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Abstract

The emergence of additive manufacturing (AM) as an alternative to traditional
manufacturing methods presents firms with the option of including it in their supply
strategy. AM can enable on-demand production, potentially reducing inventories and
supply chain emissions. The past years have seen considerable growth in the use of AM

for manufacturing of spare parts.

This study explores the application of AM in the spare parts context through a case study
in the heavy metal industry. The advantages and limitations of implementing AM at
aluminium producer Norsk Hydro’s Sunndal plant are considered. As part of the study,
current spare part management processes are outlined, as well as the challenges
experienced in spare parts supply. The plant’s experience with in-house production of non-
critical spare parts helps highlight the advantages of using AM for spare parts. In addition,
motivations for further development of AM are outlined, with respect to how they relate to
different strategic considerations, such as the supply chain configuration (centralized vs.

decentralized) and the decision to outsource or develop AM in-house.

Findings indicate that the use of AM for spare parts may improve maintenance and support
in asset management by potentially alleviating certain challenges faced in spare parts
supply, such as high costs or lead time for certain parts and some parts no longer being
available on the market. Another aspect is AM’s ability to facilitate design improvements

for spare parts.
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1.0 Introduction

Additive manufacturing (referred to in this thesis by the abbreviation “AM”) has
developed into a technology that now competes with conventional manufacturing methods
(Achillas et al. 2015). The AM sector has developed into a 13,4-dollar industry, with an
estimated growth of 22 % annually (Bromberger, 1lg, and Maria 2022). Several industries
are already gaining significant benefits from applying AM, particularly due to its
suitability for customization. For instance, the medical and dental industries use it to
manufacture personalized equipment of implants tailored to fit patients (Khorasani et al.
2022; Petrovic et al. 2011). During the Covid-19 pandemic, AM was applied for producing
personal protective equipment and related products to help combat the pandemic
(Colorado et al. 2022). For the automotive and aerospace industries, AM has allowed for
the production of more complex and lightweight parts, contributing to reduced energy use
(Praveena et al. 2022). In the oil and gas industry, AM has also seen significant use for on-

demand production of parts on offshore platforms (Vafadar et al. 2021).

By building a product one layer at a time, guided by a digital 3D model, AM allows for
on-demand production of items. This ability makes AM interesting from a logistics
perspective, as it may be introduced in spare parts logistics as a safeguard against reduced
production downtime as a result of inventory stockouts or postponed deliveries from spare
part suppliers (Khajavi, Partanen, and Holmstrém 2014). The potential of AM is not
limited to reducing downtime, but also potential reductions in supply chain emissions (Li

et al. 2017) and keeping lower inventories (Holmstrom et al. 2010).

AM is growing as an alternative to traditional manufacturing, providing manufacturers
with the opportunity to switch parts from traditional manufacturing to AM. While simply
changing manufacturing methods may not be advantageous in itself, the benefits of AM’s
unique technological characteristics are more obvious. For instance, AM may facilitate
redesign, such as reducing the number of components in a larger assembly by combining
features (Bromberger, Ilg, and Maria 2022).



As an emerging technology, additive manufacturing does however face some challenges,
such as high costs, size limitations and the fact that not all spare parts may be suitable for
AM (Chekurov et al. 2018). Though interest in AM for spare parts is increasing, its use is
still limited in industries. A literature review on the use of AM for spare parts was
conducted by Peron and Sgarbossa (2021). They concluded that though researchers are
attempting to address the challenges of AM, a significant amount of work is still needed to
fully understand the profitability of AM in relation to traditional manufacturing. In

particular, the authors highlight four research areas requiring more knowledge:

e Mechanical characterization of parts produced with AM.

e Guidelines for choosing which parts to produce with AM and which parts to
redesign to suit AM.

e Life cycle cost analysis comparing traditional manufacturing and AM.

e How AM impacts the structure of the supply chain, considering both a centralized

and decentralized configuration.

A more comprehensive literature review, performed by Mecheter, Pokharel, and Tarlochan
(2022), covers 60 articles concerning the application of AM for spare parts. The review
shows an increasing trend in researchers considering the application of AM for spare parts.
Overall, the consensus is that AM is considered complementary to traditional spare part
management, as opposed to a replacement. Especially for smaller parts with variable
demand, AM has the potential to induce greater supply chain efficiency. The review
highlights challenges relating to making a specific investment in a new technology and
new materials, as well as the difficulty of converting existing manufacturing processes to

digital ones.

When researching the applicability of additive manufacturing in spare parts logistics,
several issues are typically discussed in the literature, such as the configuration of the
supply chain; should manufacturing be centralized or decentralized? In addition: whether a
single or dual sourcing approach is most suitable. Another key aspect to be discussed is
whether AM capability should be implemented in-house or outsourced to an AM service

provider.



1.1 Research Gaps

A research gap highlighted by Oettmeier and Hofmann (2016) relates to the procurement
of customized parts produced through AM; the nature of the interaction between the
buying company and the AM service provider may differ from procurement of
traditionally manufactured parts with respect to information flows and processes. Another
gap in the literature is highlighted by Belhadi et al. (2022); The authors emphasize that
there is a limited understanding of how AM can change the supply chain’s structure to

combine efficiency and resilience.

Tziantopoulos et al. (2019) developed a decision-making framework for planning AM
supply chains. As part of this, they examined existing literature. The authors highlight a
research gap in terms of literature assessing the trade-off between SC strategies for
additive manufacturing and their sustainability effect and commercial feasibility in relation

to traditional manufacturing.

Table 1 displays a summary of research gaps found in the literature relating to AM.

Table 1: Summary of research gaps

Author(s) Research gap
Oettmeier and Hofmann How does procurement of parts produced with AM differ
(2016) from traditionally manufactured parts? Are processes and

information flows different?

Belhadi et al. (2022) How can AM change the supply chain to achieve both
efficiency and resilience?

Mecheter, Pokharel, and Lack of studies on AM specifically from a spare parts

Tarlochan (2022) logistics perspective.

Tziantopoulos et al. (2019) Understanding the effect of the trade-off between
sustainability and commercial feasibility on the viability of
AM supply chains versus traditional supply chains.

H. Rogers, Baricz, and Pawar | Where should AM service providers locate themselves?
(2016)




To summarize, several supply chain related research gaps have been identified in the
literature (Shown in Table 1). Though recent years have seen a significant increase in AM
literature (Costabile et al. 2017), several research gaps exist. For one, AM spare parts
literature is dominated by a few industries, particularly the aerospace sector (Mecheter,
Pokharel, and Tarlochan 2022). More research is also needed on the procurement
processes and information flows connected to AM parts (Oettmeier and Hofmann 2016),
as well as the location of AM service providers (H. Rogers, Baricz, and Pawar 2016).
Belhadi et al. (2022) highlight a need to examine how AM may affect supply chains with
respect to efficiency and resilience. Similarly, Tziantopoulos et al. (2019) propose more

research on the trade-off between sustainability and economic aspects of AM.

1.2 Background

The term “Industry 4.0” defines several changes to manufacturing systems driven mainly
by IT. These changes do not only have technological implications, but also implications
for how firms organize themselves (Lasi et al. 2014). The digital transformation presented
by industry 4.0 may include benefits such as a more transparent and efficient supply chain,
as well as a closer focus on customer needs, which may facilitate an improved quality of

decision-making (Barreto, Amaral, and Pereira 2017).

According to RiBmann et al. (2015), the industry 4.0 revolution is comprised of several
main technological developments, some of which are: cloud computing, big data analytics,
simulation, autonomous robots and additive manufacturing. As one of the pillars of
industry 4.0, AM has developed into a technology that seeing increasing usage,

particularly in industries such as the aerospace and medical sectors (Butt 2020).

Butt (2020) explains that AM plays an important role in how industry 4.0 facilitates
improved customization and faster manufacturing, particularly in the way that it enables
the ability to print on-demand, reducing transport costs and the time it takes to reach the
market. These advantages may help manufacturing firms react promptly when they face
challenges. Overall, AM is becoming an increasingly more competitive alternative to

traditional manufacturing.



The wider context of industry 4.0 provides the background for this thesis, which aims to
better understand one of the key technologies presented by the industry 4.0 revolution.
Especially in light of how the industry 4.0 revolution changes the competitive landscape as
firms are no longer competing with just each other; competition is now also between

supply chains (Kehoe and Boughton 2001).

1.3 Research Problem

This thesis will seek to answer the following research problem:

“How may implementation of additive manufacturing of spare parts improve

maintenance and support in asset management?”

This thesis will study this topic through a case study of Norwegian aluminium producer
Norsk Hydro. Through a case study of their production plant in Sunndal, this thesis will
examine the use of additive manufacturing of spare parts and how this may improve the
maintenance and support of assets. This includes current effects of the technology thus far,
as well as future perspectives related to more widespread use, outlining the implications of
the various strategic considerations of further implementation of the technology. This may
provide insight into how the company may reorganize the supply chain in order to benefit

fully from implementing additive manufacturing.

1.4 Research Questions

Based on the research problem, three research questions have been formulated. The
research questions will be examined through a case study of the aluminium producer

Norsk Hydro, specifically their primary production plant in Sunndal.

The first research question (RQ1) relates to detailing the current nature of spare parts
logistics at Hydro Sunndal. The aim is to get a better understanding of current spare parts
operations, stocking policy and decision-making processes. Added to that; the flow of
information and materials between departments and suppliers. Answering this research
question will seek to uncover challenges in the supply of spare parts. This will provide a
baseline for understanding how AM can fit into the plant’s supply chain if the AM

capacity is expanded.



RQ1: “What is the current handling of spare parts logistics in Norsk Hydro
Sunndal’s supply chain?”

The next research question (RQ2) will seek to understand how the implementation of
additive manufacturing in the spare parts context affects spare parts logistics operations.
This entails uncovering the benefits and challenges AM has presented thus far, and how

the technology has changed the management of the plant’s assets.

RQ2: “How does the current use of additive manufacturing affect spare parts

logistics?”

Finally, RQ3 relates to the further development of the application of AM for spare parts.
This research question intends to examine the implications of the different strategic
considerations regarding the organization of AM capabilities and their effect on spare part
logistics. Wider use of additive manufacturing may have implications for the structure and
configuration of the supply chain, which will be discussed as part of answering this

research question.

RQ3: “What are the implications of future strategies for further development of

additive manufacturing for management of spare parts logistics?”



2.0 Research Methodology

This chapter will outline concepts related to research methodology applied in the study.
Kothari (2004) defines research methodology as “a way to systematically solve the
research problem.” The author further elaborates that researchers need to be aware of more
than just their chosen research techniques, but also understand what criteria formed the
basis for their decision. In other words, the authors stress that the term “research
methodology” is a wide term including many considerations beyond just describing the
research technique applied to solve the problem. The term includes several dimensions

such as: how the problem has been defined, why it has been defined, what data has been
collected and how data has been collected.

As explained by Kothari (2004), the research methodology of the study must be
understood with background in the research problem and its purpose. Based on this, there
are several methodological considerations, which this chapter will outline. This includes

research design, philosophy and approach, case study approach, data collection and the
validity and reliability of the study.

A theoretical framework for research methodology is presented by Saunders, Lewis, and
Thornhill (2012). Dubbed the “research onion” is shown in Figure 1. It describes the
different layers of research methodology a researcher should consider.

Philosophy

Mono method
quantitative

e, Voo metiod N
Experiment Archival qualitative
research

Case study

Cross-sectional

Multimethod
quantitative

Data Mixed
collection methods
and data research

analysis e - Strategy(ies)

Longitudinal

research

| Narrative Grounded

Uity theory Mixed method

Mixed method simple
complex

< Techniques and
procedures

Figure 1: The research onion (Saunders, Lewis, and Thornhill 2012)



The outer layers in the research onion relate to research philosophy and research approach.
The inner layers relate to research design choices, including specifying the research

methods used and describing how data is collected and analyzed.

2.1 Research Philosophy

The first layer of the research onion relates to the overarching philosophical position that
your research bases itself upon (Saunders, Lewis, and Thornhill 2012). Here there are
several differing views. For instance, a positivist philosophy is akin to the philosophy of a
natural scientist, with a preference for gathering data about observable facts and making

generalizations based on regularities and relationships in the data (Johnson and Gill 2010).

Those who criticize the positivist approach often argue that it becomes hard to provide
valuable insight into a complex world when the complexity is described by “law-like
generalizations”. This viewpoint adheres more to the interpretivist philosophy, which
emphasizes the need to understand variations between humans and their roles as “social

actors” (Saunders, Lewis, and Thornhill 2012).

Pragmatism is another philosophical position that is not devoted to either positivism or
interpretivism, but rather seeks to apply whichever viewpoint is appropriate for the given
research. In other words, pragmatism may adopt both objective and subjective views in the

research (Saunders, Lewis, and Thornhill 2012).

Pragmatism is considered the most appropriate for this case study, as it deals with an
existing phenomenon (additive manufacturing), of which some observable facts may be
observed, but the subjective opinions of managers also provide valuable information since

we are examining managerial and organizational issues related to AM.

2.2 Research Approach

Often literature describes three kinds of research approaches; inductive, deductive and
abductive. Inductive reasoning is concerned with exploring a phenomenon in order to build
theory. Deductive reasoning on the other hand seeks to apply a given research strategy to

verify or falsify a theory found in the literature. A third research approach, abductive



reasoning, can be considered a mix between the aforementioned approaches. The
abductive approach seeks to study a phenomenon in order to generate theory that is then

tested by collecting additional data (Saunders, Lewis, and Thornhill 2012).

An inductive approach, as is common in qualitative research (Saunders, Lewis, and
Thornhill 2012), is applied in this thesis. The rationale for this is firstly, that the thesis
seeks to investigate an existing phenomenon (additive manufacturing) and generate theory
and knowledge about the nature of the phenomenon, as opposed to testing whether a given
conclusion can be verified or not. Secondly, an inductive approach is often linked to

exploratory research (Stebbins 2001).

2.3 Research Design

Saunders, Lewis, and Thornhill (2012) define research design as the overall plan detailing
how you obtain the answers to your research questions, such as specifying your sources for

data collection, as well as your methods for collecting and analyzing the data.

Saunders, Lewis, and Thornhill (2012) separate between exploratory, explanatory and
descriptive research design. Exploratory studies intend to gain insight into a particular
topic by asking open-ended questions. Descriptive studies attempt to accurately describe
situations or people, while explanatory studies attempt to explain relationships between

variables.

For this study, exploratory research is considered the most suitable approach since the
topic at hand (3D printing of spare parts) is an emerging technology that is still in an early
stage in terms of established knowledge. Saunders, Lewis, and Thornhill (2012) explain
that exploratory research is especially useful if one is “unsure about the precise nature of
the problem”. RQ3 seeks to examine the effect that further AM implementation may have
on the Hydro Sunndal plant’s management of spare parts, a question to which there exists
no clear-cut answer in the literature. There does exist research on the topic, but naturally,
findings from specific case studies on other supply chains may not be generalizable to the
context of Norsk Hydro. We consider RQ3 to be of exploratory nature since it ventures
into a relatively new and emerging technology with the aim of contributing knowledge

about the topic.



RQ1 and RQ2, on the other hand, may be considered to be of descriptive nature, as they
seek to give an accurate profile of the current handling of spare parts logistics at Norsk
Hydro’s production plant in Sunndal (RQ1) and the current effects of AM implementation
(RQ2). Saunders, Lewis, and Thornhill (2012) state that the goal of descriptive research is
not merely to describe the events, but that you should be able to formulate conclusions
based on the descriptions. That is why descriptive research is often combined with
exploratory or explanatory research. In the case of this study, descriptive research (RQ1

and RQ?2) is followed by exploratory research (RQ3).

2.4 Case Study Approach

A case study may be defined as “the study of the particularity and complexity of a single
case” according to Stake (1995). The difference between a case study and other forms of
research is essentially how much information that is gained from studying a single case
(Gomm, Hammersley, and Foster 2000). They explain that other kinds of research might
investigate more cases (e.g. surveys with many respondents), but give less detailed
information about the individual cases. When applying a case study, as opposed to other
methods of research, you are accepting a trade-off as you can gain significant detail about
a single (or a few) cases, while you simultaneously sacrifice the ability to generalize your
findings (Thomas 2010).

Voss (2010) describes several challenges when conducting case studies, such as their time-
consuming nature and the need for a skilled interviewer. In addition, one must be careful
with drawing conclusions as generalizability from a small set of cases is limited. Despite
these challenges, case studies can lead to “new and creative insights” and aid theory
development. Case studies may also ensure validity from the practitioner’s point of view,

which is important when theory is generated based on real-world problems.

Though much of AM spare parts literature is rooted in operations research (though many
qualitative case studies exist), using quantitative methods for optimization and simulations
(Mecheter, Pokharel, and Tarlochan 2022), case study research is still important as
explaining the results of such quantitative studies and the consequent formulation of new

theory will be based on a qualitative understanding (Meredith 1998).
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2.5 Data Collection

Hox and Boeije (2005) distinguish between primary and secondary data collection. They
describe primary data as “original data collected for a specific research goal”. When
primary data is made available to the rest of the research community, and used for another

research problem, it is referred to as “secondary data”.

2.6 Primary Data

Primary data can be collected in a variety of ways, however, this thesis will concentrate on
data obtained through semi-structured interviews. Preliminary discussions about the
research problem with case company representatives started in September. Table 2

displays an overview of the contact with the case company throughout the thesis.

Table 2: Summary of contact with the case company

Date Contact form  Topic Involved
26.09.2022 Digital Preliminary Maintenance
meeting discussion of manager
r?iﬁg; Supervisor
P competency
development
Others
05.10.2022 Digital Preliminary Supervisor
meeting discussion of Maintenance
research manager
problem )
Supervisor
competency
development
19.01.2023 Physical Plant visitand  Maintenance
meeting at discussion of manager
Hydro’s research
aluminium problem
plant in
Sunndal Supervisor
competency
development
Purchaser
15.03.2023 Group Teams-  Current state of Maintenance
Interview spare parts manager

logistics /

11



Effects of AM  Supervisor
implementation competency
/ motivation for development

3D printing Purchaser
31.03.2023 Teams Requirements Maintenance
interview for AM manager
suppliers /
service
providers

2.6.1 Semi-Structured Interviews

There are several types of interviews applicable for case studies. Thomas (2010) highlights
structured, unstructured and semi-structured interviews. Structured interviews are
conducted with a predetermined set of questions, while unstructured interviews are more
like conversions, where the interview object dictates the direction of the interview. Semi-

structured interviews may provide the best of both worlds.

Formulating an interview guide that details what will be covered in the interview provides
the basis for the discussion. This gives the flexibility to go through the different issues
(which need not be formulated as detailed questions) in any order. The semi-structured
interview allows for follow-up questions in response to the interview object’s replies
(Thomas 2010).

Semi-structured interviews are therefore chosen as a data collection method in this thesis.
The rationale for this is that formulating a semi-structured interview guide “contributes to
the objectivity and trustworthiness of studies and makes the results more plausible”

according to Kallio et al. (2016).

A mix of group interviews and individual interviews were conducted with employees at
Norsk Hydro’s plant in Sunndal. The rationale for the selection of interview objects was to
be able to highlight different aspects that are vital to the understanding of additive
manufacturing. This relates to aspects within maintenance, spare parts logistics,
procurement and competence development. Capturing these different considerations, and

the interplay between them forms the background for the sampling of interviewees for the
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case study. The Interview guides developed for this study can be found in appendix 1 and
2.

Group interviews may encourage a productive dialogue since participants may either
validate or challenge each other’s answers to the interviewer’s questions. A prerequisite
for this kind of productive discussion is however an environment that does not inhibit
interviewees” ability to give their true opinions; such as situations where certain
individuals dominate the interview and others shy away from publicly stating their
disagreements. Therefore, it is vital to encourage participation from all participants, as well
as posing open-ended questions (Saunders, Lewis, and Thornhill 2012). The interview
guide has been developed with this in mind, aiming to ask questions of open-ended nature.
The sampling of interviewees in group interviews is also important to create an
environment where interviewees are comfortable voicing their opinions. In the case of the
sampling in this case study, the participants work together on a regular basis and are
roughly homogenous in terms of seniority, which led to productive discussions with the

involvement of all participants.

Together these interviewees may be able to touch on different considerations of AM
implementation, each providing insights into their areas of expertise, for instance, the
maintenance manager may have key insights about spare parts and maintenance processes,
while the purchaser may have insights about the warehouse. In a group interview setting,
they can combine their expertise and verify each other’s statements, as well as engage in
discussions from their differing perspectives (Saunders, Lewis, and Thornhill 2012). As
part of the group interview, the current handling of spare parts logistics at the plant was
detailed. This involves interactions and collaboration between the maintenance and
purchasing departments. Therefore, the group interview setting can contribute to the

accuracy of describing the processes.
Interview object 1 is the maintenance manager at the plant, who is responsible for

organizing the maintenance processes at the plant, maintenance personnel and maintenance

of vehicles used in the plant.
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Interview object 2 is a purchaser who is involved in the management of the plant’s central
warehouse. Interview object 3 works with the development of competency within the

maintenance department.

Interview objects 1 and 3 have been the ones primarily involved in the implementation of
AM. While interview object 2 (purchaser) along with other purchasers is in the process of

developing knowledge on the topic of AM, e.g. through talks from external parties.

2.7 Secondary Data

Secondary data used in this thesis includes scientific articles with research directions
closely related to the research problem formulated in this study. Through search engines
such as Google Scholar and Oria, secondary data sources have been identified. Search
terms like “additive manufacturing” and “3D printing” have been used. However, the sheer
number of articles, as well as the need for more specific information gave rise to other
search terms (that were often used in combination with the previously mentioned search

29 ¢

terms) such as: “centralized supply chain”, “spare parts” and “decentralized supply chain”.

2.8 Data Analysis

The interviews were transcribed on the same day they were conducted, to ensure accurate
transcription. The gathered data has then been coded into several different themes, as
recommended by Creswell and Creswell (2018). The findings chapter is then organized

according to these themes.

2.9 Validity and Reliability

The quality of research design may be judged through a series of logical tests described by
Yin (2018). The author for instance presents the concept of construct validity, which deals
with the degree of objectivity of the measures used to evaluate the results of the case study,
describing that case studies are commonly critiqued for using “subjective judgments” for
data collection. Testing for construct validity requires the researcher to make sure the set
of measures for evaluating the case study are defined through the use of specific concepts,
preferably ones that use published studies that use the same concepts (Yin 2018). To
contribute to the construct validity of this study, an extensive literature review has been

performed prior to conducting interviews with case company representatives. Interviewees
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were selected from different parts of the organization, as recommended by Ellram (1996).

This may help ensure that the gathered information is accurate.

Another concept outlined by Yin (2018) is external validity, which relates to the degree to
which a case study’s results may apply for conditions other than those described in the
case study (Yin 2018). For instance; will the findings of the case study hold true for a firm
in a different industry? Or even for a different firm in the same industry? For this study,
RQ1 and RQ2 attempt to document the current handling of spare parts logistics and the
current effect of AM implementation respectively. RQ1 and RQ2 do not intend to be
generalizable to a wider context, but rather to describe the situations accurately. RQ3 on
the other hand intends to be more generalizable to a wider context, seeking to understand

how different strategic considerations impact the development of AM of spare parts.

Ensuring reliability of the study is also important. The reliability of a study can be judged
by whether the study would yield the same results if repeated by another researcher using
the same methods and procedures. A good way to achieve this is to document the research
process sufficiently enough so that another researcher in theory could repeat the case study
with the same result (Yin 2018). Common threats to reliability include factors related to
errors or bias from either the researcher or the participants of the case study (Saunders,
Lewis, and Thornhill 2012). In order to ensure the reliability of the study, interview guides
were constructed and sent in advance to the interviewees. The interviews were taped and

then transcribed by the researcher on the same day as the interviews took place.
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3.0 Literature Review

The following chapter will present a literature review related to the research problem.
Starting with background on supply chain management, asset management and spare parts
logistics, before describing the literature tied to the different dimensions of AM. First, the
technology of AM is presented, followed by aspects such as sustainability, supply chain
configuration, sourcing strategy, outsourcing compared with in-house approaches, the

supply chain impact of AM, and the digital inventory concept.

3.1 Supply Chain Management

The term “supply chain management” (SCM) has grown in popularity over time.
Particularly in the 1990s, SCM practices such as the exchange of demand information
across the supply chain to decrease inventory levels, were increasingly adopted by firms. A
wealth of definitions of exactly what SCM is has since appeared in academic literature
(Min, Zacharia, and Smith 2019). A selection of commonly used definitions is presented in
Table 3.

Table 3: Supply chain management definitions

Author(s) Definition

Beamon (1998) “an integrated process wherein a number of various business
entities work together in an effort to:

1: acquire raw materials
2. convert these raw materials into specific final products, and
3. deliver these final products to retailers.”

Christopher (2016) “The management of upstream and downstream relationships
with suppliers and customers in order to deliver superior
customer value at less cost to the supply chain as a whole”

Cooper, Lambert, and  “is the integration of business processes from end user through

Pagh (1997) original suppliers that provides products, services and
information that add value for customers.”

Mentzer et al. (2001)  “...the systematic strategic coordination of the traditional
business functions within a particular company and across

businesses within the supply chain, for the purposes of
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improving the long-term performance of individual companies

and the supply chain as a whole.”

A common theme among these definitions is that SCM encompasses coordination or
management of several business entities and their respective processes. The definitions
slightly differ in terms of what the end goal of SCM is; but in essence, the goal of SCM
according to these definitions seems to revolve around providing customer value. The
definitions by Cooper, Lambert, and Pagh (1997) and Beamon (1998) in particular,
emphasize that SCM entails managing a process of a product or service from its inception

all the way to the end user.

The emergence of AM could however have implications for the nature of supply chain
management. AM may impact several aspects of the supply chain. In particular, AM has
shown to reduce complexity in the upstream supply chain, for instance in the automotive

industry (Zijm, Knofius, and van der Heijden 2019).

3.2 Asset Management

For management of assets, production machines in particular, there are different
maintenance strategies. Broadly, we can separate between preventive and corrective
maintenance strategies. Preventive maintenance intends to perform the necessary repair or
replacement prior to a part failing. Preventive maintenance follows a schedule and
provides background for the planning of spare parts demand. It is however unable to stop
all parts from failing before planned maintenance and repairs. A Corrective maintenance
strategy is applied when parts fail unexpectedly, which creates unplanned demand for

spare parts (Haroun and Duffuaa 2009).

When it comes to after-sales of spare parts, Haroun and Duffuaa (2009) explain that after
sales services are often regulated in one of two ways; by either warranty contract or service
contracts. Warranty contracts define the conditions for which the OEM (the original
equipment manager; the manufacturer of spare parts in this case) should provide
maintenance or replacements for the customer. When applying service contracts on the
other hand, the OEM may be compensated for the service costs. Alternatively, they can be

compensated based on the level of system performance they maintain for the customer.
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3.3 Spare Parts Logistics

Spare parts inventory management may be considered a separate branch of inventory
management, with distinct features such as significantly smaller demand levels. However,
the goal is generally still the same; securing a satisfactory service level at the smallest
inventory and administrative costs possible (Huiskonen 2001). Based on Dekker, Kleijn,
and De Rooij (1998) we can observe that there are three main elements to spare parts
logistics; 1) costs: there are costs associated with physically storing spare parts. 2)
availability: When a spare part is not yet available when it is required, there may be
consequences related to the delivery of products and services. 3) time: Production of spare
parts can take significant time, which in turn can cause downtime for machines that require

them.

Securing a sufficient service level tends to come at a cost, as it can result in problems
related to large inventory costs, obsolescence costs and capital costs related to parts
considered to be “slow-moving” (Khajavi, Partanen, and Holmstrém 2014). Spare parts
logistics can pose a big challenge as a spare parts inventory is often made up of high-
priced parts with long lead times. They may also be slow-moving parts, that are rarely used
(Knofius et al. 2021).

According to Roda et al. (2014), several characteristics separate spare part logistics from
other types of inventory. These include the large uncertainties of both when a spare part
will be required and the quantity of which it will be required. Inventory control is made
complicated by the sometimes large number of different spare parts. In addition, the
number of suppliers for spare parts is severely limited, leading to restrictions concerning

costs and lead time.

When dealing with spare parts inventory management, the financial consequences of
stock-outs can be significant. Added to that, it can be difficult to estimate demand levels

due to the sporadic nature of spare parts demand (Huiskonen 2001).
Another challenge is that sourcing of spare parts tends to be limited to just one, or a small

number of suppliers. This leads to challenges related to procurement lead times and costs.

In the case of a multiple sourcing strategy being applied for spare parts, problems may
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arise related to the risk of variations in the quality of materials differing between the
suppliers (Chekurov et al. 2018). Another characteristic of spare parts logistics is
obsolescence. In the case of an obsolescent machine that is to be phased out, it is
challenging to determine appropriate stock levels for the machine’s spare parts (Roda et al.
2014).

Cavalieri et al. (2008) present a decision-making framework for spare parts logistics.
Given the complexity of spare part logistics, they consider the need for sequential ordering

of five decision-making steps, as shown in Figure 2.
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Figure 2: Decision-making phases in spare parts logistics (Cavalieri et al. 2008).

The first phase is the coding system for spare parts, where the code should provide an
understanding of the technical characteristics of the part, its storage location and the
supplier of the part (Cavalieri et al. 2008). The second phase involves the classification of
spare parts, which is necessary to provide guidelines on the appropriate stocking strategy
for the parts. Examples of classifications defined by the authors include:

e Consumables: items with consistent usage and many viable suppliers (E.qg. oils,

filters).
e Generic spare parts: parts that may be used on several machines or equipment, with

many viable suppliers (e.g. valves, cylinders, switches)
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e Specific spare parts: Parts tailored to specific equipment, typically available
through a single supplier.
e Strategic spare parts: Similar to the above, but also characterized by unpredictable

wear-out time, high costs and delivery lead time.

Phase 3 entails the forecasting of demand for spare parts. Forecasting for spare parts will
be different from forecasting of demand for materials in production, due to the lower level
of consumption and the more variable demand patterns. The fourth phase is stock
management strategies; stocking policies are tailored to the classification of the part. The
final phase is related to the testing and validation of policies through review of the

completed steps to refine the process (Cavalieri et al. 2008).

3.4 Additive Manufacturing

Additive manufacturing (AM), also known as 3D printing, is a technology that enables the
production of entities by assembling the material one thin layer at a time. The construction
of the product is based on input from a digital file detailing the design of the product,
which has been created using computer-aided design (CAD) software. A consequent
advantage of AM is that the inputs are limited to the digital design model and the raw
materials used to print. In other words, additive manufacturing requires little in terms of
setup time and tools (Achillas et al. 2015). The lack of expensive setups implies that

production of smaller batches becomes economically viable (Pour et al. 2016).

Industry 4.0 is transforming supply chains, inventory management and production
logistics. The manner in which companies think about all aspects of a product’s lifecycle is
being changed; all the way from design to production to distribution. As part of this
process, AM presents a digital transformation of inbound logistics (Araljo, Pacheco, and
Costa 2021). Kehoe and Boughton (2001) describe that as a consequence of industry 4.0,

competition is no longer merely between companies, but also between supply chains.

The ISO/ATSM standard for AM describes a “physical” and “digital” level for the AM
process (shown in Figure 3). The first step of the process is to acquire the CAD file. Next,
it is converted to a file format suitable for the slicing utility, such as a “.stl” or “.3mf” file
(ISO/ASTM 2021). By “slicing” the file, instructions are generated that are then sent to the
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printer in the form of a set of 2D sections, which are then fabricated on top of each other to
create the part (Bogue 2013). The physical level of the process includes a range of
technologies able to convert the digital file into a physical object (ISO/ASTM 2021).
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Figure 3: The AM process (ISO/ASTM 2021)

On the physical level, several technologies exist, using different materials. (Lastra et al.
2022) consider that polymers and metals are the most commonly used materials in AM.
Although AM with other materials does exist, such as rubbers, concrete, glass and
ceramics (Bogue 2013). AM is rapidly evolving with respect to material alternatives,
meaning that the number of materials is steadily growing. AM using metals includes
materials such as titanium alloys, aluminium alloys and magnesium alloys among others.
For AM with polymers, there are various alternatives including poly-lactic acid (PLA),

nylon, polyamide and polycarbonate (Srivastava et al. 2022).

The different 3D printing technologies all share the additive production process (the part is
built one layer at a time). However, the different technologies differ in how the layers are
constructed. Technologies such as Fused Deposition Modelling (FDM) and Selective Laser
Sintering (SLS) construct the layers by softening and melting material. While

Stereolithography (SLA) utilizes laser technologies to build layers (Lastra et al. 2022).
Initially, AM was used as a prototyping tool, but technological advancements have

facilitated its transition into a manufacturing method for end-use parts. In particular, the
medical and aerospace sector has found AM to be a useful tool for producing complex
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spare parts in small volumes (Petrovic et al. 2011). For manufacturing, AM is especially
suited to manufacturing parts with complex geometry that are challenging to produce with
traditional methods (Bogue 2013).

In contrast to traditional manufacturing, where unit costs decrease as production becomes
larger, economies of scale function differently for AM. Handal (2017) proposes a
hypothetical graph (shown in Figure 4) displaying the unit of costs of AM and TM, where

unit costs for AM are constant.

Traditional Manufacturing

Cost Per Unit

A4

Number of Units

Figure 4: Unit costs of AM vs. TM (Handal 2017)

A study on the economics of laser sintering machines showed that economies of scale
apply only partially to AM; it applies to the point of maximum utilization of the build
space of the machine, but no further than this (Baumers and Holweg 2019). In other words,
they describe a cost curve that is not exactly flat, but instead has decreasing unit costs as
you better utilize the build volume of the 3D printer. The cost curve is shown in Figure 5,
where the authors have adapted from cost models developed by Ruffo, Tuck, and Hague
(2006).
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Figure 5: Comparison of AM cost models (Baumers and Holweg 2019)

Another unit cost model (Figure 6) is proposed by ltuarte, Khajavi, and Partanen (2016),
displaying the break-even point for SLS and SLA techniques in relation to traditional
injection molding. The graph also includes a hypothetical estimation of future costs. Their
results show that AM is currently not suitable for mass production. It might be reasonable
to expect a reduction in cost as AM technologies evolve. Therefore, the authors include a
hypothetical scenario in the graph: Should the cost of AM become 10 times cheaper in the
future, AM will become more suitable for mass production, but will still struggle to
compete with traditional manufacturing for higher volumes. Still, AM is an attractive

option for small volumes and situations where production needs to be quickly adjusted.
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Figure 6: Unit costs of AM (ltuarte, Khajavi, and Partanen 2016)
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Chekurov et al. (2018) examined the attitudes of companies to additive manufacturing of
spare parts through focus group interviews. The high costs were often mentioned by the
interviewed companies as a major barrier to implementation of additive manufacturing of
spare parts. Many of them also considered size constraints to be problematic, as additive

manufacturing is perceived as less suitable for bigger spare parts.

Attaran (2017) also mentions equipment costs as a barrier, but emphasizes that this is not
permanent. Over time, the number of 3D printing firms will increase leading to reduced
costs in the future. The author also cites major investments by governments (e.g. the
Chinese government) in the technology as a clear sign that the cost will go down

eventually.

According to Khajavi, Partanen, and Holmstrém (2014) having 3D printing of spare parts
localized on the production site, may allow for higher uptime in production as you avoid
the possibility of running out of inventory and late deliveries from the spare parts supplier.

This increases flexibility and protects against unforeseen demand spikes.

While AM has existed for several decades now, its adoption in industries may not have
reached the level that it was predicted to. Though difficult to quantify, an industry report
on AM produced by Wohlers (2019) found that AM comprised less than 1% of total
manufacturing at the time. Authors like Kunovjanek and Reiner (2020) point to E.M.
Rogers, Singhal, and Quinlan (2014) for an explanation of why AM’s degree of adaptation
perhaps has not lived up to the hype. Rogers proposed that the majority of innovations tend

to initially grow at a slow rate despite their benefits.

On the topic of bottlenecks preventing the use of AM in spare parts logistics, Ballardini,
Ituarte, and Pei (2018) identify several issues through a multiple case study. The low
technological maturity of AM was found to be a common issue the companies were
concerned about, as they feared that AM would result in inferior product quality. Another
key issue among the companies examined in the study was the lack of digitalized

information about the spare parts; often CAD files do not exist. Furthermore, original
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drawings could sometimes not be located. In addition, suppliers offering AM as a

production method were few in comparison to traditional methods of manufacturing.

3.5 Sustainability Impacts of Additive Manufacturing

Ford and Despeisse (2016) highlight three main advantages of AM from a sustainability
perspective. Firstly, AM can enable more efficient use of resources for products where AM
is an alternative manufacturing method. Secondly, the longevity of products can be

extended with AM. Lastly, supply chains can be reconfigured to be less complex.

The production process may also require less materials by limiting overproduction.
Additive manufacturing can also enable repairs of spare parts which will increase the life

cycle of products (Holmstrom and Gutowski 2017).

In terms of reducing carbon emissions, Li et al. (2017) found through simulation modelling
comparing traditional supply chains with AM supply chains that the latter had lower
carbon emissions. In these supply chains, most of the emissions were tied to the raw

materials needed for the 3D printing process.

Rupp et al. (2022) evaluated the carbon emissions of 3D-printed steel spare parts using a
decentralized SC configuration. They found that transportation costs made up somewhere
between 5% and 11% of total supply chain emissions for the spare parts. The study also
presents the importance of the energy mix of manufacturing the spare parts, which greatly
impacts the total emissions. The authors explain that companies often choose
manufacturers based on price and not CO2 emissions. The result of this is often

manufacturing in places with a fossil fuel dominated energy mix.

According to Rejeski, Zhao, and Huang (2018), the majority of 3D printers use more
energy than the equivalent conventual manufacturing technique. In particular, AM using
metal materials consume significantly more energy. That said, AM’s ability to combine
production steps means that you can avoid waste associated with several production
processes and assembly of parts. Although AM leads to less waste in manufacturing, waste
is still existent. It should be noted that waste can sometimes be more than expected as a

consequence of human or machine errors (Song and Telenko 2017).
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Estimation of energy use among AM processes is difficult due to large variations in the

energy efficiency between different AM machines. Variables like material type and usage

rates also contribute to the difficulty in estimating the energy efficiency of AM (Rejeski,
Zhao, and Huang 2018).

Although life cycle assessments (LCA) of AM have been performed, some uncertainties
are tied to the results, for reasons such as limited data tied to the manufacturing of the
feedstock (raw materials). Typically rough estimates are used for feedstocks in LCAS
(Rejeski, Zhao, and Huang 2018).

Holmstrém and Gutowski (2017) highlight several ways a supply chain supported by
additive manufacturing may improve sustainability. For one, transportation may be
reduced by locating the production of spare parts on-site. However, this may come at a

cost considering the often high cost of additive manufacturing equipment.
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Table 4 presents a summary of the sustainability implications of additive manufacturing.

Table 4: Sustainability impacts of AM

Positives

More efficient use of
resources (less waste)

Potential of AM to extend
life cycle of products

Less complex supply
chains

AM may combine
production steps

On-site AM, though
expensive, may improve
sustainability

Author(s)
cited

Ford and
Despeisse
(2016),
Holmstrém
and
Gutowski
(2017)
Ford and
Despeisse
(2016)
Ford and
Despeisse
(2016)

Rejeski,
Zhao, and
Huang
(2018)
Holmstrém
and
Gutowski
(2017)

Negatives

AM is more energy
intensive than traditional
manufacturing

AM may still be wasteful
without skilled operators

Difficult to conduct accurate

LCAs on AM because of
limited data on feedstock
manufacturers

Author(s)
cited
Rejeski,
Zhao, and
Huang
(2018)

Song and
Telenko
(2017)
Rejeski,
Zhao, and
Huang
(2018)

3.5.1 Servicification Through Cloud-Based Design and Manufacturing

A recent trend in sustainability is servicification through the concept of distributed cloud-

based design and manufacturing (CBDM). The background for this new concept is the

exceedingly competitive nature of business in an international economy compelling firms

to change the way they think about manufacturing, design and innovation, and seeking

knowledge within these areas from sources beyond their own organization. Developments

in cloud computing have facilitated easier access to collaboration between firms with

respect to innovation of design and manufacturing processes (Wu, Rosen, and Schaefer

2014). This new paradigm presents some implications for sustainability, such as enabling

firms to decrease their dependence on transporting materials and holding inventory which

allows for a leaner, more sustainable supply chain (Nagarajan, Raman, and Haapala 2018).

Additive manufacturing is a technology that becomes a key part of this concept (Wu,

Rosen, and Schaefer 2014).
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3.6 Supply Chain Configuration with AM

Li et al. (2017) define two different supply chain configurations for the use of additive

manufacturing in spare parts logistics.

e Centralized: where 3D printers are located at a centralized location, and spare parts

are produced and then transported to the service location.

e Decentralized (also referred to in the literature as “distributed”): where each service

location has 3D printing capabilities and produce to cover their own demand.

On the topic of centralization, Mecheter, Pokharel, and Tarlochan (2022) found that most
supply chains supported by additive manufacturing of spare parts were neither centralized

nor decentralized, but rather a mix of the two.

Examining the topic of spare parts in the aircraft industry, Liu et al. (2014) illustrated that
additive manufacturing may have potential to reconfigure supply chains to facilitate a
decrease in safety stock levels and their consequent inventory costs. They emphasize that
the appropriate supply chain configuration depends on the characteristics of the spare parts
in question. For parts with long lead times in manufacturing, low average demand and
significant demand variation, they deem a centralized AM configuration to be appropriate.
Conversely, parts with high and stable demand favour a decentralized configuration. If
demand is low and volatile, a centralized AM supply chain may be applicable if
manufacturing lead time is significantly short, since the parts may be produced on-

demand.

Li et al. (2017) explain that while AM has several advantages over traditional
manufacturing, the decision to implement AM should be based on the individual firm’s
supply chain circumstances. Based on the results of simulations, the authors describe a
trade-off between the economic and environmental benefits, explaining that the economic
benefits shown by the study may not necessarily be strong enough to convince managers to
implement AM. Environmental benefits on the other hand were more obvious. The
environmental benefits described by the authors are not necessarily because AM is an

inherently more environmentally friendly technology, but rather as a result of the supply
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chain reconfiguration it enables. A reduction in supply chain tiers in the spare parts supply

chain may enable a reduction in carbon emissions.

Further, Li et al. (2017) found that AM-supported spare part supply chains were preferable
in terms of variable costs. The main cost element in centralized supply chains were
transportation costs, while decentralized supply chains™ costs were mainly manufacturing
costs. However, when taking into account the fixed cost of acquiring the AM equipment,
AM-supported supply chains were no longer cost-effective in relation to traditional spare
parts supply chains. Naturally, this calculation is based on the cost of purchasing AM
equipment given the technological development at the time of the article’s writing (2017).
Future advancements in AM technologies could very well lead to reductions in the

purchasing cost.

Khajavi, Holmstrom, and Partanen (2018) conducted empirical research comparing
scenarios with centralized and decentralized AM in spare part supply chains in the
aerospace industry. A key finding was that the role of the annual cost of personnel and
equipment tied to AM is highly consequential for the decentralized configuration. The
decentralized configuration has a higher number of locations than the centralized
configuration, therefore even small reductions in the equipment cost tied to AM functions

favours a decentralized configuration.

Earlier analysis by Holmstrom et al. (2010) concluded that on-demand centralized
production was the approach for spare parts most likely to succeed, given the trade-offs
involved. The authors describe three important trade-offs to consider for application of
AM in the spare part supply chain. The first trade-off was the choice of batch production
or on-demand production. Several variables are in play here, namely inventory costs,
material costs and the costs of having manufacturing capacity. Obsolescence costs also
apply, and if these costs are high, this favours on-demand production since it can
effectively eliminate costs of obsolescence. For AM production, the size of the part is the
dominant cost driver, while the costs of traditional manufacturing are mainly influenced by

the complexity of the part.
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The second trade-off described by Holmstrom et al. (2010) was the configuration:
centralized or decentralized. Several factors influence this trade-off. For one, the capacity
utilization of the equipment is important. Low utilization of the AM equipment will favour
a centralized approach. For spare parts that are consequential for the uptime of equipment,

the decentralized approach will be attractive.

Finally, a trade-off between general purpose and specialized AM equipment is described.
This is because general-purpose AM capacity can be shared between users, which gives
rise to the ability of AM service providers to serve several companies and manufacture
different kinds of spare parts. The authors state that further development of AM into a
more available general-purpose technology will favour the decentralized approach
(Holmstrom et al. 2010).

Selection of the optimal manufacturing technology and supply chain configuration has
been discussed by Rinaldi et al. (2021). Through an AHP (analytical hierarchy process)
model, they assigned weights to KPIs to compute a sustainability index. According to their
calculations, they deem additive manufacturing to have potential over traditional
manufacturing, considering a 50/50 split between economic and environmental criteria.
Especially when a high service level is required, a decentralized AM setup is considered
the best choice from an environmental standpoint. If a low service level is required and the
demand is low, a centralized AM configuration is superior. That said, if assigning a very
low value for environmental criteria (10%), traditional manufacturing was preferable.
Looking exclusively at economic criteria, TM was preferable when demand was high. For
low demand, centralized AM was economically superior because centralized AM allowed

for higher capacity utilization of the AM equipment.

Though the different extremes of centralized and decentralized configurations have been
presented in the literature, with some authors predicting a trend towards more
decentralization and greater proximity to customers and responsiveness. Other authors
have been more reserved about the prospect of decentralization of AM, with authors such
as Holmstrom et al. (2010) and Liu et al. (2014) emphasizing that centralized AM may be
more effective for higher volumes. How AM service providers will organize and locate
themselves therefore becomes an intriguing question. Boon and Van Wee (2018) describe
two opposing forces influencing the choice of location; AM is a driver for efficiency and
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customization, however, it creates the burden of complexity and quality control. This may
mean that more complex parts may be more applicable for being produced by AM service

providers, while simpler parts may be more applicable for in-house production by firms.

3.7 Sourcing Strategy for AM

Another key question when talking about spare parts derived from additive manufacturing
is whether to have a single or dual sourcing approach. Are you better off sourcing purely
3D-printed spare parts or is it better to source a mixture of 3D-printed and traditionally

manufactured spare parts? Multiple authors have examined this.

Mecheter, Pokharel, and Tarlochan (2022) performed a comprehensive review of the
existing literature on additive manufacturing in the context of manufacturing of spare
parts. The review found that most authors, based on the current state of additive
manufacturing technologies, recommended a dual or mixed sourcing approach, as opposed

to single sourcing.

Knofius et al. (2021) find through case studies in the aviation industry that dual sourcing
tends to outperform single sourcing given the characteristics of spare parts logistics; low
demand, high inventory costs and large backorder costs. They emphasize that dual
sourcing may help avoid the drawbacks associated with additive manufacturing in spare
parts logistics. Such drawbacks, as highlighted by Westerweel, Basten, and van Houtum
(2018) include larger unit costs and uncertainty regarding quality. The model developed by
Knofius et al. (2021) takes into account the difference in costs and failure rates between
3D-printed parts and traditionally manufactured parts. They assume a lower lead time for
the 3D-printed parts. Overall their model attempts to find a trade-off between the two

production methods using a dual sourcing approach.

Through their analysis, they found that dual sourcing was the cheaper option compared
with single sourcing either 3D printed or traditionally manufactured parts. This applied
even when assuming unflattering circumstances for the AM parts, like three times the cost
or failure rate of traditionally manufactured parts. Under these conditions, they found a
30% saving compared with the single sourcing approach. They generally found that AM
functions well as an emergency source of supply that compliments traditional

manufacturing. A dual sourcing approach allows for utilization of the benefits of AM
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while keeping the impact of AM’s disadvantages low. The authors also find that single
sourcing of AM parts was not suitable for parts with high impact on downtime. Having

stock is necessary to mitigate the risk of downtime (Knofius et al. 2021).

If a situation where traditionally manufactured parts are single sourced results in higher
backorder and holding costs compared to other costs, dual sourcing is preferred. Usually,
this situation is characterized by high holding costs and backorder costs, coupled with low

resupply rates of traditionally manufactured parts and low demand (Knofius et al. 2021).

3.8 Outsourcing vs. In-House AM

Another aspect of the supply chain design side of AM implementation is the make-or-buy
decision; Should AM be outsourced to a provider of AM services or should companies
build AM competence in-house? H. Rogers, Baricz, and Pawar (2016) state that though
outsourcing AM removes risks such as expensive investments in machines, training and
employees, companies will still face risks related to ordinary “manufacturer-supplier

relationships”.

Regarding the make-or-buy decision for AM, Friedrich, Lange, and Elbert (2022) identify
several arguments with implications for this decision. For instance, investment in an
emerging technology like AM implies a level of technological uncertainty that may favour
outsourcing as a way to approach AM as opposed to making considerable in-house

investments that come with uncertainty given the emerging state of the technology.

Friedrich, Lange, and Elbert (2022) point to references such as Khajavi, Partanen, and
Holmstrom (2014) and Hedenstierna et al. (2019) who mention the inherently flexible
nature of AM; It is not specific to any specific product. AM being a general-purpose
machine seems to be an argument that AM has low asset specificity. At the same time,
findings from Friedrich, Lange, and Elbert (2022) testing these arguments in a case study
of AM-adopting firms suggest that the firms found certain aspects of AM to be at odds
with this argument. For instance, the firms point to the fact that operating AM machines
require a great deal of knowledge and experience. In addition, AM incurs costs related to
training of staff, pre- and post-processing of parts and maintenance of the 3D printers. This
echoes the viewpoint of Mellor, Hao, and Zhang (2014), who emphasizes that AM

implementation will incur considerable costs related to the education and training of

32



engineers with traditional manufacturing backgrounds. While AM could be described as
general-purpose equipment, these additional aspects are also part of the investment in AM

and have implications for the decision of whether to outsource or implement in-house.

Another key finding from the case study by Friedrich, Lange, and Elbert (2022) is related
to the outsourcing of core competencies. The firms examined in their case study were
hesitant to outsource AM as they considered AM design proficiency as a source of
competitive advantage, particularly the ability to use AM to improve the design of

structures.

Concerns related to intellectual property rights are also found among most of the firms in
the study, who feared that outsourcing of AM would pose the risk of opportunism from the
partners in the shape of counterfeiting and copying. The companies described uncertainty

regarding the protection of intellectual property rights beyond “standard contracts and

trust” (Friedrich, Lange, and Elbert 2022).

The case study also observed that the firms found a challenge in achieving high utilization
of AM equipment and generating satisfactory demand for parts produced with AM. This
leaves AM service providers in a better position given their ability to pool orders and
specialize deeper in AM technologies (Friedrich, Lange, and Elbert 2022).

To summarize this chapter, the decision to outsource AM or keep it in-house is based on
several aspects. The technological uncertainty of an emerging technology such as AM may
favour outsourcing as a means to reduce related risks (Friedrich, Lange, and Elbert 2022;
H. Rogers, Baricz, and Pawar 2016). However many firms consider AM as a core
competency that should be kept in-house in order to mitigate risks of opportunistic
behaviour from other firms. The cost of educating and training engineers” AM capabilities
may also favour the argument towards outsourcing. In addition, AM service providers are
better positioned to achieve higher utilization of AM machines (Friedrich, Lange, and
Elbert 2022).
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3.9 Additive Manufacturing’s Impact on the Supply Chain

The emergence of AM is often referred to as a “disruptive technology”. Kothman and
Faber (2016) argue that AM is a disruptive technology as it changes several different
domains; it fundamentally alters the product, which consequently alters both the

manufacturing process and the supply chain.

Kothman and Faber (2016) describe that by increasing manufacturing performance and
integrating functions, AM shortens the supply chain, thereby reducing the number of
partners involved, and requiring closer collaboration with the partners. This point is also
mentioned by Gebler, Uiterkamp, and Visser (2014) who project that AM will make
supply chains shorter by “inducing more direct means of production”. The authors also
describe that supply chains can become more dynamic since digitalized pre-chains will

replace physical ones.

The lack of a global network of AM service providers able to compete with traditional
manufacturing does however limit the application of AM for spare parts (Ballardini,
Ituarte, and Pei 2018). The inclusion of AM in supply chains is limited by three factors,
according to Tziantopoulos et al. (2019). Firstly, achieving economies of scale with AM is
costly. Secondly, there is a limited selection of materials. Finally, the legal environment

and regulations remains a challenging topic since AM is still an emerging technology.

A substantial obstacle to large-scale implementation of AM is the need for qualification
and control of parts produced with AM (DNV 2023). DNV is an example of a provider of
certification and quality control of parts produced with AM in the maritime sector. Though
certification standards for AM are growing, the lack of a well-established certification

process remains a challenge (Chen et al. 2022).

Heinen and Hoberg (2019) state based on their study of a large dataset of a company’s
spare parts assortment, that companies only need to acquire a “relatively low” level of AM
capacity to experience the benefits of AM. The spare parts in the case company’s portfolio
that were considered for a switchover to AM were characterized by low demand. Parts

with high demand rates should still be traditionally manufactured according to the study.
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In the case of supply-side effects of the introduction of AM, Oettmeier and Hofmann
(2016) describe that implementation of AM leads to an increased need for closer
collaboration between the suppliers of the raw materials and machines required for AM, as
these two components need to be compatible with each other. In the case of outsourcing of
AM activities, close communication between engineers who perform the 3D-modelling

and the AM provider will be required to facilitate design changes swiftly.

To summarize this chapter, AM holds the potential to alter the supply chain by shortening
its length (Gebler, Uiterkamp, and Visser 2014). Although its adoption among companies
has been somewhat limited because of factors like costs, limited material selection and a
complex legal environment (Tziantopoulos et al. 2019). That said, a low-scale
implementation is enough to yield the benefits of AM according to Heinen and Hoberg
(2019). Another important note is that AM will require closer collaboration with suppliers

of equipment and raw materials (Oettmeier and Hofmann 2016).

3.10 Digital Inventory

The traditional manufacturing of spare parts gives rise to some challenges. For one, parts
may be stored for long periods of time. The difficulty of estimating when spare parts are
needed gives rise to the possibility of a spare part never being used. Some spare parts may
deteriorate to a degree where they can no longer be used as they do not meet performance
requirements. Spare parts inventories are often large, especially if a company is the
manufacturer of products that are highly customized. These challenges, coupled with the
expensive nature of holding such a spare part inventory, add to the complexity of inventory

management (Salmi et al. 2018).

The aforementioned challenges provide the background for the “digital spare parts”
concept. By having information about the spare part in a digital format and producing it
with AM when needed, the spare part does not take up space in the warehouse.
Consequently, the challenges mentioned above are eliminated. The digital spare parts
concept can also facilitate a reduction in labour and costs related to customs when ordering

traditionally manufactured spare parts (Salmi et al. 2018).
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The digital spare parts concept does however have its challenges. A major barrier that
prevents the introduction of digital spare parts and AM is a lack of digitalized design files
for the parts (Khajavi, Salmi, and Holmstrom 2020). This point was also highlighted by
Ballardini, Ituarte, and Pei (2018), as mentioned earlier in the literature review. Further,
adopting AM is also heavily reliant on information flows. While AM may improve
multiple supply chain capabilities, it may cause vulnerability in the shape of heavily
relying on information flows. Satisfactory ICT structures are therefore needed prior to AM

implementation (Naghshineh and Carvalho 2022).

3.11 Classification of Spare Parts

A flowchart for spare part categorisation was developed with AM in my mind by Lastra et
al. (2022). It distinguishes between simple parts and complex assemblies, followed by the
dimensions (small/medium/high volume) of the part. Next, material class is determined
(metal, polymer, or both). Although the author further classifies parts into different
categories, a simplified version is shown in Figure 7 to illustrate different applications of

AM for spare parts.

Spare parts
Y \ 4
’ Simple Part
fescibiies (Single Piece)
Small & Medium X
High Volumes i
2 Volumes High Volumes Smavlloiml\ﬂzgmm
Y
\ 4 \ 4
Not Printable i ;
Slnglg Mu|t|ple Metal Polymer Metal Polymer
material materials
i l Y
Polymer &
Metal Polymer Metal

Figure 7: Spare part classification for AM parts. Adapted from Lastra et al. (2022)
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The first step for introducing digital spare parts through AM according to Khajavi, Salmi,
and Holmstrom (2020) is analysis of the suitability of the spare parts assortment for 3D
printing. The authors describe that digitalized information should include not merely the
geometry and dimensions of the part, but also information detailing the material, the need

for post-processing and the required surface finish.
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4.0 Case Description

This chapter will present the case company, along with a description of the problem that

will be examined in the case study and the surrounding context of the case company.

4.1 Case Company Description

Hydro is one of the world’s leading companies in aluminium and renewable energy, with a
presence of over 140 locations spread over 40 countries, totaling 32 000 employees. They
are involved in several aspects of the aluminium value chain, such as energy production,
mining and refining of raw materials, aluminium production and recycling of aluminium

(Hydro 2022a). Figure 8 displays Hydro"s supply chain.
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Figure 8: Hydro’s supply chain (Hydro 2022a)

The first two parts of the supply chain include the extraction of bauxite and the refining of
alumina. What follows in the supply chain is energy production; much of this energy is
then used to supply Hydro"s aluminium production. As one of Norway’s three leading
producers of hydropower, Hydro has access to renewable energy to supply its production
plants. Over 70% of electricity applied in the primary aluminium plants is acquired

through renewable power (Hydro 2022a).

Hydro"s aluminium metal division includes primary aluminium production and casting,
which is comprised of products such as standard ingots and alloys. Primary aluminium
production takes place at Hydros fully-owned Norwegian plants in Sunndal, Karmgy,

Husnes, Hayanger and Ardal, as well as co-owned plants in Australia, Brazil, Slovakia,
Canada and Qatar (Hydro 20223).
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Extrusions produce tailor-made components for sectors such as the construction, heating
and automotive industries. Lastly, Hydro"s aluminium can be found in end-use consumer

products, vehicles, or buildings to name a few applications (Hydro 2022a).

As a means to achieve more resilient value chains, as well as decreasing waste and
contributing to a lower carbon footprint, Hydro recycles both post- and pre-consumer scarp

and operates 25 recycling facilities throughout Europe, Canada and the US (Hydro 2022a).

The global demand for aluminium is expected to rise considerably in the coming years. In
a 2022 media statement, Hydro points to the International Aluminium Institute (IAl) who
forecast a global demand increase to be as high as 70-80% by 2050. Hydro wants to take a
leading position by meeting this demand increase in a sustainable way, with the intention
of contributing to the Paris climate agreement’s goal of keeping the planet’s increase in
temperature below the 1,5-degree threshold. While an increase in post-consumer scrap
recycling is planned to cover most of the demand increase, the rest must be facilitated by
aluminium production with net-zero emissions (Hydro 2022b). In the past 30 years, Hydro
has reduced the carbon footprint of its aluminium products by 70%. However, the annual
production output has seen a 400 000 ton increase, meaning that the emissions of total
aluminium production have dropped by 55% from 1990 to 2021 (Hydro 2021).

Hydro has outlined a roadmap for achieving a net-zero aluminium product by 2050 which
includes the growth of their recycling volume, as well as decarbonization of their upstream
supply chain and their aluminium production through technological developments. The
goals for 2025 and 2030 are 10% and 30% reduction in emissions respectively (Hydro
2021).

4.2 Case Description: Spare Parts at Hydro Sunndal

The company holds an extensive inventory of critical and non-critical parts. The plant’s

warehouse is large and expensive to hold and maintain. Over time, spare parts will decay
and lose their value. Digitalization of inventory management processes therefore become
an interesting topic for discussion. The introduction of industry 4.0 technologies like AM
is relatively recent and requires more knowledge. This case study hopes to contribute to a

better understanding of AM’s impact on spare parts logistics within the organization thus
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far, as well as reflecting on what the technology holds for the future for Hydro; in terms of
solving challenges in spare parts logistics and contributing to their overarching strategic

goals related to improving the sustainability of their upstream supply chain to facilitate
net-zero aluminium production.
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5.0 Findings

This chapter will detail findings from the interviews conducted with the case company.
The interviews were concerned with detailing the current processes for managing spare
parts logistics at the plant, as well as highlighting common challenges faced when dealing
with the supply of spare parts to the plant. The suitability of additive manufacturing is also
explored, and how it relates to these challenges. In addition, the effects of the
implementation of AM so far are considered, as well as the requirements for future

development of the AM capacity tied to the plant.

5.1 Current Handling of Spare Parts Logistics

The general process of acquiring spare parts is described by interview objects working in

the maintenance and purchasing departments.

Several strategies related to purchasing of spare parts are outlined. Frame-agreements
largely dictate the choice of supplier. If a frame-agreement is in place then Hydro will
generally purchase from that supplier. Or in the event of a simple part with low cost, they
would likely go to the supplier offering the best conditions in terms of price and delivery

time.

When considering a part with no frame-agreement, and a considerable price that is over a
given sum, the purchasing department is required to involve at least three suppliers in the

tender in order to ensure competition in the market.

The demand for spare parts is triggered by the maintenance department. The process is

described by the company as different for critical and non-critical parts.

5.1.1 Non-Critical Parts

For non-critical parts, they have the description of the spare part in SAP, which is their
maintenance planning tool. The process starts with the maintenance department creating a
purchase requisition that goes to the purchasing department. The requisition is then

handled by the purchasing department and the order is placed.
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5.1.2 Critical Parts

For critical spare parts, it is necessary to keep them in stock. The purchasing department
has set a pre-determined ordering point. When the maintenance department takes a part out
of the warehouse and this causes the stock level to drop to the ordering point, an automatic

order is sent to the supplier for a set amount of parts.

MRP (Material Requirements Planning) data includes information about how much is
currently in stock, what the ordering point is and how much should be ordered. The

ordering point and order quantity can be adjusted if for instance:

e There are challenges in operations that may increase the consumption of a spare
part.

o A supplier is experiencing challenges that cause increased lead time.

There may also be developments in prices that influence the supply situation. If Hydro has
an agreement with a supplier for a critical spare part, but they experience that prices or
lead time become too high, they might have to evaluate the situation and consider to

include other suppliers for this spare part.
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5.1.3 Process Overview

An overview of the process of acquiring a spare part is shown in Figure 9 below.

[Spare part is needed]

Critical Critical or non- Non-critical

critical part?

D';natmtf:;: c:n Maintenance Dept.
po.m fromp & creates purchase
warehouse reqUIijon

[ Requisition sent to ]

purchasing dept.

No
nventory level reaches
ordering point

No further
action

Purchase from that s there a frame-
supplier agreement?

Automatic order is
sent to supplier

Request minimum 3 Price over a
suppliers given sum?

Pick supplier with
best terms

Figure 9: Spare parts logistics process

5.1.4 Classification of Spare Parts

The need to classify spare parts is born out of the need for defining critical functions.
Some functions have high criticality, while some functions are less critical. For critical
functions, there is a need to examine the components that contribute to the function and
analyze the probability of the component’s failure and the consequences of failure. If the
consequences of the part failing lead to the disruption of an entire function, then keeping

the component in stock is necessary.
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In some cases, there are suppliers able to deliver a part within 12 or 24 hours. In situations
like this, the company does have the option to purchase storage space at the spare part
supplier’s facilities. This is not something that the plant does often. They do however have

some of their suppliers™ inventory stored at the plant.

The maintenance department performs the classification regarding criticality. They
determine what is critical enough to keep in stock. The central warehouse is responsible
for adjusting the ordering point and stock level, which they might do if they for example
face a significant increase in lead time for a part. Smaller adjustments are made by the
warehouse themselves, while bigger adjustments require communication with the
maintenance department. Therefore, the interaction between the maintenance department

and the warehouse is important.

5.1.5 Challenges in Spare Parts Logistics

As for challenges experienced in the supply of spare parts, the maintenance manager and
the purchaser explain that they often relate to high costs and increased lead time. In
addition, many parts may become obsolete over time. Another aspect is the preservation
and maintenance of the spare parts inventory. They emphasize that there is a need to
preserve the spare parts inventory as it decays over time, especially since you do not know
when it is needed; it could be in 6 months’ time or significantly more. Some of the plant’s
spare parts are stored for up to 10 years. The capital tied up in this inventory can be a
challenge. In addition, a large spare parts inventory takes up significant space and becomes

harder to keep track of. These aspects present a motivation to reduce storage levels.

5.2 Suitability of Additive Manufacturing

Following the findings above related to current spare parts logistics, findings related to the
suitability of additive manufacturing for the case company will be outlined. This includes
the effects of the plant’s current small-scale in-house AM implementation, as well as
perspectives related to the motivation for 3D-printed spare parts. Findings related to future

developments of the technology and the surrounding supplier market are also presented.
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5.2.1 Motivation for Implementing Additive Manufacturing

The maintenance manager explains that the plant’s 3D printing journey was born out of a
wish for more competency among the maintenance operators. This wish was then followed
up by introducing more training schemes for the operators, by purchasing new equipment
and receiving training from suppliers. To further materialize the training of operators, a
partnership with a vocational school was initiated. Among the courses in the training

program was a course about 3D printing and digital drawings.

The motivation for starting with 3D printing at the plant was described as the fact that a
spare part was desired, but there were uncertainties regarding the exact shape and
specifications. Therefore, AM was used to develop prototypes, which were then tested and

adjusted until a working design was found, and re-printed.

In addition, there has been motivation to 3D print because of difficult supply
characteristics. Such situations include:
e When spare parts are entirely unavailable on the market.
e When purchasing a given spare part separately is not possible, but the part can only
be bought as part of a larger assembly to which it belongs.

e When spare parts are available on the market, but the price is too high.

In the event of high prices, the company has on several occasions been able to print parts
for a much more reasonable price using one of their in-house 3D printers. The maintenance
manager explains: “We have also encountered that some parts cannot be sourced, or that
you cannot buy the exact part, but you can buy a bigger component which contains that
part. We also see that some parts can be bought, but the price is relatively high. We come

out with a fully-fledged product here at a far more reasonable price.”

The globalized nature of modern supply chains is highlighted as a complicated aspect that
forms a part of the motivation for 3D printing. The maintenance manager describes that
“The motivation for 3D printing will be multiple things. Lead time is one aspect. The
international environment makes it so that we observe a considerable increase in ordering

time and lead time of components. ”
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The maintenance manager also explains that obsolescence is an important aspect behind
the desire to 3D print: “We have a plant that has been assembled over many years. We
have installations of different ages, and some of the equipment is no longer available on
the market. ” The plant is comprised of components and machinery going back many years.
Consequently, obsolescence complicates spare parts logistics. The event of failure of
components in an obsolete machine gives rise to modifications. Typically, a replacement
part is purchased from a supplier, and the parts of the machine are reconfigured to fit the

replacement part. Such modifications are difficult to execute, not to mention expensive.

The maintenance manager also imagines that producing a spare part with AM could be
cheaper if the alternative is hiring a Norwegian industry worker to traditionally

manufacture the part, given the high labour costs in the Norwegian market.

Though AM has mainly been utilized for prototyping so far at the plant, the ambition is to
include AM as a part of the overall supply strategy for spare parts and integrate it into the
overall management system for maintenance. The maintenance manager also stresses that
if one is to succeed with 3D printing, it needs to be included in the overarching supply
strategy of the company: “No matter how you attack 3D printing it is about a supply
strategy that includes that possibility. it is something that follows a decision-making
process; it is not just a simple activity you start. It entails a strategy for supplying spare
parts and materials to an organization. it is important that the overarching strategies are

there in our management system if we are to succeed with it.”

In terms of the long-term goal of AM. The interview objects together highlight that large-
scale in-house implementation of AM is not likely, nor is it the goal. The company’s 3D
printing journey is largely concerned with the aim of “training” the ability to see
opportunities that arise from AM. In essence, they are awaiting a development in the
surrounding market of suppliers to include AM as a manufacturing method. That also
entails the suppliers having the competency regarding legal considerations such as

intellectual property rights.
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The ambition cited by the purchaser for the purchasing department is to collaborate more
with external companies, the maintenance department and Hycast (a daughter company of
Hydro concerned with R&D activities) to build competence and take advantage of the
possibilities of AM for spare parts. This goal is one of the sustainability goals that the

purchasing department has set.

The maintenance manager points to the fact that companies will over time be pushed more
in terms of sustainability by governmental regulations. This provides a motivation for
companies to become more circular and attempt to extend the life cycle of their equipment:
“If a component has a part that makes up 10% of the purchasing cost, if that part is worn
out, we need to replace that part and continue to use the equipment. A simple way of

’

putting this is that it costs more and more to dispose of waste.’

The plant experiences a supplier market that leverages its position by offering a discounted
initial price and then gaining bigger profits on the aftermarket. This results in high price
levels for spare parts, especially for individual components that are part of a bigger
assembly. The prices for these individual parts are often marked up to a point that

encourages buying the complete assembly.

The maintenance manager states that the emergence of 3D printing might change this
landscape. The suppliers might be forced to look at “other methods” of repairing or

acquiring parts for a cheaper price, such as with AM.

5.2.2 Effects of AM Implementation

Hydro has aluminium plants in Sunndal, Husnes, Hayanger, Karmgy and Ardal, but
Sunndal is the only plant that has implemented AM. They currently operate two FDM
(fused deposition modelling) 3D printers; Flashforge Creator Pro 2 and Prusa Raise3D Pro
2.

Hydro Sunndal has experimented with AM on a small scale, starting in 2021. So far a
handful of different spare parts have been produced in-house using AM. These first few
pilot projects were non-critical parts. For instance, they have 3D-printed hooks and clothes
hangers for wardrobe lockers. Another project was battery covers for headsets. The battery

covers would often break, and ordering this individual part from the supplier was not a
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possibility, you would have to order a whole new headset. Therefore it made sense to print
these small parts. This resulted in estimated savings of 40 000 NOK per year. Initial pilot
projects such as this example have sparked interest in more widespread use of the

technology.

In terms of AM competence at the plant, they have established a small group of engineers
and operators responsible for 3D printing parts. They receive suggestions for what parts to
manufacture from other departments, which they then digitally draw and print. Following
this, they receive feedback on whether the part fits or if it needs to be reprinted. In some
cases, Hydro Sunndal has 3D-printed prototypes of parts and then adjusted the drawings

before sending them to a supplier to be traditionally manufactured with metal.

Though the plant’s 3D printing journey started fairly recently (2021), they have had some
pilot projects. Some were mainly prototyping projects, while some parts have been put to
use at the plant. Some parts were additively manufactured because the original supplier for
the part no longer exists. While other parts were made with AM in order to improve the

design of an existing part.

When it comes to the purchasing process, the purchaser explains that it is hard to see any
changes following AM implementation, considering that the plant has not sought out to
purchase 3D-printed parts from suppliers. Eventually, as the supplier market for 3D-
printed spare parts grows, one might be able to examine the effect AM has on the

purchasing process.

In terms of procurement of the materials and 3D printers used at the plant. The
maintenance manager states that there have been no challenges regarding the supply. The
material they print with is PLA. The supervisor for competency development states that
AM with metal materials becomes more challenging; they envision that in that case, you
would need to involve someone in the material science field in the process, given the

complicated nature of different qualities of metal.
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In terms of supply chain effects, the purchaser explains that they are not able to say that
they have experienced a shortening of the supply chain following the implementation of
AM. Given that they have only implemented AM in a small-scale, mostly prototyping
capacity, the purchaser describes that they do not know of such effects yet, but that it could

be an interesting hypothesis for the future.

5.2.3 Requirements for AM Service Providers

The maintenance manager describes several capabilities that a potential AM supplier needs
to have. He explains that the supplier needs to be skilled in material science, as well as the
construction of machine parts. He emphasizes that AM opens up new possibilities when
compared with parts traditionally manufactured by molding; such as the ability to create

parts that are hollow and have air pockets.

In addition, legal expertise surrounding AM is mentioned as an important ability the

supplier needs to have. Being good at sales and marketing is also mentioned as important
in the initial phase. According to the maintenance manager, large parts of the industry are
not “mature” in regards to AM, and do not see the possibilities. Sufficient marketing from

the suppliers may therefore help convince companies to adopt AM.

In terms of the nature of the relationship with a potential supplier, the maintenance
manager envisions a frame agreement they may call on when it is needed both in terms of
replacing broken spare parts and printing parts to extend the life cycle of older machines.
Demand will probably be variable, therefore they stress the importance of the supplier
having a market beyond just Hydro"s Sunndal plant, but also other companies within the
mid-Norway region. The location of the supplier being relatively close is preferable in an

initial phase, as it better enables close collaboration and dialogue with the supplier.

The maintenance manager emphasizes that a potential supplier should not only look to
Hydro, but also other manufacturing companies, including the spare part suppliers if AM

provides an alternative solution to traditional manufacturing for certain parts.
Currently, many suppliers apply a pricing strategy that does not favour overhauling and

repairs. Also, suppliers often price individual parts so high that they almost reach the price

of the complete component they are part of. The maintenance manager believes that spare
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part suppliers need to rethink their strategy to provide more overhauling and repairs as

opposed to mainly sales.

The emergence of AM could be an avenue for spare parts suppliers to earn money on
digital parts according to the maintenance manager. The implications of this possible
change in strategy become interesting for Hydro and the industry as a whole, especially in
light of sustainability and reshoring. While many spare parts are produced in low-cost
countries, AM might provide an opportunity to move production closer to home as
manufacturing will to a higher extent be performed by machines rather than by traditional

labour.

5.3 Summary of Findings

An overview of key findings is presented in Table 5.

Table 5: Summary of findings

# Finding Supported by
1 Current handling of spare part logistics e Maintenance
e Different processes for critical and non-critical manager
parts e Purchaser

o Critical parts kept in stock, automatic orders
sent out when stock level reaches ordering

point
e Non-critical parts not kept in stock
2 Challenges in spare parts supply e Maintenance
e High costs manager
e Spare parts becoming obsolete (no longer e Purchaser
manufactured)

e Preservation and maintenance of inventory
present a motivation to reduce storage levels

3 Motivation for implementing AM ¢ Maintenance
e Certain spare parts unavailable on the market manager
e Certain spare parts can not be purchased e Purchaser

separately, resulting in purchasing of the larger
assembly of which the part belongs

e High price levels for certain spare parts

e International supplier market makes for
increased lead time

¢ Increasing regulatory push for sustainability
that can be met by repairing machines using
AM parts

e AM’s ability to manufacture parts with
complex geometries
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Current effects of AM implementation

“3D printing group” of engineers/operators
established

prototyping use

The plant currently produces some non-critical
parts in-house with AM cheaper than the
market could offer

Requirements for AM providers (for future
outsourcing of AM activities)

AM provider expected to have legal expertise
regarding intellectual property rights

Location being somewhat close is preferable, at
least in initial phase

Variable demand probably means that AM
provider should have a customer base beyond
just Hydro Sunndal

Strategic direction for further AM

Intention is to outsource AM in the future

Maintenance
manager
Purchaser
Supervisor
competence
development

Maintenance
manager

Maintenance
manager
Purchaser
Supervisor
competence
development

51



6.0 Discussion

The following chapter will discuss the findings from the case study in light of the existing
academic literature, to provide further insight into the research problem: “How may
implementation of additive manufacturing of spare parts improve maintenance and

support in asset management?”” by discussing the related research questions.

6.1 RQ1: What is the current handling of spare parts logistics in
Norsk Hydro Sunndal’s supply chain?

When it comes to managing spare parts, the company describes similar elements to what is
found in the literature (see finding 2 in Table 5). Dekker, Kleijn, and De Rooij (1998)
describe three main elements of spare parts logistics; costs, availability and time. This is
consistent with the main considerations that the company describes. On the cost side,
Khajavi, Partanen, and Holmstrém (2014) and Knofius et al. (2021) highlight slow-moving
parts as particularly challenging. This challenge is also felt at the plant where some parts
can be stored up to 10 years. These slow-moving parts especially incur costs related to the
maintenance and preservation of the spare parts. In addition, the spare parts inventory is

large, taking up significant space, adding to the complexity of spare parts logistics.

Authors like Chekurov et al. (2018) describe the limitations of the supplier market for
spare parts as another challenge. The company often finds themselves in a position where
they have to accept high prices from their suppliers, indicating that the limited number of
spare part suppliers puts the suppliers in a strong position with regard to their pricing
strategy (see finding 2 in Table 5).

With regard to the decision-making process model (Figure 2) developed by Cavalieri et al.
(2008), the plant’s strategies for phase 2 (part classification) and phase 4 (stock
management policy) are outlined. When it comes to the classification of spare parts, the
company broadly separates between critical and non-critical parts (see finding 1 in Table
5). Critical parts are parts that are kept in stock, while non-critical parts are parts which
need not be kept in stock. The stock management policy for critical parts is defined with
MRP data, with orders being sent out automatically in the event of the stock level dropping

to a pre-determined ordering point. However, this ordering point must be adjusted in the
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event of challenges in Hydro’s operations, or if the supplier faces challenges in their

manufacturing.

6.2 RQ2: How does the current use of additive manufacturing
affect spare parts logistics?

While AM has developed from being a prototyping tool to a fully-fledged manufacturing
method (Petrovic et al. 2011), it has mostly been used in a prototyping capacity by the case
company (see finding 4 in Table 5).

The literature mentions several benefits tied to AM. A fundamental advantage over
traditional manufacturing is that setups are less expensive and time-intensive. There is also
a reduced need for tools during the production setup (Achillas et al. 2015; Pour et al.
2016). This fact has enabled the case company to produce small batches of spare parts,
something that likely would have been less economically viable than if traditional
manufacturing was used (see finding 4 in Table 5). They have also utilized the ability of
AM to manufacture complex geometries as mentioned by Bogue (2013) and Petrovic et al.

(2011) to improve the design of the original traditionally manufactured part.

With reference to the classification tree mentioned earlier in Figure 7 (Lastra et al. 2022),
the plant has mainly applied AM for simple polymer spare parts of smaller volumes, as

shown highlighted in Figure 10.

— Spare parts
\ 4 l

: Simple Part
hesamblies (Single Piece) —l
. \ 4
High Volumes Small & Medium Small & Medi
Volumes i A ocitim
High Volumes Volumes

Not Printable % . l l

Smg[e Multlple Metal Polymer Polymer

material materials

i l A
Polymer &
Metal Polymer Metal

Figure 10: Spare part classification in relation to case study. Adapted from Lastra et al. (2022)
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6.3 RQ3: What are the implications of future strategies for
further development of additive manufacturing for

management of spare parts logistics?

6.3.1 Motivation for Future Developments

A benefit outlined in the literature is the ability of AM to manufacture parts with complex
geometries better than traditional manufacturing (Bogue 2013). This is highlighted as a
major benefit by the case company (see finding 3 in Table 5) and provides motivation for
further engagement with AM technologies. The ability to improve certain spare part
designs, for instance by including air pockets or having hollowness, is something that AM

opens the possibility for.

In terms of the cost-effectiveness of AM as a manufacturing method, several authors have
analyzed the unit costs of AM technologies in relation to traditional manufacturing (TM)
methods (Baumers and Holweg 2019; Ituarte, Khajavi, and Partanen 2016; Ruffo, Tuck,
and Hague 2006). A fundamental difference between AM and TM is the lack of economies
of scale. Economies of scale only partially apply to AM, where unit costs decrease as you
improve the utilization of the 3D printer’s build volume. In terms of AM’s competitiveness
over TM, ltuarte, Khajavi, and Partanen (2016) describes that AM will struggle to compete
with TM for high-volume production, even if the AM cost curve decreases heavily in the
future. The implication is that AM is more attractive as an option for manufacturing
smaller volumes and for production where adjustments are made frequently. Based on
findings from the interviews, it seems that high-volume production is not favoured from
the case company’s perspective. They primarily look to AM for producing spare parts that
have lower consumption levels. However, mass production of non-critical spare parts
using AM might be a future avenue for spare part manufacturers. The case company views
AM as a cost-effective method under the right conditions. They have on several occasions
been able to 3D print spare parts for cheaper than what the market could provide (see
finding 4 in Table 5). Situations where this has been the case have been characterized by
problematic supply situations such as very high prices or the part not being available on

the market. In some cases, parts are available to purchase, but suppliers mark up prices on

54



individual parts to encourage buying the complete assembly that the part is included in
(see findings 2 & 3 in Table 5).

Authors like Chekurov et al. (2018) and Attaran (2017) highlight equipment costs as one
of the main barriers to implementation of AM among firms, though this is likely more of a
problem for smaller companies compared with the case company. The maintenance
manager viewed AM as a cost-effective method for the manufacturing of spare parts
explaining that while investments in machines and digitalizing design drawings are
necessary, the 3D printer can then work without requiring wages. This aspect is interesting
as it makes AM an alternative in situations where the alternative is hiring an industry

worker, given the wage level in Norway.

Other authors such as Ballardini, Ituarte, and Pei (2018) point to barriers such as the fear
of inferior product quality. In the case of the case company, they expressed that they did
not have sufficient experience with AM to truly say whether they believed AM to have

inferior product quality. However, they have in some instances used AM to improve the

quality of certain spare parts by redesigning them (see finding 4 in Table 5).

Another important issue highlighted by Ballardini, Ituarte, and Pei (2018) and Khajavi,
Salmi, and Holmstrém (2020) is that many firms seem to lack digitalized information
about their spare parts in the form of CAD-files. This represents a hurdle when attempting
to implement AM, and could indicate that AM is immature for logistics. The case
company having taken the initiative to build competency among their engineers in AM
design and digital drawings is a good sign that they can avoid this barrier (see finding 4 in
Table 5).
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6.3.2 Outsourcing vs. In-House

The decision to implement AM in-house or outsource the activity is another important
point of discussion (see finding 6 in Table 5). The interviews revealed that the plant’s
ambition is not a large-scale in-house implementation of AM, but that the current small-
scale implementation has been done in preparation for an outsourcing partnership. Still, the
plant has some in-house AM capabilities. The decision to outsource AM in a strategic
partnership is based on the idea that an AM supplier may have the right resources and the
right equipment to deliver a supply of spare parts. Friedrich, Lange, and Elbert (2022) and
H. Rogers, Baricz, and Pawar (2016) identify the technological uncertainty of an emerging
technology like AM as an argument for outsourcing, explaining that outsourcing can
remove risks related to this uncertainty. By outsourcing AM, the plant will not bear the
risks of large investments in machines, equipment and training. The variable demand for
spare parts might make it hard to achieve a high capacity utilization of the 3D printers if
one is to implement AM in-house. Friedrich, Lange, and Elbert (2022) mention that AM
service providers (suppliers) on the other hand would be better positioned to achieve

economies of scale by utilizing the capacity of AM machines by pooling orders.

Some arguments in the literature against outsourcing of AM include concerns related to
intellectual property rights such as copying of designs (Friedrich, Lange, and Elbert 2022).
To counter this aspect, the plant would expect a supplier to have a certain level of legal

expertise regarding AM (see finding 5 in Table 5).

Some firms may also consider their AM capabilities as a core competency and therefore
not want to outsource in order to protect their competitive advantage (Friedrich, Lange,
and Elbert 2022). The plant’s AM capabilities are however in an early stage, and they are
seeking to outsource to better utilize the technology (see finding 6 in Table 5). This may be

an indication that they do not consider AM competence as a core competency.

In addition, the certification of spare parts produced with AM becomes an important
avenue for further implementation. Certification of spare parts could be necessary
especially when considering applying non-standard parts produced with AM in machines
which may imply consequences with regard to warranty contracts related to maintenance

of machinery from the supplier.
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6.3.3 Supply Chain Configuration

Currently, the plant has a decentralized configuration; with its 3D printers located in-house
serving the demand for additively manufactured parts (see finding 4 in Table 5). The
demand comes from various departments involved in plant operations. The findings from
the interviewees indicated the plant’s ambition to connect themselves to an AM service
provider to further build their AM capabilities (see finding 6 in Table 5). This would mean
opting for a centralized supply chain configuration in the future, or at least a mixture of
decentralized and centralized; since the plant could keep (and possibly expand) their
current in-house AM capabilities. Still, the interviews indicate an intention to mainly use
an AM service provider for the manufacturing of AM parts. With their current centralized
AM set-up, they have experienced some of the benefits outlined in the literature, such as
no transportation costs for the parts as they are produced at the plant on-demand. As well

as the reduction in lead times.

When switching to a centralized SC configuration, transportation costs will become the
dominant cost factor (Li et al. 2017). Consequently, the location of the AM service

provider greatly impacts the transportation costs of the AM supply chain.

Liu et al. (2014) recommend a decentralized approach for parts with high and stable
demand, and a centralized approach for parts with long lead times, and low and variable
demand. In light of this, it could be appropriate for the plant to use its in-house AM
capabilities to produce parts with high and steady demand while using the AM service
provider to produce parts with low and variable demand. This is logical as producing high-
demand parts at the plant will save on transportation costs. However, manufacturing costs
may be high, and as pointed out by Friedrich, Lange, and Elbert (2022); it may be difficult
for a firm to generate enough demand on its own to achieve high capacity utilization of the
3D printers. This again may be an argument for an outsourced centralized AM solution
being the more cost-effective option, considering that achieving high utilization of 3D

printers might be difficult.
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The Sunndal plant is the only Hydro plant to have implemented AM thus far. However, if
more of Hydro’s Norwegian plants implement AM this could generate more demand for
additively manufactured parts within the organization. The other plants will likely have
some similarities in terms of the spare parts they require. If AM is introduced to other
Hydro plants, a decentralized configuration might be costly given the investment in AM
machines, not to mention other costs related to training of personnel and maintenance of
the 3D printers (Friedrich, Lange, and Elbert 2022; Mellor, Hao, and Zhang 2014).
Therefore a centralized configuration may be more realistic for serving all the plants with
3D-printed spare parts. For a centralized approach, the location of the AM service provider
will be of great importance when it comes to the more critical parts where lead time could

be of the essence.

Authors such as Li et al. (2017) and Khajavi, Holmstrom, and Partanen (2018) hypothesize
that future reductions in the cost of acquiring AM machinery will favour the decentralized
configuration. Holmstrém et al. (2010) also point to the future technological development
of AM into a more general-purpose technology as another point that will increase the
attractiveness of decentralized AM in the future. In the case of the plant examined in this
case study, a long-term goal of opting for the centralized configuration in the future has
been defined (see finding 6 in Table 5). However, if there are considerable reductions in
the cost of AM equipment in the future, this may contribute to a mixed configuration being

a realistic option.

6.3.4 Sustainability

Calignano and Mercurio (2023) explain that AM is a technology that could facilitate the
reshoring of manufacturing processes. The authors state that reshoring of manufacturing
with AM may simplify supply chains and reduce costs related to transportation and
warehousing. It may also provide proximity to customers. In the context of this study,
reshoring of manufacturing by spare part suppliers could solve some problems for the
customer (Hydro), since one of the findings was increasing lead time as a consequence of
spare part suppliers having manufacturing in low-cost countries (see finding 3 in Table 5).
It could also be reasonable to assume that the reshoring of spare part manufacturing by the
spare part suppliers through AM could be a necessary method for the spare part suppliers

to stay competitive.
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Another key element for sustainability is extending the life cycle of products, which is
cited in the literature as one of the benefits of AM (Ford and Despeisse 2016). This ability
was found to be a way to meet the increased regulatory push for sustainability that is

expected in the years to come (see finding 3 in Table 5).

6.3.5 Location of AM

When outsourcing AM, close collaboration is required with the supplier (Oettmeier and
Hofmann 2016). Close collaboration will likely be easier if the AM supplier is located near
the plant. This point is echoed by the case company; one of the findings (see finding 5 in

Table 5) was a desire for proximity with regard to the location of the supplier.

One of the challenges in spare parts supply (see finding 2 in Table 5) was found to be the
preservation and maintenance of the spare parts inventory. This is an interesting aspect as
it presents a motivation to reduce the spare parts inventory level. By using an AM provider
(or “AM hub”) the plant will not experience the benefits of the on-demand production
capabilities of AM which eliminates the need for inventory and transportation. Spare parts
will be produced by the AM provider, then transported, and finally stored in the
warehouse. Still, the AM provider may in some instances offer better lead time than
traditional manufacturers/suppliers, especially since some suppliers have manufacturing in

foreign countries potentially making the lead time high.

6.3.6 Sourcing Approach

Regarding the sourcing approach, Knofius et al. (2021) emphasized that AM may function
well as a complement to traditional manufacturing, providing an emergency supply source.
The plant indents to collaborate with an AM service provider in the future, which could
diversify their options for the supply of spare parts, possibly contributing to solving
challenges in spare parts logistics such as high costs or obsolescent parts (see finding 2 in
Table 5).

AM may provide the ability to have a dual sourcing approach for certain parts, with the

potential to alternate between a traditional supplier and an AM service provider. As the

technology matures, single sourcing with just AM may become more attractive for certain
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parts. However, single sourcing of AM parts may not be suitable for critical parts with a

high impact on downtime (Knofius et al. 2021).

6.3.7 Potential Future Spare Part Logistics with AM

When it comes to future integration of AM into the plant’s strategy and management of

spare parts supply, its applicability may first and foremost be for non-critical parts. Since

current use is concentrated around non-critical parts, it would be reasonable to assume that

AM for non-critical parts is more mature than AM for critical parts. Concerning the plant’s

spare part logistics process outlined in Figure 9, AM most likely fits in on the non-critical

side. Figure 11 displays how AM fits into the spare parts logistics process.

Spare part is needed

—>< Suitable for AM?

Non-critical

Critical or non-
critical part?

Critical No
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Dept. takes part |+
out from
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ordering point

No further
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supplier

Automatic order is
sent to supplier

Request minimum 3
suppliers

Figure 11: Spare parts logistics process with AM
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7.0 Conclusion

This chapter will present a summary of the case study’s key findings, as well as the
managerial implications they present. In addition, the study’s limitations are discussed.

Finally, further research areas are suggested.

7.1 Research Summary

The research problem examined in this case study related to the potential of additive
manufacturing (AM) to facilitate improvements in the management of assets, specifically

the management of spare parts:

“How may implementation of additive manufacturing of spare parts improve

maintenance and support in asset management?”

The research problem has been studied through several research questions. The first
research question was concerned with detailing existing spare part processes: “What is the
current handling of spare parts logistics in Norsk Hydro Sunndal’s supply chain? ” This
research question has been answered by detailing the process of acquiring spare parts,
which is different for critical and non-critical parts. Spare parts are classified as either
critical parts which are kept in stock, or non-critical parts which are not kept in stock.

Challenges in the spare part supply are also outlined.

The second research questions intended to examine the current use of additive
manufacturing at the plant: “How does the current use of additive manufacturing affect
spare parts logistics? ” The findings revealed that AM had been used primarily for
prototyping and that AM had facilitated some design improvements for non-critical parts.
Some non-critical parts were also manufactured in-house with AM for cheaper than what

the market could offer.

The third research question was concerned with examining the future applications of AM:
“What are the implications of future strategies for further development of additive

manufacturing for management of spare parts logistics?” This research question has been
answered by examining the plant’s motivation for the development of AM, as well as their

requirements for AM service providers in the event of future outsourcing of AM activities.
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The main motivations for using AM for spare parts relate to utilizing AM to solve certain
challenges related to the supply of spare parts. Such challenges are for instance that certain
spare parts have high costs, or that certain spare parts may no longer be available on the
market. Some parts may also only be purchased as part of a larger assembly to which the
part belongs. In addition, an international supplier market makes for increased lead time
for some parts. An increased regulatory push for sustainability is also found to be a
motivation as AM can contribute to extending the life cycle of equipment through 3D-
printed parts. AM also opens up the possibility to redesign some parts using AM’s ability

to manufacture more complex geometries than traditional manufacturing.

A key finding for this research question was the intention to outsource AM activities to an
AM service provider in the future. While the current in-house implementation has seen
several effects related to design improvements and costs, the main intention has been to
build AM competency and familiarity with the technology before initiating a partnership
with an AM service provider in the future. In terms of the preferred characteristics of the
AM provider, geographical proximity is preferred, at least in an initial phase. It is in the
case company’s interest that the AM provider has customers beyond just their plant, given
that the demand will likely be variable. A certain level of expertise related to legal aspects

such as intellectual property rights is also expected.

To answer the research problem, AM of spare parts may improve maintenance and support
in asset management by providing an alternative supply source and potentially alleviating
some of the challenges faced in the supply of spare parts. For instance, some spare parts
may potentially be produced cheaper with AM than what traditional suppliers can offer.
AM may also be used to produce obsolescent parts that are no longer available on the
market. The potential for AM to reduce lead time is also an aspect, in addition to its ability
to produce more complex geometries and facilitate design improvements for certain spare

parts.
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7.2 Managerial Implications

As discussed in this thesis, some decision-making aspects related to the organization of
AM capacity include the decision to outsource or implement in-house and whether to have
a centralized or decentralized supply chain configuration. Decision-makers need to
consider the implications of these aspects. For instance, a centralized configuration would
make transportation costs the dominant factor (Li et al. 2017), while a decentralized

configuration would mean high manufacturing costs (Liu et al. 2014).

Further implementation of AM would likely imply a stronger need to implement a way of
classifying spare parts based on their suitability for AM. In addition, it would be necessary
to have CAD files readily available, as well as original drawings, as this was found in the
literature to be a major barrier (Ballardini, Ituarte, and Pei 2018; Khajavi, Holmstrém, and
Partanen 2018).

7.3 Limitations

The single case study approach has been discussed previously in the methodology section.
The use of the single case study limits the ability to generalize your findings, but gives
more detail about a single case than a multiple case study (Thomas 2010). By virtue of
this, the findings of this case study may not necessarily be generalizable to other
industries. Conducting a multiple case study could have helped improve the
generalizability of the study, however, that could have meant gaining less detail about each

individual case.

This study has concentrated on the application of AM in spare parts logistics. However,
the legal landscape of AM remains a challenging topic characterized by a great deal of
uncertainty. This has been discussed in depth by relatively few authors and is considered
one of the biggest research gaps in AM literature by Mecheter, Pokharel, and Tarlochan
(2022). The legal aspects of AM have namely been studied by Ballardini, Ituarte, and Pei
(2018). To narrow the scope of this study, this perspective, including issues such as
intellectual property rights, has not been discussed in great detail. Naturally, the legal side
is a vital aspect when discussing AM implementation. Therefore, it becomes one of the

main limitations of this study.
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The fact that AM is a rapidly developing technology also indicates a limitation of the
findings in this thesis. The AM industry is growing 22% annually according to
Bromberger, Ilg, and Maria (2022), meaning that the technology could change
significantly in just a few years.

As highlighted in Figure 10, this case study has concentrated on the use of AM for the
production of simple polymer parts with lower volumes, and not assemblies or metal parts.
The study’s findings may therefore not be generalizable to these other contexts not

examined in the study.

7.4 Suggestions For Further Research

This study has examined issues related to the organization of AM capacity, discussing the
outsourcing approach vs. the in-house approach, as well as the centralized configuration
vs. the decentralized configuration. This has been examined through qualitative research.
A suggestion for further research may be to concentrate on quantitative aspects, for
instance by comparing the costs or environmental sustainability performance of a
centralized SC configuration vs. a decentralized SC configuration. As mentioned in the
previous chapter, the uncertain legal environment surrounding AM is also an area where a

better understanding is needed.
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9.0

Appendices

9.1 Appendix 1: Interview Guide 1

The following interview guide was used in the semi-structured interviews conducted with

representatives from the case company. The interview guide was sent to the respondents in

advance so they could adequately prepare for the interview.

General questions:

1.
2.
3.

Which department do you work in?

What are your main duties/activities?

Have you been involved in the introduction of 3D printing technology in the
company? If so explain how you have been involved.

What is the long-term plan/goal for using 3D printing in your company

Spare parts inventory

1.
2.
3.

What types of spare parts do you have?

Can you describe the general stocking policy for spare parts inventory?
What are currently the biggest challenges with spare parts logistics in your
organization?

What types of spare parts could benefit from being 3D printed?

Is a digital inventory system something you have considered implementing?

To what extent is the procurement process different with 3D printing?

Current handling of spare parts logistics

1.

Describe the process of acquiring the spare part. What do you know about the

following for the spare part in question?

What triggers the demand/need for the spare parts order?
How did the process start?

Which actions were performed, and when were they performed?

o o T @

Describe the information flow (between employees, between external

companies, through IT-system)
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2.
3.

e. Where is the supplier located? How is the spare part transported to the

plant?

Can you describe the stocking policy for this spare part?

How many suppliers do you have for the spare part? Just one or multiple?

3D printing

1.

Do you 3D print parts yourself or does a 3D printing service provider perform that
for you?
For the current crop of spare parts produced with 3D printing, which of the
approaches in the last question do you consider superior?
If you increase the proportion of 3D-printed parts in the future, will the approach
change?
Which spare parts are currently produced with 3D printing and what have been the
changes when compared with purchasing these parts from a traditional supplier?
with respect to:

a. Costs

b. Lead time

c. Emissions

d. Machine downtime
What does your 3D printing production capacity look like?
Are there any challenges related to the quality of a 3D-printed part vs. a
traditionally manufactured part?
Is the supply chain changed with regard to its length (number of companies
involved) when comparing 3D printed parts with traditionally manufactured parts?

What is the level of 3D printing competency within the organization?
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9.2 Appendix 2: Interview Guide 2

1. Regarding the market for AM service providers, what kind of knowledge and
capabilities do you envision the service providers having in order to suit your
needs?

2. ldeally, where should they be located?

3. What kind of relationship do you envision having with AM service providers?
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