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Fig. 10. Shifting of printed sample

4 Conclusion

This study reported the results of an experimental examination into the precision and
accuracy of Inkjet printing in the micrometer scale, comparing the different parameters
printing speed, resolution and bidirectional vs unidirectional printing modes.

Looking back at the results, the following can be concluded.
Out of the measurable resolutions investigated in this paper, fairly high accuracy

in the micrometer range can be achieved. Both resolutions resulted in a quite similar
relative deviation of feature size up to around 20%. The resolution of 720 dpi resulted
in smaller features, while also resulting in more uniform printed layers. However, a blur
around the edges of printed features becomes noticeable at this resolution.

Due to this blurring effect, it appears that lower resolutions are more favourable for
printing positive features. Furthermore, one can conclude that the effect that different
printing speeds have on the dimensional relative deviation is minor.

All in all, the results show that inkjet printing can be used for producing accurate
small-scale features, and display different effects of the printing parameters. This allows
for a more predictable and controllable printing process, while ensuring sustainability
at the same time. Nevertheless, the utmost theoretical accuracies are not yet reached, it
is very close to doing so. Undoubtedly future work on the field of 2D/3D inkjet printing
will advance the possibility and usability of this promising manufacturing method. This
future work could include, but is not limited to: Investigating the shifting of printed
features that occurred when printing with a resolution of 360 dpi in combination with
bidirectional mode. As well as further optimizing printing micro-scale features in higher
resolutions to achieve even smaller printed features.

Beyond this, a similar investigation for the 3D dimensional printing, using functional
inks could elevate the precision and accuracy achievable for successful implementations
of 3D printing.
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Abstract. Manufacturing companies are increasingly pressured by various mar-
ket changes across both discrete manufacturing and process manufacturing indus-
tries. This has forced manufacturers to adopt more efficient product development
approaches to deliver the required product variety in a cost-efficient manner. In
discrete manufacturing industry, platform-based methods have been successfully
applied at scale to solve this issue while the process industry is lacking behind.
With outset in the unique characteristics of process industry products, platform
development methods from discrete manufacturing industry are reviewed and it is
found that none of these sufficiently accommodate the needs of process industry
products such as accounting for production sequence constraints or the inability
to disassemble process industry products. To accommodate these needs, a method
for identifying product platform candidates in the process industry is proposed
including a novel algorithm to assist in this endeavor. The method is comprised
of two phases and seven comprising steps from initial delimitation of product
families to the final review and selection of feasible product platform candidates.
The method allows practitioners to first identify the most relevant product family
to implement product platforms and identifies potentially relevant product plat-
form candidates, enabling process industrymanufacturers to adopt platform-based
product development approaches.

Keywords: Product platform · Process industry · Complexity management ·
Decision support · Product development

1 Introduction

Some decades ago, markets were characterized by consumers having few product vari-
eties to choose from and manufacturers could optimize product development and pro-
duction to focus exclusively on economies of scale – high output at low costs. However,
since the 1980s markets have shifted [1] requiring manufacturing companies to deliver
new product variants faster, cheaper, in smaller batches, and to the specific needs of
customers. For companies relying on traditional product development and production
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approaches, such external pressure strains their ability to accommodate these needs cost
effectively [2], which in consequence negatively impacts their competitiveness. That is,
unless the manufacturers change their product and production development approaches
to fit these changed market needs. Several companies have successfully adopted the
principles of platform-based products to exploit both economies of scale and economies
of scope simultaneously. Multiple industry examples of successful application of this
development approach can be found in literature [3]. However, most of these exam-
ples are of products from the discrete manufacturing industry (e.g., cars and consumer
electronics), with literature and industry examples of products from the process manu-
facturing industry (e.g., food, beverages, and chemicals) being much scarcer [4]. This is
despite the process industry accounting for more than 50% of the total turnover gener-
ated by manufacturing companies in the European Union in 2018 [5]. Andersen et al. [4]
found that the unique characteristics of process industry products may make the adop-
tion of platform-based product development techniques more difficult. Recognizing this
research gap, the objective of this paper is, therefore, to present a practitioner-oriented
method for the identification of product platform candidates.

1.1 Process Industry Characteristics and Potential Impact on Platform-Based
Products

Manufacturing industry can basically be divided into two: discrete manufacturing indus-
try and process manufacturing industry [6]. The distinction between these two types of
industries can be based on different perspectives, such as the product characteristics
[7] or process characteristics [8], which may impact the applicability of platform-based
approaches for product development [4].

Whereas products fromdiscretemanufacturing industry are produced through assem-
bly operations,wheremodules or components are combined bymeans of different fasten-
ing techniques (e.g., screwing, bolting, or welding), products from the process industry
are typically produced by combining different materials or ingredients by means of e.g.,
mixing or blending operations [6]. The consequence of these fundamentally different
approaches to product “assembly” leads to another defining characteristic of process
industry products: a homogeneous appearance. While the composition and structure of
most discrete industry products can be deduced from disassembling the product and
inspecting its comprising components, process industry products are uniform in appear-
ance [9]. Furthermore, most process industry products cannot be disassembled, as mix-
ing operations or chemical reactions result in homogenized structures or identifiably
different materials [10]. The presence of chemical reactions or other transformative pro-
cesses typically means that the production of process industry products is very sequence
dependent. Several more differentiating characteristics can be found in literature, and
the reader is referred to Abdulmalek et al. [8] and Lyons et al. [7] for extensive insights
into the differences between discrete and process industries.

Based on these findings, the objective of this study is, therefore, to present a proposed
approach to identify feasible platform candidates for production sequence-constrained
products in a process industry context. To achieve this, Sect. 2 reviews related literature on
product platformdesignmethods in relation to process industry characteristics. Section 3,
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then, introduces the proposed method to identify platform candidates. Lastly, Sects. 4
and 5 discuss and conclude the study, respectively.

2 Related Literature

Despite the unique characteristics of process industry products, in comparison to discrete
industry products, Andersen et al. [4] identified instances of process industry products
developed through methods originating from the discrete industry. Based on these find-
ings, they suggested a possibility for adopting existingmethods from the discrete industry
to the context of the process industry. For this reason, we performed a review of the liter-
ature on platform-based product development methods from the discrete industry. This
section presents the findings from the included papers, which were reviewed in relation
to their key features.

2.1 Product Platform Identification Methods from Discrete Industry

Introducing a flexible platform concept, which facilitates product customization by
allowing variable size and shape, Dahmus et al. [11] utilizes function structures, which
relies on a combination of expert inputs, physical principles, and interactions between
components to identify platform candidates. Li et al. [12] likewise proposes a concept
for a flexible platform, which is designed based on a combination of design structure
matrix and clustering techniques. Combining sensitivity analysis with clustering tech-
niques, Dai and Scott [13] seeks to solve the issue of scalable multi-platform product
family design.

Nayak et al. [14] takes an optimization-based approach to platform design and seeks
to minimize product variation required to satisfy the desired product variety in a product
family, where desired product variety is expressed by means of performance require-
ments. Simpson et al. [15] likewise uses optimization techniques in conjunction with
performance requirements yet focuses on their application for scalable platform designs.
The same applies to De Weck et al. [16] and Willcox and Wakayama [17], who seeks to
maximize product family profits and multiple product variants simultaneously, respec-
tively. Focusing specifically on automotive body design, Torstenfelt and Klarbring [18]
seeks to optimize product families by means of physical parameters such as shape, size,
and topology.

An interesting approach is presented by Hanafy and Elmaraghy [19], who propose
the utilization of disassembly tasks as a means of efficiently generating product variants.
Extending this principle, Galizia et al. [20] likewise approaches the issue of product
platform design and efficient product variant generation by allowing both assembly and
disassembly tasks. However, their approach takes inspiration from biology by employing
phylogenetic networks and trees to identify feasible platforms.

2.2 Implications for Process Industry Application

Most of these methods employ optimization techniques, and some assumes the ability to
model product performance as a response of input variables such as product parameters
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or design variables. Several studies used the DSM in their platform design methodol-
ogy, and while this tool has been applied widely for modular product design, it only
considers product components and not production sequence constraints in the formation
of modules. As the production sequence may have significant influence on the complete
product, the omission of this parameter in most of the reviewed studies may result in
infeasible design concepts. Also related to the production process, some studies exploit
disassembly tasks as a means of efficient product variant generation. While this may be
feasible for assembled products, where the assembly tasks can be reversed to retrieve
components from a product, this is generally not feasible in the process industry, mak-
ing this approach unsuitable for process industry products. Other studies appear tailored
towards specific industries such as aircraft design [17] or automotive design [16]. The
nature of these methods makes them challenging to adopt to contexts dissimilar from
their original settings.

3 Method for Product Platform Candidate Identification

This section introduces the proposedmethod, as shown in Fig. 1, for identifying platform
candidates for production sequence constrained process industry products. Each of the
two main parts of the method, i.e., selection of a product family and identification of
product platform candidates, are then described.

Product family selection Product platform candidate identification

Product family 
delimitation

Decision 
criteria 

identification

Product family 
selection

Production 
process 
mapping

Product 
commonality 

analysis

Platform 
candidate 

identification 
algorithm

Platform 
candidate 

review

Fig. 1. The method for identifying product platform candidates for production sequence-
constrained products.

3.1 Product Family Selection

Companies typically have multiple product families and identifying the product family
with the highest potential gain from implementing platforms can therefore be challeng-
ing. To assist in this, the first phase of the proposed method focuses on delimiting the
analysis to a single product family based on multiple measures that act as decision
support to product developers.

Initial Product Family Delimitation
Platforms are recognized for enabling companies to exploit economies of scope and scale
for product families with benefits across company functions [3]. Even so, introducing
product platforms may also bring drawbacks [21]. The delimitation of product families
should, therefore, be based on multiple measures that balances these perspectives. To
aid in this delimitation, application of the measures described in Table 1 is proposed.
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Table 1. Proposed measures for selecting product families which could benefit from implement-
ing product platforms.

Measure Description

Demand volatility Coefficient of Variation (CoV) of customer orders for
product variants within the product family

Annual production volume Total amount of products produced within the product
family on an annual basis

Product variety Number of different product variants currently offered
within the product family

Projected annual financial value The revenue of the product family over a specified period
multiplied by the average change in revenue over the same
period

Product life cycle stage The estimated remaining lifetime of a product family

The negative effects of volatile demand of individual product variants can be reduced
by basing the product family on a platform as the resulting aggregation of demand of the
platform will allow for more efficient production of the platform. Thus, product families
characterized by high demand volatility may benefit from implementing a product plat-
form. Product families withmoderate to high annual production volume and or moderate
to high product variety could potentially benefit from a product platform as the result-
ing economies of scale and scope could provide, among other benefits, lower product
costs and faster production lead time [3, 21]. Naturally, product families with a higher
financial value would be of interest due to a potentially larger impact on the company.
However, the financial value of a product family can be expressed by multiple measures,
such as revenue or profit generated by a given product family over some period. Such a
measure would, however, only provide a historical perspective without any perspective
towards potential changes. For this reason, the compound measure described in Table 1
is used to provide amore nuanced estimate of the financial value. Finally, as development
costs for product platforms can be substantial [3], it is relevant to consider the expected
remaining lifetime of the product family to ensure that investments can be recouped.
To reduce product families which are relatively less relevant from a product platform
perspective, only those with scores above the median should be considered for further
analysis.

Identification of Context-Dependent Decision Criteria
It is recognized that since every company is unique, additional context-specificmeasures
may be relevant, and should be included as additional assessment parameters. Therefore,
to assist companies in identifying additional relevant measures, inspiration from related
literature may be sought. For example, related to manufacturing postponement strate-
gies, which are typically applied for platform-based products, Olhager [22] proposed a
list of 15 different decision criteria, covering market, product, and production aspects.
While this list is considered generic, and postponement has been applied in the process
industry [23], the unique characteristics of the process industry and the specific context
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of a company may call for additional criteria. These may be identified through, e.g.,
interviews with key stakeholders in the company.

Final Product Family Selection
Having performed an initial delimitation of the product families, the question becomes
which would be most feasible to identify platforms for. Since the evaluation of the
product families depend on multiple measures and the number of product families can
still be considerable, applying a multi-criteria decision making (MCDM) method would
facilitate such a decision process. Although numerous MCDM methods exist [24], a
well-recognized method is the Analytic Network Process (ANP), which is a generalized
version of the Analytic Hierarchy Process developed by Saaty [25]. Since the issue of
selecting a suitable product family is based on multiple criteria which may depend on
each other, the ANP is preferable to AHP as it accounts for such dependencies. Once the
decision problem for the ANP model has been formulated, the criteria and sub-criteria
for the decision problem should be identified. It is proposed that this information is
acquired by combined use of literature and expert input from the company. The result
is a rank-ordered list of the product families according to their perceived importance
across the included measures.

3.2 Product Platform Candidate Identification

Having selected the most relevant product family from a platform-based development
perspective, the next phase is concerned with identifying such platform candidates. To
achieve this requires four different steps focusing on 1) mapping the generic production
process, 2) analyzing material commonality across major process steps, 3) identify-
ing potentially feasible platform candidates, and 4) reviewing identified candidates for
implementation potential. Each of these steps is elaborated in the following sub-sections.

Process Mapping
The consideration of production sequence constraints obviously requires knowledge of
the production process and its comprising phases. While some companies may have
sufficiently detailed routing and process information available, as in the pharmaceutical
industry, for example, other companies may not have this information readily available.
In such cases, defining a generic production process sequence could be done bymeans of
interviews with production managers or analyzing shopfloor documents, such as prod-
uct mixing instructions, which may not lend themselves readily to quantitative analysis.
When analyzing the production processes, the division into major phases should be done
based on occurrences of break points in the process, such as reactions or material trans-
formations. This is because combining some materials used in reaction with materials
to be used after the reaction may be infeasible in practice. The outcome of this phase is
a generic representation of the production sequence for the product family investigated
and an indication of the major process phases that the products go through.

Commonality Analysis
As platforms are about sharing elements, it would seem logical that the greatest potential
for identifying platform candidates would be found in production process steps which
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have the highest degree of commonality among the materials used. Furthermore, the
potential presence of reactions limits the ability to define platforms that transcends
defined phases, thereby limiting the scope of platform candidate identification to be
within individual process phases. Several commonality measures have been proposed in
literature [21]. Thevenot and Simpson [26] compared six different commonality metrics
and developed a framework to support selection of metrics concerning the specific focus
of the analysis, whether that is component cost, number of components, number of
common components, or non-differentiating components. The result of this commonality
analysis is a list of the identified process phases and their corresponding commonality
scores, from which the highest scoring process phase can be selected for further analysis
in the following step.

Longest-Chain Identification Algorithm
Once a specific process step has been selected, the search for platform candidates can
commence. This is done by means of an algorithm, the purpose of which is to iden-
tify chains of common materials across product variants within the selected product
family and calculate a compound metric, representing the estimated value of a given
platform candidate. Before the algorithm can start, the correct data must be supplied to
the algorithm. The required data is a collection of all the bill-of-materials for the product
variants within the selected product family, corresponding production routings, material
cost data, and annual production volume. Next, the first material with complete com-
monality, among the analyzed bill-of-materials is selected. For each product variant,
the algorithm then searches materials which are immediately adjacent in the produc-
tion routing to the selected material and calculates their commonality, beginning with
the preceding material. If this material has the same commonality score, the algorithm
logs both materials as comprising a chain of length two. The algorithm then selects the
material preceding and repeats this process until a material with lower commonality is
reached or no more materials are available within this process step. Then, starting from
the original material, the algorithm performs the same calculations in a forward direction
using similar terminating conditions. In case additional materials have a commonality
score of 1.0, and are not already included in the logged chain, the algorithm repeats the
process of searching adjacent materials for this material, logging any chains of two or
more materials as a new chain. Each logged chain then represents an identified platform
candidate which adheres to process sequence constraints.

If any platform candidates are identified, the next step is then the calculation of
their value as represented by the sum of the three parameters, i.e., annual volume con-
sumed, material cost, and length of the chain, which together provides a more nuanced
perspective on the potential value of the platform candidate to the company.

Candidate Review
Having identified one or more platform candidates and calculated their potential value,
the candidates must be reviewed by company experts to ensure practical feasibility.
This is important as the method serves as a decision support system rather than provid-
ing validated product platform designs. Furthermore, companies may have additional
context-specific criteria or evaluation parameters, which are not included in the method
but may impact design decisions.
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4 Discussion

As noted in Sect. 1, the process industry is a large industry comprised of many different
sectors. This means that while the preliminary method proposed in this study aims to
assist companies in the process industry at large, it is not possible to state how large a
share of the process industry this method will apply to without further modification. On
the other hand, it can be argued that due to the potential differences among companies
in the process industry, developing a completely generic method would be infeasible as
such a model would presumably be too rigid to fit individual needs or too complex to be
of practical use.

While the proposed method focuses exclusively on platform candidates, defined as
chains of adjacent materials with a commonality score of 1.0, product designers may
also be interested in what could be referred to as near-platform candidates defined as
chains of adjacent materials with commonality scores< 1, 0, as some of thesemay prove
valuable to leverage into platforms by redesigning some products in the product family.

Lastly, as also briefly noted in Sect. 3.1, the topic of manufacturing postponement
and delayed product differentiation are concepts closely related to product platform
development. To accommodate companies interested in this aspect, the algorithm could
be adjusted to start with the first material in the production sequence and then exclusively
search forward to identify potentials for a common base to facilitate manufacturing
postponement.

5 Conclusions and Further Research

Based on an identified need for amethod to support product platformdevelopment of pro-
duction sequence constrained products in the process industry, this study has proposed a
preliminarymethod to accommodate this. Reviewing related literature on platformdevel-
opment methods demonstrated that although numerous studies from discrete industry
exist, they are ill-suited for application in the process industry due to the unique char-
acteristics of most products in this industry. Consequentially, a two-phase preliminary
method comprising seven individual steps from the initial delimitation of a company’s
product families to the final review and selection of identified product platform candi-
dates was proposed. An important element of this method is a proposed algorithm that
identifies sequence-constrained platform candidates. The proposed method for product
platform candidate identification would enable practitioners to identify platform candi-
dates while accommodating context-specific criteria and using only basic product and
production information available in most manufacturing companies.
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1 Extended Abstract

Fast depleting natural resources, increasing environmental consciousness amongst stake-
holders, the development of globalizedmarkets, and the implementation of stringent laws
have compelled consumers across the globe to adopt more sustainable production and
consumption practices [1]. Thus, manufacturing supply chains processes no longer focus
only on the traditional flow of products which characterizes the linear economy. Circular
economy approaches, such as remanufacturing contribute to reducing the consumption
of resources and generation of waste. In a circular economy, the resources and value
are recouped from the end-of-life (EoL) and end-of-use (EoU) products [1, 2]. Recy-
cling, repair, reuse, refurbishing and remanufacturing, are some of the circular economy
approaches which are employed at the end of life of the product [3, 4]. Remanufactured
mechanical products make up most of the remanufacturing industry, with aeronauti-
cal and automotive parts accounting for 67% of the European market [5, 6]. The high
added value and their environmental performance continues to make remanufacturing
a topic in discussion amongst academia, industry practitioners and government policy-
makers. Furthermore, remanufacturing has been argued to rank higher than other circular
approaches, such as recycling and refurbishment, and is expected to result in gaining
much greater energy reduction andmaterials conservation [7]. Thusmany countries have
pursued remanufacturing policies and are considering pursuing these policies [8, 9].

Product remanufacturing is an industrial process which is a commonly accepted
product reuse strategy in many industries as it has the advantage of ensuring that the
remanufactured products have the same quality, functionality and warranty as new prod-
ucts [10]. This complicated systems engineering practice is captured in Fig. 1, adapted
from Peng et al. [7]. As compared to recycling, remanufacturing retains a significant
portion of economic value added and embodied energy associated with the initial man-
ufacturing stage. It therefore extends the useful life associated with the original product,
with associated environmental benefits as well as business benefits for remanufacturers.
The remanufacturing process consists of a sequence of operations which includes prod-
uct recovery, sorting, disassembly, cleaning, inspection, reconditioning, reassembly, final
inspection and testing of the remanufacturing product [11, 12]. Cleaning processes in the
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remanufacturing operations may be just one process after the initial sorting of products
or may have multiple cleaning stages. For example, Fig. 1 shows multi-stage cleaning
processes in between core disassembly [7]. Liu et al. [13] describe a remanufacturing
process that includes five distinct cleaning stages within themultistage process, captured
in Fig. 2. Generally, the cleaning stage within remanufacturing practices are relatively
rough, such as an artificial rinse for the convenience of disassembly and sorting, and do
not require much energy or high-technologies [7]. Prior research has identified the cost
of cleaning to be quite high, secondary only to the cost of replacement of cores [13].
Thus, for remanufacturers, cleaning is a highly critical aspect of the remanufacturing
process [12, 14]. Also embodied energy and environmental effects are rarely considered
in practice [15, 16].

Fig. 1. A multistage cleaning remanufacturing flow diagram. Adapted from Peng et al. [7]

Several studieswhich examine remanufacturing cleaning exist in the literature. These
include the study on remanufacturing cleaning technology in mechanical equipment
process, which qualitatively reviewed five cleaning technologies [15]. Other studies
include Peng et al [7] which investigates whether newly emerged cleaning methods have
the environmental superiority and to figure out hotspots for environmental performance
promotion using life cycle assessment (LCA). Other remanufacturing cleaning tech-
nology focused papers such as Maharjan et al [17] examines the feasibility of using
femtosecond laser as a tool for surface cleaning of aerospace components [17].

While the remanufacturing cleaning has been acknowledged as a “costly operation”
[12] within the remanufacturing operations, there has been no study that has captured
the embodied energy utilised in remanufacturing cleaning operations relative to the
whole remanufacturing process. Investigating this energy is critical, as remanufacturing
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Fig. 2. A multistage cleaning remanufacturing flow diagram. Adapted from Liu et al., [15]

cleaning is the foundation for the testing, painting and assembling of waste products
and components in remanufacturing. Studies such as Peng et al, identified electricity
derived from thermal power plants as the main energy source [7]. This is relevant for
cleaning technologies such as supercritical CO2, liquid blasting cleaning, high temper-
ature decomposition and shot blasting. The Embodied energy (EE) concept originates
from the theory of systems ecology [18, 19]. EE includes the energy burdens generated
across the product life cycle, from the acquisition of raw materials, processing, manu-
facturing, transportation to site and construction throughout the whole life cycle [20]. It
thus captures the total energy use along global supply chains [20]. It reflects the direct
and indirect energy requirements throughout the whole supply chain to meet different
final demand categories [21, 22]. Multi-regional input output MRIO) modelling have
been utilised in calculating embodied energy for buildings, building insulating materi-
als, water footprints, greenhouse gas emission, megacities [19, 20, 23]. While theMRIO
model provides a powerful mechanism to examine the intraregional and interregional
economic characteristics, it can be applied to identify the resource requirements and
energy spillover of products and municipalities [24]. Thus, this study shall achieve two
things; First, it shall clarify and map existing remanufacturing cleaning technologies
using available literature. Secondly, it shall develop an MRIO modelling framework
to investigate the embodied energy of remanufacturing cleaning operation. This is the
first study that shall provide a quantitative methodology for calculating remanufacturing
cleaning operation and is expected to have both academic and industry contribution.
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