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SUMMARY

T HE CONCEPT of a ‘Circular Economy’ (CE) has been gaining traction in business,
policy, and academia. It envisions an economy powered by renewable energy in

which the value of products and materials are preserved for as long as possible. ‘Design
for Circular Economy’ is emerging as a research field as well as a branch of sustainable
design practice. Design strategies for the CE include energy and material efficiency,
increased utilization, maintenance, repair, reuse, remanufacturing, and recycling.

As more and more products are equipped with digital functionalities and connected
to the ‘Internet of Things’ (IoT), new opportunities arise for circular and sustainable
design. However, research at the intersection between IoT and CE is still in an early
phase and companies are only starting to explore what is possible. There is still a lack of
research-based design guidance for companies aiming to use IoT to support ‘circular
strategies’. In particular, little is known about the actual environmental impact of IoT-
enabled circular strategies.

This thesis sets out to study how companies can use IoT to support circular strate-
gies. By doing so, the aim is to provide guidance to companies who want to design
and implement circular products and services. Focus is placed on understanding
the opportunities for companies, as well as the implementation challenges and
environmental impact of IoT-enabled circular strategies.

Towards this aim, four research questions are formulated and addressed:

• How have companies, to date, implemented IoT for circular strategies and how
are these implementations distributed between the opportunities anticipated in
literature? (Chapter 2)

• How can we explain the mismatch between the opportunities of using IoT for CE,
as described in literature, and actual implementation in practice? (Chapter 3)

• Which challenges do companies face when trying to implement condition-
based maintenance (CBM), and what solutions have they applied to address
these challenges? (Chapter 4)

• Which factors are important to ensure a net reduction of environmental impact
from IoT-enabled circular strategies? (Chapter 5)
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The research conducted to answer these questions is mainly based on case studies
with companies who, to some extent, have started to implement IoT-enabled circular
strategies. First, a large set of cases from ‘grey literature’ is analyzed to reach an
understanding of current practice and how it relates to the opportunities anticipated
in literature (Chapter 2). In order to analyze the cases, a framework is developed
which categorizes different types of IoT-enabled circular strategies. Thereafter, in-
depth case studies are carried out (Chapters 3 and 4). By conducting semi-structured
interviews with company representatives, qualitative insights are extracted about
opportunities, implementation challenges, and solutions related to IoT-enabled
circular strategies. Here, a second research framework is developed supporting the
extraction of challenges faced by companies when implementing condition-based
maintenance, which is one of the most commonly implemented IoT-enabled circular
strategies to date. Finally, life cycle assessment methodology is used to evaluate the
net environmental impact of using IoT for circular strategies in a particular case
(Chapter 5).

This thesis presents five main capabilities brought about by the IoT: tracking, moni-
toring, control, optimization, and design evolution (Chapter 2). These capabilities
can be leveraged to support six main circular strategies: efficiency in use, increased
utilization, product lifetime extension, reuse, remanufacturing, and recycling. How-
ever, current practice is largely centered around IoT-induced efficiency in use and
product lifetime extension. There are few examples of IoT-enabled reuse, remanufac-
turing, and recycling. Similarly, few examples can be found which describe ‘design
evolution for CE’, i.e., the feedback of data from products-in-use to design, with the
aim to improve product circularity in the design phase.

Results from the in-depth case studies (Chapters 3 and 4) display a wide range of chal-
lenges related to the design and implementation of IoT-enabled circular strategies.
Chapter 3 highlights a lack of structured data management processes to ensure
high-quality data collection and analysis, as well as difficulties in designing the soft-
ware and hardware of IoT-enabled products for interoperability, adaptability and
upgradability. Moreover, as asserted in previous research, financial uncertainty and
limited consumer acceptance remain important challenges in relation to circular
strategy implementation. Chapter 4 expands on Chapter 3 by extracting challenges
in condition-based maintenance implementation. The challenges are categorized
according to six types of ‘alignment’ between elements in the so called ‘work system’
that produces the IoT artefact needed for CBM. The work system is made up of the
following elements: the product/service, customers, activities, participants, infor-
mation, and technologies. For example, misalignment between ‘information’ and
‘activities’ manifests itself in the form of insufficient or irrelevant data collection,
while misalignment between ‘activities’ and the ‘product/service’ includes unclear
processes, roles, and responsibilities in the development of the IoT artefact.

The results from the LCA study (Chapter 5) show that, in order to reach net environ-
mental impact reduction, it is important to consider the ability of the IoT solution
to actually change the behaviour of different actors along the product life cycle.

viii



Moreover, design decisions at the level of particular IoT components can have a
considerable effect on the net impact. In order to facilitate additional studies about
the environmental implications of IoT, there is a need for more detailed life cycle data
about specific IoT components.

The research presented in this thesis can support companies in making effective and
responsible use of IoT for circular strategies. By clarifying the opportunities, it can
inspire companies to innovate and test new ideas. By elucidating implementation
challenges, it enables companies to learn from the experiences of others. Finally, by
providing insights into design factors which influence the net environmental impact
of IoT-enabled circular strategies, it can help companies use IoT in a way that actually
contributes to a more sustainable and circular economy.
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SAMENVATTING

Het concept van de circulaire economie wint de laatste jaren aan populariteit in
bedrijfsleven, politiek en wetenschap. Het idee van het concept is een economie die
draait op hernieuwbare energie en waarin de waarde van producten en materialen
zo lang mogelijk behouden blijft. ‘Design for Circular Economy’ (ontwerp voor cir-
culaire economie) is in opkomst, als onderzoeksgebied en als tak van duurzaam
ontwerp. Ontwerpstrategieën voor de circulaire economie zijn onder meer zuinigheid
met energie en materiaal, intensiever gebruik, onderhoud, reparatie, hergebruik,
herfabricage en recycling.

Nu er steeds meer producten worden uitgerust met digitale functionaliteiten en wor-
den aangesloten op het ‘internet der dingen’ (IoT), ontstaan er nieuwe mogelijkheden
voor een circulair en duurzaam ontwerp. Het onderzoek naar het snijvlak van IoT
en circulaire economie staat echter nog in de kinderschoenen en bedrijven zijn nog
maar net begonnen met onderzoeken wat er mogelijk is. Er is nog steeds een gebrek
aan op onderzoek gebaseerde ontwerprichtlijnen voor bedrijven die het IoT willen
gebruiken om circulaire strategieën te ondersteunen. Er is met name weinig bekend
over de daadwerkelijke milieueffecten van op IoT gebaseerde circulaire strategieën.

In dit proefschrift wordt onderzocht hoe bedrijven met behulp van IoT circulaire
strategieën kunnen ondersteunen. Het doel hierbij is om richtlijnen te geven aan
bedrijven die circulaire producten en diensten willen ontwerpen en implementeren.
De focus ligt op inzicht krijgen in de kansen voor bedrijven, de uitdagingen waar
ze mee te maken krijgen bij de implementatie van circulaire IoT-strategieën en de
milieueffecten van die strategieën.

Hiertoe hebben we vier onderzoeksvragen geformuleerd:

• Hoe hebben bedrijven tot nu toe IoT geïmplementeerd voor circulaire stra-
tegieën en hoe zijn deze implementaties verdeeld over de kansen die in de
literatuur worden voorzien? (Hoofdstuk 2)

• Wat is de verklaring van de mismatch tussen de kansen bij het gebruik van IoT
voor de circulaire economie, zoals beschreven in de literatuur, en de daadwer-
kelijke implementatie in de praktijk? (Hoofdstuk 3)

• Met welke problemen krijgen bedrijven te maken bij het implementeren van
conditiegebaseerd onderhoud (CBM) en wat hebben ze gedaan om deze pro-
blemen op te lossen? (Hoofdstuk 4)
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• Welke factoren zijn belangrijk om de netto milieu-impact van op IoT gebaseerde
circulaire strategieën te verminderen? (Hoofdstuk 5)

Het onderzoek dat is uitgevoerd om deze vragen te beantwoorden is voornamelijk
gebaseerd op casestudies van bedrijven die in enige mate zijn begonnen met de
implementatie van op IoT gebaseerde circulaire strategieën. Ten eerste analyseren we
een grote hoeveelheid casussen uit de ‘grijze literatuur’ om inzicht te krijgen in de
huidige praktijk en te zien hoe deze zich verhoudt tot de kansen die in de literatuur
worden voorzien (Hoofdstuk 2). Voor de analyse van de casussen ontwikkelen we
een kader om de verschillende soorten op IoT gebaseerde circulaire strategieën te
categoriseren.

Vervolgens worden vier casussen diepgaand onderzocht (Hoofdstuk 3 en 4). Door
middel van semigestructureerde interviews met bedrijfsvertegenwoordigers komen
we tot kwalitatieve inzichten over kansen, implementatieproblemen en oplossingen
voor op IoT gebaseerde circulaire strategieën. Hierbij wordt een tweede onderzoeks-
kader ontwikkeld om de problemen te kunnen benoemen waarmee bedrijven worden
geconfronteerd bij de implementatie van conditiegebaseerd onderhoud —tot op he-
den een van de meest toegepaste op IoT gebaseerde circulaire strategieën. Ten slotte
evalueren we in een specifiek geval met behulp van een levenscyclusanalyse (LCA)
het netto milieueffect van op IoT gebaseerde circulaire strategieën (Hoofdstuk 5).

In dit proefschrift presenteren we vijf belangrijke mogelijkheden van IoT: tracking,
monitoring, bediening, optimalisatie en ontwerpevolutie (Hoofdstuk 2). Deze moge-
lijkheden kunnen worden benut om zes belangrijke circulaire strategieën te onder-
steunen: zuinigheid in het gebruik, intensiever gebruik, verlenging van de levensduur
van het product, hergebruik, herfabricage en recycling. De huidige praktijk is echter
grotendeels gericht op door IoT gecreëerde gebruiksefficiëntie en op verlenging van
de levensduur van het product. Er zijn maar weinig voorbeelden waarin IoT wordt
toegepast voor hergebruik, herfabricage of recycling. Eveneens zijn er weinig voor-
beelden te vinden die de ‘ontwerpevolutie voor de circulaire economie’ beschrijven;
hiermee wordt bedoeld dat gegevens van producten die in gebruik zijn, worden
teruggekoppeld naar het ontwerp, met als doel de circulariteit van het product in de
ontwerpfase te verbeteren.

De resultaten van de casestudies (Hoofdstuk 3 en 4) laten een breed scala aan pro-
blemen zien met betrekking tot ontwerp en implementatie van op IoT gebaseerde
circulaire strategieën. Hoofdstuk 3 maakt duidelijk dat er een gebrek is aan gestruc-
tureerde processen voor gegevensbeheer om een goede verzameling en analyse
van gegevens te waarborgen. Ook zien we hier welke moeilijkheden er zijn bij het
ontwerpen van de software en hardware van IoT-producten met het oog op interope-
rabiliteit, aanpasbaarheid en upgradebaarheid. Bovendien heeft eerder onderzoek al
uitgewezen dat financiële onzekerheid en beperkte acceptatie door de consument
nog steeds belangrijke problemen zijn bij de implementatie van circulaire strategieën.
Hoofdstuk 4 bouwt voort op Hoofdstuk 3 door een focus op de implementatie van
conditiegebaseerd onderhoud. De problemen worden gecategoriseerd volgens zes
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soorten ‘afstemming’ tussen elementen in het zogenaamde ‘werksysteem’ dat het
voor CBM benodigde IoT-artefact produceert. Het werksysteem bestaat uit de vol-
gende elementen: product of dienst, klanten, activiteiten, deelnemers, informatie
en technologie. Een verkeerde afstemming tussen ‘informatie’ en ‘activiteiten’ ma-
nifesteert zich in de vorm van onvoldoende of irrelevante gegevensverzameling,
terwijl een verkeerde afstemming tussen ‘activiteiten’ en ‘product of dienst’ leidt tot
onduidelijke processen, rollen en verantwoordelijkheden in de ontwikkeling van het
IoT-artefact.

De resultaten van het LCA-onderzoek (Hoofdstuk 5) tonen aan dat het voor een
netto vermindering van milieueffecten belangrijk is om te overwegen in hoeverre de
IoT-oplossing het gedrag van de verschillende actoren gedurende de levenscyclus van
het product daadwerkelijk kan veranderen. Bovendien kunnen ontwerpbeslissingen
op het niveau van specifieke IoT-componenten een aanzienlijk effect hebben op
de netto milieu-impact. Voor verder onderzoek naar de gevolgen van IoT voor het
milieu is er behoefte aan nauwkeurigere levenscyclusgegevens voor specifieke IoT-
componenten.

Het in dit proefschrift gepresenteerde onderzoek kan bedrijven ondersteunen bij een
effectief en verantwoord gebruik van IoT voor circulaire strategieën. Doordat we
verduidelijken welke kansen er zijn, kunnen bedrijven worden geïnspireerd om te
innoveren en nieuwe ideeën te testen. Doordat we problemen bij de implementatie
belichten, geven we bedrijven de kans om te leren van de ervaringen van anderen. En
ten slotte verschaft het proefschrift inzicht in de ontwerpfactoren die het netto mili-
eueffect van op IoT gebaseerde circulaire strategieën beïnvloeden, hetgeen bedrijven
kan helpen om IoT te gebruiken op een manier die daadwerkelijk bijdraagt aan een
duurzamere en meer circulaire economie.
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Chapter 1. Introduction

T ECHNICAL CHANGE is a key driver for economic growth, and one of the most
important parameters needed to understand past, current, and future human-

induced effects on the natural environment (Grübler et al., 2002). Of particular impor-
tance are so called general-purpose technologies, i.e. technologies with far-reaching,
and difficult to predict, effects on the economic system (Koomey et al., 2013). To-
day, it is almost impossible to imagine a world without, for example, the power grid
or the internal combustion engine. Similarly, modern production and consump-
tion systems are fundamentally shaped by the wide diffusion of information and
communication technologies (ICT). After decades of continuous improvements in
technical performance and economic efficiency (Koomey et al., 2013), ICT now forms
an infrastructural backbone of most societies.

Moreover, ICT is increasingly making its way into products that are used to, for ex-
ample, manufacture other products, transport goods and people, heat and cool
buildings, or carry out household chores. A wide range of physical objects are being
augmented with the capabilities of data collection, transmission, and processing -
and connected to an ‘Internet of Things’ (IoT) (Porter and Heppelmann, 2014). This
opens up new opportunities for companies to develop innovative products and
services, reach new customers, and make processes more efficient and effective.

But the IoT is also surrounded by hype and confusion, leading to high expectations
about opportunities, as well as legitimate concern about unintended consequences.
Many reports highlight how IoT could help solve a range of complex global challenges,
from climate change (Chandler, 2019) to food scarcity (German Federal Ministry for
Economic Cooperation and Development, 2015). Others focus on risks, such as
increased vulnerability to cyberattacks (Lee and Lee, 2015), privacy infringement
(Dutton, 2014), and negative impacts on the environment (Finley, 2014). There is
also an ongoing debate about the usefulness of IoT-connected consumer products
(McPhail, 2018). Many early innovations did not succeed in creating real value for
the user, and the internet is crowded with examples of ‘useless’ IoT gadgets (e.g.,
Coward, 2018; Rehabstudio, 2020; Wouk, 2019). Ultimately, the question is how to
create policies that unleash the positive potential of the technology, while inhibiting
negative effects (Hilty and Aebischer, 2015).

This thesis explores the potential for IoT to improve the environmental sustainability
of products and services. More specifically, the research focuses on opportunities
and challenges for companies to use the Internet of Things (IoT) to support ‘circular
strategies’, i.e., product and service design strategies which are aligned with the
vision of a Circular Economy (CE). The aim is to look ‘beyond the hype’, studying not
only opportunities of IoT for CE, but also real-world implementation challenges
and trade-offs. The thesis also explicitly addresses the net environmental impact of
IoT-enabled circular strategies, including the potential benefits of using IoT as well as
the added environmental impact from the technology itself. Apart from its scientific
contribution, this thesis aims to provide knowledge and support for companies
making strategic choices about when and how to implement IoT solutions to improve
the circularity of their products and services.
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1

Circular Strategies Enabled by the Internet of Things

The four studies making up this thesis build on previous work from several fields of
research. The main part of this introductory chapter is thus dedicated to introducing
these research fields, and to explaining how they relate to each other. Section 1.1
gives a short background to the wider topic of sustainable development and circular
economy. Section 1.2 summarizes the evolution of the ‘Design for Sustainability’ field,
as well as recent developments in ‘Design for Circular Economy’, while Section 1.3
introduces important aspects of IoT in the context of product and service design.
Section 1.4 summarizes previous work on the topic of IoT-enabled circular strategies,
and highlights the need for additional research. Following these background sections,
Section 1.5 presents the aim and scope of this thesis and introduces the four studies.

1.1. SUSTAINABLE DEVELOPMENT AND CIRCULAR

ECONOMY

The most commonly cited definition of sustainable development was put forward
in 1987 by the Brundtland Commission as “development that meets the needs of the
present without compromising the ability of future generations to meet their own
needs” (United Nations, 1987). Since then, the human impact on the environment
has become ever more obvious, and ‘sustainable development’ is now a natural
part of any major policy document. Scientists have attempted to concretely define
boundaries for human activities, beyond which there is a substantial risk that vital
earth system functions, on which humanity depends, are irreversibly destabilized.
Rockström et al. (2009) argue that the boundaries for climate change, rate of biodiver-
sity loss, and the nitrogen cycle have already been surpassed, while the boundaries
for ocean acidification and the phosphorous cycle are close within reach.

A prevalent description of sustainable development is that it should meet economic,
social and environmental goals, often referred to as the ‘three pillars of sustainability’
(Purvis et al., 2019). However, perspectives differ about whether or not the three
aspects can really be viewed separately, and how to treat trade-offs between them
(Purvis et al., 2019). Some researchers argue that the three-pillars model should be
reframed as a nested concept in which “the global economy services society, which lies
within Earth’s life-support system” (Griggs et al., 2013). In this view, economic and
social sustainability would not be possible without environmental sustainability. In
2015, the UN launched the 2030 Agenda for Sustainable Development, declaring
17 global sustainable development goals (SDGs) for 2030 (United Nations, 2015).
The agenda is an attempt to integrate different aspects of sustainability, balancing
economic, social, and environmental concerns. This has started a new academic
debate regarding how to deal with trade-offs between the goals (Scherer et al., 2018),
and whether the goals should be ordered in a hierarchy to support prioritization
(Kumar et al., 2018).

Alongside the formulation of the SDGs, the growing global consensus about the need
for large scale changes to the current system of production and consumption is
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visible both in international agreements, such as the Paris agreement (United Nations,
2015), and in surveys of public concern (e.g., Bedsted et al., 2015). The private sector
is responding by launching increasingly ambitious sustainability programs, including,
for example, stricter emission reduction targets for greenhouse gases (Gupta et al.,
2019). Investors are now commonly evaluating environmental engagement as an
indicator of business performance, with the implication that companies who fail to
act in time might be left behind (Morgan et al., 2015). Still, going from ambition
to action is challenging, and many companies struggle to meet their own targets
(Plumer and Popovich, 2018).

In recent years, the concept of a ‘Circular Economy’ (CE), has been gaining traction
within the sustainability discourse. In broad terms, the CE envisions an economy
powered by renewable energy (Ellen MacArthur Foundation, 2013), in which products
and materials are maintained for as long as possible, waste and resource use are
minimized (European Commission, 2015), and, ultimately, resource consumption is
decoupled from economic growth (Kjaer et al., 2018). The Ellen MacArthur founda-
tion has been active in popularizing the term, framing the CE as an opportunity for
businesses to simultaneously achieve economic benefit and act as a positive force for
the environment (Ellen MacArthur Foundation, 2013). Several national governments
are also promoting the CE concept (Korhonen et al., 2018). In 2015, the European
union adopted an ‘EU action plan for the Circular Economy’ (European Commission,
2015), recently followed up by a new ‘Circular Economy Action Plan’ (European
Commission, 2020) as part of the roll-out of the ‘European Green Deal’ (European
Commission, 2019). China has had a CE strategy in place since 2002 (Su et al., 2013).

Having been mainly developed outside academia (Korhonen et al., 2018), the CE
term still lacks a clear scientific definition (Kirchherr et al., 2017). Academically,
the CE concept builds on multiple fields of research, including environmental and
ecological economics (Boulding, 1966; Pearce and Turner, 1990), industrial ecology
(Graedel, 1996), cradle-to-cradle design (Braungart et al., 2007), the performance
economy (Stahel, 2010), and biomimicry (Benyus, 1997). Compared to ‘sustainable
development’, CE tends to be interpreted with a stronger focus on reducing material
resource use, mainly targeting economic actors in the search for solutions which
can simultaneously benefit the economy and the environment (Geissdoerfer et al.,
2017). While definitions of the CE concept generally do not include social aspects of
sustainability, social benefits such as job creation are often highlighted as expected
effects of the transition to a CE (e.g., Wijkman and Skånberg, 2015).

There is an ongoing academic debate regarding the need and adequacy of the CE
concept. Some see a need for the CE term to make up for shortcomings of the SD
term. SD is criticized, on the one hand, for being too vague and all-encompassing,
making it impossible to operationalize (Kirchherr et al., 2017). On the other hand,
‘sustainability’, as carried out in practice, has been criticized for having a too narrow
focus on incrementally reducing negative environmental impact (Murray, 2019),
thereby not bringing about transformational change. In light of this, CE could be seen
as an operationalization of SD (Kirchherr et al., 2017), emphasizing the business
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opportunities of intentional ‘by-design’ value retention of resources (Ellen MacArthur
Foundation, 2013b). CE has also been promoted for its inspiring and easy-to-grasp
framing (Korhonen et al., 2018). As argued by Blomsma and Brennan (2017), the CE
serves as an ‘umbrella concept’ which articulates the capacity of different strategies
related to waste and resource management, enabling a more meaningful discus-
sion and debate among different actors. Recent reports have further argued that CE
adds new perspectives to current climate change mitigation strategies by putting a
more explicit focus on emissions driven by the demand for products and materials
(Material Economics, 2018; Blok et al., 2016).

Critiques to the CE concept highlight the risk of over-simplifying complex sustain-
ability issues (Korhonen et al., 2018). Specifically, authors have highlighted a some-
times over-optimistic view on decoupling in the CE discourse (Zink and Geyer, 2017).
Korhonen et al. (2018), among others, see a need for more explicit assessment of
environmental impact in CE literature. Moreover, the conceptual ambiguity of CE,
caused by the lack of consensus about its definition, forms a risk for the long-term
viability of the term (Kirchherr et al., 2017). The academic debate is to a large extent
semantic, often focusing on what the CE term should and should not include, and
how it is different from other related concepts. In an attempt to nuance the discus-
sion, Geissdoerfer et al. (2017) studied how the CE concept is used in relation to SD.
They concluded that the CE term is not as holistic as SD. Instead, CE can be seen as a
subset of SD, representing “one among several solutions for fostering a sustainable
system”.

In this thesis, I take a similar view of CE as a subset of sustainable development
focused on achieving an environmentally sustainable production and consumption
system. I present a set of ‘circular strategies’ including efficiency measure in the
product’s use phase, increased product utilization, product lifetime extension, reuse,
remanufacturing, and recycling. These strategies are treated as possible opportunities
for reducing environmental impact, for which the actual impact reduction needs to
be assessed on a case-by-case basis.

1.2. DESIGN FOR SUSTAINABILITY, CIRCULAR BUSINESS

MODELS, AND PRODUCT-SERVICE SYSTEMS

Product and service design plays a fundamental part in the transition to a more
sustainable production and consumption system. Decisions at the design stage
largely influence the environmental impact of products and services throughout
their life cycles. The ‘Design for Sustainability’ research field has developed over
time, and has branched out into a diversity of philosophies, methods, and tools.
Ceschin and Gaziulusoy (2016) proposed a framework which described this evolution:
from a product-centric view, through a more integrative focus on product/service
combinations, to systems-oriented approaches. On the product level, sustainable
design approaches focus on improving existing products, or on developing new
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products with improved sustainability performance. On the product/service level,
the scope is widened to include not only the product but also services related to the
product, as well as business models through which the product/service is offered. On
the system level, design approaches aim to enable larger societal shifts, for example
by changing production systems as a whole, or by radically reinventing how needs are
met. Ceschin and Gaziulusoy (2016) argue that design approaches at the different
levels are complementary to reach sustainability. While sustainability challenges need
to be addressed at the systems level, design considerations at the ‘lower’ levels cannot
be overlooked (Ceschin and Gaziulusoy, 2016).

‘Design for Circular Economy’ has emerged as a field within the wider ‘Design for
Sustainability’ community. ‘Circular strategies’ focus primarily on achieving product
lifetime extension, reuse, remanufacturing and recycling (Geissdoerfer et al., 2017).
So far, most circular design approaches cover the product and product/service levels,
but recent research also include system-level circular design approaches (e.g., Koni-
etzko et al., 2020). Specific product design strategies for CE have been formulated
(e.g., Bakker et al., 2014), and a growing body of literature explores ‘circular business
models’ (Bocken et al., 2016). This field is closely linked to research about service-
oriented business models and Product-Service systems (PSS) (Tukker, 2015), in which
focus is placed on the service made available to the user rather than the transaction
of a physical product. Circular business models can, for example, enable sharing of
products, and stimulate the producer to take products back after use, so that they can
be reused, remanufactured or recycled.

1.3. INTERNET OF THINGS

Digitalization can today be seen as one of the strongest forces in product and service
innovation (Yoo et al., 2010) and is thus expected to be of importance for sustainable
and circular design approaches as well (e.g., Kristoffersen et al., 2020). Yet, many
companies are only in the early phases of digitalization and much is left to learn
about the associated industrial transformation (Lasi et al., 2014).

The term ‘Industry 4.0’ was first introduced as part of a German high-tech strategy
for the industrial sector (Hofmann and Rüsch, 2017), but is now a popular term to
generally describe the trend towards an increasingly digitalized and automated
manufacturing system (Oesterreich and Teuteberg, 2016). A key technology within
‘Industry 4.0’ is the ‘Internet of Things’ (IoT) (Hofmann and Rüsch, 2017). While
there is no clear consensus about how to define the IoT (Wortmann and Flüchter,
2015), it can be said to refer to wide-spread connectivity between physical things
and between people and things. The lack of clear definition also means that the
boundaries between different technologies are not obvious. It is clear, however, that
IoT is closely linked to several related technologies, such as cloud computing and
data analytics.
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One proposed definition of the IoT, which is used throughout this thesis, is the follow-
ing: “a system of uniquely identifiable and connected constituents capable of virtual
representation and virtual accessibility leading to an Internet-like structure for re-
motely locating, sensing, and/or operating the constituents with real-time data/informa-tion
flows between them, thus resulting in the system as a whole being able to be aug-
mented to achieve a greater variety of outcomes in a dynamic and agile manner.” (Ng
and Wakenshaw, 2017). While this definition clearly focuses on a system, attempts
have also been made to define the ‘things’ being connected through the IoT. Ko-
rtuem et al. (2010) define ‘smart objects’ as “autonomous physical/digital objects
augmented with sensing, processing, and network capabilities”. Porter (2015) concep-
tualize ‘smart, connected products’ as products made up of three core elements:
physical components, ‘smart’ components, and connectivity components which
enable communication between the physical product and the cloud. They use the
example of a car, the physical components being, for example, the engine or the tires,
the ‘smart’ components being, e.g., sensors, processors, and embedded software, and
the connectivity components being, e.g., antennas. The smart, connected product
connects to a ‘product cloud’ which contains data storage, analytics, and software
applications (Porter, 2015). Together, the product layer, the connectivity layer, and the
product cloud make up what Porter (2015) refer to as ‘the new technology stack’. In
this thesis, ‘the new technology stack’ is used to represent the multi-layered nature of
IoT artefacts.

The opportunities that IoT might bring to businesses have been explored in both
academic literature and practice-oriented reports. On a general level, IoT can support
better-informed decisions based on real-world data recorded by smart products
in the field (Raynor and Cotteleer, 2015). More specifically, product and service
design can be improved and customized continuously, based on data about real-
world performance (Manyika et al., 2015). The IoT also has the potential to influence
business models. In particular, IoT could support manufacturers to broaden their
offerings beyond the physical product, to include the data itself, or services built on
data (Porter and Heppelmann, 2014). For example, through access to data about how
products are used by customers, tailored services can be offered to improve the
customer’s operations (Rymaszewska et al., 2017).

As previously mentioned, the IoT also comes with risks and drawbacks. Important
examples are the risks for cyber attacks and hacking of physical objects, the risk for
surveillance and privacy intrusion, and for increased environmental impact from
the production, use, and disposal of the additional electronic components needed.
To increase the awareness about these risks, the design community has published
‘manifestos’ for responsible IoT design (Fritsch et al., 2018; iotmanifesto.com, 2015).
Similarly, the World Economic Forum (2018) has published a set of ‘IoT guidelines for
sustainability’. The design research community have also started to develop methods
and tools which can support responsible design of IoT artefacts (e.g., Baldini et al.,
2018; Bourgeois and Kortuem, 2019). This development is likely to continue as the IoT
expands and matures.
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1.4. IOT-ENABLED CIRCULAR STRATEGIES

Both research and practice are starting to explore the opportunities that the IoT
might bring to the transition to a circular economy. In a report from 2016, the Ellen
MacArthur Foundation concluded that IoT can bring better knowledge about the
location, condition, and availability of products, and that this information can en-
able ‘extended use cycles’, ‘increased utilization’, and ‘looping/cascading’ (Ellen
MacArthur Foundation, 2016). Moreover, the report states that IoT can indirectly sup-
port de-materialization, through its ability to enable more service-oriented business
models (Ellen MacArthur Foundation, 2016). Alcayaga et al. (2019) note that IoT could
help fill information gaps in, for example, remanufacturing and recycling. Bressanelli
et al. (2018) point out that IoT could support optimization of product usage, as well as
product lifetime extension through predictive and preventive maintenance.

While these opportunities seem promising, research at the intersection between IoT
and CE is still in an early phase (Cattelan Nobre and Tavares, 2017). At the moment
of writing this thesis, a combined search in Scopus results in a total of 93 academic
articles (on January 2nd, 2021), whereof 25 were published during 2020, see Figure 1.1.
When this PhD project started in January 2017, only six of these 93 articles had been
published, the oldest one in May 2015 (Reuter et al., 2015). In particular, few papers
exist which empirically investigate, and evaluate in practice, the opportunities of IoT
for CE (Antikainen et al., 2018; Cattelan Nobre and Tavares, 2017). Such a focus is
important, since companies are only starting to explore the opportunities. More work
is also needed to understand the barriers to implementation in practice (Okorie et al.,
2018) and to develop tools and methods targeting companies who aim to implement
IoT-enabled circulars strategies (Alcayaga et al., 2019).
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Figure 1.1: Number of articles listed in Scopus, per year, for the search query ‘TITLE-ABS-KEY(“Internet of
Things” AND “Circular Economy”)’, as of January 2nd 2021. No publications before 2015. The number for
2020 includes one article with official publication date in 2021.

Challenges related to IoT implementation in general (i.e., not in the context of CE) have
been studied to some extent, but this too is an emerging field. Identified challenges
include the lack of interoperability between products (Westerlund et al., 2014), and the
difficulty to derive real value from large amounts of data (Raynor and Cotteleer, 2015).
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Moreover, IoT innovation might require changes to the organization, both in terms of
which business functions are present and how they collaborate (Porter, 2015). This is
also true for the implementation of circular strategies, which often requires integration
of organizational functions, as well as involvement of additional stakeholders (Sousa-
Zomer et al., 2018). Other challenges in circular business model implementation are,
e.g., uncertainty about financial profitability (Linder and Williander, 2017) and a lack
of customer acceptance (Sousa-Zomer et al., 2018). When attempting to implement
IoT-enabled circular strategies, companies are thus likely to face a range of challenges.
More research is needed to identify such challenges and explore possible solutions.

A specific challenge related to IoT-enabled circular strategies is to ensure that the ef-
forts put in actually bring net environmental impact reductions. While IoT can enable
circular strategies, the technology also comes with environmental risks. For example,
wide-spread IoT implementation could lead to increased creation of electronics waste
and higher levels of toxic chemicals entering the environment (Lewis, 2015). Another
highlighted issue is the low durability of IoT devices. If IoT devices fail quickly, they
might shorten the lifetime of the products in which they are embedded. Considering
both opportunities and risks, it is a complex task to estimate the net environmental
impact of IoT-enabled circular strategies.

So far, little research has been published in which environmental impacts of IoT-
enabled circular strategies are explicitly assessed. However, literature from the field of
sustainable ICT offers some support. As a way to structure the analysis of environ-
mental effects of ICT, Berkhout and Hertin (2001) presented a framework which
distinguishes between three levels of environmental impacts resulting from the use of
ICT: direct effects, indirect effects, and structural/behavioral effects. Since it was first
published, the framework has been developed by other authors, among others Hilty
and Aebischer (2015), who have been important in the formulation of the research
field ‘ICT for sustainability’. They define the following three impact levels: life-cycle
impact, enabling impact, and structural impact.

Life cycle impacts are the direct impacts caused by production, use, and disposal of
the ICT components themselves. Enabling impacts include information-aided process
optimization, media substitution (e.g. electronic invoices replacing printed invoices)
and behavioral or organizational changes in production and consumption. Structural
impacts include changes to economic structures and institutions, policies, and social
norms.

Life cycle impacts tend to be the easiest to quantify, and thus most environmental
assessment studies of ICT have focused on this level (Williams, 2011). As the tech-
nology needed to build the IoT is developing quickly, more work is still needed to
understand the direct life cycle impacts of components specific to IoT (e.g., sensors,
actuators, antennas, and gateways). Moreover, while more complex and uncertain,
enabling and structural impacts need to be understood in order to determine the net
environmental impact of ICT solutions in general, and IoT solutions in particular.
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1.5. AIM AND SCOPE

Based on the literature presented above, it is clear that the academic community is
only just starting to understand the opportunities that IoT might bring to companies
who aim to implement circular strategies. Moreover, previous work has not suffi-
ciently addressed how companies could implement IoT-enabled circular strategies in
practice. Lastly, there is a need for research about how to ensure net environmental
impact reductions from IoT-enabled circular strategies.

The aim of this thesis is thus to study how companies can use IoT to support circular
strategies. Towards this aim, the following three main topics are explored:

• Opportunities for using IoT to support circular strategies

• Challenges associated with implementing IoT-enabled circular strategies in
practice

• The net environmental impact of IoT-enabled circular strategies

The focus of this research is on industrialized economies. Opportunities, challenges,
or impacts specific to other settings are thus out of scope. In terms of assessing the
sustainability of IoT-enabled circular strategies, focus has been on understanding
their environmental impact. Any systematic analysis of social and economic impact is
outside the scope of this thesis.

This thesis presents four studies, each focusing on a specific research question, as
specified in Figure 1.2 and presented below.

In Study 1, the following research question is posed: How have companies to date
implemented IoT for circular strategies and how are these implementations distributed
between the opportunities anticipated in literature? To answer this question, literature
in the fields of CE and IoT is reviewed to identify categories of IoT-enabled circular
strategies. A framework is developed that distinguishes between six types of circular
strategies and five types of IoT capabilities, and subsequently used to map 40 cases
from practice. Study 1 presents a need for more research to understand the current
mismatch between the opportunities of IoT for CE, as anticipated in literature, and
what is actually being implemented in practice.

Study 2 builds on Study 1 and asks the following research question: How can we
explain the mismatch between the opportunities of using IoT for CE, as described in
literature, and actual implementation in practice? This question is explored through
an in-depth case study with a company in the process of developing a circular value
proposition for supermarket lighting systems supported by IoT. Based on interviews
with company representatives, the study extracts opportunities and implementation
challenges as perceived by these actors. From this, a better understanding is devel-
oped about what is hindering the implementation of IoT-enabled circular strategies
in practice.
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In Study 3, the aim is to extract transferable lessons from the experiences gained by
companies who have already started to implement IoT-enabled circular strategies.
The following research question is posed: Which challenges do companies face when
trying to implement condition-based maintenance (CBM), and what solutions have
they applied to address these challenges? A multiple case study is carried out, focusing
on condition-based maintenance (CBM) implementation at three original equipment
manufacturers (forklifts, industrial robots, heat pumps). CBM is selected as the fo-
cus of this study for two main reasons. Firstly, Study 1 concluded that IoT-enabled
maintenance is one of the most commonly adopted IoT-enabled circular strategies
in practice. Secondly, Study 2 showed that manufacturers face a range of challenges
when trying to implement IoT-enabled maintenance, and that these challenges are
likely relevant also for other IoT-enabled circular strategies. While Study 2 focuses
mainly on perceived opportunities and early-stage challenges, Study 3 details a range
of implementation challenges as well as solutions that the companies have applied to
address these challenges. Based on this, a set of actionable recommendations can be
formulated for other companies aiming to implement CBM.

Finally, Study 4 focuses on the net environmental impact from IoT-enabled circular
strategies. The following research question is formulated: Which factors are important
to ensure a net reduction of environmental impact from IoT-enabled circular strate-
gies? To answer this question, Life Cycle Assessment (LCA) is used to assess the net
environmental impact of one particular case (IoT-enabled heavy-duty truck tires).
Through sensitivity analysis, it is possible to identify parameters which significantly
influence the overall result, and translate these findings into learnings for design.
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Study 1 (Chapter 2)

Research question:

How have companies to date 

implemented IoT for circular strategies 

and how are these implementations 

distributed between the opportunities 

anticipated in literature?

Approach:

Literature research, framework 

development, and desktop analysis of 40 

cases from practice.

Study 2 (Chapter 3)

Research question:

How can we explain the mismatch between the 

opportunities of using IoT for CE, as described in 

literature, and actual implementation in practice?

Approach:

In-depth single case study focusing on 

opportunities and challenges seen by actors in a 

company in the process of developing a new 

circular value proposition supported by IoT.

Study 3 (Chapter 4)

Research question:

Which challenges do companies face when trying to 

implement condition-based maintenance, and what 

solutions have they applied to address these 

challenges?

Approach:

Multiple case study focusing on condition-based 

maintenance implementation at three original 

equipment manufacturers (OEMs).

Study 4 (Chapter 5)

Research question:

Which factors are important to ensure 

a net reduction of environmental 

impact from IoT-enabled circular 

strategies? 

Approach:

Life cycle assessment study of IoT-

enabled heavy-duty truck tires.

There is a mismatch 

between the theoretical 

opportunities and actual 

implementations of IoT-

enabled circular strategies 

in practice.

Condition-based 

maintenance is one of the 

most commonly adopted 

IoT-enabled circular 

strategies in practice.

Companies are facing a range of 

challenges when trying to implement 

condition-based maintenance, and 

similar challenges are likely to be 

relevant also for other IoT-enabled 

circular strategies.

OPPORTUNITIES

IMPLEMENTATION CHALLENGES

ENVIRONMENTAL IMPACT

Figure 1.2: Studies in this thesis and how they relate to each other
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Abstract: This paper focuses on how the Internet of Things (IoT) could contribute
to the transition to a circular economy (CE), through supporting circular business
model and design strategies.While literature has highlighted the opportunities for
IoT to support circular strategies in business, little has been published about actual
implementations in practice. The aim of this study was therefore to understand how
companies to date have implemented IoT for circular strategies, and how these
implementations compare to the range of opportunities described in literature. To
that end, a two-step approach was followed. Firstly, building on academic litera-
ture, a framework was developed which categorizes different IoT-enabled circular
strategies. The framework recognizes tracking, monitoring, control, optimization,
and design evolution as IoT capabilities. Efficiency in use, increased utilization, and
product lifetime extension are distinguished as circular in-use strategies, while reuse,
remanufacturing, and recycling are distinguished as circular looping strategies. The
framework complements previously published work, as it adds additional detail
to the categorization, and allows for easy mapping of diverse cases. Secondly, 40
cases from practice were analyzed and mapped to the framework. This way, practice-
based insights were derived about the current distribution of IoT-enabled circular
strategies implemented in practice. The results show that current implementation
of IoT-enabled circular strategies mainly supports two strategies in the use phase:
efficiency in use and product lifetime extension. Only a small number of the reviewed
cases display IoT-enabled looping (reuse, remanufacturing, and recycling). Similarly,
few cases describe ‘design evolution’ for CE, i.e., the feedback of data from products
in use to support circular design. Based on these results, this study identifies the need
for future research to further investigate why IoT-enabled looping strategies and
design evolution for circular strategies have not been implemented to scale.

Keywords: Circular Economy; Digitalization; Sustainable Business Models; Product
Service Systems

2.1. INTRODUCTION

The circular economy (CE) conceptualizes an envisioned global economy which is
“restorative and regenerative by design” (Ellen MacArthur Foundation, 2013) and
which simultaneously considers environmental impact, resource scarcity, and eco-
nomic benefits (Lieder and Rashid, 2016). In practice, CE-related issues—such as the
reduction of waste, emissions, and supply risk—are spurring innovations in busi-
ness models, product designs, materials, and supply chain configurations. Circular
business approaches focus on “maintaining the highest level of economic value of
products, components and materials for as long as possible, while at the same time
ensuring that the environmental impact over time is as low as possible” (Balkenende
et al., 2017). In a CE, businesses need to find ways to make profit from “the flow of
materials and products over time” in a system where products and materials are
continually reused (Bocken et al., 2016). In particular, service-oriented business
models, such as product service systems (PSS), are often mentioned for their poten-
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tial to reduce environmental impacts (Qu et al., 2016), and support the CE (Tukker,
2015). PSS have been defined as innovation strategies that “shift the business focus
from designing and selling physical products only, to designing and selling a system of
products and services which are jointly capable of fulfilling specific client demands”
(Manzini and Vezzoli, 2003). On the product level, circular design strategies prescribe
a lifecycle perspective, targeting product features such as durability, upgradability,
reparability, and recyclability (Balkenende et al., 2017).

The Internet of Things (IoT) has been described as a new paradigm in which everyday
objects can sense and communicate (Atzori et al., 2010) leading to completely new
possibilities for information exchange (Whitmore et al., 2015) and recent reports
have emphasized the theoretical potential for IoT to support the transition to a CE
(Ellen MacArthur Foundation, 2016; GESI and Accenture, 2016; Lacy, 2015). The IoT
has been defined as a “system of uniquely identifiable and connected constituents
capable of virtual representation and virtual accessibility leading to an Internet-like
structure for remote locating, sensing, and/or operating the constituents with real-time
data/information flows between them, thus resulting in the system as a whole being
able to be augmented to achieve a greater variety of outcomes in a dynamic and agile
manner” (Ng and Wakenshaw, 2017) [p. 6]. The IoT brings about the possibility to
collect large amounts of data from products in use. The business opportunities of the
IoT are thus linked to developments in other technologies such as real-time comput-
ing, machine learning, and big data analytics (Stankovic, 2014). The implementation
of IoT in a company can support real-time data processing and optimized resource
use which could lead to the development of more competitive products and more
profitable business models (Li et al., 2015). As the IoT takes form and expands, with a
growing number of smart and connected products (Porter and Heppelmann, 2014),
physical objects are increasingly able to understand and react to their environment
(Kortuem et al., 2010). This allows for improved visibility of assets in the field, with
implications for CE. For example, manufacturers can gain knowledge about the cur-
rent and predicted condition of products, and thereby build services based on actual
performance and use (Baines and Lightfoot, 2013). Moreover, connecting products
to the IoT can support monitoring of products and parts throughout their lifecycles,
and provide decision support for companies implementing circular business models
(Lieder and Rashid, 2016).

Previous research has categorized the opportunities of IoT for CE into ‘smart’ main-
tenance, reuse, remanufacturing, and recycling (Alcayaga et al., 2019). However,
publications covering empirical work, and in particular case study research, are still
limited (Cattelan Nobre and Tavares, 2017). Specifically, extant literature does not give
an answer to how current practice compares to the envisioned opportunities of IoT
for CE.

In this paper, we therefore aim to better understand how IoT is currently imple-
mented for CE in practice, and how that compares to the literature about how IoT
might support the CE. To this end, we aim to answer the following research question:
How have companies to date implemented IoT for circular strategies and how are
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these implementations distributed between the opportunities anticipated in liter-
ature? To answer this question, we also pose the following sub-question: How can
IoT-enabled circular strategies be categorized in a framework which enables mapping
a variety of company cases?

To answer these questions, we first provide a brief overview of current literature on IoT-
enabled CE (Section 2.2). Subsequently, we explore literature in the fields of IoT and CE
to develop a framework that categorizes IoT-enabled circular strategies (Section 2.4).
We then collect examples from practice of current IoT implementations for CE and
map them to the framework (Section 2.5). The results are discussed in Section 2.6, and
the methodology is presented in Section 2.3.

2.2. BACKGROUND

Existing literature about IoT within the context of CE is sparse but growing (Cattelan
Nobre and Tavares, 2017). While there is a large pool of literature available in the
fields of IoT and CE independently, there is still limited research published in the
nexus between the two (Tseng et al., 2018), and there is a need for more research to
systemically map CE approaches to emerging digital technologies (Okorie et al., 2018).
Below, we summarize previous work that discusses how IoT could be used throughout
the lifecycle of a product to reduce environmental impact, prolong product lifetimes,
and close material loops.

In a review paper on digital technologies in the circular economy, Pagoropoulos
et al. (2017) noted that IoT can enable monitoring of the health and actions of con-
nected products. Salminen et al. (2017) discussed that increasing intelligence and
automation can create new business opportunities and help optimize existing op-
erations that are favorable in a circular economy, while Spring and Araujo (2017)
argued that ‘smart products’ allow for “connected, rich biographies of products” which
can support activities such as maintenance and reverse logistics, especially when
products “circulate beyond the direct governance of one coordinating firm”. Jensen
and Remmen (2017) similarly found that digitalization could potentially support
product lifecycle management and the integration of information about, for example,
material composition of products, which could stimulate high-quality recycling
and reuse. Roy et al. (2016) emphasized the role of “life cycle ‘big data’ analytics for
continuous maintenance of products”. Lopes de Sousa Jabbour et al. (2018) discussed
the relationship between Circular Economy, Industry 4.0, and sustainable operations
management. They suggested, for example, that ‘product passports’ can improve
recovery, and that tracking of products can enable reverse logistics. Gligoric et al.
(2019) highlighted the lack of a unified ontology for data exchange to support circular
strategies, and presented a technology for printing sensors which could serve as
product passports. These passports would carry data about, for example, material
composition, recyclability, and potential for reuse.
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Only a small number of peer-reviewed case studies have been published that describe
the use of IoT for improved circularity of products and services in practice. Lightfoot
et al. (2011) interviewed representatives from four companies about how ICT can
support the implementation of advanced services. They provide examples of how
data from connected trucks can support optimal fuel efficiency, and how data about
the location and condition of trains can enable effective and efficient maintenance
services. In the context of building equipment, Fargnoli et al. (2019) highlighted how
building information management systems can support more effective management
of maintenance activities and enhance information exchange between stakeholders
in the equipment lifecycle. Grubic and Jennions (2018) performed a multiple case
study in which they extracted factors that “characterise the application of remote
monitoring technologies in the context of servitized strategies”. They found that remote
monitoring technology supports “a broad spectrum of product and service combina-
tions, from warranty to availability contracts”, and that a complex relationship exists
between the technology and the servitized strategies. Ardolino et al. (2016, 2018) built
on a literature review and a multiple case study to identify key digital capabilities for
service transformation. In the context of performance-based contracts they found
that the digital capabilities of ‘usage monitoring’ and ‘prediction’ could support the
delivery of equipment up-time, and that the capability of ‘adaptive control’ could sup-
port services that promise specific levels of efficiency in product use. Lindström et al.
(2017) conducted a case study about recycling management optimization supported
by IoT technology. They studied how a company transformed to a PSS provider,
how they used IoT, and how the new set-up affected their customers. Kiritsis (2011)
studied the implementation of IoT for ‘closed-loop product lifecycle management’ in
10 demonstrator projects, for example describing how IoT was used to identify and
assess the condition of vehicle components available for reuse. Moreno et al. (2017)
described a case in which a 3D-printed shoe with integrated sensors could alert the
user when repair was needed.

Two frameworks have previously been published that give an overview of the en-
abling effects of digitalization on circular strategies in business (Alcayaga et al. 2019;
Bressanelli et al. 2018). Alcayaga et al. (2019) reviewed literature in the intersections
between IoT, PSS and CE and proposed a concept of ‘smart-circular PSS’ including
‘smart’ use, maintenance, reuse, remanufacturing, and recycling. The authors give
some indication about how different strategies are currently implemented in practice,
stating that ‘smart use’ and ‘smart maintenance’ have high usage, while ‘smart reuse’
has medium usage, ‘smart remanufacturing’ low usage, and ‘smart recycling’ very
low usage. However, this assessment is not clearly based on a review of cases from
practice.

Bressanelli et al. (2018) conducted a literature review and a single case study to
identify ‘usage-focused business model functionalities’ that could be supported by
IoT and big data analytics, and which had impact on circular strategies. The eight
functionalities extracted were the following: improving product design, attracting
target customers, monitoring and tracking products activity, providing technical
support, providing preventive and predictive maintenance, optimizing the product
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usage, upgrading the product, and enhancing renovation and end-of-life activities.

The framework by Bressanelli et al. (2018) was designed to analyze a single company
case according to IoT-enabled circular strategies applied, while the framework in
Alcayaga et al. (2019) was designed as a way to structure findings from literature. The
frameworks do not explicitly distinguish between types of IoT solutions, which limits
the potential for using the frameworks to identify additional opportunities in that
dimension. Moreover, the frameworks were not designed to facilitate mapping and
comparison between different cases.

To fulfill the aim of this paper, to better understand how IoT is currently implemented
for CE in practice, and how that compares to the literature about how IoT might
support the CE, we develop a framework which complements previous work by
presenting a structured way of categorizing IoT-enabled circular strategies, and
which facilitates mapping of diverse cases according to the IoT capabilities used,
as well as the circular strategies enabled. We subsequently use this framework to
map a larger set of cases from practice, in order to provide insights into how current
implementation in practice is distributed between the different IoT-enabled circular
strategies.

2.3. METHOD

To achieve the aim of this paper, we first developed a framework to categorize IoT-
enabled circular strategies, and then used the framework to map a set of cases from
practice. The research was carried out in four main steps: (1) rapid literature review
and framework development; (2) identification of cases; (3) selection of relevant cases;
and (4) analysis and mapping of cases to the framework (see Figure 2.1).

 

Selection of 

relevant cases 

Identification 

of cases 

Rapid literature 

review and 

framework 

development 

Analysis and 

mapping of 

cases 2 reports 

92 cases 

40 cases 

30 IoT-CE cross-

sections 

Map of occurrences 

of IoT-CE cross-

sections in the 

cases  

Figure 2.1: Steps in method to develop the framework, identify and select the cases, and map the cases to
the framework.
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2.3.1. RAPID LITERATURE REVIEW AND FRAMEWORK DEVELOPMENT

In order to categorize the company cases, a framework was developed which distin-
guishes between different categories of IoT capabilities on the one hand, and differ-
ent categories of circular strategies on the other hand. To identify the key capabilities
underpinning IoT and the key strategies applied in CE, a rapid literature review
was conducted (Mays et al., 2001). This methodology was considered appropriate
given the focused search target, the small number of academic sources specific
to IoT-enabled CE, and the broad scope of the fields of IoT and CE as such. The
goal of the review was to identify an established view among scholars about IoT
capabilities and circular strategies, respectively. To this end, review papers were
prioritized. Moreover, papers with few citations were excluded based on their low or,
in the case of recent publications, still unclear scientific impact. In the field of IoT,
papers were collected from academic journals based on the following criteria: the
papers should (1) provide an overview of the technology and its enabling capabilities;
(2) be general in the sense that the results could be applied across industries; and (3)
be well cited (>15 citations) to demonstrate that the findings are recognized by other
researchers. The search was performed using the scientific databases Scopus and
Web of Science, and the selection resulted in eight articles published in academic
outlets between 2010 and 2016.

In the field of CE, academic literature was consulted to identify existing frameworks
describing product and business model design strategies. Similar selection criteria
were applied. The papers should (1) explicitly focus on deriving design strategies for
CE, and (2) present results which could be applied generally (not case or industry
specific), and (3) have more than 15 citations. The search was performed using the
scientific databases Scopus and Web of Science, and the selection resulted in five
articles published in academic outlets between 2014 and 2017.

The IoT capabilities and circular strategies described in literature were interpreted
and grouped together into categories, using frameworks from ‘grey’ literature as start-
ing points. In the IoT dimension, we started from the four categories —monitoring,
control, optimization and autonomy—as presented in the framework of capabilities
of smart connected products in Porter and Heppelmann (2014). We then used the
academic literature sources to extract additional IoT capabilities.

Similarly, to define categories of circular strategies, we built on the often cited frame-
work presented by the Ellen MacArthur Foundation (2013), which identifies five
main circular strategies: share, maintain or prolong, reuse or redistribute, refurbish
or remanufacture, and recycle. Based on academic literature that presents design
strategies for CE, we identified additional strategies to be added to the framework.

Finally, we excluded categories in both dimensions that did not prove to be relevant
for the purpose of the framework. The framework development process is explained
in more detail in Section 2.4.
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2.3.2. IDENTIFICATION OF CASES FROM PRACTICE

Since there are few case studies published in academic literature about how IoT can
be used for CE, ‘grey’ literature was used to extract cases from practice. Reports
were scanned based on the following criteria: (1) it should discuss the application of
IoT technology, while also taking into account environmental aspects; (2) it should
review a large set of cases (>20), to allow for comparable case descriptions; and (3) it
should not be directly authored by the ICT industry, to avoid bias. Based on these
criteria, two reports were identified as suitable sources for a comprehensive overview
of relevant company cases. One of the reports originates from the field of CE and is
compiled by the Ellen MacArthur Foundation (2016), while the other report comes
from the field of IoT and is compiled by the Harvard Business Review (Porter and
Heppelmann, 2014). Both organizations are well known knowledge sources in their
respective fields, and were judged to be reliable sources for the case review. The two
reports present a combined total of 92 cases, describing a wide range of IoT and
CE implementations in business. Considering the high number of cases reviewed
in the two reports and the broad scope taken by both organizations in assembling
the collections of cases, we treated the combined set of cases, although certainly
not complete, as a representative sample of current practice of using IoT for CE in
business.

2.3.3. SELECTION OF RELEVANT CASES

From the 92 cases presented in in the two reports (Ellen MacArthur Foundation,
2016; Porter and Heppelmann, 2014) we selected 40 cases to analyze in this study.
The selection process of going from 92 cases to 40 cases is depicted in Figure 2.2.
The following selection criteria were applied: (1) the case should be described in
enough detail to allow for further analysis; (2) the case should depict the use of
a circular strategy; (3) the case should be centered around the use of a IoT-enabled
product; and (4) the case should describe an actual implementation to date. 22
cases were excluded because we lacked information to do the subsequent analysis
and mapping. For example, if a large manufacturer was mentioned without any
description regarding the product or service considered, the case could not be further
analyzed. The remaining 70 cases were briefly analyzed in terms of relevance to IoT
and CE. 12 cases were excluded because they did not describe any impact in terms
of CE or environmental sustainability. Examples of cases that were excluded based
on this criterion are FitBit (captures data about daily activities to support a healthy
lifestyle) and iRobot Roomba (autonomous vacuum cleaner that uses sensors to
navigate). Nine cases were excluded because they did not show a strong enough IoT
component, i.e., they did not include any interactions with a physical smart product.
Examples here are AirBnB (online platform to match supply and demand for short
stay rental apartments) and PayByPhone (app that makes it easier to pay for parking).
Finally, since the focus of the paper was to understand current implementation, we
excluded prototypes and start-ups. Nine cases were excluded based on this criterion,
for example Aganza (platform for offering products in a ‘pay-as-you-go’ model) and
Burba (smart bin prototype).
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Figure 2.2: Process of selecting 40 cases for analysis.

2.3.4. ANALYSIS AND MAPPING OF CASES

For each of the selected cases, we read the description of the case in the publication
where it was presented and highlighted information about the use of IoT, and about
the implementation of circular strategies. When needed, additional data was retrieved
from other sources, such as the company’s website. Based on the data retrieved, we
could map the case to the framework according to the definitions of IoT capabilities
and circular strategies presented in Section 2.4. It should be noted that each case can
display the use of several IoT capabilities and circular strategies. The mapping of all
the cases, together with brief case descriptions, is provided in Appendix A.

2.4. FRAMEWORK

This section describes how the framework was developed based on literature. We
explain, separately, how we derive five categories in the IoT dimension and six cate-
gories in the CE dimension.
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2.4.1. IOT CAPABILITIES

CATEGORIES IN LITERATURE

While the exact terminology to describe IoT-related business opportunities varies
between authors, we here synthesize core capabilities of the technology as found
in literature. Porter and Heppelmann (2014) categorize the capabilities of ‘smart,
connected products’ into four levels: monitoring, control, optimization, and auton-
omy. Monitoring relates to the ability of a product to provide information about
its own use, and to sense its environment (Whitmore et al. 2015; Kortuem et al.,
2010). For example, monitoring can be applied for diagnostics and prognostics of
products-in-use, in order to enhance maintenance services in PSS (Grubic, 2014).
On the level of the business model, monitoring can support business models that
are based on product access and/or performance, as pricing can be based on actual
product usage (Porter, 2015). Control refers to the ability to change product and
system parameters. When a product is connected to the IoT, this control can hap-
pen remotely (Gubbi et al., 2013). Moreover, if the product is equipped with the
capabilities of monitoring and processing, it can control itself based on insights
from monitoring conditional parameters (Atzori et al., 2010). Optimization can be
described as the application of algorithms and analytics to in-use or historical data, to
optimize output parameters, utilization, or efficiency (Porter and Heppelmann, 2014).
Autonomy brings about an additional layer of self-coordination to the functionality of
smart products, giving enhanced ability to control system complexity, still using the
capabilities of monitoring, control, and optimization (Atzori et al., 2016).

Additional capabilities, which are not explicitly considered in the framework by
Porter and Heppelmann, (2014) can be extracted from literature. Firstly, an early
development in the direction towards an IoT was the increased use of RFID tech-
nology to track products and parts (Kortuem et al., 2010; Atzori et al., 2016). RFID
tags have, among other applications such as bank cards and road toll tags, been of
large importance for supply chain management (Gubbi et al., 2013). Secondly, some
authors explicitly highlight communication, networking (Gubbi et al., 2013), and
processing (Kortuem et al., 2010) as important IoT capabilities. Thirdly, an important
business opportunity brought about by the IoT is that products and systems can
provide feedback from the use phase back to design (Lightfoot et al., 2011). This data
feedback can give insights into actual product use and performance, and thereby
inform design improvements (Porter, 2015). For example, this strategy can be used to
identify weaknesses in current designs (Xia et al., 2016) or to evaluate how users react
in real life to design interventions (Bogers et al., 2016). The idea of taking advantage
of product-in-use data for design improvements is well established in the design of
websites and software (e.g., Atterer et al., 2006). In the design of physical products, the
phenomenon is emerging in academic literature using terms like closed-loop design
evolution (Xia et al., 2016) and data-enabled design (Bogers et al., 2016). Table 2.1
shows IoT capabilities described in previous literature, and how we map them to
seven main categories: tracking, monitoring, control, optimization, design evolution,
autonomy, and processing/networking/communication.
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CATEGORIES SELECTED

Based on the reviewed IoT capabilities, we select five categories as relevant for our
framework: tracking, monitoring, control, optimization and design evolution (Table 2.2).
Compared to the seven IoT capabilities presented in Table 2.1, we do not include
autonomy or processing/networking/communication. The category of processing/net-
working/communication is excluded because it describes basic technical require-
ments needed to enable the other capabilities. The category of autonomy is excluded
because it describes a feature that can be present to some level within all the other
categories. For example, decisions about control and optimization can be taken by
either a human or a machine, and many solutions show a combination of the two.

Table 2.2: IoT capabilities used in the framework.

IoT Capability Definition used in this paper
Tracking Information is available about a product’s identity, location, or

unique composition.

Monitoring Information is available about a product’s use, condition, or environ-
ment. This includes alerts and notifications.

Control Product functionality can be controlled through software, based on
predefined options. This includes pushing regular updates.

Optimization Goal-based improvements of operations are supported by using
advanced algorithms.

Design Evolution The design of a product or service can be improved based on data
feedback from other lifecycle phases. This includes functional up-
grades as well as the development of new products and services.

2.4.2. CIRCULAR STRATEGIES

CATEGORIES IN LITERATURE

The CE is still a relatively new term in the academic literature, and a large number
of different definitions have been published (Kirchherr et al., 2017). Previous research
has shown that academics do not fully agree about which aspects should be included
in the CE concept, and which not (Geissdoerfer et al., 2017). For the purpose of this
paper, however, we choose to focus on design and business model strategies that can
support environmental benefits in the CE. As we focus on IoT enabled products, we
limit our search to strategies in the so-called technical metabolism (Braungart et al.,
2007) i.e., products that have the potential to be recovered and reused, partly or as an
entity, through several life cycles. Within this scope, we find that previous literature
can be condensed to a set of eight key circular strategies, as seen in Table 2.3, and as
summarized below.

The Ellen MacArthur Foundation (2013) defines five main circular strategies: share,
maintain/prolong, reuse/redistribute, refurbish/remanufacture, and recycle. Sharing
of products has the potential to increase their utilization, which could reduce the
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total number of products since one product could satisfy many peoples’ need for a
certain function (Tukker, 2004). Maintaining products and prolonging their lifetimes
are mentioned as a circular strategy by, e.g., den Hollander et al. (2017) and Bocken
et al. (2016). A core aspect of the CE is the looping of resources from a post-use stage
back to production (Balkenende et al., 2017; Bocken et al., 2016). Remanufacturing
and recycling have been researched extensively in the design for CE literature (e.g.,
Bakker et al., 2014; Moreno et al., 2016). Strategies for reuse of products are also
often described in the CE literature, sometimes framed as part of product-lifetime
extension strategies (Moreno et al., 2016) and sometimes as part of looping strategies
(Ellen MacArthur Foundation, 2013).

Some additional strategies, not mentioned in the EMF framework (Ellen MacArthur
Foundation, 2013), can be extracted from literature. Material efficiency in product
design is a commonly used strategy to reduce unnecessary resource use (Bakker
et al., 2014, Moreno et al., 2016). Similarly, sustainable design strategies to improve
the efficiency of inputs during use are well established, particularly with regards to
energy efficiency.

From a broader perspective, a core aspect of circular strategies is to support sys-
temic change towards a more sustainable economy. In the design literature, previous
research has produced specific design tools that aim to facilitate systems change.
Such tools support designers in applying ‘whole systems design’, considering the
complex system around the product or service in order to ensure environmental and
societal benefits (Moreno et al., 2016). Table 2.3 shows circular strategies described in
previous literature, and how we map them to eight main categories: efficiency in use,
increased utilization, product lifetime extension, reuse, remanufacturing, recycling,
material efficiency, and systems change.
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CATEGORIES SELECTED

We select six categories of circular strategies to be used in our framework: efficiency
in use, increased utilization, product lifetime extension, reuse, remanufacturing, and
recycling (Table 2.4).

Table 2.4: Circular strategies used in the framework.

Circular Strategy Definition used in this paper
Efficiency in Use Energy, water, and other inputs are used more efficiently during a

product’s use phase.

Increased Utilization Time periods during which a product is not used by anyone are
identified and reduced.

Product Lifetime
Extension

A product’s lifetime is extended by minimizing wear, through pre-
dictive, preventive or reactive maintenance and repair, or through
updates.

Reuse A product or component is identified, assessed and transferred from
one user to another. The process can involve maintenance steps,
such as cleaning.

Remanufacturing A product is inspected and treated to restore its original functional-
ity, as a preparation for the next use cycle. The process can include
reparations and replacements of worn parts.

Recycling The constituent materials of a product or component are assessed,
sorted, and treated so that they can be used again.

Compared to Table 2.3, we exclude material efficiency and systems change. The reason
to exclude material efficiency, is that this strategy can only be applied in the design
phase, making it less relevant from an IoT point of view. Once the product design is
defined, the material efficiency in set. This differs from, for example, efficiency in use,
which depends on the product design as well as use patterns and conditions in the
product’s environment. In this case, IoT derived product-in-use data could thus be
used to optimize the efficiency in use during the product’s lifetime.

Furthermore, we exclude strategies related to systems change. The reason for this is
that systems change is an overarching strategy with a primary focus on impact. We
argue that circular systems change related to physical products is always the result of
the application of one or more of the other circular strategies. Thus, while we note
the importance of understanding system-level effects when designing for the circular
economy, a categorization of the cases according to their systemic impact is outside
the scope of this paper.

2.4.3. FINAL FRAMEWORK

Building on the IoT capabilities and the circular strategies derived from literature, we
propose a framework composed as a matrix in which the categories of IoT capabilities
and circular strategies form the columns and rows respectively. Each combination of
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IoT capability and circular strategy forms a IoT-CE cross-section (Figure 2.3). The IoT
capabilities in the framework are defined in Table 2.2. Tracking relates to the ability
to uniquely identify and localize assets. Monitoring describes the use of sensors
and metering devices to give information about a product’s use, condition, and
environment. Control makes it possible to steer product operations through some
type of digital interface. Optimization relates to goal-based improvement using
advanced algorithms as well as monitoring and/or control capabilities. Optimization
can be applied to multiple levels. It can refer to adapting product-internal operations,
system operations, or service operations such as maintenance. Finally, design evolu-
tion is the ability to learn from product-in-use data in order to improve the design of
a product or a service. We note that this capability is different from the others in the
way that it does not necessarily change the functionality of the product itself. Instead,
it allows for learning about in-the-field product parameters, such as performance and
use patterns. These insights can then be used in the design of a next generation of the
product or PSS, rather than during use.
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Figure 2.3: Framework categorizing IoT capabilities on the one hand, and circular strategies on the other.

The circular strategies in the framework are defined in Table 2.4. The first three strate-
gies relate to the use phase of a product while the last three consider strategies in
which products, parts and materials are looped from one use phase to the next. We
use the term ‘product lifetime extension’ to describe activities or design consideration
that minimize product wear, or that support maintenance, repair and/or updates.
Compared to some other authors, we view reuse strategies as separate from product
lifetime extension.
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2.5. MAPPING OF THE CASES TO THE FRAMEWORK

The 40 analyzed cases cover a wide range of products and industries, targeting differ-
ent customer groups. High-investment products such as mining equipment, wind
turbines, and jet engines are examples of products represented in the cases. Moreover,
assets in the built environment, infrastructure and the power grid are represented,
as are smart connected cars used in different types of car sharing services. Several
cases describe solutions for energy management in buildings through smart products
such as thermostats, fans, HVAC systems, elevators, washing machines, and lighting
systems. Printers and ATMs are also represented. Most of the identified cases show
products and services offered in a business-to-business context, but business-to-
customer and business-to-government examples are also present in the set. All cases
concern products that can be looped through the technical cycle (Braungart et al.,
2007) i.e., that have the potential to be recovered and reused through several life
cycles.

Figure 2.4 shows the mapping of the 40 company cases to the framework. Each case
was analyzed and mapped according to the categories of IoT capabilities and circular
strategies defined in Section 2.4, resulting in a ‘heat map’ of the occurrences of IoT-CE
cross-sections. Many of the cases describe more than one IoT-CE cross-section,
leading to 150 categorized occurrences of IoT-CE cross-sections from the 40 cases.
It should further be noted that while the categories are uniquely defined, they are
not mutually exclusive. For example, cases displaying optimization often also rely
on the use of monitoring or control capabilities. The results show that examples
of IoT-enabled ‘efficiency in use’ and ‘product lifetime extension’ dominate in the
analyzed set of cases, while IoT-enabled looping and design evolution are relatively
unexplored.

Figure 2.4: Heat map of IoT-CE cross-section occurrences found in the 40 analyzed cases.
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Below, we present examples of cases which were mapped to different parts of the
framework. To facilitate reading, the framework is divided into five sections: (A)
IoT-enabled efficiency in use, (B) IoT-enabled increased utilization, (C) IoT-enabled
product lifetime extension, (D) IoT-enabled looping, and (E) design evolution for
circular strategies (Figure 2.5). A complete overview of all analyzed cases is provided
in Appendix A.
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Figure 2.5: The five sections of the framework: (A) IoT-enabled efficiency in use, (B) IoT-enabled increased
utilization, (C) IoT-enabled product lifetime extension, (D) IoT-enabled looping, and (E) design evolution
for circular strategies.

IOT-ENABLED EFFICIENCY IN USE

The cases in this group display the use of IoT for different types of efficiency measures
in the use phase. Many examples describe strategies for saving energy, for example
through tracking of vehicles, or by monitoring energy use and performance. More-
over, remote control of energy consuming products allows users to save energy, while
advanced energy management systems can learn from the user’s routines to optimize
the system for efficiency and comfort. Another example is that smart farming systems
can reduce water use for irrigation. Typical examples are presented in Table 2.5.
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Table 2.5: Typical examples of cases that describe IoT-enabled efficiency in use.

IoT Capability Examples of use of IoT Capability for ‘Efficiency in Use’
Tracking - Spire tracks vehicles using satellite technology. Among other things,

the information can be used by the customer to optimize routing.

Monitoring - Cisco Energy Management uses IoT to measure energy use and
displays it to the user, so that actions can be taken to improve opera-
tional efficiency.
- Libelium allows farmers to monitor their crops’ condition, to better
know how much pesticides, fertilizers, and water is needed.

Control - Carrier systems’ system for heating, ventilation, and air condition-
ing allows users to control the indoor climate in a building remotely,
so that energy can be saved when nobody is present.
- Auscott limited control irrigation systems based on soil moisture
data, reducing excess water use.

Optimization - Nest Labs’ smart thermostats can adapt the system operations to
the users’ routines. In this way, an optimal balance between comfort
and energy savings can be found.
- AGCO Agcommand monitors use, condition of farm equipment, as
well as environmental parameters, to optimize overall farm perfor-
mance.

IOT-ENABLED INCREASED UTILIZATION

Several cases in this group describe services that allow users to access and use prod-
ucts that they do not own. For example, in a car-sharing service, IoT allows users to
find a car that are close and available for use. The service provider can store informa-
tion about who has used the car, for how long, and at what time. Another example is
increased utilization of space in office buildings, allowing fewer rooms to serve more
people. Some typical examples are listed in Table 2.6.

Table 2.6: Typical examples of cases that describe IoT-enabled increased utilization.

IoT Capability Examples of use of IoT Capability for ‘Increased Utilization’
Tracking - DriveNow and Car2Go offer car sharing through mobile applica-

tions that let users find available cars based on location.
- ZipCar recover lost or stolen cars (from their car sharing fleet), and
provide facts for insurance claims if an accident happens.

Monitoring - Cisco’s “Smart+Connected Personalised Spaces” office manage-
ment system aims at increasing the utilization of office spaces based
on occupancy data.

Control - Some level of control is needed in car/bike sharing systems (e.g.,
Car2Go, Zipcar, DriveNow, Hubway) in order to unlock the product
without a physical key.
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IOT-ENABLED PRODUCT LIFETIME EXTENSION

Cases in this group describe maintenance and repair activities, as well as upgrades
(see Table 2.7). For example, tracking allows maintenance actors to identify and locate
products that need to be serviced. Moreover, products can monitor their own use and
status, and send alerts about when they need maintenance, and which spare parts
to order. The capability of control can also enable remote maintenance, repair, and
upgrades. In advanced cases, companies continuously monitor the condition of
products and apply prediction models that allow them to optimally plan and execute
maintenance before a product fails.

Table 2.7: Typical examples of cases that describe IoT-enabled product lifetime extension.

IoT Capability Examples of use of IoT Capability for ‘Product Lifetime Extension’
Tracking - Philips’ ‘CityTouch’ tracks products and parts installed at customer

sites, facilitating maintenance activities.

Monitoring - Whirlpool’s washing machines give the user notifications about
upcoming maintenance needs.
- Philips’ ‘light-as-a-service’ offering includes monitoring of faults,
which is used to manage maintenance and repairs.

Control - Diebold monitors its ATM machines and applies remote repairs
and updates.
- Tesla’s cars can schedule their own repairs based on fault moni-
toring. Tesla also performs remote service and upgrades on their
cars.

Optimization - GE aviation uses hundreds of sensors to identify discrepancies
between expected and actual performance of jet engines in use, in
order to optimize repair and maintenance services..
- Joy Global monitors the performance and faults of mining ma-
chines and uses this data for predictive maintenance.

IOT-ENABLED LOOPING

Only a few cases describe IoT-enabled looping strategies. As summarized in Table 2.8,
tracking of products in the field can give companies a better overview of the installed
base of products that will eventually become available for reuse. By monitoring the use
and condition of a product, reuse of products can be enabled. The capability of control
can also make take-back systems more effective. Finally, the Philips’ ‘CityTouch’ case
suggests that the manufacturer, by monitoring the condition of products and parts,
can optimize the use times in multiple use cycles on the individual part level.

Table 2.8: Typical examples of cases that describe IoT-enabled looping.

IoT Capability Examples of use of IoT Capability for ‘Looping’
Tracking - Delta Development leases and tracks elevators in two recent devel-

opment projects, and can identify elevators that could be reused in a
different setting.

Monitoring - Delta Development monitors the condition of elevators in use, to
assess if they can be used again.
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Continuation of Table 2.8
IoT Capability Examples of use of IoT Capability for ‘Looping’

Control - HP’s printers monitor ink levels and automatically order a new car-
tridge and, at the same time, an envelope to send the old cartridge
back.

Optimization - Philips’ ‘CityTouch’ can monitor the use cycles of individual lumi-
naires and their constituent parts which enables looping of compo-
nents through additional use cycles.

CIRCULAR STRATEGIES ENABLED BY DESIGN EVOLUTION

As for IoT-enabled looping strategies, only a few cases described examples of how
design evolution could enable circular strategies. However, some examples (shown in
Table 2.9) describe how designers could improve product design based on informa-
tion about the performance of products in the field. For example, in order to improve
design both by avoiding technical failures, and by designing products and services
that users value over time, designers could use detailed information about how
products are used and discarded.

Table 2.9: Examples of cases that describe design evolution for circular strategies.

CE Strategy Examples of use of ‘Design Evolution’ for CE Strategy
Efficiency in Use - GE uses data from jet engines in use to support design improve-

ment of the engine for optimal performance, including energy effi-
ciency.

Increased Uti-
lization

- ZipCar uses data about how vehicles are being used in order to
improve their service design to achieve better availability as well as
reduce operational costs.

Product Lifetime
Extension

- In HP’s ‘instant ink service’, data from products-in-use supports
design for durability.

Looping - The IBM ‘reuse optimization tool’ uses IoT data to support the
design of services related to recovery strategies. The tool enables
individual businesses to build a business case for looping.

2.6. DISCUSSION

The aim of this study was to answer the following research question: How have com-
panies to date implemented IoT for circular strategies and how are these implementa-
tions distributed between the opportunities described in literature? As a first step
to answer this question, a framework was developed which enabled the mapping
of a large set of company cases according to the IoT capabilities used as part of
particular circular strategies. The framework distinguishes between five types of IoT
capabilities (tracking, monitoring, control, optimization, and design evolution) and
six types of circular strategies (efficiency in use, increase utilization, product lifetime
extension, reuse, remanufacturing, and recycling). The types of IoT-enabled circular
approaches depicted in our framework are largely similar to approaches in previously
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published work (Bressanelli et al., 2018; Alcayaga et al., 2019). However, some differ-
ences can be noted. The framework by Alcayaga et al. (2019) defines five distinct
IoT-enabled circular strategies: smart use, smart maintenance, smart reuse, smart
remanufacturing, and smart recycling. The framework in (Bressanelli et al., 2018)
presents eight IoT-enabled circular strategies related to products activity, technical
support, preventive and predictive maintenance, product usage, upgrading, and
end-of-life activities. However, neither of the two frameworks clearly distinguishes
between different types of IoT capabilities used. In comparison, our categorization
into six circular strategies and five IoT capabilities provides additional detail into how
IoT could support circularity. The categorization of IoT capabilities into tracking,
monitoring, control, optimization, and design evolution is useful in that it clarifies
different ways in which IoT can be used, and in this study we further noted that
the IoT capabilities are linked to each other. Tracking and monitoring can be used
as stand-alone strategies, but also as a foundation for control, optimization, and/or
design evolution strategies.

Our framework is also different from Bressanelli et al. (2018) and Alcayaga et al.
(2019), in that it was designed to allow for easy mapping of a wide range of cases ac-
cording to the IoT-enabled strategies implemented. Through further evaluation with
practitioners, the framework could be developed into a tool for companies to map
their current state of IoT-enabled CE implementation, and to consider additional
opportunities that might be interesting for further exploration.

The second result of the paper is the mapping of 40 cases onto the framework. By
analyzing and mapping the cases, we presented concrete examples of cases display-
ing the different IoT-enabled circular strategies. In response to the main research
question posed, we observe that current implementations of IoT-enabled circular
strategies are mainly applied in the use phase of products (Sections A, B, and C in
Figure 2.5) and that only a few cases have implemented IoT-enabled reuse, remanu-
facturing, and recycling (Section D in Figure 2.5). This is an important finding, since
reuse, remanufacturing and recycling are often seen as core strategies of the circular
economy. Whilst literature has mentioned that IoT can support reuse, remanufactur-
ing, and recycling (e.g., Spring and Araujo, 2017; Lopes de Sousa Jabbour et al., 2018),
the results presented here show that real-world applications in these areas are still
limited. This result is in line with Alcayaga et al. (2019), who stated that smart use and
smart maintenance are more common than smart reuse, smart remanufacturing, and
smart recycling. However, the analysis used to derive that conclusion is not clear by
Alcayaga et al. (2019). In this paper, we systematically derived the implementation
distribution between the different strategies, based on the analysis of a large set of
cases from practice.

Based on our results, we further note that the capability of design evolution —the
feedback of product-in-use data to design in order to improve products and services
(E in Figure 2.5) —is not commonly used in practice to support circular strategies. To
the best of our knowledge, this result has not been reported previously.
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By pointing out under-explored areas, the findings in this paper provide a starting
point for future research into why IoT-enabled looping and design evolution for
circular strategies are not implemented to scale. We suggest future research into the
real-world challenges of implementing circular looping strategies, and the opportuni-
ties and challenges of using IoT technology to support such strategies and associated
business models.

Finally, some limitations of the paper in terms of scope and methodology should
be mentioned. In this study, we intentionally focused on reviewing implemented
solutions, i.e., solutions that are currently offered to customers. Therefore, we ex-
cluded prototypes and start-up companies from the analysis. Analyzing such early
stage initiatives would enrich the picture with possible future developments in the
implementation of IoT-enabled circular strategies.

Moreover, actual assessment of impact on environmental sustainability was outside
the scope of this paper. In order for practitioners to be able to effectively use our
framework as a tool when innovating on IoT-enabled circular strategies, it should be
complemented with other tools that provide information on the sustainability impact
of IoT-enabled circular solution.

From a methodology point of view, our study is limited in that it is based on two reports
to source the company cases. Although the 40 selected cases include a diverse range of
companies and products, it is possible that some relevant examples were not covered
in the set. Thus, while the results presented in this paper answer the research question
posed in Section 2.1 by presenting the distribution of implementations in the 40 cases,
future studies could include additional cases in order increase the robustness of the
results.

Also, the mapping of the cases to the framework unavoidably involved a degree
of interpretation. However, we argue that although some cases could have been
interpreted differently, it would not notably change the main resulti.e., the relative
distribution in the implementation of the different IoT-enabled circular strategies.
Also, as we show how we categorize each case in Appendix A, it is possible for other re-
searchers to analyze the same set of cases and potentially come up with an alternative
categorization.

Lastly, the rapid literature review approach followed when developing the framework
is limited in that it is less comprehensive than a full ‘systematic literature review’.
However, the goal of this review was not to compile a comprehensive list of publi-
cations in the fields of IoT and CE, but to identify commonly agreed views among
scholars on IoT capabilities and circular strategies, respectively. Among the crite-
ria used for selecting papers to include in the rapid literature review, one was to
omit papers with few citations. This criterion was chosen since a high number of
citations was considered a suitable indication that the results were accepted and
acknowledged by the scientific community. It is possible, however, that this led to the
exclusion of relevant articles that have only recently been published, and therefore
lack citations at this point in time.
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2.7. CONCLUSIONS

This study aimed to understand how companies have implemented IoT for circular
strategies, and how those implementations compare to anticipated opportunities
described in literature. To that end, a two-step approach was followed. First, a frame-
work was develop based on previous literature. The framework gives a categorization
of IoT-enabled circular strategies according to the IoT capabilities used, and the
circular strategies enabled. The framework complements previously published frame-
works, as it adds additional detail and allows for easy mapping of diverse cases. In
its current form, the framework could be useful for companies since it provides an
overview of IoT-enabled circular strategies. However, the usefulness of the framework
for practitioners has not been evaluated in this paper.

Secondly, we collected 40 cases from practice depicting current implementation of
IoT for CE, and mapped them to the framework. This way, we could provide concrete
examples of cases mapped to different parts of the framework, and derive practice-
based insights about the current distribution of implementation of IoT-enabled
circular strategies.

Our results show that current implementation of IoT-enabled circular strategies
mainly supports ‘efficiency in use’ and ‘product lifetime extension’. Only a small num-
ber of the reviewed cases displayed IoT-enabled ‘looping’ (reuse, remanufacturing,
and recycling). This is a notable result, as ‘closing the loop’ is one of the main goals
expressed in the CE literature. Moreover, few cases described ‘design evolution’ for
CE, i.e., using the feedback of data from products-in-use to improve circular design.

Future research could build on the results presented in this paper to develop a tool
for companies to map their current state of IoT-enabled CE implementation, and to
improve their strategy further. To be able to provide such guidance for practition-
ers, more studies are needed. Specifically, future research should investigate why
IoT-enabled looping strategies or design evolution for circular strategies have not
been implemented to scale. To do so, in-depth case studies with companies would
be relevant, as such studies could extract context-specific opportunities as well
as implementation barriers perceived by the companies. Moreover, insights from
studies focusing on the actual sustainability impact of different IoT-enabled circular
strategies would be important as input to recommendations for practitioners about
how to reap the benefits of IoT for CE.
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Abstract: While the enabling capabilities of the Internet of Things (IoT) in the Circular
Economy (CE) have been highlighted in a number of publications, knowledge about
how to leverage IoT in actual implementation of circular strategies is still lacking. This
paper aims to elucidate reasons for the apparent mismatch between the ‘theoretical
opportunities’ of IoT for CE as described in literature, and current implementation in
practice. To this end, we present a case study in the field of LED lighting, within a
company with previous experience and knowledge in both IoT and CE. The pri-
mary data source is twelve semi-structured interviews with stakeholders from the
company. We identify opportunities for using IoT to support circular strategies in
this specific case: IoT can support servitized business models; improve tracking and
record keeping of in-use and post-use products; enable conditions monitoring and
predictive maintenance; improve estimations of remaining lifetime of used products;
and inform design decisions to improve durability of products. Related to these
opportunities, we identify implementation challenges faced by the company. The
main IoT-specific implementation challenges in the case are (1) a lack of structured
data management processes to ensure high quality data collection and analysis, and
(2) the difficulty of designing IoT-enabled products for interoperability, adaptability,
and upgradability, especially considering that IoT technologies develop at a high pace.
By elucidating these challenges, this paper contributes with IoT-specific insights to
the available literature about challenges in circular business model implementation.
Moreover, this paper adds an important emphasis on real-world implementation
challenges to the literature about digitally-enabled circular strategies.

Keywords: Digitalization, Circular economy, Product service systems, Predictive
maintenance, Smart lighting

3.1. INTRODUCTION

The term Circular Economy (CE) envisions an economy that simultaneously consid-
ers environmental impact, resource scarcity and economic benefits (Lieder and
Rashid, 2016). A commonly cited view describes the CE as “an industrial system that
is restorative or regenerative by intention and design” (Ellen MacArthur Foundation,
2013). Design and business model strategies in the CE include long-lasting design,
maintenance, repair, reuse, remanufacturing, refurbishing, and recycling (Bakker
et al., 2014, Geissdoerfer et al., 2018).

Effective implementation of circular strategies requires not only innovation in prod-
uct design, but also a focus on business models that incentivise companies to keep
products and materials at their highest value for as long as possible, while ensuring
minimal environmental impact (Balkenende et al., 2017). Designers aiming at de-
veloping circular offerings need to have the ability to integrate the design of both
products and business models (Sumter et al., 2018). Research into circular and sus-
tainable business models has shown that service-oriented value propositions have
the potential to decouple profit from production volumes, and thereby reduce re-
source use (Bocken et al., 2014). Such business models have been studied extensively
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within the research field of Product Service Systems (PSS) (Tukker, 2015). PSS are
combined product and service offerings designed to fulfil specific customer needs
(Tukker, 2004). Compared to a traditional product manufacturer, a PSS provider
has a stronger incentive to deliver on aspects such as quality, efficiency, durability
and reusability. Moreover, business models based on product access rather than
ownership can lead to reduced resource use through increased utilization of products,
since one product can satisfy many peoples’ need for a certain function that they only
use occasionally. Examples are car sharing services and tool rental services (Tukker,
2015).

In parallel to the increased focus on sustainability, many companies find themselves
in a race against competitors to seize new opportunities in the digital era (Porter and
Heppelmann, 2014). Resulting from the fast development in sensing and communica-
tion technology, more and more products are being equipped with digital capabilities.
A simple example is that of RFID tags, which allows for identification and location
tracking of unique items (Atzori et al., 2016). Now, an Internet of Things (IoT) is
emerging in which ‘smart objects’ can sense their local situation, process information
and interact with their users (Kortuem et al., 2010). The IoT has been defined as a
“system of uniquely identifiable and connected constituents capable of virtual repre-
sentation and virtual accessibility leading to an Internet-like structure for remote
locating, sensing, and/or operating the constituents with real-time data/information
flows between them, thus resulting in the system as a whole being able to be augmented
to achieve a greater variety of outcomes in a dynamic and agile manner” (Ng and
Wakenshaw, 2017) [p. 6]. The IoT is thus closely linked to other digital technologies,
such as cloud computing and big data analytics. Recent studies have shown that,
in order to reap the benefits of the IoT, organizations will need to develop digital
maturity (Kane et al., 2016), and find ways to “create value from data”, ensuring that
the collected data can effectively inform actions and decisions (Raynor and Cotteleer,
2015).

Recent literature has pointed out the enabling effects of digitalisation and IoT on the
design and implementation of circular strategies (Alcayaga et al., 2019; Antikainen
et al., 2018; Bressanelli et al., 2018; Ingemarsdotter et al., 2019; Okorie et al., 2018;
Pagoropoulos et al., 2017; Bocken et al., 2019). The Ellen MacArthur Foundation, an
organization that has popularised and spread the CE concept, has published two re-
ports on the topic (Ellen MacArthur Foundation, 2016; Ellen MacArthur Foundation,
McKinsey & Company, and Google, 2019).

However, the opportunities of IoT for CE as presented in literature (summarized in
Section 3.2.1) have not been fully realised in practice (Alcayaga et al., 2019; Inge-
marsdotter et al., 2019). As such, more research is needed to understand what is
hindering the uptake of IoT-enabled circular strategies. This argument has been made
by, e.g., Cattelan Nobre and Tavares (2017), who, in their bibliometric study of the
application of IoT and big data for CE, highlighted the need for researchers to take the
next step from “imagining the possibilities”, to studying real cases (Cattelan Nobre
and Tavares, 2017). Similarly, both Antikainen et al. (2018) and Okorie et al. (2018)
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noted the need for more research on challenges that companies face when trying to
implement digitally-enabled circular strategies. While literature is available which
covers implementation challenges for circular business models more in general
(summarized in Section 3.2.2), it lacks a specific focus on challenges related to IoT-
enabled circular strategies. A research gap can thus be identified: the lack of studies
researching actual cases of IoT-enabled circular strategies in practice, and specifically
focusing on understanding the implementation challenges faced by companies.

In this paper, we aim to elucidate reasons for the apparent mismatch between the
opportunities of using IoT for CE as described in literature (hereafter referred to as
‘theoretical opportunities’), and actual implementation in practice. Towards this aim,
we perform a case study within a company that is currently exploring how they could
use IoT to support circular strategies. We investigate the opportunities of using IoT for
CE in the specific context, and the associated implementation challenges faced by
the company. The studied company is a LED lighting manufacturer, and our study
focuses on the customer segment of food retail, i.e., on LED lighting systems in
supermarkets.

3.2. BACKGROUND

3.2.1. IOT AS AN ENABLER FOR CE

Previous literature has emphasized the role of IoT to support the implementation of
circular strategies and business models in companies, often in the context of PSS.
For example, case studies have shown that IoT can support companies in extending
the scope of value creation beyond design and manufacturing to ‘use solutions’ and
‘operations services’ (Rymaszewska et al., 2017). IoT has also been pointed out as a
supportive technology for improved maintenance and repair in PSS (Baines and
Lightfoot, 2013). Specifically, sensor-enabled prognostics can improve operational
reliability and allow for preventive and predictive maintenance, which can extend
the service life of products and systems (Sun et al., 2012). Moreover, by collecting
data from the use phase, companies can continuously improve the design of their
products, for example to enhance durability (Bressanelli et al., 2018).

Another aspect mentioned in literature is that products with digital elements can
more easily be upgraded with additional functionality, something that could increase
their useful lifetime (Bressanelli et al., 2018; Pialot et al., 2017). In relation to the
circular strategy of increased utilization, IoT can also support sharing of products
between multiple users by allowing for monitoring of product condition, status,
location, and usage (Bressanelli et al., 2018).

Product-in-use data can also be used to improve product recovery strategies such
as reuse, remanufacturing and recycling (Alcayaga et al., 2019; Zeid et al., 2004). In
remanufacturing literature, specifically, uncertainty about the type and condition of
products available for remanufacturing at a certain time has been acknowledged as a
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persisting challenge (Zhang et al., 2018). Inspection and testing of products entering a
remanufacturing process could benefit from more information about, for example,
original design specifications and repair history (Yang et al., 2018). However, such
information flows are not yet well established (Kurilova-Palisaitiene et al., 2015).
Moreover, accurate estimations of remaining useful lifetime could support decisions
about when to optimally remanufacture a product (Zhang et al., 2015), and thereby
improve the profitability of remanufacturing activities (Dulman and Gupta, 2018). In
relation to recycling, previous literature has mentioned opportunities for RFID tags
in products to increase recycling efficiency (Luttropp and Johansson, 2010) and for
improved information about material composition of used material to make recovery
processes more profitable (Wilts and Berg, 2017).

In a recent paper, we reviewed literature about IoT and CE, and proposed a framework
of ‘IoT-enabled circular strategies’ (Ingemarsdotter et al., 2019). The framework is a
matrix made up of circular strategies in one dimension, and IoT capabilities in the
other, see Figure 3.1. In this paper, we use this framework to represent the ‘theoretical
opportunities’ of using IoT for CE.

Efficiency

Energy, water, and other inputs 

are used more efficiently during 

a product’s use phase.

Increased utilisation

Time periods during which a 

product is not used by anyone 

are identified and reduced.

Product lifetime extension

A product's lifetime is extended 

by minimizing wear, through 

predictive, preventive or 

reactive maintenance and repair 

or through adaptations, 

upgrades and updates .

Reuse

A product or component is 

identified, assessed and 

transferred from one user to 

another. The process can involve 

maintenance steps, such as 

cleaning.

Remanufacturing

A product is inspected and 

treated to restore its original 

functionality, as a preparation 

for the next use cycle. The 

process can include reparations 

and replacements of worn parts.

Recycling

The constituent materials of a 

product or component are 

assessed, sorted and treated so 

that they can be used again.

Tracking

Information is available about a product's 

identity, location, or unique composition.

Monitoring

Information is available about a product's use, 

condition, or environment. This includes alerts 

and notifications .

Control

Product functionality can be controlled 

through software, based on predefined 

options. This includes pushing regular updates.

Optimisation

Goal-based improvements of operations are 

supported by using advanced algorithms.

Design Evolution

The design of a product or service can be 

improved based on data feedback from other 

lifecycle phases. This includes functional 

upgrades as well as the development of new 

products and services.
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Figure 3.1: Framework categorizing ‘IoT-enabled circular strategies’, from Ingemarsdotter et al. (2019).
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3.2.2. BARRIERS TO CIRCULAR BUSINESS MODEL IMPLEMENTATION

This section presents barriers to circular business model implementation in general,
as no literature could be found about the specific challenges associated with imple-
menting IoT-enabled circular strategies. This background is used later, in Section 3.6,
to discuss how the challenges found when specifically focusing on IoT-enabled cir-
cular strategies compare to barriers to circular business model implementation in
general.

Barriers to circular business model implementation have been studied and catego-
rized in several investigations (Bressanelli et al., 2019; Linder and Williander, 2017;
Ritzén and Sandström, 2017; Sousa-Zomer et al., 2018; Vermunt et al., 2019). Ritzén
and Sandström (2017) summarized the barriers to circular business model imple-
mentation into five main categories: structural, operational, financial, attitudinal and
technological barriers. They relate structural barriers to unclear distribution of roles
and responsibilities for CE issues in the company, as well as limited information
exchange between actors.

Operational barriers concern infrastructure and supply chain management (Ritzén
and Sandström, 2017). Related to this, Linder and Williander (2017) discuss ‘return
flow challenges’, i.e. challenges related to effectively managing product-take-back
systems in circular business models. In particular, many remanufacturers are strug-
gling with low predictability in quantity and quality of incoming products to be
remanufactured, which often leads to inefficiencies in the remanufacturing system
(Linder and Williander, 2017).

Financial barriers are mainly related to uncertainty in financial benefits and potential
profitability of circular concepts (Ritzén and Sandström, 2017). Linder and Williander
(2017) found that financial barriers, especially related to financial risk and uncer-
tainty, can partly explain the current reluctance amongst companies to adopt circular
business models. Circular business models often imply larger operational risk for the
provider than a pure sales model, as use-phase services such as maintenance are
taken on by the provider. In business models where the provider keeps the ownership
of the product, the ‘capital tied up’ also adds financial risk for the provider (Linder
and Williander, 2017). Furthermore, in the case of remanufacturing, an important
financial uncertainty is the “product attractiveness at a certain remanufacturing cost
compared with competitors and substitutes” at the point in the future when a product
leaves one use cycle to enter the next (Linder and Williander, 2017). In order to calcu-
late the total business case of several use cycles of a product in a remanufacturing
model, both the remanufacturing cost and the customers’ future willingness to pay
for the remanufactured product need to be estimated.

The value of a remanufactured product depends on how the market for a certain
product category develops over time. Linder and Williander (2017) emphasise the
barrier of ‘fashion vulnerability’ (also mentioned by Bressanelli et al. (2019)), meaning
that if the market demands change quickly, it can be challenging to propose business
models that favour long and multiple use cycles. Such changes in market demand
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can be fashion driven, or due to fast technological developments. Products which are
sensitive to changing fashion, or that are undergoing fast technological changes, are
thus extra challenging.

Attitudinal barriers relate to actors’ perception of sustainability and level of risk aver-
sion (Ritzén and Sandström, 2017). Attitudinal barriers can relate to different actors
in the supply chain. Sousa-Zomer et al. (2018) bring up leadership behaviour and
attitudes of employees, and Vermunt et al. (2019) highlight barriers in low customer
acceptance caused by factors such as long standing procurement habits, or the per-
ception that reused products are inferior to new ones. Linder and Williander (2017)
also mention ‘customer type restrictions’ meaning that not all types of customers are
receptive to all types of circular business models.

Technological barriers concern product design and production processes (Ritzén and
Sandström, 2017). Linder and Williander (2017) discuss ‘product category restrictions’,
stating that some types of products are more suitable for circular business models
than others. Examples of product features that the authors mention as beneficial for a
circular business model are that it fails functionally rather than by dissipation, that
the value added of the returned components is high relative to market value and
original cost, and that the product technology is stable (Linder and Williander, 2017).

Finally, institutional barriers to circular business model implementation include the
lack of supporting regulations and the lack of social awareness (Bressanelli et al., 2019;
Linder and Williander, 2017; Vermunt et al., 2019).

3.3. METHODOLOGY

The aim of this study is to elucidate reasons for the apparent mismatch between
the ‘theoretical opportunities’ of using IoT for CE, and actual implementation in
practice. Towards this aim, we perform an in-depth single case study, following Yin’s
definition: “A case study is an empirical inquiry that investigates a contemporary
phenomenon within its real-life context, especially when the boundaries between
object of study and context are not clearly evident.” (Yin, 2014). In this paper, the case
context is a LED lighting manufacturing company, and the case is the early phase
development of a circular PSS concept for LED lighting in the food retail segment.
Within this particular case context, our inquiry focuses on the current level of IoT
and CE implementation, the perceived opportunities for IoT to further support
circular strategies, and the challenges associated with implementing IoT-enabled
circular strategies. Case study methodology fits the aim of this study since we need to
understand contextual factors in practice, which can help explain the limited uptake
of IoT-enabled circular strategies. By focusing on one single case, we can dive deep
into the context and ensure sufficient understanding of such contextual factors.
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3.3.1. CASE SELECTION

The company was selected as relevant for this study because it has positioned itself
as a front runner in circular and service-oriented business models. The company is
also actively pursuing IoT solutions, and expressed interest in using IoT to further
support circular strategies. The food retail segment was chosen because the company
saw innovation potential for IoT and CE in this segment, and because the company
was (at the time of data collection) going through a process to design and develop a
new service-oriented value proposition for this segment, considering both IoT and
CE. The case provided a real-world example in which IoT-enabled circular strategies
were being tried out in practice. The case actors had prior knowledge about both
IoT and CE, and could use this knowledge to discuss opportunities and challenges
in the particular case. In accordance with Yin (2014), an additional criterion used
for selecting the particular case was that it provided sufficient access to data. In
Section 3.6, we will discuss how the opportunities and challenges of using IoT for
circular strategies, as found in the particular context of the studied case, might be
transferable to other cases.

3.3.2. DATA COLLECTION

The study was conducted over the course of one year. Twelve semi-structured inter-
views were conducted with stakeholders from the company, with different perspec-
tives on the case. We first identified a list of experts in CE, IoT, and/or in the current
product and service offerings in the food retail segment. These interviewees referred
to additional stakeholders, who were also added to the list. Table B.1 in Appendix B
provides an overview of the interviewees’ professional roles, and their main area of
expertise: food retail, Circular economy or Internet of Things.

Apart from conducting the interviews, the main researcher visited the company
multiple times throughout the year in order to discuss collected insights and possible
next steps with company representatives. This allowed her to ask clarifying questions
when needed. Moreover, marketing material, product and service brochures, website
content, as well as internal documents such as white papers and results from previ-
ous R&D projects, were accessed. These activities allowed us to obtain a profound
understanding of the company-specific context.

The interviews were based on an interview guide, designed with the aim to learn
about the current state of CE implementation, as well as perceived opportunities and
challenges to use IoT for CE in the food retail segment. The main themes discussed in
the interviews, as well as example questions, are shown in Table B.2 in Appendix B. All
interviews followed a similar structure. First, the researchers introduced the topic
and the goal of the research project. Then, the interviewees were asked to describe
their role in the company. If the interviewee had been involved in a particular project
related to circular economy or IoT, he or she was asked to explain more about the
project and what learnings could be applied to the food retail case. The interviewees
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were also asked to reflect on strengths and weaknesses of the current offering in the
food retail segment. Thereafter, the researcher asked specifically to what extent
circular strategies were considered in the current offering, and what could be relevant
improvements to strengthen the CE aspect of the offering. For opportunities that were
mentioned but not yet implemented, the researcher asked follow-up questions about
why this was the case. The researcher then moved into asking questions specific to
IoT. The interviewees were asked to discuss if they thought that IoT could support
circular strategy implementation in the food retail segment, and if so, how. If intervie-
wees mentioned opportunities for IoT to support circular strategies in the specific
case, they were also asked to reflect on challenges that they saw related to realising
those opportunities.

When discussing circular strategies, the interviewees were first able to give answers
based on their own interpretation of the term ‘circular strategy’. Thereafter, the re-
searcher showed a visualization of circular strategies. In this way, we could combine
insights based on each individual’s own interpretation of CE with insights based on
circular strategies from literature. The visualization that we used shows the loops
(with slightly adapted wording) in the technical cycle from the so called ‘butterfly
diagram’ or ‘Circular Economy System Diagram’ (Ellen MacArthur Foundation, 2013)
[p. 24]. This visualization had already been used for some time within the company in
communications around the CE, which meant that many of the interviewees were
familiar with it. Similarly, during the discussion about opportunities and challenges
of using IoT for circular strategies, the interviewees first reasoned freely, and were
then shown the framework presented in Figure 3.1.

3.3.3. DATA ANALYSIS

The interviews were recorded and transcribed. By combining information from the
interviews with other collected contextual data from the company, we could sum-
marize the current state of development of the IoT-enabled circular PSS in the food
retail segment. Already implemented IoT-enabled circular strategies were mapped in
relation to the ‘theoretical opportunities’. We also collected information about how
IoT was being implemented, and which circular strategies were carried out, in other
customer segments.

Thereafter, we analyzed the interview transcripts in order to categorise the different
views with regards to how IoT could further support circular strategies in the case of
food retail. We mapped the quotes into the following three categories: (1) “Oppor-
tunities for IoT to support the circular strategy”, (2) “IoT-specific challenges faced
or expected when trying to realise the opportunities of using IoT to support the
circular strategy.”, and (3) “General (i.e., not IoT-specific) challenges faced or expected
when trying to implement the circular strategy”. Within these three categories, sub
categories were identified describing types of opportunities and challenges. Example
quotes for each sub category are given in Tables B.3 and B.4 in Appendix B. We also
mapped the opportunities mentioned by the interviewees in relation to the ‘theoreti-
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cal opportunities’. To assess the validity of the conclusions drawn from analyzing the
interviews, representatives from the company read and commented on a draft of this
paper.

3.4. THE CASE AND ITS CONTEXT

3.4.1. THE CASE CONTEXT: THE COMPANY AND ITS EXPERIENCES WITH

IOT AND CE FROM OTHER CUSTOMER SEGMENTS

The case in focus for this study is embedded within a large LED lighting manufacturer,
based in Europe, that offers lighting solutions for a range of applications. The company
is going through a transition from mainly a product manufacturer to a PSS provider
and the company strategy is pointing towards increased use of digital technologies
and a larger focus on digital services beyond the lighting function.

At the time of data collection, circular propositions were already in place for other
customers segment than food retail. The circular propositions were based on cus-
tomised service contracts which could include energy management and maintenance
services, as well as an agreement that the lighting provider would responsibly take
care of the lighting system after the end of its use. However, as these lighting systems
were still relatively recently installed, the company did not yet have experience with
large scale take-back of used products.

Some service contracts were set up to guarantee a certain level of energy savings,
which required that the system should be connected to the Internet and send updates
about its energy use back to the lighting provider. Specifically, in the street lighting
segment, the lighting systems were connected to a digital platform through which the
lights could be remotely monitored and controlled. In the street lighting segment,
products were also tagged with a quick response (QR) code, which could be scanned
to retrieve information about the components inside the product, as well as the
maintenance activities that have been performed on this particular product. This
supported more effective maintenance activities, since technicians knew which
spare parts they would need before starting to repair a luminaire. Building on this,
there was an ongoing research project in place to develop predictive maintenance
services in the street lighting segment. In the project, data collected from a customer’s
installed lighting system was being analyzed to develop a failure prediction model
that could allow for condition monitoring and predictive maintenance.

Moreover, a score card system was used in product development to encourage circu-
lar design approaches, such as ‘design for serviceability’ and ‘design for recyclability’.
The design changes made had, for example, focused on enabling easier disassembly
of luminaires by reducing the number of glued parts, and by using click-connectors
for electronics rather than soldering.
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3.4.2. THE CASE: THE EARLY PHASE DEVELOPMENT OF A CIRCULAR PSS
IN THE FOOD RETAIL SEGMENT

This case study focused specifically on the customer segment of food retail, i.e., on
lighting systems for supermarkets. In the established value proposition to food retail-
ers, at the time of data collection, implementation of circular strategies was limited
to ‘efficiency in use’. Efficiency in use was achieved through the use of efficient LED
luminaires and, when applicable, through the use of presence and daylight detection
sensors to adapt lighting levels on a needs basis. Also, a computer or tablet-based
lighting control system was available to the food retailers. The system connected the
luminaires installed in a supermarket, and could be used to, for example, control the
lights, and set up so called ‘light recipes’.

At the time of data collection for this study, the company was going through a design
process to develop new value propositions for their customers in the food retail
segment. As part of this effort, the company had started to prototype concepts of a
circular PSS in the food retail segment, and were actively searching for ways in which
IoT could add value to their food retail customers.

An important aspect of the design process was to define what a circular proposi-
tion would mean in the case of food retail. In comparison to industry and street
lighting customers, who tend to value long product lifetimes and low downtime,
the interviewees mentioned that customers in the food retail segment would often
discard of lighting products before the end of the products’ technical lifetime. A
food retail store always needs to look new and attractive, and therefore complete
store refurbishments are performed regularly. According to the interviewees, the
time in between store refurbishments is decreasing, from approximately ten years
down to around five years, and sometimes even less. The products offered by the
lighting manufacturer have significantly longer technical lifetimes than the duration
of these refurbishment cycles, and the company is thus facing competition from less
CE-minded competitors who could offer low-price alternatives designed to last for
the duration of one refurbishment cycle only. To offer a circular business model in
this customer segment, the company therefore investigated how they could prolong
the use time of their products to better match the technical lifetime that the products
were designed for. To do this, the company was developing concepts in which they
could prolong the relevance of their products over time through offering, for example,
system adaptations and upgrades.

In line with this, the company had started to design products that could be adapted
to changing customer needs. Some interviewees mentioned that they were working
on using 3D printing technology to print new parts that could change the aesthetic
appearance of the product without having to replace the whole luminaire. They were
also starting to introduce QR tags (as had already been done in the street lighting
segment) which provide information about all components within each unique lumi-
naire, thereby enabling better record keeping of all parts installed in a supermarket.
The interviewees mentioned that this tracking solution could be extended to also
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include monitoring of the condition of products and parts to anticipate future failures
and to estimate the remaining useful lifetime for each individual part. These future
opportunities are further explored in Section 3.5.

3.5. RESULTS

3.5.1. OPPORTUNITIES FOR IOT TO SUPPORT A CIRCULAR PSS FOR LED
LIGHTING IN THE FOOD RETAIL SEGMENT

The opportunities for IoT to support a circular PSS in the food retail segment, as
perceived by the interviewees, are summarized in Table 3.1 and explained below.
Figure 3.2 displays the already implemented IoT-enabled circular strategies in the
food retail segment (as presented in Section 3.4.2), as well as the opportunities ex-
pressed by the interviewees, compared to the range of theoretical opportunities. The
interviewees imagined a circular PSS in which the company would retain ownership
of the luminaires, continuously upgrade and adapt the lighting system to fulfil the
customers’ changing needs over time, and finally take the system back at the end
of a contract period. Firstly, IoT could support servitized business models since it
allows the lighting manufacturer to more accurately measure the actual performance
of the lighting systems, supporting a performance-based service contract. As men-
tioned in Section 3.4, these kinds of performance-based models had already been
implemented in other customer segments.

Secondly, IoT would allow the company to develop and offer new data-enabled
services on top of the lighting function. The interviewees saw opportunities in the
fact that their lighting infrastructure is “everywhere” in the supermarket, making
up suitable nodes in a network of sensors and connected devices on which data-
enabled services could be built. According to the interviewees, such services could
imply a closer relationship between the lighting provider and the food retailer, and
make the PSS a more attractive proposition. In the food retail segment, data-enabled
services mentioned were, for example, advice on how to redesign the store in order to
optimise sales, and evaluation of the effect of events in the store on sales numbers.

Thirdly, the interviewees mentioned the opportunity to collect and store data about
the composition and condition of products over time. This could improve the mainte-
nance and adaptations of the system since the lighting provider, as well as contracted
installers, would have an overview of all the installed products and parts and their
performance. Some interviewees also saw an opportunity in using IoT for predictive
maintenance in food retail. If failures could be predicted and actions taken before
breakdown, the number of maintenance visits required could be reduced and it
could be ensured that the service technicians were always well prepared for the job,
including bringing the right spare parts.

Fourthly, some interviewees also mentioned that IoT could support reuse by allowing
the company to track and trace used products and parts, and to more accurately
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estimate their remaining lifetimes after one use cycle, by monitoring the condition
of products over time. Since the remaining lifetime affects the residual value of a
product, this could reduce some of the risk related to reuse strategies.

Fifthly, some interviewees also mentioned that insights into the condition of products
could be used to support redesign of products, making them more durable, and
thereby avoiding failures in the first place.
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Figure 3.2: Map of the IoT-enabled circular strategies which were implemented (X) or seen as opportunities
(O) in the studied case , mapped to the range theoretical opportunities for IoT to support CE. Framework
based on Ingemarsdotter et al. (2019).

3.5.2. CHALLENGES ASSOCIATED WITH IMPLEMENTING IOT-ENABLED

CIRCULAR STRATEGIES

The challenges found are explained below, and summarized in Table 3.2. Although
the focus of this study was primarily on challenges specific to using IoT to support cir-
cular strategies, more general challenges to circular business model implementation
unavoidably also came up during the interviews.

As presented in Table 3.2, the interviewees mentioned challenges related to data man-
agement and quality. These insights were mainly derived from previous experiences
in the street lighting segment where a project had been carried out to develop a
failure prediction model for predictive maintenance.

Firstly, there was a lack of data from products that had actually failed, which made
it difficult to develop a reliable model. The lack of data that describe actual failures
in the field can be explained by the fact that smart lighting systems are relatively
new (data gathering only started in the last few years), and that LED luminaires
have long lifetimes (hence, they fail slowly). The interviewees also mentioned that
the long time required to produce a reliable model was a challenge with respect to
subsequent product generations. It is not certain that a model that works for one
version of the product, also produces reliable results for a new version. Secondly, the
collected datasets were missing parameters known to be important for describing the
condition of a LED luminaire, and it was not always clear which data set originated
from which product. The latter is important since the expected product lifetime de-
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pends on the product version and configuration. Thirdly, the analyst mentioned the
need for information about which luminaires actually failed in the field, in order to
appropriately label the sensor data. This information was not sufficiently structured,
which hampered the model development.

Moreover, several interviewees highlighted the challenge of developing both hard-
ware and software to be adaptable, interoperable and upgradable, as would be re-
quired to fit the envisioned circular PSS. Specifically, as mentioned above, the inter-
viewees saw a challenge in translating failure prediction models between product
versions. This challenge might be reduced if products were intentionally designed
for interoperability. However, the interviewees also pointed out that there is a large
uncertainty about what kind of IoT technology will be available and demanded
by customers in a few years. It is possible that both hardware and software will be
outdated quickly, which could reduce the lifetimes of smart lighting products rather
than prolonging them. One interviewee with insights into product design saw a
practical challenge in designing products that could continuously be upgraded with
the latest hardware over time, since it would be difficult to combine an aesthetically
appealing product design with a requirement to leave space in the product for a range
of potential new sensor modules.

Apart from the IoT-specific challenges, the interviewees brought up more general
challenges to the implementation of a circular PSS for supermarket lighting. Firstly,
the interviewees mentioned that there is an uncertainty in how the buying prefer-
ences of the food retailers will develop, and if they would accept a service contract
instead of the transactional sales model that they are used to. The challenge would
be to really make the service model attractive for the food retailers. Moreover, the
interviewees pointed out the challenge of designing a lighting system that could stay
relevant to the food retailer over the full duration of its technical lifetime, accommo-
dating for changes in the retailer’s needs and wants over time.

Finally, the interviewees pointed out a barrier related to the financial uncertainty of
reuse. Even if IoT could enable more accurate estimations of the remaining lifetime of
used products, the profitability of reuse also depends on the market demand for the
products in the future, which is difficult to predict.
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Table 3.1: Opportunities for IoT to support circular strategies in the studied case as perceived by the inter-
viewees.

Data category Type of opportunity Main points put forward by the interviewees
Opportunities IoT supports

servitized business
models

- IoT allows for monitoring of system performance, en-
abling performance-based service contracts.
- IoT makes service models more attractive through adding
digital services beyond the lighting function.

IoT supports mainte-
nance

- IoT enables detailed record keeping of installed products
and parts, facilitating maintenance and adaptations.
- IoT enables condition-based and predictive maintenance.

IoT supports reuse
and/or
remanufacturing

- IoT enables tracking of used products, parts and materials.
- IoT enables better estimations of remaining lifetime.

IoT supports design
for durability

- Data about products’ condition in the field can inform
product.

Table 3.2: Challenges associated with the implementation of the identified IoT for CE opportunities, as found
in the studied case. The challenges are categorised as IoT-specific or General (i.e. not IoT-specific).

Data category Type of chal-
lenge

Main points put forward by the interviewees

IoT-specific
challenges Data quality

management

- Lack of data from products that have actually failed.

- Parameters known to influence the condition of the product
not collected.
- Not always clear which data set originated from which prod-
uct.
- Lack of data about which luminaires actually failed in the field
(labelled data).

Design for
interoperability,
adaptability and
upgradability

- Design changes might lead to the need for new models for
failure prediction and remaining lifetime estimation for every
new product version.
- The uncertainty of future technological developments makes it
difficult to design for interoperability over time.

General chal-
lenges

Financial risk
and uncertainty

- The value of used products depends on future market devel-
opments that are difficult to predict, especially since IoT might
speed up the development.

Customer pref-
erences and
behaviour

- The food retailers are used to a transactional way of buying
lighting, and might not be willing to accept a service-based
business model.
- The PSS has to stay relevant over time even if the customers’
needs keep changing.
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3.6. DISCUSSION

In this section, we relate our findings to previous literature about IoT as an enabler for
CE (Section 3.2.1) and barriers to circular business model implementation (Section
3.2.2). We also discuss possible reasons why some of the theoretical opportunities
mentioned in literature were not seen as opportunities in the studied case. Finally, we
discuss limitations of this study, and the generalizability of the findings.

3.6.1. THE CASE RESULTS IN RELATION TO PREVIOUS LITERATURE

In line with previously published work (Baines and Lightfoot, 2013; Rymaszewska
et al., 2017), we found that IoT can make service-oriented business models more
attractive for the customers. In the studied case, IoT implementation enabled the
development of new digital services beyond the lighting function, which created a
closer relationship between the lighting provider and the food retailers.

Moreover, also in line with previous research (Sun et al., 2012), our results suggest that
IoT can be used for tracking of location and composition of products and parts, as
well as condition monitoring. This can support product lifetime extension through
efficient and predictive maintenance, and reuse through improved visibility of prod-
ucts available for reuse and through more accurate estimations of remaining product
lifetime. In relation to these opportunities, a core challenge found in this study was to
manage the data collection and analysis, and to ensure sufficient data quality in order
to derive useful insights. Challenges in creating value from data have previously been
brought up in IoT literature (Raynor and Cotteleer, 2015), and our results highlight
the importance of having a systematic approach in IoT-enabled circular strategy im-
plementation for defining data quality requirements, and for using the requirements
to guide data collection. Using the categorization provided in Ritzén and Sandström
(2017), we would describe these challenges as mainly structural, as they concern
the need for a more structured and collaborative process. These challenges have
not been detailed in previous literature about barriers to circular business model
implementation.

Another important IoT-specific challenge found in this study was to design both
software and hardware for interoperability, adaptability and upgradability. The need
to plan product generations and to anticipate how a product will evolve over time
has been brought up in previous literature in the design for circular economy field
(Sumter et al., 2018), and we see a need for research specifically investigating this in
the context of IoT-enabled products.

Moreover, challenges were brought up with regards to the financial risk of reuse and
remanufacturing strategies in the food retail segment, considering the uncertainty of
the future residual value of products. This finding is line with Linder and Williander
(2017). Since IoT technology might accelerate technology development in the LED
lighting industry, this could increase the uncertainty of the future value of reused
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products even more. As discussed in Linder and Williander (2017) and Bressanelli
et al. (2019), if technology develops quickly, there is an increased risk that products
become obsolete before they reach their technical lifetime, and that their market
relevance might be too low after one use cycle to make reuse a valid option.

Moreover, some interviewees expressed doubts concerning the willingness of the food
retailers to adopt a new service-oriented proposition. This can be seen as an attitudinal
barrier on the customer side, according to the categorization of barriers to circular
business model implementation as presented in Ritzén and Sandström (2017), or a
customer type restriction as presented in Linder and Williander (2017).

In summary, this study confirmed CE implementation barriers already identified in
literature (Ritzén and Sandström, 2017), while contributing with new IoT-specific
challenges related to (1) data quality and management, and (2) design for interop-
erability, adaptability, upgradability, in the context of IoT-enabled circular business
model implementation.

Apart from outlining the challenges found in relation to case-specific opportunities,
our results also show that some the theoretical opportunities for IoT to support
circular strategies were not considered as opportunities in the case studied. As high-
lighted by the grey areas in Figure 3.3, the following four categories of theoretical
opportunities were not considered in the case: (1) optimization and design evolution
for efficiency in use, (2) IoT-enabled increased utilization, (3) control, optimization,
and design evolution for reuse and remanufacturing, and (4) IoT-enabled recycling.
The fact that (4) was not considered an opportunity is surprising since the company
had previous experience in design for recycling, and since literature has highlighted
opportunities for IoT to support recycling (Luttropp and Johansson, 2010). On the
other hand, the case results confirm previous research stating that the implementa-
tion levels in practice for IoT-enabled looping strategies are low (Alcayaga et al., 2019;
Ingemarsdotter et al., 2019).

For categories (1) and (2), the interviewees expressed clear reasons why they did not
see case-specific opportunities. More advanced improvements in energy efficiency
was not considered an opportunity since the lighting systems were already so efficient
that there was little incentive for the food retailers to reduce the energy consumption
further. Increased utilization was not seen as relevant in the studied context, because
no utilization gaps could be identified for the lighting system in supermarkets.

However, the interviewees did not provide clear explanations as to why (3) and (4)
were not seen as opportunities. We note, however, that both strategies would require
some level of data sharing with company-external actors. While literature has pointed
out the importance of sharing data between stakeholders in the value chain (Kiritsis,
2011; Kurilova-Palisaitiene et al., 2015; Wilts and Berg, 2017), this has also proven
difficult to achieve in practice (Derigent and Thomas, 2016). For example, previous
research has highlighted important information gaps in remanufacturing, and a lack
of incentives for information sharing between a product’s design, use and recovery
phases (Kurilova-Palisaitiene et al., 2015). To explore this topic further, future research
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could investigate under which conditions data sharing with supply chain actors, to
support reuse, remanufacturing and recycling, would be seen as an opportunity for
manufacturers.
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Figure 3.3: The four types of theoretical opportunities not considered in the studied case are shown in grey:
(1) optimization and design evolution for efficiency in use, (2) IoT-enabled increased utilization, (3) control,
optimization, and design evolution for reuse and remanufacturing, and (4) IoT-enabled recycling. Frame-
work based on Ingemarsdotter et al. (2019).

3.6.2. LIMITATIONS AND TRANSFERABILITY OF RESULTS

This study reveals context-specific aspects of implementing IoT-enabled circular
strategies in practice, which could only be extracted by digging deep into a specific a
case. However, results from a case study cannot be directly transferred to different
contexts. A discussion about the generalizability of the results is thus in place. As
mentioned in Flyvbjerg (2006), two suitable ways to generalise from single case
studies are (1) through the analogy of a critical experiment, and (2) through falsifi-
cation. (1) means that, for example, if the case context can be seen as a particularly
unfavourable setting for an event to occur, and the event still occurs, then the event
is likely to occur also in other, more favourable, settings. (2) means that if the study
can show that a hypothesis is not true in one case, then it can be concluded that the
hypothesis is not generally true. Following the logic of a critical experiment, we can
identify certain aspects of the case which might make it more or less favourable for
IoT-enabled circular business model implementation. As mentioned in Section 3.2,
there are product-type restrictions that create barriers for circular business model
implementation (Bressanelli et al., 2019; Linder and Williander, 2017). Typically, the
barriers are lower for high value products with slow technological development, and
low fashion vulnerability (Linder and Williander, 2017). The case studied in this
paper concerned a product of relatively low value, and with a fast technological
development. This suggests that the challenges associated with interoperability,
financial uncertainty, and consumer acceptance are likely to be larger in the studied
case compared to, for example, capital goods.

The challenges found related to data quality and management, on the other hand, are
likely to depend more on the digital maturity of the company (Kane et al., 2016), than
on the type of product. Since no assessment of digital maturity was performed as
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part of this study, we cannot compare the studied case to other cases based on this
aspect. However, based on the logic of falsification, our study indicates that the lack
of structured processes for handling data quality and management in the context
of IoT-enabled circular strategies is also likely to be an issue for other companies.
While the severity of this challenge might vary between different cases, our study
exemplifies real-world difficulties that might follow in the absence of a structured
process.

Finally, the fact that IoT-enabled recycling was not considered as an opportunity in
the studied case, even if the company is relatively experienced in ‘design for recycling’
strategies, might suggest that companies with less experience in ‘design for recycling’
would also not consider IoT-enabled recycling as an opportunity.

3.7. CONCLUSIONS AND FUTURE RESEARCH

In this paper, we have presented one of the first in-depth case studies specifically
focusing on the opportunities and challenges in IoT-enabled circular business model
implementation. By highlighting opportunities and challenges from a concrete case,
this paper provides a first step towards explaining the mismatch between the op-
portunities of IoT for CE as anticipated in literature and actual implementation in
practice.

The identified opportunities for IoT to support circular strategies in the studied case
demonstrate that IoT can support a servitized business model, support tracking and
record keeping of in-use and post-use products, enable conditions monitoring and
predictive maintenance, improve estimations of remaining lifetime of used products,
and inform design decisions to improve durability of products.

In relation to these opportunities, we extracted two main IoT-specific challenges: (1)
the lack of structured data management processes to ensure high quality data collec-
tion and analysis, and (2) the difficulty of designing both software and hardware of
IoT-enabled products and components for interoperability, adaptability and upgrad-
ability, as technology keeps developing. These findings add IoT-specific insights to
previous literature on challenges in circular business model implementation. We also
extracted general (i.e., not IoT specific) challenges regarding the financial uncertainty
and limited customer acceptance of circular business models, confirming previous
literature.

Based on our findings, we suggest future research into processes for data management
in the context of IoT for CE, and guidelines for how to design IoT-enabled products for
interoperability, adaptability and upgradability. Lastly, future case studies on the topic
of IoT for CE could investigate high value products with stable technologies, as these
are the products for which implementation barriers are expected to be lowest.
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Abstract: Previous literature has highlighted many opportunities for digital technolo-
gies, such as the Internet of Things (IoT) and data analytics, to enable circular strate-
gies, i.e., strategies which support the transition to a circular economy (CE). As one
of the key circular strategies for which the digital opportunities are apparent, main-
tenance is selected as the focus area for this study. In the field of maintenance, IoT
and data analytics enable companies to implement condition-based maintenance
(CBM), i.e., maintenance based on monitoring the actual condition of products in
the field. CBM can lead to more timely and efficient maintenance, better performing
products-in-use, reduced downtime in operations, and longer product lifetimes.
Despite these benefits, CBM implementation in practice is still limited. The aim of
this research is thus to understand the challenges related to CBM implementation in
practice, and to extract solutions which companies have applied to address these
challenges. Towards this aim, a multiple case study is conducted at three original
equipment manufacturers (OEMs). A framework is derived which allows for a broad
analysis of challenges and solutions in the cases. We identify 19 challenges and 16
solutions and translate these into a set of actionable recommendations. Our findings
contribute to the field of CBM with a comprehensive view of challenges and solutions
in practice, from the OEM’s point of view. Moreover, we contribute to CE literature
with a concrete case study about IoT-enabled circular strategy implementation.

Keywords: Circular Economy, Condition-Based Maintenance, Digitalization, Internet
of Things, Case Study

4.1. INTRODUCTION

The circular economy has been defined as “an economy that is restorative by design,
and which aims to keep products, components and materials at their highest utility
and value, at all times” (Webster, 2015) (p.16). Design and business model strategies
for the CE include product lifetime extension strategies (maintenance and repair) and
looping strategies (reuse, remanufacturing, and recycling). While looping strategies
are core to the actual circulation of products and materials, product lifetime exten-
sion strategies have a higher potential to reduce environmental impact (European
Commission, 2008), as they keep products close to their original function and value
(Potting et al., 2017). Based on this logic, maintenance and repair strategies are given
higher priority than looping strategies in the EU waste directive (European Commis-
sion, 2008). Moreover, previous research has shown that increased maintainability
and reparability of products in turn also benefits reusability and remanufacturability
(Takata et al., 2004). As such, maintenance and repair are key strategies to explore for
companies aiming to provide circular products and services. In this paper, we focus
specifically on maintenance and its implementation in practice.

One of the most important trends in maintenance management is digitalization
(Akkermans et al., 2016). Based on the Internet of Things (IoT) and data analytics,
the condition of products in the field can be monitored continuously and remotely,
enabling optimized condition-based maintenance (CBM). Condition monitoring
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also enables better insight into remaining product lifetime, degradation status, and
environmental factors (Ren et al., 2019), which can be used to improve looping strate-
gies (Bressanelli et al., 2018; Ellen MacArthur Foundation, 2016; Ellen MacArthur
Foundation et al., 2019; Spring and Araujo, 2017; Ondemir and Gupta, 2014). However,
actual implementation of condition-based looping strategies in practice remains low
(Alcayaga et al., 2019 Ingemarsdotter et al., 2019).

As for all circular strategies, design is a key enabler of successful maintenance (Mulder
et al., 2012). Original Equipment Manufacturers (OEMs) can intentionally design
their products to facilitate CBM, for example by ensuring the integration of sensors
needed to derive reliable insights about a product’s condition. Previous literature has
shown successful examples of OEMs monitoring their customers’ products remotely
and offering CBM as part of a service-based value proposition (Lightfoot et al., 2011;
Rymaszewska et al., 2017). However, this is far from common practice and many
OEMs, while seeing the business opportunity of offering CBM, still struggle with its
implementation (Bouskedis et al., 2020; March and Scudder, 2017).

Previous literature highlights a gap between the current focus of academic research
and the real-world challenges that companies face when implementing CBM. As
such, there is a need for more practice-oriented research in this field (Fraser et al.,
2015). Similarly, recent papers in the field of CE highlight a need for more case studies
of IoT-enabled circular strategies (e.g., CBM), to better understand implementation
challenges in practice (see, for example, Antikainen et al., 2018; Cattelan Nobre and
Tavares, 2017; Pagoropoulos et al., 2017; Ingemarsdotter et al., 2020). Specifically,
authors from both fields call for a wider understanding of implementation challenges
beyond purely technological aspects (e.g., Kirchherr et al., 2017; Coleman et al., 2017;
Lee, 2020).

In this paper, we aim to understand the challenges that OEMs face when implement-
ing CBM as part of the value proposition to their customers. More specifically, we
study the challenges that they face when developing an IoT artefact for CBM and the
solutions that they have applied to address these challenges. Towards this aim, we
develop a framework, which takes a wide perspective on CBM implementation by
integrating technological, organizational, and user-related aspects. The framework
is then used to analyse the cases. This way, we aim to contribute to CBM literature
with empirically grounded insights from the OEM’s perspective, beyond a purely tech-
nological focus. Moreover, we see CBM as one of the most commonly implemented
IoT-enabled circular strategies, for which we were able to gain access to real-world
company cases. As CBM shares key characteristics with other IoT-enabled circular
strategies, in particular condition-based reuse and remanufacturing, our aim is that
the findings extracted from this paper will also be valuable for CE literature beyond
maintenance.

The remainder of the paper is structured as follows. Section 4.2 first introduces the
concept of CBM, including key steps and technologies (Section 4.2.1). Thereafter, we
present previous literature on challenges and solutions in CBM implementation and
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argue for the need for an integrated perspective, considering technological, organiza-
tional, and user-related aspects (Section 4.2.2). Section 4.3 describes the research
methods, while Section 4.4 explains how the integrated framework was developed
based on previous literature. Section 4.5 presents the cases, and Section 4.6 presents
the identified challenges and solutions. In Section 4.7, we discuss the results in rela-
tion to previous literature, and translate our findings into a set of recommendations
for practitioners. Finally, Section 4.8 states the main conclusions of the paper and
present suggestions for future research.

4.2. BACKGROUND

4.2.1. INTRODUCTION TO CONDITION-BASED MAINTENANCE

CBM has been defined as “preventive maintenance which include assessment of
physical conditions, analysis and the possible ensuing maintenance actions” (British
Standard Institution, 2017). If implemented successfully, CBM can reduce the number
of unnecessary preventive maintenance activities as maintenance only takes place
if the data shows signs of abnormalities (Jardine et al., 2006). Moreover, CBM has
environmental advantages resulting from, for example, extended operational product
lives, more intensive use of products, and reduced transportation of personnel and
spare parts (Johansson et al., 2019).

Jardine et al. (2006) distinguish between three key steps in CBM: data acquisition,
data processing, and maintenance decision making. Data acquisition includes col-
lection and sorting of data about products in the field, both condition monitoring
data (e.g., vibration data, acoustic data, oil analysis data, temperature, pressure, or
moisture) and so called event data, i.e., what happened to the product in a partic-
ular situation, or which maintenance tasks were performed on the product. Event
data often requires manual data entry. Condition monitoring data can be collected
both automatically through sensors or other measurement techniques, or manually
through for example daily oil quality checks (Ahmad and Kamaruddin, 2012). While
the definition of CBM does not explicitly require automatic sensor-enabled data
collection for condition monitoring, this is often implicitly assumed in the current
technological context. The data processing step includes data cleaning, analysis and
interpretation. In the decision-making step, maintenance policies are selected, and
maintenance actions are carried out, based on the derived insights.

CBM can be categorised into four types, according to the level of data analytics
performed: descriptive, diagnostic, predictive and prescriptive analytics (Baum et al.,
2018). According to Baum et al. (2018), descriptive analytics aims to understand
events based on historical data, whereas diagnostic analytics investigates why an
event took place. In predictive and prescriptive analytics, mathematical models are
used predict future outcomes and to prescribe optimal interventions, respectively.
The term ‘predictive maintenance’ has been gaining traction in literature, with many
studies highlighting its business opportunities (e.g., Bouskedis et al., 2020; March and
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Scudder, 2017). In this paper, we use the term CBM to include maintenance activities
based on data analytics at any of the four levels.

An extensive body of literature has been built up around mathematical models and
data analytics methods for CBM. Two closely related research areas can be identified:
research into the selection of optimal maintenance policies, and research into data
analytics for failure diagnostics and prognostic. Maintenance policy optimization is
usually based on cost, reliability, or availability and considers parameters such as
the products’ degradation patterns, the resources available for maintenance, and the
consequences of a potential stand-still (Alaswad and Xiang, 2017). Recently, attention
has also been paid to understanding dependencies between different components in
complex systems, and how that might influence the optimal choice of maintenance
policy for the system as a whole (Olde Keizer et al., 2017).

Component-level diagnostic and prognostic approaches have been reviewed in
multiple papers, e.g., by Atamuradov et al. (2017), Jardine et al. (2006), and Lei et al.
(2018). Although different categorisations have been suggested in literature, three
types of approaches are often put forward: model-based (or physics-based), data-
driven, and hybrid approaches (Atamuradov et al., 2017; Kwon et al., 2016). Below, we
briefly describe model-based and data-driven approaches. Hybrid approaches are
defined as combinations of these two, with the aim to use the advantages of both.

Model-based approaches use mathematical models to describe degradation pro-
cesses. Condition monitoring data is fed to the model, which calculates a predicted
state. These kinds of models can be relatively accurate, also for long-term predictions,
but requires in-depth knowledge about the physics of degradation for the specific
product (Jardine et al., 2006, Shimomura et al., 1995). Moreover, the applicability of
these degradation models in practice is sometimes limited by the complexity of
the real-world system in which individual components operate. Examples of use
cases where model-based approaches are common and effective include condition
monitoring of bearings and of the structural health of materials (e.g., in bridges)
(Atamuradov et al., 2017).

Data-driven approaches are instead based on analysing condition monitoring data to
detect anomalies and translate such anomalies into insights about potential faults.
This way, degradation models are built up from the data, often using machine learn-
ing techniques (Heng et al., 2009). Data-driven approaches require less experts knowl-
edge about how the product or component fails, but instead requires more computa-
tional power than model-based approaches, as well as access to large amount of high
quality data. The accuracy of the model depends directly on the amount and quality
of the data that is used to build it (Atamuradov et al., 2017). In practice, challenges
arise as the collected data is often heterogeneous and disperse. Research into new
algorithms for prognostics evolves at a fast speed, see e.g., Stetco et al. (2019) or
Kumar et al. (2020).

There is still a need to improve the available diagnostic and prognostics approaches
to achieve high levels of accuracy in real world settings, especially in long-term
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predictions. Alaswad and Xiang (2017) highlight that most research has focused
on single-component systems, and that more work is needed to understand the
condition of complex products and systems with multiple different components.
For example, they mention the need to model dependencies between degradation
processes in different components, as well as possible human errors related to CBM.

4.2.2. PREVIOUS RESEARCH ON CHALLENGES AND SOLUTIONS IN CBM
IMPLEMENTATION

Despite the abundance of technical literature, companies still struggle to effectively
implement CBM in practice (van de Kerkhof et al., 2016; Tiddens, 2018). Based on a
survey of 98 Swedish companies, Ylipää et al. (2017) found that maintenance person-
nel still mainly carry out reactive repairs, rather than proactive maintenance. Similar
findings have been reported by Jin et al. (2016) and Chinese and Ghirardo (2010),
based on data from the United States and Italy, respectively. Further, Veldman et al.
(2011) and Tiddens (2018) noted that, among the companies who have set up CBM
implementation projects, many do not follow systematic processes. As such, we note
that there is a gap between the challenges faced by companies wanting to implement
CBM and the advanced solutions presented in literature.

Other researchers have also highlighted such a gap and called for more empirically-
based research which can actually help solving “real problems in industry” (Fraser
et al., 2015). Olde Keizer et al. (2017) note that the fact that CBM implementation in
practice is lagging behind could, at least partly, be explained by the complexity of
real-life systems compared to the simplified systems often studied in academia. Other
technical challenges related to implementing CBM in real-life settings include the
lack of failure data from products in the field, making it challenging to develop robust
diagnostics and prognostics (Jin et al., 2016; Goyal and Pabla, 2015). Selcuk (2017)
and Rastegari et al. (2013) both highlight technology selection as a critical factor for
CBM implementation, including, for example, which components to monitor, which
measurement techniques to use, and what types of data analytics models to apply.
Stecki et al. (2014) concluded that challenges to widespread CBM implementation
exist across all technical levels, from data collection, through data analysis to decision
support. Related to this, Rastegari et al. (2013) highlight competence building around
data collection and analysis as a critical challenge.

Some research is available which aims to support companies in overcoming these
technical implementation challenges. For example, Lee et al. (2014) and Tiddens
(2018) presented methods for selecting critical components to monitor and algo-
rithms to use when processing the data. Stecki et al. (2014) formulated recommenda-
tions for how to set up an effective CBM program, highlighting the need to under-
stand the risks to which a system is exposed, as well as to analyse and define failure
dependencies. Mourtzis et al. (2020) presented a framework where Augmented Reality
(AR) was used to support effective real-time communication and data exchange
between service technicians in the field and expert engineers located remotely.
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However, technical aspects only form one of several important dimensions in CBM
implementation (Lee, 2020). A recent Deloitte report emphasises the importance of
looking beyond technology and focus more on processes and organizational changes
needed for successful CBM implementation (Coleman et al., 2017). Similarly, Lee
(2020) argues that the biggest challenge of Industrial AI (including CBM) is not a lack
of suitable technology, but rather how to create real value from a combination of
technologies in a resource efficient and collaborative way. Selcuk (2017) highlights
organizational challenges related to the fact that CBM implementation is a multi-
disciplinary undertaking with implications for, for example, hardware, software,
personnel and training requirements.

With this in mind, our research takes a wide perspective on CBM implementation, in-
cluding technological, organizational and user-related aspects. A small set of previous
papers take a similar direction. Veldman et al. (2011) identified challenges in CBM
implementation related to a lack of strict procedures, and a lack of employee training
to support correct execution. More recently, Jin et al. (2016) highlighted barriers
related to costs, workforce and level of skills, organizational and technology readiness,
and complexity of system design changes. They also saw a need for clear strategies
to motivate and train personnel, create incentives, and ensure interdepartmental
collaboration. Bokrantz et al. (2020) identified implementation challenges for CBM
related to, for example, costs and cultural resistance. Rastegari et al. (2013) concluded
that one of the main challenges when changing the company culture from reactive
to proactive maintenance strategies is a lack of management support. Golightly
et al. (2018) studied human and organizational factors in CBM implementation and
derived high-level recommendations related to company culture, effective processes,
resource deployment, and collaboration. In Section 4.7, we discuss how our findings
relate to these previous papers.

4.3. METHOD

We conducted a multiple case study at three original equipment manufacturers
(OEMs). Case study methodology is suitable when studying “a contemporary phe-
nomenon within its real-life context” (Yin, 2014). This aligns with the aim of this
research, i.e., to understand challenges and solutions related to CBM implementa-
tion in practice. In each of the studied cases, we were interested in challenges and
solutions related to developing and implementing the technical artefact needed to
realise CBM (the ‘IoT artefact’). Below, we describe how the cases were selected, and
how data was collected and analysed. Section 4.4 describes how we developed the
integrated framework which was used to analyse the data.

4.3.1. CASE SELECTION

To be considered a relevant case for this study, three criteria had to be fulfilled. Firstly,
the case should be embedded within the context of a manufacturer of high value,
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complex products. This ensured comparability between the cases, and is based on the
notion that maintenance costs for such products are high in relation to production
costs, compared to other types of products (Mulder et al., 2012). Secondly, the case
should describe an, at least partly, implemented CBM solution. Thirdly, the CBM solu-
tion should be part of a maintenance service delivered to the end user of the product.
The type of product that was studied for each of the selected cases is presented in
Table 4.1. More detailed descriptions of the cases are given in Section 4.5.

Table 4.1: Products studied in the three cases.

Case A Forklifts
Case B Industrial robots
Case C Heat pumps

4.3.2. DATA COLLECTION

Semi-structured interviews were conducted with company representatives (Table 4.2)
using an interview guide. The interview guide is presented in Table C.1 in Appendix C.
The interviews, which were audio-recorded, took place between April and July 2019,
each lasting between 40 and 75 minutes. The aim was to interview at least one person
from the R&D department who had experience in IoT and/or data analytics, and
one from the maintenance or aftermarket department. This way, we could capture
the views of actors involved in developing the IoT artefact as well as actors using
it. For Case B, no one from the maintenance or aftermarket department could be
accessed. However, a user experience (UX) designer could provide insights into how
the maintenance and customer support staff used the CBM solution.

Table 4.2: Interviews conducted per case company.

Case # Role Interviewee
ID

Total amount of
data collected

A 7 R&D manager Int-A1 6 hours

Service manager Int-A2

Product specialist with aftermarket
responsibilities

Int-A3

R&D manager Int-A4

Manager ‘Software Systems Solutions’ Int-A5

Manager ‘Technology solutions’ Int-A6

Head of Group, Embedded software Int-A7
B 4 Program manager digital services Int-B1 4 hours 20 min

Senior principle scientist Int-B2

Senior R&D engineer Int-B3
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Continuation of Table 4.2
Case # Role Interviewee

ID
Total amount of
data collected

User experience designer Int-B4
C 4 Senior project manager R&D Int-C1 3 hours 50 min

Systems architect Int-C2

Technical support Int-C3

Senior data analyst Int-C4
15 14 hours 10 min

4.3.3. DATA ANALYSIS

The data analysis process is shown in Figure 4.1. The audio recordings of the inter-
views were transcribed, and then coded using the software ATLAS.ti. The transcrip-
tions were broken down into “quotes”, and in a first step, each quote was coded
based on the framework which is used to analyse the data (presented in Section
4). More specifically, each quote was coded as a challenge or solution in a specific
‘alignment type’ (explained in Table 4). For example, the following quote was coded as
a ‘challenge’ in the ‘Work system-Context’ alignment type because it shows how the
regulatory context surrounding the work system needs to be in alignment with the
work system:

“. . . first of all, what we need from a legal perspective is that we need permission from the
end user that we can log their data. So this is a constraint, without that the use case is
gone . . . ” (Int-C4)

In a second coding step, challenges and solutions in an alignment type were further
grouped into sub-categories. The example above was put into the sub-category
‘Data privacy concerns’ together with seven other quotes. These sub-categories were
elicited by observing commonalities between quotes with the same first level code.
This was an iterative process involving all authors and as a final step the interview
data was revisited to ensure that all quotes were coded as one of the identified chal-
lenges or solutions (second level codes). After this, 19 challenges and 16 solutions
remained. hese challenges and solutions are the main results of this research and are
presented in Section 4.6.
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Figure 4.1: Steps in the data analysis process.

4.4. FRAMEWORK DEVELOPMENT

To analyse the cases, we needed a structured representation of (1) the IoT artefact
that the companies had to produce to realise CBM and (2) the surrounding organiza-
tional and user-related aspects needed to achieve this. This was achieved through
adapting and combining two frameworks: the new technology stack (Porter and Hep-
pelmann, 2014) and the work system framework (Alter, 2013). The new technology
stack (Figure 4.2) provides a way to describe an IoT artefact as a ‘stack’ with three
main layers: the product layer, the connectivity layer, and the cloud layer. The work
system framework (Figure 4.3) provides a frame for describing the system needed to
produce a product or a service.

Below, we first briefly present the two frameworks. Then, we describe how we take the
work system framework as a starting point, and adapt it by (1) making simplifications
where possible, (2) using the new technology stack to detail the product/service to
be produced by the work system, and (3) contextualising the descriptions of the work
system elements, and the required alignment between them, to fit the context of this
paper.

4.4.1. FRAMEWORKS FROM LITERATURE

The new technology stack presented by Porter and Heppelmann (2014) shows the
layered nature of IoT artefacts. As depicted in Figure 4.2, Porter and Heppelmann
(2014) distinguish between three main layers: the product layer, the connectivity layer,
and the product cloud layer. The product layer consists of product hardware and
product-level software. The connectivity layer enables communication between the
product and the cloud layer. The cloud layer consists of a product data database, an
application platform, a data analytics engine, and cloud-level applications (Porter,
2015).
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Product cloud

Smart product applications
Software applications running on remote servers that manage the 
monitoring, control, optimization, and autonomous operation of 

product functions 

Rules/analytics engine
The rules, business logic, and big data analytical capabilities that 

populate the algorithms involved in product operation and reveal new 
product insights

Application platform
An application development and execution environment enabling the 
rapid creation of smart, connected business applications using data 

access, visualization, and run-time tools

Product data database
A big-data database system that enables aggregation, normalization, 

and management of real-time and historical product data

Connectivity

Product

Product software
An embedded operating system, onboard software applications, an 

enhanced user interface, and product control components

Product hardware
Embedded sensors, processors, and a connectivity port/antenna that 

supplement traditional mechanical and electrical components

Network communication
The protocols that enable communications between the product and 

the cloud

Figure 4.2: The new technology stack, adapted from Porter and Heppelmann (2014).

The work system framework represents a ‘work system’, defined as a “system in which
human participants and/or machines perform work using information, technology, and
other resources to produce specific products/services for specific internal and/or external
customers”. The term ‘work’ is defined as “the application of human, informational,
physical, and other resources to produce products/services” (Alter, 2013) [p. 75].

As seen in Figure 4.3, the work system framework includes nine elements: partici-
pants, information, technologies, processes/activities, product/service, customers,
infrastructure, environment, and strategies. The definitions as given by Alter (2013)
for each of the nine elements are presented in Table C.2 in Appendix C.

For a work system to successfully reach its goal, i.e., to produce the product/service
for the intended customers, the elements of the work system should be ‘in alignment’
with each other. Five distinct types of alignment are shown in Figure 4.3 as arrows
linking elements together. For example, participant-processes/activities alignment
implies that “the knowledge, skills, interests, and motivation of the participants should
fit with the processes and activities in the work system, and the processes and activities
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should be appropriate for attributes of the participants” (Alter, 2013) [p. 79]. While
not explicitly shown in the work system framework, the work system as a whole
should also be in alignment with the company-level strategy, infrastructure and
environment.

Infrastructure

c

Processes/Activities

Participants Information Technologies

Product/service

Customers

Figure 4.3: The work system framework, adapted from Alter (2013).

4.4.2. INTEGRATED FRAMEWORK

To develop the integrated framework, we take the work system framework as a start-
ing point and adapt it to fit the context of this paper. We first simplify by renaming
the element ‘Processes/Activities’ to ‘Activities’ and combining the three elements
‘Strategies’, ‘Infrastructure’, ‘Environment’ into one category named ‘Context’.

Thereafter, we detail to the ‘product/service’ to be produced by the work system.
We use the new technology stack (Figure 4.2) to represent the IoT artefact needed
to enable CBM. In order to also include services produced by the work system, and
offered to the users of the IoT artefact, we add a service layer on top of the technology
stack. This service layer might include, for example, software maintenance, updates,
and support.

Based on the above, we formulate the descriptions of the work system elements ac-
cording to Table 4.3. We identify the maintenance personnel as the main customers in
the work system, since they are the main users of the product/service. This includes
roles such as service technicians, service managers, and customer support personnel.
However, we acknowledge that there can also be other users of the IoT artefact, for
example the end customer (the user of the product to be maintained), or the internal
R&D department.
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Table 4.3: Elements of the integrated framework, adapted from Alter (2013).

Work system
element Description
Product/Service An IoT artefact which supports CBM. The IoT artefact has a product layer, a connec-

tivity layer, a cloud layer, and a service layer.
Customers The main customers of the product/service are service technicians, service manage-

ment, and customer support. Other customers can be, for example, the end user of
the physical product and the R&D department.

Activities Activities needed to produce the product/service include, but are not limited to, the
design and development of cloud applications, data analytics models as well as the
setup of data collection, transfer and storage. Activities also include the development
of services such as software maintenance, updates, and support.

Participants Participants involved in the activities are, for example, user interface designers, appli-
cation developers, data analysts, and embedded software engineers.

Information Information used by the participants in the activities includes feedback from the
customers, as well as data collected by products in the field.

Technologies Technologies used by the participants when performing the activities include tools for
data collection, transfer, and processing.

Context Using Alter’s definitions for Infrastructure, Environment, and Strategies (see Ap-
pendix C), the context includes the overarching strategies of the company in which
the work system is embedded, the organizational, cultural, competitive, technical,
regulatory, and demographic environment surrounding the work system, as well as
resources used within the work system, but managed outside it.

The integrated framework distinguishes between six alignment types, numbered
1–6 in Figure 4.4. These alignment types correspond to the five alignment types
represented by arrows between work system elements in the work system framework
(Figure 4.3), and one extra alignment type corresponding to alignment between the
work system and its surrounding context. In the context of this paper, we characterize
the six alignments types by explaining what is considered satisfactory alignment
within each type, as described in Table 4.4.

Table 4.4: Explanation of satisfactory alignment, for each alignment type in the integrated framework.

Alignment type Explanation
1. Information-Activities The information that goes into the activities provides satisfactory in-

put to the participants to perform the activities needed to produce the
product/service.

2. Participants-Activities The participants are able and willing to perform the activities needed to
produce the product/service.

3. Technologies-Activities The technologies available to the participants enable them to perform
the activities needed to produce the product/service.

4. Activities-Product/service The activities are well coordinated and aligned towards the goal of deliv-
ering a consistent product/service.

5. Customer-Product/service The product/service satisfies the needs of all relevant customers, and the
customers are able and willing to use the product/service as intended.

6. Work system-Context The environment, infrastructure, and strategies of the company support
the goal of the work system.
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Figure 4.4: Integrated framework for analyzing the company cases, based on Alter (2013) and Porter and
Heppelmann (2014).

4.5. CASE DESCRIPTIONS

4.5.1. CASE A: FORKLIFTS

Company A manufactures and sells forklifts to end customers who are operators of,
e.g., warehouses and manufacturing facilities. Company A also provides maintenance
services to their customers as part of short or long-term rental contracts.

In the recent years, Case A has developed a cloud application that provides the end
customers with information about the forklifts they use. Drivers can log in to the
application to record driving times, and managers can see productivity data. The
application can also be used by maintenance and support personnel to support
troubleshooting (IntA3). Through the application, the maintenance personnel can
extract reports which show how many hours the forklift has run, as well as the recent
error codes that the forklift has produced.

Regarding data analytics to support CBM, the company has started to recruit experts,
but is still in an early phase of development.
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Looking forward, the interviewees saw the need to develop a failure model, which
could prescribe maintenance activities to minimise breakdowns (IntA1). This will
require additional data collection from the forklift’s operational phase (IntA2), (IntA1).
The future vision for the cloud application also includes a stronger focus on ser-
vice planning and coordination, such as automatic dispatching of jobs to service
technicians based on their location and competence (IntA2).

4.5.2. CASE B: INDUSTRIAL ROBOTS

Company B manufactures and sells industrial robots to a broad range of customers,
e.g., in the automotive industry. The company has in-house service technicians who
provide maintenance services to the end customers who have opted for that. There is
also a support organization, which assists customers remotely.

The company has offered services based on connectivity as an add-on to the robots
for about 10 years (IntB4). They have developed a web-based application where both
the end customer and internal maintenance personnel can log in and get information
about the connected robots including alarms and error codes (IntB4). Internally, the
main user of the application is the support personnel, who can log in to see and
download recent alarms recorded by the robot.

Regarding data analytics, several research projects have been carried out to develop
failure diagnostics and prognostics for CBM (IntB3). Moreover, a central data analytics
team has been formed to support the different business units.

Looking forward, there is an ongoing project to update the application. The project
will make sure that the application is transferred to a new company-central cloud
platform and that the user experience is improved (IntB4). Moreover, the vision for
the future includes an increased focus on failure predictions, and on prescribing
timely maintenance actions (IntB4). Also, there is an ambition to extend the scope of
CBM to include the tools used by the robot, or even the whole production line made
up of multiple robots.

4.5.3. CASE C: HEAT PUMPS

Company C manufactures and sells heat pumps to both property managers, and indi-
vidual households. The company does not offer maintenance-as-a-service directly,
but has a long (ca 10 years) warranty which covers maintenance costs. Third party
installers perform the actual maintenance activities, with help from company C’s
support organization (IntC1). There is a drive in the company to reduce maintenance
costs, and increase customer satisfaction through increased uptime.

Almost all heat pumps currently sold can be connected to the internet. However, the
company only collects data from customers if the service technicians cannot solve
the problem and therefore contact customer support. Then, the company sends

89



Chapter 4. Challenges and Solutions in Condition-Based Maintenance Implementation —A Multiple Case
Study

a request to the customer asking for permission to monitor their system for fault
diagnosis purposes (IntC1). If accepted, the customer support can see the error codes
produced by the heat pump. It is also possible to activate additional data logging, if
needed (IntC4).

Regarding data analytics, the company has started to move towards predictive analyt-
ics, by putting together a specific team in charge of developing data-driven models to
predict failures (IntC4).

Looking forward, there is an ongoing project to develop an application for the service
technicians to be able to troubleshoot more easily, receive alarms remotely, and better
plan and prepare for maintenance visits (IntC1). The project also involves extending
the data available to the customer support team (IntC2).

4.6. RESULTS

A total of 19 challenges and 16 solutions were extracted from the case data. The chal-
lenges and solutions are distributed across the six alignment types in the framework,
as seen in Figure 4.5 and Figure 4.6, respectively. Below, we describe the observed
challenges and solutions per alignment type, illustrated by examples from the cases.

4.6.1. INFORMATION-ACTIVITIES ALIGNMENT

The challenges within this alignment type relate to collecting the right data at an
appropriate quality. In all three cases, data is being collected from products in use.
However, the data is not always appropriate and useful for the purpose of CBM
(IntA1). Limited accuracy and time resolution of the collected data were mentioned
as specific challenges (IntC2, IntB1), as was the fact that the data did not include all
the parameters known to affect the product’s condition (IntA1, IntB3, IntC3). In Case
C, the latter issue has partly been solved through a strategy to collect more data than
initially needed (IntC1, IntC4). However, this solution is difficult to scale up since it
requires large amount of data to be transferred, stored, and processed (IntC4).

Moreover, both high quality metadata and labelled data are difficult to collect. Meta-
data here refers to information about a product in the field other than the actual
monitoring parameters (e.g., the size of a house in which a heat pump is installed),
and can be important for interpreting the data recorded by the system (IntC2, IntB1).
Labelled data is a dataset that contains ‘labels’ about what actually happened in
the field (e.g., if the product stopped working). Such labels are needed to perform
supervised machine learning and build data-driven prognostic models (IntB3, IntC4).
A specific issue is that metadata and data labels often need to be entered manually,
for example by an installer or the end user. The interviewees pointed out a lack of
ability and/or incentive among installers and end users to input this information
accurately, and in a format that would allow for automatic processing (IntC2).
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Figure 4.5: Challenges per alignments type, as extracted from the studied cases. The numbering used is
‘X.CY’, where X is the number of the alignment type (1–6), ‘C’ stands for challenge, and Y is the number of
the specific challenge.

In Case C, the company has partly solved the challenge of lacking metadata, by
asking installers to input metadata through a mobile application when an installation
is registered to the warranty program (IntC2, IntC4). Still, many installers either do
not report any metadata at all, or report inaccurate information. To collect labelled
data, Case A and B monitors products in their own operations, for which they have
insight into the products’ condition (IntA6, IntB3). Case B also performs tests of
their products in lab environments (IntB3). For Case B, faults that happen at the
customer site during the warranty period are well documented (IntB3) and Case C
performs field tests at customer sites when new products are released (IntC1, IntC2).
However, to understand product degradation over time, it would be necessary to
collect labelled data from the field throughout the whole life of the product. Case C
has tried to achieve this through building a web application for service technicians to
enter labels about products’ condition during maintenance activities. However, the
technicians often do not use it, or do not input the data accurately enough (IntC4).
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Figure 4.6: Solutions per alignment type, as extracted from the studied cases. The numbering used is ‘X.SY’,
where X is the number of the alignment type (1–6), ‘S’ means solution, and Y is the number of the specific
solution.

4.6.2. PARTICIPANTS-ACTIVITIES ALIGNMENT

The challenges within this alignment type relate to a lack of time, resources, and
experience in the organization needed to meet CBM-specific requirements. CBM
requirements are sometimes overlooked if the R&D department is already overloaded
with other product requirements (IntB3, IntA3, IntA7). It is especially difficult for the
R&D team to develop new infrastructure, such as a cloud platform, while working
on sharp development projects (IntB3). Moreover, due to lacking experience with
data-driven approaches, some employees do not even consider that these technolo-
gies could be of interest (IntB3, IntA1). One way to improve this situation is to work
actively with awareness-building in the organization, supporting employees in seeing
the value and opportunities of data (IntB3).

In Case B and C, time and resource issues in the R&D team have been reduced by
appointing a specific group to manage the cloud platform centrally in the organiza-
tion. This way, each business unit can build applications in the cloud platform, get
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support from the central function, and learn from each other (IntC1, IntB3). Similarly,
Case B and C have established specialised data analysis teams who support and share
knowledge between different business units (IntB3, IntC1).

Another identified solution is to ensure sufficient collaboration between people with
more traditional product expertise, and people with data-specific competences.
One example is that, when developing failure models, data analysts are supported
by product experts about known causes for failure, and important parameters influ-
encing degradation (IntB2, IntB3, IntC4). Another example is that collaboration be-
tween hardware development and software development is necessary when software-
related requirements imply a need for additional data collection, which in turn leads
to a need for changes to the physical product (IntB1).

4.6.3. TECHNOLOGY-ACTIVITIES ALIGNMENT

The challenges within this alignment type relate to limited flexibility and scalability of
data collection and to a lack of tools available for developers. Limited flexibility in
data collection means that it would be difficult to change what data was collected
from the products over time. An interviewee from Case B mentioned that if they
wanted to add another parameter to be monitored from products in the field, it would
require an update of the complete product-level software. This might not be accepted
by the end customers, since software updates always involve a risk of introducing
new errors. This challenge has been partly solved in Case A, where the data handling
unit on the products can be updated separately from other product-level software,
enabling collection of additional data without impacting other functionality (IntA6).
In Case B, there is an ongoing program to modularize the product-level software
(IntB3).

As the number of connected products increase, the scalability of data collection,
transfer and processing also becomes a challenge (IntC4). Moreover, one intervie-
wee from Case B highlighted the lack of easy-to-use technical tools and developer
environments which could help simplify data access and analysis (IntB3). Both these
challenges have been partly solved in both Case B and Case C, through the develop-
ment of a central IoT platform. The IoT platforms can be used by different business
units to build the applications they need. The platforms also offer benefits such as
increased data security (IntC2), higher sampling rate, and real time data availability
(IntB4).

4.6.4. ACTIVITIES-PRODUCT/SERVICE ALIGNMENT

The challenges within this alignment type relate to a lack of processes, roles, and
responsibilities in the organization to effectively deliver a CBM solution. For example,
one interviewee mentioned that there is “no real ownership of the delivery of useful
information to the maintenance team”, and that this responsibility should be made
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explicit, and assigned to a certain role in the development process (IntA1). More
specifically, we found a lack of structure in deciding what data to collect for CBM.
Data collection is mainly driven by what is technically possible rather than what is
actually needed (IntB4, IntA4, IntA1, IntA2). Similarly, the error codes coming from
the products in Case A and C are not developed to guide service personnel when
assessing a product’s condition, or to propose maintenance actions (IntA1). Instead,
the error codes are defined by the software developers for the purpose of testing
certain programmed functions (IntA1, IntC3).

The above-mentioned challenges have been partly addressed in Case B by appointing
a project manager to lead CBM projects across business functions. Requirements from
users of the cloud-level application are collected in a common ‘backlog’ and sent to the
respective teams who implement the request, ensuring feedback of user needs to both
software and hardware development (IntB4). Case B and C have started to address
the challenge of lacking structure for deciding what data to collect by (1) prioritizing
data from components which fail more often, and which are known to have a high
impact for the customers if they fail (IntB3) and (2) by involving the customer support
department to help decide which data to collect based on their experience of common
issues in the field (IntC3).

4.6.5. CUSTOMER-PRODUCT/SERVICE ALIGNMENT

The challenges within this alignment type relate to a lack of user understanding and
to a limited acceptance among users to adopt CBM solutions. A core challenge is to
translate the needs of the service personnel to the data engineers. Reasons for this
lacking understanding are, for example, limited interest and ambition of responsible
individuals (IntA7), or that actors are ‘stuck’ in established ways of working (IntA1). In
Case A, the service team expressed that the data engineers do not take the time to
understand how they work (IntA2). On the other hand, the data engineers pointed
out that communication was hindered by the fact that the service technicians do
not fully understand the specificities of big data analytics (IntC4). One interviewee
highlighted that service technicians do not even think about setting requirements for
the usefulness of the information that they receive, because they are used to their
current way of troubleshooting products (IntA1).

Some solutions were found in relation to these problems. In Case B, the application
development team perform dedicated user observations and interviews in order to
understand the users’ needs and pain points. This way, insights are extracted about
what information would be useful, and how it should best be presented to the user
(IntB4). In Case A and C, the service organization and the development organization
hold regular meetings to discuss how to improve product maintainability (IntA3,
IntA2, IntC3). While this provides a platform for communication about design for
maintenance, the requirements discussed are mainly related to physical product
features and not CBM-specific.
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A specific challenge is that the CBM solutions do not deliver information in a user-
friendly way (IntA3). For example, the service personnel might not understand why
certain error codes appear, what they mean, or what action to take based on this
information (IntA2, IntA1, IntB4). The same error code can also mean different things
for different product models (IntA7). Moreover, support technicians are overloaded
with alarms and have difficulties prioritizing between them (IntB4). The interviewees
discussed ways to make error codes more understandable. In Case A, the embedded
software developers include an information file to all software packages, explaining
the error codes. They also use a certain structure for numbering the error codes, and
try to keep this structure across product models (IntA7). In Case C, an interviewee
mentioned that they always try to make error messages as self-explanatory as possi-
ble (IntC2). Case B have focused on reducing unnecessary terminology, using more
visuals, and using more consistent terminology (IntB4).

With regards to the limited acceptance and ability among service technicians to
adopt data-driven approaches (IntB4), a specific challenge is the limited trust in
failure detection and prediction algorithms (IntC4). An interviewee highlighted the
importance of keeping the number of ‘false alarms’ from algorithms low, in order
to enable higher acceptance rates among service technicians. Interviewees also
mentioned that some service technicians are lacking the skills to take advantage of
data-driven approaches (IntC2), pointing out a need for additional training (IntA3).

Another challenge is to properly identify and target all relevant users of the IoT arte-
fact. For Case A, a cloud-level application was initially developed for the end cus-
tomer, partly disregarding the needs of the service organization (IntA5, IntA6). In Case
B, a cloud-level application was developed to serve the customer service team (IntB3,
IntB4), assuming that they would be the main users. This assumption turned out to
be true for small customers, who did not perform any maintenance themselves, but
not for big customers (IntB3). Further, there might be other potential users of the
IoT artefacts, who are not yet considered. For example, an interviewee from Case A
saw the need to add a specific interface towards the back-office service department
(IntA2), and in both Case A and B, interviewees saw an opportunity to develop a
specific interface towards R&D (IntA5, IntB3).

In Case B, interviewees also discussed that the current CBM solution only monitors
the condition of the core part of the product. However, to provide real value to the end
customer, the CBM solution should include the whole product, and even the system in
which it operates. In Case B, this would mean a solution which considers the condition
of the robot itself, the different tools that the robot uses, and potentially even multiple
robots in a production line (IntB1, IntB3, IntB4).

4.6.6. WORK SYSTEM-CONTEXT ALIGNMENT

The challenges within this alignment type relate to conflicting objectives in the orga-
nization, uncertainty about the business case for CBM, and data privacy issues. All
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three cases have an IoT strategy in place at the top-management level. On this level,
the companies are thus committed to ensuring that their products can be connected
to the internet (IntC1, IntB1, IntA4). However, this top-level vision does not always
translate into actual changes in work practices regarding CBM. Conflicting objectives
manifest themselves through, for example, that CBM advocates struggle to get buy-in
from the organization (IntA1, IntC2) and that reducing production costs is prioritized
over reducing maintenance costs (IntA2, IntA1). In Case A, some customers also still
pay per service visit, and per spare parts exchanged (IntA3). This creates a mind-set
among people in the organization that they make money when they replace parts for
customers, which dis-incentivized maintenance optimization.

A possible solution to these issues is to introduce organization-wide key performance
indicators (KPIs) that steer toward maintenance optimization and CBM. Case C has
introduced a KPI to minimise the number of maintenance visits per installed product
(IntC1) while Case A has a KPI to minimise downtime in their customers’ operations
(IntA5, IntA6).

The challenge of finding a business case for CBM relates to how customers perceive
the value of the service (IntC2). Many customers are, for example, more concerned
about the buying price of a product than the maintenance costs (IntA2). In Case C,
the interviewees said that since their products do not have regulated scheduled
service events, many customers do not see the value of optimized maintenance
(IntC2). It is especially challenging to communicate the customer value of prescribed,
precautionary maintenance activities, which take place before the customer detects
any issues with the product (IntC4).

Another challenge for CBM implementation is that data privacy regulations are
becoming stricter. Interviewees from all cases describe that they work carefully to
comply with data privacy regulations. In Case C, an interviewee highlighted that the
changing regulations create a careful attitude, among both employees and customers,
which might prevent the use of data which could be compliant and useful (IntC2).
This was especially true for large customers, who are particularly concerned about IT
security and confidentiality of data (IntB3).

4.7. DISCUSSION AND RECOMMENDATIONS

The results show that CBM implementation comes with a wide range of challenges,
confirming the previously noted importance of taking a broad and systemic perspec-
tive when studying CBM in practice (Golightly et al., 2018; Veldman et al., 2011). It is
noteworthy that all three cases display challenges within each of the six alignment
types. Moreover, the challenges and solutions within an alignment type are some-
times interrelated with challenges and solutions in another alignment type. As such,
targeted interventions within one alignment type can also impact other parts of the
system.
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Below, we discuss the findings, per alignment type, in relation to previous literature.
We combine the challenges and solutions found into a set of 17 recommendations for
OEMs aiming to implement CBM (Figure 4.7). Each recommendation is formulated
to be concise and actionable. Figure 4.7 shows how each recommendation links to
the challenges and solutions identified in the cases. This way, interrelations within
and across alignment types are made explicit. As such, Figure 4.7 could support
companies in taking concrete action towards more successful CBM implementation,
without losing the ‘big picture’.

Firstly, the results show that conflicting objectives in the organization is a challenge
in CBM implementation (6.C1). This has also been noted by Bokrantz et al. (2020)
who saw a need for clear leadership, visions and goals. Rastegari et al. (2013) further
pointed out management support as one of the main challenges in CBM implementa-
tion. We found that a company-wide strategy for IoT in general is helpful for CBM
implementation (6.S1), but that CBM-specific goals and KPIs are important additions
(6.S2), confirming similar conclusions by Bouskedis et al. (2020). Based on these
insights, we formulate two recommendations:

1. Create a common vision in the organization for CBM.

2. Put in place KPIs which support CBM.

The case companies also struggled to clarify the business case for CBM (6.C2), due
to uncertainty about how the CBM solution would benefit themselves and their
customers. This challenge has been reported previously by, e.g., van de Kerkhof
et al. (2016) and March and Scudder (2017). We further note that the CBM offering
might have to be adapted to the needs of different customer types. Specifically, some
customers might, for data privacy reasons, prefer to manage their own data storage
and processing. As data privacy issues among customers is increasing, and as data
privacy regulations are becoming stricter (6.C3), companies need build expertise in
this area. Based on the above, we formulate the following recommendations:

3. Clarify the businesses case for CBM.

4. Build expertise in data privacy.

The results further display a need to improve the usefulness of CBM solutions (5.C2,
5.C3, 5.C4, 5.C5). The case companies struggled to identify and sufficiently target all
relevant users of the IoT artefact (5.C2) and to decide on a suitable scope the CBM
solution in relation to the context in which it operates (5.C3). The latter contextualises
the argument made in CBM literature about the importance of developing CBM
solutions for multi-component systems (e.g., Alaswad and Xiang, 2017; Olde Keizer
et al., 2017). Moreover, we found a challenge in making the IoT artefact’s interfaces
user friendly (5.C4), indicating a need for more focus on user interface design (5.S4).
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This confirms previous findings from, e.g., Golightly et al. (2018) who highlighted the
importance of user interface design for CBM. Questions about how to make more
intuitive interfaces toward service technicians in CBM have also been explored in the
field of augmented reality (e.g., Egger and Masood, 2020).

The layered view of the IoT artefact presented in our framework further highlights
the need to translate insights from user research into design decisions at each layer
of the technology stack. Specifically, we identified a need for improved communica-
tion between maintenance personnel and data engineers about CBM requirements
(5.C1). This relates to the challenge within the activities-product alignment type,
which showed a lack of coordination of CBM projects across the layers of the IoT
artefact (4.C1). Based on the above-mentioned insights, we formulate the following
recommendations:

5. Ensure sufficient communication between data engineers and maintenance
personnel.

6. Investigate the processes and needs of all relevant users of the IoT artefact.

7. Actively decide on a suitable scope for the CBM solution.

8. Ensure that the IoT artefact delivers information in a user-friendly way.

An interesting challenge found with regards to usability of the CBM solution was
the barrier among service personnel to trust data-driven approaches (5.C5). Akker-
mans et al. (2016) observed a similar challenge, noting that data-driven approaches
are “not in the genes” of service technicians. In our study, we found that increased
transparency and explicability of algorithms might be important for acceptance,
something that has also been mentioned by Bokrantz et al. (2020). Our results did
not expose any clear solutions here, but we note that this challenge relates to the
identified solution about continuously spreading awareness in the organization
about the possibilities of data-driven approaches (2.S3). Based on these insights, we
formulate the following recommendation:

9. Combine algorithm explicability efforts with training of maintenance staff to
lower the acceptance barrier for data-driven approaches.

The companies also faced challenges related to developing the IoT artefact as one
entity. The development of solutions at different layers of the technology stack were
generally not well-coordinated (4.C1, 4.C2, 4.C3). We also found a need to clarify roles
and responsibilities among the actors in this process (4.C3), something that has
been previously noted by, e.g., Ciocoiu et al. (2017). Based on this, we formulate the
following recommendation:

10. Set up clear roles and responsibilities for CBM projects, across the layers of the
IoT artefact.
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Moreover, our results showed a lack of structured processes for deciding which data
should be collected (4.C2). This challenge has been noted by multiple other authors
(e.g., Lee et al., 2009; Tiddens, 2018; Rastegari et al., 2013) and relates directly to
challenges of the information-activities alignment type, indicating that the data
collected is not always fit for the purpose of CBM (1.C1). Based on this, we formulate
the following recommendation:

11. Establish a structured process for deciding which data to collect, and at what
quality.

We saw that CBM implementation can be facilitated by building technical solutions
which allow for flexible data collection over time (3.C1, 3.S1), and to provide easy-to-
use tools for developers (3.C3, 3.S2). Flexible data collection solutions are important
as they allow for learning through trial and error, and for adding new parameters to
be monitored when needed (3.S1). Moreover, a flexible data collection solution can
help companies avoid the sub-optimal solution of collecting more data than they
really need (1.S1), a strategy which has limited scalability (3.C2), and can lead to
data overload (Akkermans et al., 2016; Jonsson et al., 2010. Based on the above, we
formulate the following recommendations:

12. Build flexible and scalable data collection solutions that allow for adaptability
over time.

13. Provide easy-to-use tools to support developers with data access and processing.

We also found that the R&D departments struggled to find the time to develop CBM
solutions (2.C1), and that they had limited experience of working with software
development and data analytics (2.C2). To overcome these challenges, companies
can focus on awareness-building around data-driven approaches (2.S3), and ensure
collaboration between data analysts and product experts (2.S2). The latter has been
mentioned previously by, e.g., Åkerman et al. (2018) and Hiruta et al. (2019). Based on
these insights, we formulate the following recommendations:

14. Build data competences and awareness among employees, customers and part-
ners.

15. Ensure collaboration between specialized data analysts and people with deep
domain knowledge.

Finally, we found that the data collected by the case companies was not always fit for
the purpose of CBM (1.C1). This relates directly to the lack of structured processes for
decided what data to collect (4.C2, covered in recommendation 11). Specifically, high
quality metadata and labelled data was lacking (1.C2, 1.C3), partly due to a lack of

99



Chapter 4. Challenges and Solutions in Condition-Based Maintenance Implementation —A Multiple Case
Study

ability and incentive among installers, service technicians and end customers to input
metadata and data labels with sufficient accuracy. As such, this relates to the need to
increase the awareness about the value of data-driven approaches (2.S3, covered in
recommendation 14) and to the challenge of limited acceptance among maintenance
personnel for data-driven approaches (5.C5, covered in recommendation 9). Based on
these insights, we add two final recommendations to the list:

16. Incentivise and facilitate metadata collection.

17. Incentivise and facilitate data labelling.

Having presented these recommendations, two important limitations of the research
should be mentioned. Firstly, the results build on insights from three company cases.
This is a limited data set and more research is thus needed to confirm the findings in
other cases. Secondly, the case selection criteria were formulated so that the compa-
nies should have an at least a partly implemented CBM solution in place. Had the
selection been more strictly limited to advanced cases of CBM implementation, it is
possible that other or additional insights could have been captured.
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1. Create a common vision in the 
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2. Put in place KPIs which support 
CBM.

3. Clarify the business case for CBM.
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between data engineers and 

maintenance personnel.

6. Investigate the processes and 
needs of all relevant users of the IoT 

artefact.

7. Actively decide on a suitable 
scope for the CBM solution.

8. Ensure that the IoT artefact 
delivers information in a user 

friendly way.

9. Combine algorithm explicability 
efforts with training of maintenance 
staff to lower the acceptance barrier 

for data-driven approaches. 

10. Set up clear roles and 
responsibilities for CBM projects, 

across the levels of the IoT artefact.

11. Establish a structured process for 
deciding which data to collect, and 

at what quality.

12. Build flexible and scalable data 
collection solutions that allow for 

adaptability over time.

13. Provide easy-to-use tools to 
support developers with data access 

and processing.

14. Build ‘data’ competences and 
awareness among employees, 

customers and partners.

15. Ensure collaboration between 
specialized data analysts and people 

with deep domain knowledge.

16. Incentivise and facilitate meta 
data collection.

17. Incentivise and facilitate data 
labelling.

Challenges found in the cases

6.C1. Conflicting objectives in 
the organization

6.C2. Business case for IoT-
enabled maintenance not 
clear

6.C3. Data privacy concerns

5.C1. Limited communication 
between maintenance 
personnel and R&D about 
CBM requirements

5.C2. Scope limited to certain 
user types

5.C3. Scope limited to one 
component in a bigger system

5.C4. The information is not 
delivered in a user-friendly 
way

5.C5. Limited 
acceptance/ability to use 
data-based approaches 
among maintenance 
personnel

4.C1. Error codes developed 
in isolation

4.C2. Lack of structured 
process for deciding what 
data to collect

4.C3. Unclear roles and 
responsibilities

3.C1. Inflexible data collection

3.C2. Limited scalability of 
data collection, transfer and 
processing

3.C3. Lack of tools to support 
developers with data access 
and processing

2.C1. Limited ability for R&D 
to deal with additional 
requirements

2.C2. Limited experience in 
the organization of working 
with software development 
and data analytics

1.C1. Available data not fit for 
the purpose of CBM

1.C2. Lack of high quality 
meta data

1.C3. Lack of high quality 
labelled data

Solutions found in the cases

6.S1. Company-wide IoT 
strategy in place and backed 
by top management

6.S2. KPIs in place to support 
maintenance optimization

5.S1. Established feedback 
loop from maintenance to 
design 

5.S2. The users’ processes and 
needs are investigated

5.S3. Efforts to make error 
codes more understandable

5.S4. Focus on user interface 
design 

4.S1. Clear management of 
IoT projects across the levels 
of the product/service

4.S2. Structured way to 
prioritize which data to collect

3.S1. Modular product level 
software

3.S2. State-of-the-art IoT 
platform available for 
developers

2.S1. Central functions to 
coordinate cloud platform 
and data analytics

2.S2. Collaboration between 
hardware and software 
specialists

2.S3. Awareness building 
about the possibilities of data-
based approaches

1.S1. Data collection set up to 
enable access to more data 
than initially needed

1.S2. Strategy for collecting 
meta data 

1.S3. Labelled data collected

Figure 4.7: 17 recommendations for companies wanting to implement CBM, based on the challenges and
solutions found from the cases in this research (alternating colouring of the connecting lines for readability).
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4.8. CONCLUSIONS AND FUTURE RESEARCH

The aim of this research was to understand the challenges related to CBM imple-
mentation in practice and to extract solutions which companies have applied to
address these challenges. Towards this aim, we conducted a multiple case study at
three manufacturers who had partly implemented CBM. We proposed an integrated
framework, which takes a broad perspective on CBM implementation, integrates
technological, organizational and user-related elements, and explicitly considers the
need for alignment between these elements. Using the framework to analyse the three
cases, we identified 19 challenges and 16 solutions, spanning across the different
alignment types. Based on this, we proposed a set of 17 actionable recommendations
for practice. Moreover, we showed that some challenges and solutions are interrelated
across the different alignment types. This implies that, when proposing a solution to
a specific CBM implementation challenge, it is important to also assess its effects
on other parts of the system. In the discussion of our findings, we facilitated this by
making the interrelations between challenges and solutions explicit.

Our study contributes to the field of CBM with a comprehensive view of implementa-
tion challenges and solutions in real-world implementation, from the OEM’s point of
view. It also contributes with an analysis framework that can be used to derive such
insights in other cases. Further, we contribute to CE research by adding a concrete
case study to the emerging literature about IoT-enabled circular strategies, which has
so far predominantly focused on opportunities rather than implementation.

Future research could build on the findings presented here to study more cases of
IoT-enabled circular strategy implementation, eventually building a knowledge base
around how to best realise the opportunities of IoT for CE in practice. In particular,
given the strong analogies between maintenance and reuse/remanufacturing, the
recommendations proposed here might also be relevant for OEMs aiming to imple-
ment condition-based reuse and/or remanufacturing. To verify this, future research is
needed to understand specific challenges and solutions of such strategies.
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Abstract: The idea of leveraging the Internet of Things (IoT) to support strategies in
line with the circular economy (CE) has been gaining traction in literature. However,
previous work has predominantly focused on the opportunities that these technolo-
gies can bring, and few studies have critically assessed the environmental viability
of the proposed strategies. In this study, we assess the net environmental impact of
IoT-enabled circular strategies in a specific case, in order to gain insight into when
and how it makes environmental sense to embed IoT hardware, such as sensors and
communication devices, into products to support circular strategies. We quantify (1)
the potential environmental savings in the different life cycle phases made possible
through access to sensor data, and (2) the environmental impact from the added tech-
nology needed to provide and process the data. Life cycle assessment (LCA) is used
to evaluate the difference in impact between the current state and an ‘IoT scenario’.
We find that the IoT scenario gives a 4% lower weighted life cycle impact than the
current state. Through sensitivity analysis, we show that the conclusions are sensitive
to assumptions made about the expected benefits of adding IoT, which depend on the
technological context as well as the current and IoT-induced behavior of stakeholders
along the product life cycle. The results are also sensitive to assumptions about
the environmental impact of the IoT hardware components, implying that design
decisions at this level can be important for ensuring a net environmental impact
reduction from IoT-enabled circular strategies.

Keywords:
Circular Economy, Digitalization, Internet of Things, Life cycle Assessment

5.1. INTRODUCTION

By connecting products to the internet, and monitoring them over time, actors along
the supply chain can get insights into products’ performance and condition in the field.
This information can be used to support strategies which are in line with the vision of a
circular economy (CE), such as efficiency measures in the use phase, product lifetime
extension, reuse, remanufacturing, and recycling (Ingemarsdotter et al., 2019). Several
recent publications focus on these opportunities, and how companies might use them
to their advantage (e.g. Alcayaga et al., 2019; Bressanelli et al., 2018; Ellen MacArthur
Foundation, 2016).

However, few studies have investigated the actual environmental performance of
such IoT-enabled circular strategies, accounting for the potential environmental
savings as well as the obvious environmental downsides of IoT, such as increased use
of toxic substances and/or critical raw materials, energy use for data collection and
processing, and increased amounts of electronic waste. As of yet, literature about the
environmental impact of circular strategies (e.g., Linder et al., 2020; Nussholz, 2019;
Böckin et al., 2020) is largely separated from the literature about the environmental
impact of IoT-related components and technologies, such as RFID tags (Kanth et al.,
2015), wireless sensor networks (Bonvoisin et al., 2012), mobile networks (Malmodin
et al., 2012; Scharnhorst, 2006), and cloud-level data storage and processing (Baliga
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et al., 2010; Chen et al., 2012; Knottnerus, 2019; Shehabi et al., 2018; Uchechukwu
et al., 2014). Combining these two fields is important in order to understand the net
impact of IoT-enabled circular strategies and support companies in making more
conscious decisions about if and how to develop an IoT solution to their CE problem.

Through a dedicated search for literature focusing on the environmental effects of
IoT in the context of CE, a small number of previous studies were identified. Lelah
et al. (2011) studied the environmental consequences of an IoT solution which aims
to reduce unnecessary transportation in a glass waste collection system. They com-
pare the improvements gained from reduced transport to the added impact from
using ‘machine-to-machine’ technologies. They point out that the production of
the IoT system leads to increased impact in some impact categories, most notably
raw material depletion and hazardous waste production, while impacts related to
energy depletion, global warming, and air toxicity decrease. They also found that the
production and use of the telecommunications infrastructure needed to support the
IoT system did not significantly affect the net environmental impact.

Bonvoisin et al. (2014) presented a framework for evaluating the environmental
impacts of ‘optimization services’ enabled by ICT. They applied this framework to the
case of smart waste bins, and found, like Lelah et al. (2011), that for global warming
potential, the benefits outweighed the drawbacks, but for raw material depletion the
IoT case performed worse. They discuss that there is often a risk for ‘impact shift-
ing’ between impact categories when introducing IoT-enabled optimizations, and
emphasize the importance of including multiple impact categories in the assessment.

Kumar and Mani (2017) estimated the net energy conservation that could be achieved
from installing occupancy sensors in office buildings so that the light automatically
switches off when nobody is in the room. They concluded that adding the sensors did
not conserve energy, due to the high energy requirements in the life cycle of occu-
pancy sensors. In a more recent conference paper, Dekoninck and Barbaccia (2019)
conducted a ‘streamlined LCA’ of a smart fridge, only focusing on the use phase and
using global warming potential (GWP) as the sole indicator for environmental impact.
They found that the smart fridge was environmentally preferable since the use-phase
GWP impact associated with adding IoT (mainly caused by energy use for browsing
the internet) was smaller than the savings achieved through reduced food waste
and increased levels of online grocery shopping (rather than traveling to the store).
Moreover, they noted that the use phase impact reduction depended strongly on the
ability of the ‘smart system’ to steer user behavior in a more sustainable direction,
mainly to reduce food waste. Yuli et al. (2019) studied the net GWP reduction from
an IoT-enabled irrigation system compared to a conventional irrigation system and
concluded that the savings outweighed the impacts. The savings were estimated
by the potential for the IoT solution to reduce water and fertilizer consumption in
the irrigation system’s use phase, while added impacts from the IoT solution itself
(sensors, control unit, gateway) were analyzed cradle-to-grave.

The available literature also presents recommendations for how designers might
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increase the environmental benefit of the respective IoT solutions, both about how
to maximize the environmental savings enabled by the IoT solution and how to
minimize the environmental impacts from the IoT solution itself. Focusing on the
first aspect, i.e., how to achieve environmental savings, Dekoninck and Barbaccia
(2019) emphasize the need to design user interfaces that can actually change user
behavior. Kumar and Mani (2017) recommend prioritizing use contexts for which the
potential for impact reduction is high. In the case of indoor lighting systems, they
recommend only using occupancy sensors in areas with low occupancy levels, such
as corridors and restrooms.

With regards to minimizing the impact from the IoT solution itself, Lelah et al. (2011)
suggest that designers should choose small and low-impact components. Moreover,
they discuss that the impact could be reduced if different IoT services in the city
(e.g., smart waste collection, smart lighting, water monitoring systems) would share
the same gateways. Bonvoisin et al. (2014) recommend a closed-loop approach to
electronics design, focusing on longevity, reusability and remanufacturability of IoT
components. Moreover, they highlight the need to apply eco-design thinking to
ICT infrastructure and to the generation of information, including data collection,
transmission, and analysis. Kumar and Mani (2017) recommend local production
of sensors, low-impact packaging for sensors, improved reuse of electronic compo-
nents, and improved recycling techniques for electronics. Dekoninck and Barbaccia
(2019) note that the on-fridge web-browsing system should be designed carefully to
minimize added impacts from Internet browsing.

We note that the current understanding of the environmental performance of IoT-
enabled circular strategies builds on a small number of papers and a limited range
of products. Moreover, none of the identified papers address the potential of IoT
solutions to extend the lifetime of products, or to increase their recovery rate. Since
product lifetime extension and post-use recovery are core strategies in the CE and
IoT is seen as an enabler for such strategies (Alcayaga et al., 2019; Bressanelli et al.,
2018; Ingemarsdotter et al., 2019), we see a need for additional studies that take these
aspects into account.

This paper aims to address some of the above-mentioned research gaps by posing the
following research question: Which factors are important to ensure a net reduction of
environmental impact from IoT-enabled circular strategies? We study the specific case
of heavy-duty truck tires in the Swedish context, for which opportunities have been
identified for IoT to support fuel efficiency, longer tire lifetimes, and a larger share of
used tires being retreaded, i.e., remanufactured through replacement of the outermost
part of the tire (the tread) (Andersson and Diener, 2019; Diener et al., 2019; Mellquist
et al., 2020). We assess the net environmental effect of using IoT to support circular
strategies, considering all life cycle stages of the tires as well as the IoT components.
We estimate the environmental improvements that can be achieved by using IoT, as
well as the added impact from the technology itself, and compare this ‘IoT scenario’
to the current state. In order to identify potential ‘impact shifting’, impact is measured
across a range of impact categories.
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5.2. METHODOLOGY

This study builds on insights collected during a research project which gathered stake-
holders from a truck tire business ecosystem in Sweden with the aim to investigate
what a future circular ecosystem for heavy-duty truck tires could look like. Results
from the project have previously been presented in (Andersson and Diener, 2019;
Diener et al., 2019; Mellquist et al., 2020).

In this study, Life Cycle Assessment (LCA) is used to compare the environmental
impact of heavy-duty truck tires in the current Swedish system with a scenario in
which IoT is used to support improved circularity. As presented in the ISO14040
standard (International Organization for Standardization, 2006), “LCA studies the
environmental aspects and potential impacts throughout a product’s life (i.e. cradle-to
-grave) from raw material acquisition through production, use, and disposal. The
general categories of environmental impacts needing consideration include resource
use, human health, and ecological consequences.” As such, LCA supports the learning
and understanding of environmental problems caused by product systems, from raw
materials to end of life (Klöpffer and Grahl, 2014).

5.2.1. GOAL

The goal of the LCA is to compare the environmental impact of heavy-duty truck
tires in the current Swedish system with an ‘IoT scenario’ in which circular improve-
ments are enabled by IoT. The IoT scenario is modeled as a hypothetical scenario
in the present-time tire system. As such, the model does not include a temporal
shift between the two alternatives. The ‘IoT scenario’ includes the three following
opportunities for IoT to support circular strategies: (1) IoT supports more optimal
tire pressure during use and thereby reduces fuel consumption, (2) IoT allows for
prolonged tire use times, based on a better understanding of the individual tire’s
condition as well as minimized wear due to improved pressure monitoring, and
(3) IoT increases the rate of retreading through more accurate assessment of the
‘reatreadability’ of used tires.

5.2.2. DATA SOURCES, SOFTWARE, AND ASSESSMENT METHOD

The software SimaPro 9.0 (Pré Sustainability B.V., 2020) is used to model the system.
The Ecoinvent database v.3.5 (Ecoinvent, 2018) is used as the main source of inventory
data. Modeling choices about tires are partly based on literature and partly on direct
communication with stakeholders in the Swedish tire system: a truck manufacturer, a
retreading company, and a recycling company. Assumptions about the components
included in the IoT solution (in the IoT scenario) are based on results from the project
detailed in (Mellquist et al., 2020), in which different sensor systems for monitoring
tire condition were tested. Data about the weight of different components in the Tire
Pressure Monitoring System (TPMS) is collected from a TPMS manufacturer (El-watch,
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2019). Data about the composition of RFID tags and about the impact of data transfer
and processing is collected from previous literature. The data source for each modeling
choice is specified in Section 5.3.

All assumptions come with a level of uncertainty, and we deal with this by performing
sensitivity analysis to test how the results change by varying key parameters within
appropriate uncertainty ranges. The uncertainty ranges are specified per parameter in
Section 5.3.

The ReCIPe 2016 method (hierarchist perspective) (Huijbregts et al., 2016) is used to
assess the environmental impact. We present impacts both as a weighted single score
and per impact category. SimaPro 9.0 includes global normalization factors for the
reference year 2010 and weighting sets copied from ReCiPe 2008 (Goedkoop et al.,
2009).

5.2.3. FUNCTIONAL UNIT

The function provided by the truck tires is that they enable a truck to drive a certain
distance. According to the truck manufacturer, two types of trucks are commonly used
in the Swedish system: ‘tractors/semi-trailers’ (10 tires/truck) and ‘trucks with trailer’
(24 tires/truck). In our model, we assume that the tires are used on a ‘tractor/semi-
trailer’, but we also include the ‘truck with trailer’ option in our sensitivity analysis.
According to the truck manufacturer, the average yearly driving distance for a truck is
2 ·105 km. Given that a ‘tractor/semi-trailer’ has 10 tires, we use a reference distance of
2 ·106 ‘tire-kilometers’ for calculating the impacts.

5.2.4. SCOPE AND SYSTEM DIAGRAM

Figure 5.1 presents a system diagram describing the scope of the LCA and the flow of
materials needed to enable the function provided by the tires. We consider the whole
life cycle of the tires, from production to end of life, including retreading and multiple
use phases. We also include the production of the treads added in retreading, as well
as the production, use, and disposal of IoT hardware. Impact from the fuel used by the
truck is included ‘well-to-wheel’. New tires are assumed to be produced somewhere in
Europe, and transported to a hauler company in Sweden. Tires deemed unsuitable for
retreading are sent to end of life (EoL) management (detailed in Section D.1). The grey
boxes in the system diagram are IoT specific, and are therefore only included in the IoT
scenario.

The scope does not include:

• The production of machines used in the tire life cycle, e.g. in manufacturing,
retreading, or recycling.

• The production of data transmission infrastructure, or servers in data centers
where the data is processed.
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• Emissions from tire maintenance activities (e.g., transport to service point).

• Packaging.

• Personnel-related emissions, such as commuting to work.

5.2.5. MULTI-FUNCTIONAL PROCESSES

System expansion is used to model the multi-functional EoL processes for tires, i.e.,
incineration and recycling processes. As an example, the incineration of tires for dis-
trict heating is multi-functional as it both takes care of the waste tires and produces
heat. System expansion deals with multi-functionality by expanding the system
under study to include additional functions than initially specified in the functional
unit (Guinée et al., 2019). As such, we assume that the production of heat from the
incineration of tires replaces the production of heat from other sources. Hence, the
tires receive ‘credits’ for the avoided emissions which would otherwise have been
caused by burning fuel to produce heat. Similarly, the tires receive credits when
substituting other materials, e.g., as drainage material in landfills. For transparency,
such negative impact numbers (‘credits’) are presented separately in the results.

5.3. DATA COLLECTION AND MODELING

5.3.1. EQUATIONS DESCRIBING SYSTEM FLOWS

Here, we introduce the key equations describing the resource flows in our model, and
how they depend on whether IoT is used or not. If the value of a function, f , depends
on whether IoT is used or not, this is denoted as f (I oT ).

In the current Swedish tire system, where retreading takes place up to three times,
the reference distance of 2 · 106 km (Dtot) is covered by a mix of new tires (N0) and
retreaded tires (Nk , where k = 1,2,3 is the number of times the tire has been re-
treaded). To calculate N0, N1, N2, and N3, we start by estimating the share of post-use
tires that are currently retreaded, and thus used again, as opposed to being sent to
EoL management (material recycling or incineration). Based on discussions with
the retreading company, we identify four decision points where post-use tires are
sorted as ‘retreadable’ or ‘not retreadable’, as shown in Figure 5.1. These decision
points are: (1) at the tire exchange workshop, (2) at the first inspection point in the
retreading process, (3) mid-way through the retreading process, and (4) at the final
inspection point after the retreading process. Again, based on discussions with the
retreading company, we estimate the current values for the shares X1, X2, X3, and X4

of incoming tires which are sorted as ‘retreadable’ at each decision point. As seen
in Equation 5.1, the shares X1, X2, X3, and X4 relate Nk to Nk+1. Moreover, as IoT
improves the accuracy of the retreadability assessment (see Section 5.2.1), the shares
X1, X2, X3, and X4 depend on whether IoT is used or not.
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Figure 5.1: System diagram. For readability, arrows going to EoL processes have a lighter color. Filled grey
boxes are IoT specific, and thereby only included in the IoT scenario. Transportation steps are not shown in
the diagram, but are included in the analysis.

N0, N1, N2, and N3 can be derived from Equations 5.1 and Equation 5.2. Here, we have
considered the possibility that the distance, D0, that a tire can cover before it has to be
exchanged is different for new tires compared to retreaded ones. However, we assume
that the distance D1,2,3 that a retreaded tire can cover is the same irrespective of the
number of retreading cycles. Further, as IoT can delay tire replacement (see ‘Goal’),
the distance that can be covered by a (new or retreaded) tire depends on whether IoT
is used or not.

As seen in Equation 5.3, the total volume of fuel that is needed to cover the distance
Dtot relates to N0, N1, N2, N3, D0, and D1,2,3 via the fuel consumption that can be
allocated to a new or retreaded tire (FC k [l/km]). Again, we have considered the
possibility that the fuel consumption, FC0, that can be allocated to a new tire is
different from that of a retreaded tire. Since the fuel consumption depends on the tire
pressure, and since IoT allows for keeping tire pressure at an optimal level (see ‘Goal’),
the fuel consumption depends on whether IoT is used or not.
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Nk+1(IoT)[#] = Nk (IoT) ·X1(IoT) ·X2(IoT) ·X3(IoT) ·X4(IoT) (5.1)

Dtot[km] = D0(IoT) ·N0(IoT)+D1,2,3(IoT) ·
3∑

k=1
Nk (IoT) (5.2)

Vtot(IoT)[l] = D0(IoT) ·N0(IoT) ·FC0(IoT)+D1,2,3(IoT) ·FC1,2,3(IoT) ·
3∑

k=1
Nk (IoT) (5.3)

5.3.2. TIRE AND TREAD PRODUCTION

MATERIAL COMPOSITION

According to the truck manufacturer, a typical heavy-duty truck tire weighs 63 kg.
Based on specifications for tire material composition used by the truck manufacturer,
we assume a typical material composition for the tires according to Table D.4 in
Appendix D. The material composition of treads added in the retreading step is
assumed to be the same as for the rubber part of a tire, see Table D.5 in Appendix D.
The weight of the tread is estimated to be 10.7 kg, based on communication with the
retreading company.

MANUFACTURING

The tire manufacturing process is modeled using data from the production of pas-
senger car tires (Sun et al., 2016, pp. 1752). The data as given in Sun et al. (2016) is
presented in Table D.6 in Appendix D, and the data used to describe tire and tread
production is presented in Table D.7 and Table D.8, respectively. Process waste from
tread and tire production is assumed to be handled as follows: rubber waste is inciner-
ated, steel waste sold as scrap steel, and tire waste processed according to the EoL
options described in Section D.1 in Appendix D.

5.3.3. USE

DRIVING DISTANCE BEFORE TIRE EXCHANGE

According to the representatives from the truck manufacturing company, a long-haul
truck tire can be driven for about 2.5 ·105 km but is typically exchanged when there is
still approximately 20% of mileage left in the tire. We thus assume that new tires are
exchanged after 2 · 105 km (D0 in Equation 5.2). The representatives from the truck
manufacturing company also indicated that the maximum distance that a retreaded
tire can cover is about 80% compared to a new tire. The retreading company, on the
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other hand, claims that the quality of the retreaded tire is the same as new, as long as
the process is done properly. External data sources also provide different numbers for
the possible difference between the distance that a new and a retreaded tire can cover
before it has to be exchanged. For example, Michelin claim on their website that their
retreaded tires can cover 90% of the distance specified for new tires (Michelin, 2019).
In a previously published LCA study, the authors state that the maximum distance for
retreaded tires is in the range of 75% to 100% compared to new ones (Boustani et al.,
2010). In this study, we use the truck manufacturer’s estimation that retreaded tires are
exchanged after 80% of the distance compared to new tires, i.e. after 1.6·105 km (D1,2,3

in Equation 5.2). In the sensitivity analysis, we test values for D1,2,3 (in the current state)
between 1.5 ·105 km and 2.0 ·105 km, i.e. between 75% and 100% of D0.

As explained in Section 5.2, the distances D0 and D1,2,3 also depend on whether
IoT is used or not. This can be explained by two different effects. Firstly, based on
discussions with the truck manufacturer, we found that tire replacement is based
on time-in-use rather than the actual condition. By using IoT to monitor the actual
condition of the tire, it might thus be possible to only replace the tires when it is really
needed, i.e. when the condition is measured as unsatisfactory. As stated above, tires
currently have approximately 20% of distance left in them when exchanged. However,
based on discussions with the retreading company, it is not obvious that the truck
drivers would delay tire exchange even if they had data about the tire condition,
since the timing of the tire exchange also correlates with the change of season. We
thus estimate this effect of IoT on D0 and D1,2,3 to be in the range of 0% to 20%.
Secondly, IoT-enabled pressure monitoring could reduce unnecessary wear since the
tire would always be used at optimal pressure. Based on discussions with the truck
manufacturer, the distance that a tire can cover before it has to be replaced is reduced
by 25% if driven at 80% of optimal tire pressure. We thus estimate this effect of IoT on
D0 and D1,2,3 to be in the range between 0% and 25%.

Combining the two effects presented above, we assume that D0 and D1,2,3 are all
increased by 25% if IoT is used. In our sensitivity analysis, we test values between 0%
and 50%.

ABRASION DURING USE

Based on Pehlken and Roy (2006), abrasion results in a 15% weight loss of the tire
during use. We assume that the material lost through abrasion is tread material (i.e.,
not steel). Further, we assume that the abrasion percentage is the same for new and
retreaded tires and that it is not dependent on whether IoT is used or not.

FUEL CONSUMPTION

Based on discussions with the truck manufacturer, the average fuel consumption is
0.32 l/km for a tractor/semi-trailer and 0.48 l/km for a truck with trailer. The fuel
consumption depends on the tire pressure, which should be checked and corrected
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regularly. According to Brigdestone (2012), the fuel consumption of a truck increases
close to linearly in the time interval between zero and 48 weeks, if the tire pressure
is not checked and adjusted. The fuel consumption, FC (t ), can thus be described
according to Equation 5.4, where A is a constant and FC min is the minimal fuel
consumption corresponding to optimal tire pressure. Brigdestone (2012) further
reports that the fuel consumption typically increases by 14% if the tire pressure is not
checked for 48 weeks. Based on this, we can formulate Equation 5.5, and derive the
relationship between FC min and A according to Equation 5.6.

FC (t ) = FCmi n + A · t (5.4)

FC (t=48) = FCmi n ·1.14 (5.5)

A = FCmi n ·0.0029 (5.6)

Based on discussions with the truck manufacturer, we estimate the time between tire
pressure checks, t, to be eight weeks in the current state. For a tractor/semi-trailer, we
thus get FC (t/2) = 0.32 l/km, and can calculate FC min according to Equation 5.7. This
is the value of the fuel consumption when driving at optimal tire pressure.

FCmi n = FC (∆t/2)

A ·∆t/2
= 0.32[l/km]

1+0.0029[ 1
weeks ] ·4[weeks]

= 0.3163[l/km] (5.7)

To get the fuel consumption per tire (Equation 5.8 for a new tire and Equation 5.9 for
a retreaded tire), we introduce a ‘rolling resistance fraction’ which defines the share
of the truck’s fuel consumption that can be allocated to the tires (as opposed to other
parts of the truck). This is based on Gutowski et al. (2011), who reported a range for
the rolling resistance fraction between 13% and 47%, and used an average of 24%. We
follow their example and use 24% in our calculations, but test values between 13% and
47% in our sensitivity analysis.

Equations 5.8 and 5.9 also include a term to describe the above-mentioned increase
in fuel consumption caused by sub-optimal tire pressure (∆FC pressure). This term
depends on how often the tire pressure is currently checked (∆t ). Note that in the IoT
scenario we assume optimal tire pressure, i.e. that ∆FC pressure = 0.

In Equation 5.9 (for retreaded tires), we also add a term to account for a possible
increase in fuel consumption due to higher rolling resistance for retreaded tires
compared to new ones (∆FC pressure). This risk for higher rolling resistance for re-
treaded tires has been highlighted by e.g., Gutowski et al. (2011). Tire manufacturer
Continental have reported an increase in rolling resistance between 3-10% (Krömer
et al., 1999). However, that report was published 20 years ago, so it might be outdated.
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The value for the rolling resistance of retreaded tires is uncertain, especially as it
depends on the quality achieved in the retreading process (Boustani et al., 2010),
which can vary between different retreading companies and tire types. According to
the retreading company, the rolling resistance of the tires they retread is the same as
for new tires. Previous LCAs (e.g. Boustani et al., 2010) have also estimated that the
rolling resistance is the same for new and retreaded tires (i.e., ∆FC pressure=0). In our
LCA, we set ∆FC pressure=0 as the base case assumption. In our sensitivity analysis, we
test values for ∆FC pressure between 0% and 10% of FC min. This range is based on the
fuel efficiency grades defined by EU regulations, labeling truck tires from grade A to E
(EU, 2020). According to Volvo Trucks (2020), each increase in grade corresponds to
an increase in fuel consumption by 2.5%. Using E-grade tires would thus cause a 10%
increase in fuel consumption compared to using A-grade tires.

Note that ∆FC pressure and ∆FC pressure are fully allocated to the tires, i.e., these terms
are not multiplied with the rolling resistance fraction. The reason for this is that this
additional fuel consumption is seen as directly caused by the tires.

FC0 =
(FC min ·Rolling resistance fraction)+∆FC pressure(∆t )

Number of tires on truck
(5.8)

FC1,2,3 =
(FC min ·Rolling resistance fraction)+∆FC pressure(∆t )+∆FC pressure

Number of tires on truck
(5.9)

FUEL TYPE

Based on discussions with the truck manufacturer, MK1 diesel is often used as fuel
for trucks in Sweden. On the Swedish market, biofuels are added to the MK1 giving a
mix of fossil diesel (77 vol.%), Hydrotreated vegetable oil (HVO) (17 vol.%) and Fatty
Acid Methyl Esters (FAME) (5.5 vol.%) (Energimyndigheten, 2019). MK1 diesel has a
density of 0.815 kg/l and a heat value of 35.8 MJ/l (Hallberg et al., 2013). The Ecoinvent
entries that we use to describe the fuel mix are presented in Table D.9 in Appendix D.
Since no specific Ecoinvent entries were available for FAME or HVO, these were both
modeled as ‘Vegetable oil, refined’. Emissions to air from burning MK1 diesel in the
truck are based on (Hallberg et al., 2013) using Euro6 values when data is available,
and otherwise Euro5. The emissions are specified in Table D.10 in Appendix D.

5.3.4. RETREADING

Based on input from the retreading company, we here describe the retreading process
and how it might be optimized if IoT were to be used. As explained in Section 5.2 and
depicted in Figure 5.1, there are four decision points where tires are scrapped and we
use the notation X1, X2, X3, X4 to describe the share of tires passing through each
decision point.

120



5

Circular Strategies Enabled by the Internet of Things

When a tire is due for exchange, the tire is demounted at a truck service point. A quick
visual inspection is performed at the service workshop to evaluate the tire’s condition.
If the tire is deemed to be in satisfactory condition, it is sent for retreading. If not, the
tire is sent to EoL management (described in Section D.1) in Appendix D.

The retreading process starts with an inspection step, in which tires of unsatisfactory
condition are scrapped. Thereafter, the tire enters the ‘buffing’ step, in which the old
tread is removed. Then, a second inspection is done, whereby a small number of tires
are scrapped. Subsequently, the tire is sprayed with cement to fill holes, and a tread is
applied. After the tread application, the tire is left in a vacuum chamber for some time
and is then vulcanized. Finally, the tire painted, and inspected again. A small share of
tires is scrapped at this point due to insufficient quality.

The shares X1, X2, X3, X4 in the current state were estimated based on discussions
with the retreading company and are listed in Table 5.1. The effect of IoT on X1,
X2, X3, X4 was estimated as follows. We assume that IoT brings a more accurate
assessment of retreadability, and thus that scrapping decisions are done as early as
possible. As such, in the optimal case, no tires are discarded after the first decision
point (X2=X3=X4=1). We then estimate X1 in the IoT scenario according to the follow-
ing logic: given an accurate assessment of retreadability, we can assume that no tires
which could have been retreaded are wrongly sorted as ‘not retreadable’ and no tires
which are not suitable or retreading are wrongly sorted as ‘retreadable’. Tires that are
currently wrongly scrapped (Nw s ) are instead accepted at decision point 1 and tires
that are currently wrongly accepted (Nw a) are scrapped at decision point 1 (rather
than later). We estimate Nw a as the tires which are currently scrapped at decision
point 3 and 4. We further assume that the current error rate for wrongly scrapping a
tire is the same as the current error rate for wrongly accepting a tire (Nw a = Nw s ). In
total this gives:

N ·X1,IoT = N ·X1,current +N ·X2,current +Nw s −Nw a (5.10)

Nw a = Nw s → X1,IoT = X1,current ·X2,current (5.11)

where N is the total number of incoming tires to the retreading process. Based on this,
we get the shares X1, X2, X3, and X4 in the IoT scenario as presented in Table 5.1. In
our sensitivity analysis we test values for X1,IoT between 0.7 and 1, while keeping the
other values constant.

Table 5.1: Shares of tires accepted for retreading at the four decision points, in the current state and in the
IoT scenario.

X1
(service point)

X2
(first inspection)

X3
(buffing)

X4
(final inspection)

Current state 1 0.7 0.95 0.95
IoT scenario 0.7 1 1 1
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Retreading process data, such as water and energy use, amount of incoming material,
and emissions from the retreading process, was provided by the retreading com-
pany, and is presented in Table D.11. Tire shreds that are scraped off the used tire
before a new tread is applied are assumed to be sent to incineration (district heating
generation).

5.3.5. TRANSPORTS

See Table D.12 in Appendix D for all assumptions about transportation distances and
modes of transport. For the transports where no direct reference is available, the
following assumptions were made:

• Transport of raw material to tire/tread production is assumed to be within the
country or close region where tire production takes place, with an estimated
distance of 500 km.

• The transportation distance for tires from a producer in Europe to a user in Swe-
den is assumed to be 1500 km.

• The transportation distance for materials produced in Europe and used in the
retreading plant in Sweden is assumed to be 1500 km.

• The transportation distance between the service workshop and the retreading
facility (both in Sweden) is assumed to be 150 km.

• IoT components are assumed to be produced in China and shipped to Sweden,
with an estimated distance of 20 000 km.

5.3.6. ADDED IMPACTS FROM IOT

To calculate the added impacts from the life cycle of the IoT solution itself, we include
hardware production, energy use for data collection, transfer, storage and processing
on the cloud, as well EoL management of the hardware.

In order to support the IoT-enabled improvements included (reduced fuel consump-
tion, delayed tire exchange, and more increased retreading), we model the hardware
to include the following sub-units: (1) a Tire Pressure Monitoring System (TPMS)
which allows for monitoring the tire pressure and transferring the data to the cloud
(2) a piezoelectric sensor system which allows for monitoring of sudden impacts on
the tires (from for example uneven pavement) and transferring the data to the cloud
(3) RFID tags which allow for unique identification of each cord (the main body of
the tire) and each tread. Each sub-unit is described in more detail below, as are our
estimations of energy requirements in the sensor units, the gateways, and the cloud.
In the sensitivity analysis, we test values for the combined weight of all electronic
components between 50% of the base value to 300% of the base value (+200%). The
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large span is chosen because of the lack of specific Ecoinvent data for electronic
components. All hardware components are assumed to be treated as electronic scrap
at their EoL.

TPMS

The TPMS includes a sensor unit, a gateway, and a cable to supply the gateway with
power (El-watch, 2019). The sensor unit is attached to the tire using a magnet, making
it easy to mount and dismount. The lifetime of the TPMS sensor unit is assumed to be
limited by the lifetime of its battery. The battery lifetime is noted as 5 years in the
datasheet from a TPMS manufacturer (El-watch, 2019). Based on this, we assume that
the TPMS can be reused throughout all three retreading steps. Assumptions about
the material composition of the TPMS is based on the same datasheet (El-watch,
2019), and on direct communication with the TPMS manufacturer. The hardware
composition as well as the Ecoinvent entries used to describe each component is
detailed in Table D.13 in Appendix D.

PIEZOELECTRIC SENSOR SYSTEM

The piezoelectric sensor system includes a sensor unit, a gateway, and a cable to
supply the gateway with power. The sensor unit is assumed to be passive, which
means that it does contain a battery. As batteries are often the limiting component for
the lifetime of sensor units, we assume that the sensor unit can be reused throughout
all three retreading steps. Assumptions about the material composition of the piezo-
electric sensor system is based on the system presented and tested in (Mellquist et al.,
2020). The hardware composition as well as the Ecoinvent entries used to describe
each component is detailed in Table D.14 in Appendix D.

RFID TAGS

RFID tags are made up of an RFID chip and an RFID antenna (RFID4U, 2020). Here,
we also assume that the RFID tag has a plastic casing. Assumptions about the mate-
rial composition of the RFID tag are based on (Kanth et al., 2015), as presented in
Table D.15 in Appendix D.

ENERGY REQUIREMENTS FOR DATA COLLECTION, TRANSMISSION, STORAGE AND

ANALYSIS

We estimate the energy needed for data transfer, storage and processing in the same
way for both the TPMS and the piezo sensor system, see Table D.16 in Appendix D.
We use data from (1) the power consumption of the TPMS stated in the technical
datasheet from a TPMS manufacturer (El-watch, 2019), (2) literature about the energy
requirements of mobile data transfer (Pihkola et al., 2018) and (3) literature about the
energy requirements of cloud computing (Baliga et al., 2010). To calculate the total
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time during which the sensors are used, we assume an average speed of the truck
throughout its use of 70 km/h. In order to calculate the speed of data transfer, we
assume that each transfer contains 4 bytes (32 bits) of information, which is the
equivalent to a so-called float number, i.e. a floating-point number which is accurate
up to approximately seven decimals (MariaDB, 2019). Based on the datasheet from
the TPMS manufacturer, the TPMS system transfers data from the tire once every 2
minutes, leading to a data transfer rate of 16 bits per minute, i.e. 0.267 bits per second.

To calculate the energy requirements for cloud computing, we assume that the data
from the sensors is processed according to the ‘storage-as-a-service’ model as defined
by Baliga et al. (2010). This means that the data is stored on the cloud and can be
downloaded by a user for viewing or processing. No computing-intense tasks take
place in the cloud. As the system modeled here is mainly meant to monitor the
pressure and the impacts on the tire, this ‘storage-as-a-service’ type was deemed
an appropriate estimation. Using this assumption, the energy requirements can,
according to (Baliga et al., 2010), be calculated using Equation D.1 in Appendix D.

5.4. RESULTS

5.4.1. DIFFERENCE IN IMPACT BETWEEN CURRENT STATE AND IOT
SCENARIO

Using the ReCIPe single score, the environmental impact associated with the reference
distance, Dtot (2·106 tire-kilometers), in the current state and the IoT scenario is shown
in Figure 5.2. The impact is presented per life cycle phase and with IoT-specific impacts
shown separately. Credits for avoided impacts in EoL management of tires are also
shown separately.

The total weighted life cycle impact is about 6.64 · 10−2 kPt lower in the IoT scenario
than in the current state, corresponding to a net impact reduction of approximately 4%.
This is thus the net effect of, on the one hand, impact reduction effects brought about
by adding IoT (−8.37 ·10−2 kPt, combined) and, on the other hand, added impact from
IoT hardware production, IoT energy use, IoT EoL management, and reduced credits
from tire EoL management (+1.73 ·10−2 kPt, combined).

The impact reduction stems from (1) lower fuel consumption (−6.53 ·10−2 kPt, by far
the largest effect); (2) a reduced need for new tires and thereby less impact from tire
manufacturing (−1.37 · 10−2 kPt); (3) a reduced need for EoL management of tires
and thereby less direct impact from EoL management (−2.70 · 10−3 kPt); and (4) a
reduced need for retreading (−2.00 · 10−3 kPt). The fact that there is a reduced need
for retreading might seem counter-intuitive since the share of tires that are accepted
for retreading is higher in the IoT scenario. The reason is that, since IoT increases the
distance that each tire can cover before it has to be exchanged, the total amount of
tires that are needed to cover the reference distance is lower, also resulting in a lower
absolute number of tires being retreaded. The number of new and retreaded tires that
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Figure 5.2: Weighted impact per life cycle phase, current state vs IoT scenario. Note that impacts related
to the life cycle of the IoT hardware (production, energy use, EoL) are presented separately and are only
applicable for the IoT scenario.

are needed to cover the reference distance is shown in Table 5.2.

The added impacts in the IoT scenario are mainly a result of IoT hardware production
(+1.35 · 10−2 kPt) followed by a reduction of EoL credits assigned to the tires from
avoided impacts in tire recycling and incineration (+3.61 · 10−3 kPt). The energy
requirements and EoL management of the IoT system do not add any significant
impact (+0.19 ·10−3 kPt, combined).

If the weighted impact in the two scenarios is compared per life cycle phase, the im-
pact from tire manufacturing is reduced by 27%, the impact from fuel consumption is
reduced by 5%, the impact from retreading is reduced by 17%, and the direct impact
from EoL management is reduced by 34%. If credits from avoided impacts in EoL
management are included, the impact from EoL management increases by 108% in
the IoT scenario compared to the current state.

So far, we have only presented weighted impact. Figure 5.3 adds additional detail by
presenting the impact difference between the current state and the IoT scenario
for each impact category in the ReCIPe 2016 method. We see that for most impact
categories, the impact is lower in the IoT scenario. However, in the following four
categories, the IoT scenario has a significantly larger impact: Freshwater eutrophica-
tion, Freshwater ecotoxicity, Marine ecotoxicity, Human non-carcinogenic toxicity.
The added impact in these categories mainly stems from the production of the IoT
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Table 5.2: Number of tires that are needed to cover the reference distance, 2 ·106 tire-kilometers (Dtot)

Number of tires
Current state IoT scenario

New tires (N0) 4.9 3.6
One time retreaded tires (N1) 3.1 2.5
Two times retreaded tires (N2) 2.0 1.8

Three times retreaded tires (N3) 1.2 1.2
Total number of tires (Ntot) 11.2 9.1

hardware.
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Difference in impact between IoT scenario and current state, as percent of current state impact (ReCIPe 2016)

Figure 5.3: Difference in impact between IoT scenario and current state, for all impact categories in the
ReCIPe method. Negative values mean that the impact is smaller in the IoT scenario than in the current
state.
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5.4.2. SENSITIVITY ANALYSIS

We test the sensitivity of the results by varying the values of nine key parameters.
Table 5.3 presents how the total life cycle impact changes when varying one parame-
ter at a time. Figure 5.4 shows the ranges within which the relative impact difference
between the current state and the IoT scenario, calculated in relation to the total
current state impact, varies per parameter.

Parameter A (the rolling resistance fraction) and parameter I (the type of truck) have
the largest effect on the total life cycle impact. Parameter A affects the current state
and the IoT scenario equally, i.e., varying this assumption does not change the abso-
lute difference in impact. However, it has a significant effect on the relative impact
difference, as seen in Figure 5.4. Parameter I affects the total life cycle impact signifi-
cantly but has a small effect on the relative difference.

Parameter E (weeks between pressure checks in the current state) has a moderate
effect on the total life cycle impact, but a large effect on the relative impact difference.
Parameters D (the weight of the IoT components), F (the share of tires that are re-
treaded in the IoT scenario), and G (the increase in distance that can be achieved
through adding IoT) show small effects on the total impact, but moderate effects on
the relative difference. Parameter C (the increase in rolling resistance for a retreaded
tire compared to a new one) has a moderate effect on both the total impact and the
relative difference. Parameters B (the reduction in distance that a retreaded tire can
cover compared to a new one) and H (whether EoL credits are assigned or not) have
small effects on both the total impact and the relative difference.

To get a total range of possible values for the relative impact difference between the
current state and the IoT scenario, we construct two extreme cases: the ‘most favorable
case for IoT’ and the ‘least favorable case for IoT’. This is done by combining parameter
values that maximize the relative impact difference (as percent of total current state
impact) between the current state and the IoT scenario. Figure 5 shows the impact in
these two extreme cases. In the most favorable case for IoT, the IoT scenario leads to
a 16% impact reduction compared to the current state. In the least favorable case, the
IoT scenario performs 5% worse than the current state. Hence, while the base case
presented in Section 5.4.1 showed that adding IoT leads to a 4% net impact reduction,
the sensitivity analysis shows that, in the most favorable case for IoT, the reduction
could be significantly larger, while in the least favorable case, the IoT scenario could
actually be worse than the current state.
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5.5. DISCUSSION

Previous studies have investigated the potential for IoT to reduce environmental
impacts in the use-phase of products (e.g., Dekoninck and Barbaccia, 2019; Yuli et al.,
2019). In this study, we add to this by showing that IoT can also bring significant
impact reductions in the production phase, since it can enable both product lifetime
extension and increased product recovery. The results show that under base case
assumptions, the IoT scenario brings a 4% net reduction of total life cycle impact of
truck tires compared to the current state. Since the use-phase emissions dominate,
a relatively small impact reduction in the use phase (-5%) makes the largest contri-
bution to the difference between the current state and the IoT scenario. The impact
reduction in the tire production phase is significant (-27%), but has a smaller effect
on the total life cycle impact. It should be noted that these relative contributions
between life cycle stages are specific for tires and would be different for products with
a larger share of the impacts stemming from production.

In case the studies here, the largest added impact in the IoT scenario comes from the
production of the IoT hardware. This could also be different for other types of products,
especially if large amounts of data need to be transferred and processed, resulting in
increased energy demand.

As seen in Section 5.4, when looking at each ReCIPe impact category separately
(Figure 5.3), the IoT scenario brings impact reductions for most impact categories. For
four impact categories, however, the IoT scenario performs worse than the current
state. This is an example of what Bonvoisin et al. (2014) refer to as ‘impact shifting’,
i.e., that the impact in some categories is reduced while it increases in others. The
added impacts in these categories are mainly stemming from the production of IoT
hardware. It is thus important for designers to be aware of the fact that even in cases
where using IoT brings net environmental reductions on a weighted basis, the IoT
hardware itself comes with inherent environmental impacts, and efforts should be
taken to minimize these.

Our sensitivity analysis showed that the results about the relative impact difference
between the current state and the IoT scenario are sensitive to assumptions of three
types: (1) assumptions about the use-phase emissions of tires, independent of whether
IoT is used or not, (2) assumptions about the actual environmental reductions that IoT
will bring about, and (3) assumptions about the hardware components used in the IoT
solution.

The first type of assumptions includes parameters A and I. Parameter A describes the
share of the total fuel consumption in the truck that should be allocated to the tires
because of their rolling resistance. This parameter thus depends on which tires we
expect are used. Changing this parameter does not change the absolute difference in
impact between the current state and the IoT scenario, but it considerably affects
the total life cycle impact of the tire, which is dominated by the use phase. If a low
rolling resistance factor is assumed, the total life cycle impact becomes lower, and the
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relative difference between the current state and the IoT scenario becomes bigger.
Parameter I defines which type of truck is used. As stated previously, two options are
considered: (1) a fully-loaded ‘tractor/semi-trailer’ or (2) a fully-loaded ‘truck with
trailer’. The use-phase impact per tire-kilometer is lower in (2) than in (1) and the
relative impact difference between the current state and the IoT scenario is larger in
(2) than in (1).

The fact that parameters A and I have a large influence on the total tire life cycle impact
suggests that hauler companies should ensure that the tires and trucks that they use
are appropriate for the type and amount of goods to be transported. The fuel efficiency
that can be achieved in this way is likely to affect the impact per tire-kilometer more
than adding IoT. However, based on the analysis done in this study, we cannot draw
conclusions about which tires and trucks to use in which situation.

The second type of assumptions includes parameters E (how often the tire pressure is
checked in the current state), F (share of tires which are retreaded in IoT scenario)
and G (extension of distance a tire can cover when IoT is used). These parameters
indicate to what extent IoT actually brings environmental impact reductions in the
tire life cycle.

The difference in impact between the current state and the IoT scenario is especially
sensitive to variations in parameter E. This shows that the results are not only depen-
dent on the technological context, but also sensitive to modeling choices about the
behavior of different actors. If drivers already have a routine in place to check the
pressure quite often (every 1-2 weeks), then the addition of a pressure monitoring
system will not bring any significant environmental benefit. Moreover, we cannot
know for sure that the availability of up-to-date pressure data will actually lead to a
behavioral change among the drivers to adjust the pressure more often.

Similarly, with regards to parameter G, even if the hauler company gets access to data
about the condition of each tire, they might still exchange all tires at the same time,
if that is more convenient or most cost effective, for example. Further, to actually
increase the share of tires that are retreaded (parameter F), the retreading company
would need to be willing and able to act on the data supplied by the IoT solution, and
adjust their sorting procedure accordingly. These findings echo the discussion in
(Dekoninck and Barbaccia, 2019) about the need to design for behavioral change, so
that the potential savings that IoT can bring are actually realized through user actions.
When assessing IoT-enabled strategies, it is thus important to closely examine the
context in which it is going to be implemented, including the current and expected
behavior of actors along the product life cycle.

In relation to the third type of assumptions, i.e. about the hardware components used
to enable the IoT solution, the primary uncertainty lies in the choice of components
and in the lack of reliable data about the impact of specific components. As the
Ecoinvent database does not provide specific data for different types of sensors, nor
for gateways, we used the Ecoinvent data entry ‘unspecified electronic component’
to describe these components. To deal with this uncertainty, we used a wide range
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of values for the weight of IoT components in our sensitivity analysis (parameter
D). Varying parameter D has a moderate but non-negligible effect on the weighted
impact difference and a large effect on the impact difference in the four impact
categories Freshwater eutrophication, Freshwater ecotoxicity, Marine ecotoxicity,
Human non-carcinogenic toxicity. This indicates that design decisions at this level
can be important for the net environmental impact of IoT-enabled circular strategies.
Based on this, as well as the fact that more and more products are being connected to
the internet, we argue that more research is needed to produce detailed and reliable
data of different electronic components used in connected products.

Another aspect related to the impact of the IoT hardware is the lifetime of the spe-
cific hardware components. In the case studied here, the lifetimes of the hardware
components were sufficient to last through the multiple lifetimes of the core product
(the tire). However, for other longer-lived product types, it is possible that the IoT
components become obsolete while the rest of the product is still functioning. This
aspect is important to keep in mind, since it could mean that adding IoT shortens the
lifetime of the core product, instead of prolonging it.

Lastly, some limitations of this study should be mentioned. We have not included the
possibility that IoT might enable additional retreading cycles, i.e., that tires could be
retreaded four or five times instead of three. This was excluded since the stakeholders
who were interviewed did not see an opportunity for this, mainly because of lacking
demand from customers. Similarly, we did not investigate potential IoT-induced
improvement (or deterioration) in tire design, production, recycling or incineration,
since this was not mentioned by the stakeholders. Moreover, while this study focused
on tires, IoT could be used more widely in trucks, for example to support fuel-efficient
driving behavior, increased traceability, or optimized maintenance of other important
components besides tires [47]. Such opportunities have not been investigated in this
study.

Further, our results are based on the Swedish context, and might not be directly gener-
alizable to other countries. Some context-specific aspects should thus be mentioned.
Firstly, Sweden has a relatively high use of renewable fuels for transport compared to
other countries (e.g., compared to the EU average [48]). Secondly, Sweden has cold
winters, implying that Swedish hauler companies are cautious about extending
the use time of tires into the winter season. Thirdly, Sweden has a well-developed
collection and recycling system for used tires. Altogether, these context-specific
aspects likely mean that the IoT-induced environmental impact reduction for tires is
smaller in Sweden than in many other countries.

With regards to the methods used, we presented our LCA results both as a single
impact score based on weighting and per impact category in the ReCIPe method.
While weighting always adds subjectivity, it was meaningful to use weighting in this
study as it supported a more direct comparison of total environmental impact of
the two scenarios. However, it was also important to present the results per impact
category as this allowed for a more nuanced discussion of the findings and showed
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that the IoT scenario actually performed worse for four impact categories. Finally, the
focus of our assessment was entirely on environmental impact, and we did not try to
quantify the potential safety and/or cost improvements that might come from adding
IoT.

5.6. CONCLUSIONS

The aim of this paper was to assess the net environmental impact reduction of using
IoT to support circular strategies in the life cycle of heavy-duty truck tires in Sweden.
Doing so, we aimed to gain insights into when and how it makes environmental
sense to embed IoT hardware, such as sensors and communication devices, into
products to stimulate circular strategies. We compared the environmental impact
from tires in the current state with an ‘IoT scenario’, in which IoT brought about (1)
reduced fuel consumption, (2) delayed tire exchange, and (3) increased retreading of
tires. The biggest impact reduction in the IoT scenario was found to come from fuel
consumption reduction as a result of IoT-enabled tire pressure monitoring. Using
the ReCIPe method for impact assessment, we found that the weighted tire life cycle
impact was 4% lower in the IoT scenario than in the current state. However, we also
found that the IoT scenario performed significantly worse for four ReCIPe impact
categories (Freshwater eutrophication, Freshwater ecotoxicity, Marine ecotoxicity,
Human non-carcinogenic toxicity). Through sensitivity analysis, we showed that
the results are sensitive to the underlying modeling choices. We varied nine key
parameters to find the range of possible values for the relative impact difference
between the current state and the IoT scenario. In the most favorable case for IoT, the
impact reduction was found to be 16%. In the least favorable case for IoT, we found a
5% impact increase in the IoT scenario.

The results are sensitive to assumptions about the current and expected behavior of
different actors along the life cycle. This indicates that, when exploring or proposing
IoT-enabled circular strategies, it is important that designers thoroughly investigate
the context in which the strategy is to be implemented and, when needed, design
solutions that actually ensure behavioral change. We also found that design decisions
at the level of specific IoT components can be important to the net environmental
performance of IoT-enabled circular strategies.

Future research should perform similar assessments for other types of products. In
addition, efforts should be put into gathering more detailed inventory data about
environmental impact of specific IoT components, such as sensors and gateways.
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Chapter 6. Conclusions

T HE aim of this thesis was to study how companies can use IoT for circular strate-
gies and to provide guidance to companies in making effective and responsible

use of IoT to support the transition to a circular economy. Focus was placed on
understanding the opportunities, implementation challenges, and environmental
impact of IoT-enabled circular strategies. Throughout this thesis, I have discussed
‘circular strategies’ as product and service design strategies related to efficiency in use,
increased product utilization, product lifetime extension, reuse, remanufacturing, or
recycling.

Towards this aim, four research projects were conducted, as presented in Chapter 2-5.
Each study posed a specific research question related to the wider thesis topic. The
first study (Chapter 2) aimed to understand the opportunities of IoT for CE as well as
to what extent companies are currently exploring these opportunities. The second
study (Chapter 3) investigated a particular case of IoT-enabled circular business
model implementation, with the aim to understand context-specific opportunities
and challenges. The third study (Chapter 4) focused on one particular IoT-enabled
circular strategy, namely condition based maintenance (CBM). Here, the aim was
to understand implementation challenges as well as solutions that companies have
applied in order to overcome such challenges. Finally, the fourth study (Chapter 5)
assessed the net environmental impact of IoT-enabled circular strategies in a par-
ticular case, with the aim to derive insights into design factors that are important to
ensure net environmental impact reductions. The four studies and their respective
main outcomes are presented in Figure 6.1.

In this final chapter, I first shortly present the rationale for conducting the four stud-
ies (Section 6.1), including intermediate results which guided the research direction
along the way. The findings from all four studies are then synthesized into overall
conclusions according to the three main topics of interest: opportunities (Section 6.2),
implementation challenges (Section 6.3), and environmental impact (Section 6.4).
Thereafter, I reflect on the implications of the findings for research and practice (Sec-
tions 6.5 and 6.6). Finally, I present suggestions for future research at the intersection
between IoT and CE (Section 6.7).

140



6

Circular Strategies Enabled by the Internet of Things

Study 1 (Chapter 2)

Research question:
How have companies to date 
implemented IoT for circular 
strategies and how are these 
implementations distributed 
between the opportunities 
anticipated in literature?

Main outcomes:
A framework categorizing IoT-

enabled circular strategies which 
can be used to map different 

cases. 

Current implementation of IoT-
enabled circular strategies mainly 

supports ‘efficiency in use’ and 
‘product lifetime extension’. 

Only a small number of the 
reviewed cases displayed IoT-

enabled ‘looping’ (reuse, 
remanufacturing, and recycling) 

or ‘design evolution’ for CE.

Study 2 (Chapter 3)

Research question:
How can we explain the 
mismatch between the 

opportunities of using IoT 
for CE, as described in 
literature, and actual 

implementation in practice?

Main outcomes:
Companies lack structured 

data management 
processes to ensure high 

quality data collection and 
analysis.

It is challenging to design 
IoT-enabled products for 

interoperability, adaptability 
and upgradability.

Companies struggle to see 
real-world opportunities for 

IoT-enabled looping 
strategies, such as IoT-

enabled recycling, which 
require data sharing with 
company-external actors.

Study 3 (Chapter 4)

Research question:
Which challenges do 

companies face when trying 
to implement condition-

based maintenance (CBM), 
and what solutions have 
they applied to address 

these challenges?

Main outcomes:
A framework which can be 

used to structure the 
analysis of challenges and 

solutions related to the 
implementation of IoT 

solutions.

CBM implementation 
requires a system 

perspective, including 
technological, 

organizational and user-
related elements.

A set of 17 
recommendations for 

successful CBM 
implementation.

Study 4 (Chapter 5)

Research question:
Which factors are important to 

ensure a net reduction of 
environmental impact from IoT-

enabled circular strategies? 

Main outcomes:
The impact reduction depends 

on the ability of the IoT 
solution to change the 

behavior of actors along the 
life cycle.

Design decisions at the level of 
IoT hardware components can 
have a considerable effect on 

the environmental 
performance. 

Energy requirements in data 
transmission, storage, and 

processing have a relatively 
small environmental impact.

There is a need for more LCA 
studies and more detailed 

impact data about electronic 
components in smart, 
connected products. 

OPPORTUNITIES

IMPLEMENTATION CHALLENGES

ENVIRONMENTAL IMPACT

Figure 6.1: The four studies presented in this thesis, and their main outcomes.
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6.1. RATIONALE FOR CONDUCTING THE STUDIES

As previous literature provided limited information about the actual implementation
of IoT for CE in practice, the first research question addressed in this thesis was: How
have companies to date implemented IoT for circular strategies and how are these
implementations distributed between the opportunities anticipated in literature? To
answer this question, a first step was to create an overview of the opportunities
of using IoT for CE as anticipated in literature, resulting in a framework that cat-
egorizes different types of IoT-enabled circular strategies (Chapter 2). By mapping
40 cases to the framework, a ‘heat map’ was derived which indicates how current
implementations are distributed among the ‘theoretical opportunities’, i.e. the oppor-
tunities for IoT to support circular strategies as anticipated in previous literature. The
mapping of the cases to the framework is reproduced in Figure 6.2. It shows that IoT-
enabled circular strategies mainly supports efficiency measures in the use phase and
product lifetime extension. Few examples were found describing IoT-enabled reuse,
remanufacturing, and recycling. Similarly, few of the studied cases had implemented
processes to feed back data from products-in-use to help improve product circularity
in the design phase (design evolution for CE).

Figure 6.2: Framework categorizing different types of IoT-enabled circular strategies. Examples from 40 cases
have been mapped to the framework, creating a ‘heat map’ of current implementation of IoT-enabled circu-
lar strategies in practice (from Chapter 2).

As the first study revealed a mismatch between the ‘theoretical opportunities’ of IoT
for CE and actual implementation in practice, the next step was to understand the
reasons why this mismatch existed. Two types of reasons why a company would not
have implemented an IoT-enabled circular strategy were discussed: (1) while the
company sees the strategy as an opportunity, they have not yet managed to overcome
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the associated implementation challenges, and (2) the company does not see the
strategy as relevant in their particular context. In order to distinguish between these
two types of reasons, in-depth understanding of specific case contexts was needed.

The second study thus posed the following research question: How can we explain the
mismatch between the opportunities of using IoT for CE, as described in literature, and
actual implementation in practice? This question was explored through an in-depth
case study with an original equipment manufacturer (OEM) of LED lighting systems
who was developing an IoT-enabled circular value proposition (Chapter 3). The case
study showed examples of both types of reasons for the mismatch between theory
and practice; some IoT-enabled circular strategies in the framework (Figure 6.2)
were seen as relevant but associated with challenges, while others were not seen
as relevant in the particular case. For the first type, both IoT-specific and non IoT-
specific implementation challenges were identified. Most IoT-specific challenges
were brought up in relation to developing a solution for condition-based mainte-
nance, but the interviewees expected similar challenges when implementing other
strategies which would also require an understanding of product condition, such as
optimized reuse/remanufacturing based on remaining lifetime estimations, and
design evolution for improved durability.

Building on these results, a multiple case study at three OEMs was conducted (Chapter
4) focusing specifically on condition-based maintenance (CBM) implementation. The
focus on CBM was chosen as this is one of the most commonly adopted IoT-enabled
circular strategies (as found in Study 1), and because it builds on monitoring the
condition of products, which is important also in IoT-enabled looping strategies and
for design evolution (as found in Study 2). The following research question was
posed: Which challenges do companies face when trying to implement condition-
based maintenance, and what solutions have they applied to address these challenges?
To answer this question, a framework was developed (Figure 6.3) which integrates
technological, organizational and user-related aspects of CBM implementation.
The framework was then used to analyze the three cases (forklift trucks, industrial
robots, heat pumps). The results displayed a wide range of challenges related to the
implementation of CBM in practice. Based on the identified challenges and solutions
and the interrelations between them, a set of recommendations were formulated for
other companies aiming to implement CBM.

Finally, the fourth study was dedicated to understanding the net environmental
impact of IoT-enabled circular strategies (Chapter 5). The following research question
was addressed: Which factors are important to ensure a net reduction of environ-
mental impact from IoT-enabled circular strategies? To answer this question, life
cycle assessment (LCA) was performed on a specific case, in which IoT was used to
support circular strategies (heavy-duty truck tires). The results showed that the added
IoT solution was likely to bring a net environmental impact reduction in the tire’s life
cycle but that it could also lead to a net impact increase if certain design factors were
not sufficiently considered.
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Product/Service

IoT artefact that 
supports optimized 

maintenance activities

Cloud layer

Application 

Analytics

Application platform

Database 

Connectivity layer

Product layer

Product software

Product hardware

Service layer

Activities

Examples: 
• Software 

development
• Hardware 

development
• Data analytics
• User research
• Software support 

Information
Examples: 
• Field test data
• Recorded data from 

products in use

Participants
Examples: 
• User interface 

designers
• Application 

developers
• Data analysts.
• Embedded software 

engineers

Technologies
Examples: 
• Tools for data 

capture and 
processing

• Tools for 
application 
development

Customers
Examples: 
• Service technician
• Service 

management
• Customer support 
• End customer
• R&D department

Work system

Context 
(e.g., policy and regulations, available infratructure, and overall company strategy)

1

2

3

4 5

6

: Alignment type with identification number

Figure 6.3: Framework describing the work system elements that need to be aligned for successful CBM
implementation (from Chapter 4).

6.2. OPPORTUNITIES

The framework introduced in Chapter 2 (and reproduced in Figure 6.2) presents a
palette of potential ways in which IoT can support circular strategies, both in the
product’s use phase and for ‘looping strategies’, i.e., reuse, remanufacturing or recy-
cling. The IoT solution itself can range from being relatively simple, mainly allowing
for identification of products or parts, to being more complex, involving advanced
data analytics or data sharing between multiple actors.

Figure 6.2 also indicates how the current implementation of IoT-enabled circular
strategies is distributed among the opportunities anticipated in literature. It shows
that most examples of IoT-enabled circular strategies in practice display efforts in
the use phase, especially related to energy efficiency and maintenance, which are
both well-established strategies also in the traditional linear economy. Few examples
were found of companies implementing IoT for looping strategies. Similarly, ‘design
evolution’ for CE, i.e., the use of data recorded from products-in-use in the design
process to improve the circularity of the product or service, is still underexplored in
practice.
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The case study results presented in Chapter 3 and 4 suggest that OEMs see oppor-
tunities in using the tracking and monitoring capabilities of IoT to offer their prod-
ucts through more service-oriented business models, e.g., ‘light-as-a-service’ or
‘heating-as-a-service’. As discussed in Chapter 3, IoT could also help increase the
attractiveness (for the customer) of such service-oriented business models through
the addition of data-enabled features which extend the original function of the prod-
uct. In the case of lighting systems for supermarkets, such add-ons could be, for
example, advice on how to redesign the supermarket in order to optimize sales, and
evaluations of the effect of events in the store on sales numbers. Such a shift away
from transactional sales models to service-oriented business models could then, in
turn, incentivize the manufacturer to offer long-lasting products that they take back
for reuse, remanufacturing, or recycling at the end of use.

The company representatives interviewed in Chapter 3 and 4 also saw opportunities
in using data from products-in-use (at the customer site) to support planning and
optimization of maintenance activities. With improved maintenance, the products
might, in turn, run more efficiently and last longer. Some of the interviewees in
Chapter 3 also acknowledged that IoT could support reuse, remanufacturing, and
design evolution, but this was not based on practical experiences.

The focus on use-phase strategies is likely a sign that, to date, companies mainly use
IoT to improve on what they already see as part of their core activities, which - more
often than not - does not include reuse, remanufacturing or recycling. An important
aspect here is the novelty of both IoT and CE. Companies are just starting to under-
stand how they might improve the circularity of their products and services. At the
same time, many companies are at the beginning of the process of finding out how
they could use IoT to develop and offer new value propositions, be more data-driven,
and more efficient. As one of the interviewees put it in Chapter 3, “IoT is a blurry
opportunity field”. The combination of IoT and CE is thus a relatively unexplored
strategic and operational space where companies will need to put time, effort, and
resources into identifying what the real opportunities are in their particular context.

Thus, the research presented in this thesis does not suggest that IoT implementation
in itself is likely to move companies towards incorporating additional circular strate-
gies into their core activities. However, as in the case of maintenance services in
Chapter 4, the results do suggest that IoT can strengthen the delivery of an already
established circular strategy. Moreover, it should be noted that many of the circular
strategies that are not considered core activities by the manufacturer are still handled
somewhere else, by third-party actors (e.g. remanufacturers and recyclers). Here,
there could be a real opportunity, from a systems perspective, to use IoT for providing
these actors with information that could help them optimize their processes. How-
ever, as discussed in Chapter 3, OEMs might not perceive this as an opportunity. This
is not surprising since OEMs have traditionally seen third-party remanufacturers as a
threat to their own sales and brand image. Even if data sharing would be beneficial
from a system’s perspective, it might thus not be in the business interest of the OEM.
Here, I see an interesting avenue for future research investigating conditions under
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which OEMs would indeed see an opportunity in sharing product-related, potentially
sensitive, information with third party ‘reusers’, remanufacturers and recyclers. This
could include research into different kinds of collaboration setups between the OEM
and recovery actors. Another interesting and emerging research direction concerns
technical solutions for sharing sensitive data in supply chains. For example, several
companies are developing Blockchain-based protocols with the aim to enable prod-
uct life cycle data sharing across supply chains (e.g., Esmaeilian et al., 2020; Licht
et al., 2020).

6.3. IMPLEMENTATION CHALLENGES

As discussed in Chapters 3 and 4, the challenges faced by companies when trying
to implement IoT-enabled circular strategies cover a wide range of aspects: from
creating a common vision, to ensuring collaboration between different parts of the
company, understanding user processes, and managing data collection and analysis
in a structured way. In addition, they face non IoT-specific challenges related to
circular business model implementation, such as limited customer acceptance and
financial risk. Companies wanting to implement IoT-enabled circular strategies thus
need to take a broad perspective and consider all these kinds of challenges. A too
narrow focus on developing a technical solution, without sufficiently understanding
the other types of challenges, is not likely to result in successful implementation.

Chapter 4 showed that, for successful implementation of condition-based mainte-
nance (CBM), the organization needs to align the different elements of the ‘work
system’ producing the IoT artefact needed for CBM. As presented in Chapter 4, a work
system is defined as a “system in which human participants and/or machines perform
work (processes and activities) using information, technology, and other resources to
produce specific products/services for specific internal and/or external customers"
(Alter, 2013). The work system producing the IoT artefact for CBM also needs to be
aligned with its context, meaning that the company strategy, environment, and
infrastructure support the goal of the work system. All four case companies studied
in Chapters 3 and 4 experienced challenges in achieving alignment between work
system elements and between the work system and its context. While Chapter 4
focused solely on IoT-enabled CBM, similar challenges are expected also for other
circular strategies which require an understanding of the product’s condition, such as
IoT-enabled reuse/remanufacturing, and design evolution for CE.

Several of the extracted challenges were related to how the organization was set up
around CBM implementation. For example, there was a lack of experience in the
organization of working with data analytics, and it was unclear who was responsible
for different parts of CBM development and implementation.
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Another important challenge in CBM implementation is to really understand the user
of the CBM system, in most cases the service technician. The CBM solutions need
to consider the user’s processes and provide effective interfaces which can facilitate
desired actions. Moreover, companies need to acknowledge the acceptance barrier
that the service technicians (or other users) might have when it comes to using the
CBM system. One particular challenge here is to improve the ‘explicability’ of the IoT
artefact and the algorithms it uses.

The results presented in Chapter 3 and 4 further indicate that companies strug-
gle to ensure structured processes for managing data collection and analysis to
support monitoring and prediction of products’ condition in the field. ‘Predictive
maintenance’ has become a popular term in both business and academic literature,
envisioning a new paradigm for maintenance where downtime and unexpected
failures can be minimised (Bouskedis et al., 2020; March and Scudder, 2017). How-
ever, accurate predictions of failures in the real world is technically challenging, and
requires prediction models to be built over time. Moreover, as seen in Chapter 3 and 4,
it is difficult to know, from the beginning of an implementation process, what data
should be collected and fed to the model. As such, data collection needs to be flexible,
i.e., possible to adjust over time. Moreover, the organization needs to ensure the
collection of meta data and data labels from the field, which often requires manual
data input by service technicians, or even end customers. This brings an additional
challenge, since the person inputting the data might not have the incentive, time,
or knowledge to do this sufficiently accurately. Again, efforts are needed to facilitate
these activities and to design effective interfaces which stimulate actors to perform
the desired actions.

Finally, the results from Chapter 3 indicate that there is a risk that adding IoT compo-
nents might actually reduce the lifetime of products, since IoT technology is develop-
ing quickly, potentially rendering the IoT components obsolete faster than other parts
of the product. A challenge on the level of product design is thus to ensure that the
IoT solution itself is designed for longevity, upgradability, and adaptability.

6.4. ENVIRONMENTAL IMPACT

Chapter 5 showed that, for the case of heavy-duty truck tires in the Swedish context,
IoT could reduce the total weighted life cycle impact through fuel consumption
reduction, delayed tire exchange, and increased remanufacturing. However, the
impact increased for four of the ReCIPe impact categories.

Further, I discussed that the results were sensitive to the assumptions made, both
with regards to the impact reduction potential and to the added impacts from IoT
hardware. One critical assumption was how much fuel could be saved by introducing
a tire pressure monitoring system. This relates to how one expects the truck driver’s
behavior to change through the access to accurate tire-pressure data. If access to data
does not lead to behavioral change, either because the current tire pressure is already
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close to optimal, or because of some kind of resistance to change, then the fuel
consumption will not decrease. Similar assumptions about anticipated IoT-enabled
behavioral change are likely to be important when assessing the effect of adding IoT
to other products as well.

Another important assumption concerned the design of the actual IoT solution. The
results indicated that design decisions at the level of specific IoT components can
have a considerable effect on the net environmental impact of IoT-enabled circular
strategies. However, current LCA databases do not contain detailed impact data about
specific IoT components, such as sensors, gateways, and antennas. As more and more
products are becoming connected, it is important that more data is collected about
these kinds of components. Another aspect related to the design of the IoT solution
itself is the lifetimes of the individual IoT components. In the case of truck tires, the
lifetime of the IoT components were sufficiently long to not influence the lifetime
of the tire core, but as seen in Chapter 3, this might not be the case for longer-lived
products such as LED luminaires. Moreover, if the lifetime of the components were
twice as long as that of the tire core, so that they could be reused, then the added
impact from IoT would be lower.

Chapter 5 showed that there is no easy answer to the question whether IoT-enabled
circular strategies lead to a net reduction of environmental impact. As the net im-
pact depends on both the direct impact from IoT components and the IoT-induced
changes to the product life cycle, designers and others proposing and evaluating
IoT-enabled circular strategies need to have a thorough understanding of both the
current state of the product life cycle and the anticipated state (in which IoT is used).
Moreover, practically all IoT solutions include interfaces between people and the
data that is being collected. As these interfaces are meant to support and influence
decision-making and actions of people, they should be designed carefully based on a
thorough understanding of the needs and processes of the envisioned user(s).

Lastly, as seen in Chapter 5, IoT-enabled circular strategies can lead to ‘impact shifting’,
i.e., that the impact is reduced within some impact categories but actually increases in
others. It is thus important to include a range of impact categories when assessing IoT-
enabled circular strategies.

6.5. IMPLICATIONS FOR RESEARCH

The work presented in this thesis contributes to research in the fields of design for
circular economy, condition-based maintenance (CBM) implementation, and ICT for
sustainability (including environmental assessment of ICT). Previous work on IoT in
the design for circular economy literature has mainly focused on the opportunities
brought about by the technology, often disregarding both implementation challenges
and environmental impact assessment. Similarly, previous work in the field of CBM
implementation has mainly focused on technological aspects, rather than ‘softer’
implementation challenges and interrelations between different types of challenges
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(Golightly et al. 2018). Previous work in the field of ICT for sustainability has often fo-
cused more on energy and material efficiency rather than on other circularity aspects,
such as maintenance, increased utilization, and recovery activities (Townsend and
Coroama, 2018). In relation to previously available literature, the main contributions
of this thesis are thus the following:

• Increased empirical grounding about the opportunities of using IoT for CE and
how they could actually be realized by companies.

• An original research framework that supports the analysis of company cases
with regards to their current level of implementation and indicated future
opportunities they might explore further.

• An overview of how current implementations of IoT-enabled circular strategies
are distributed between types of strategies, showing a mismatch between
the opportunities as anticipated in literature and current implementation in
practice.

• Deepened insights into the challenges of circular business model implementa-
tion with a focus on IoT-specific challenges.

• An original research framework describing important elements needed for
condition-based maintenance implementation and how these need to be
aligned.

• One of the first comprehensive and balanced evaluations of the environmental
impact of adding IoT to support circular strategies, leading to insights into
design factors that are important to reach net environmental impact reduction.

6.6. IMPLICATIONS FOR PRACTICE

Apart from the academic contributions, the research presented in this thesis can
support practitioners aiming to use IoT for circular strategies. Insights into the op-
portunities of IoT for CE can inform and inspire companies to innovate and test new
strategies. Insights into current practice and challenges enable companies to learn
from the experiences of others, making them better prepared for their own explo-
rations. Finally, insights into factors which influence the net environmental impact of
IoT-enabled circular strategies can spur reflections, at an early stage in the design
process, about how to reach real impact reduction. Specifically, this thesis showed
that designers should focus on ensuring that the IoT solution actually influences the
behavior of actors along the life cycle. The results also indicated that design decisions
at the level of specific IoT components can have a considerable effect on the net
environmental impact of IoT-enabled circular strategies.

The frameworks presented in this thesis have not (yet) been developed into actual
methods or tools, and their usefulness in practice has therefore not been formally
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evaluated. However, as the frameworks were derived based on examples from prac-
tice, I believe that they can already be informative for companies who are interested
in IoT-enabled circular strategies. The framework presented in Chapter 2 could be
used by companies to map their current state of IoT-enabled CE implementation, and
to consider additional opportunities that might be interesting for further exploration.
During the interviews conducted for Study 2, the framework provided a useful struc-
ture in the discussions about opportunities and challenges related to IoT-enabled
circular strategies (Chapter 3).

The framework presented in Chapter 4 gives an overview of the different elements
needed to develop and implement a CBM solution. It describes how the elements
need to be aligned to successfully produce an integrated IoT artefact which serves
the needs of its different users. Finally, Chapter 4 also presented a set of 17 recom-
mendations for companies wanting to implement condition-based maintenance for
the products they produce, building on the challenges and solutions found in three
case companies. The recommendations span across different strategic levels: from
providing suitable technical tools for software developers, to setting up clear roles
and responsibilities in CBM projects, and creating a common vision in the company.
Chapter 4 also explicitly highlighted interrelations between different challenges and
solutions. This can help companies to consider system-level implications of different
actions.

6.7. FUTURE RESEARCH

Building on the work presented in this thesis, multiple interesting avenues for future
research can be identified. There is a need to further the scientific understanding of
IoT-enabled circular strategies, as well as for evidence-based methods and tools which
can facilitate their implementation in practice.

Understand challenges and explore solutions related to IoT-enabled looping and
design evolution for circular strategies
There is a need to further explore why IoT-enabled reuse, remanufacturing and
recycling have not been implemented to scale. Similarly, more research is needed
about how design evolution (the feedback of data from products in use to design)
could support more circular design. Especially, more work is needed to understand
how data sharing between different actors in the product life cycle, including product
recovery networks, can be managed and incentivized. Since there is a lack of exam-
ples of these strategies in practice, future research projects might set up real-world
pilots in relevant sectors.

Conduct environmental assessment studies on IoT-enabled circular strategies
In this thesis, an environmental assessment study was carried out for one specific
type of product (tires). For the research community to learn more about the en-
vironmental impact of IoT-enabled circular strategies, other product types in other
contexts need to be investigated, e.g., products with shorter lifetimes or products
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for which condition monitoring would require large amounts of data transfer and
processing. Compared to the study presented in Chapter 5, future studies could also
extend the scope to include the (positive or negative) effects of IoT on recycling.
Moreover, if the assessment is to support design decisions at the IoT hardware level,
more detailed inventory data is needed for IoT-specific components, such as sensors,
actuators, antennas, and gateways.

Develop tools to support the implementation of IoT-enabled circular strategies
The framework in Chapter 2 could be turned into a tool for structured exploration of
opportunities while the framework and recommendations in Chapter 4 could be used
to guide implementation of such strategies. Future work is needed to detail such tools
and evaluate them with practitioners. Specifically, it would be useful to investigate how
the framework from Chapter 4 could be adapted to include other circular strategies
beyond maintenance, e.g., IoT-enabled remanufacturing.

Develop tools to guide the design of environmentally sound IoT-enabled products
As seen in Chapter 3, there is a risk that adding IoT actually reduces the lifetime of
products. In addition, IoT solutions require production, transport and disposal of
hardware as well as energy to transfer, process and store data. As seen in Chapter 5, as-
sessing the net environmental impact of IoT-enabled circular strategies is a complex
task, and the outcome depends on assumptions made about added impacts and IoT-
induced savings. Specifically, the results presented in Chapter 5 showed that the net
impact depends on the ability of the IoT solution to influence the behavior of actors
along the product life cycle. To support the design of environmentally sound IoT-
enabled products, future work is thus needed to develop (1) guidelines for designers
to ensure sufficient longevity of the IoT solution itself, thereby avoiding IoT-induced
product obsolescence, (2) easy-to-use assessment tools which can enable designers
to scan early ideas about IoT-enabled circular strategies for impact reduction poten-
tial, and (3) tools that support the design of interfaces through which actors can
interact with product-related data in a way that stimulates desired behavior.

Evaluate additional effects of IoT on social and environmental sustainability
The scope in Chapter 5 did not include potential rebound effects or macro-level
impacts related to changes in, e.g., policy or social norms (as introduced in Chapter 1).
Future research could thus build on the work presented here and include additional
indirect effects, in order to advance the understanding of the environmental impact
of IoT-enabled circular strategies. Moreover, as presented in Chapter 1, there are im-
portant social and ethical aspects that need to be considered when designing with IoT,
related to, for example, data privacy and security. Due to its focus on environmental
sustainability, this thesis did not address such concerns. Future research could thus
investigate social and ethical risks related to IoT-enabled circular strategies, and how
they could be managed.
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Table B.1: Interviewees per main area of expertise, with professional role, interview date, interview duration
and ID used to link the person to the quotes presented in the results section.

Area of expertise Role # Date Duration ID
Food retail 3

Product manager 2017-09-04 50 min Int-1
Segment manager 2017-09-04 40 min Int-2
Segment manager 2017-09-04 60 min Int-3

Circular Economy 5
Sustainability
strategy manager

2017-09-04 50 min Int-4

Marketing man-
ager

2017-09-04 50 min (video link) Int-5

Product manager 2017-09-04 40 min Int-6
R&D manager 2017-09-04 70 min Int-7
Product designer 2017-09-04 50 min Int-8

Internet of Things 4
Business developer 2017-09-04 50 min Int-9
Data-enabled
services manager

2017-09-04 70 min (video link) Int-10

Research manager 2017-09-04 60 min Int-11
Data scientist 2017-09-04 50 min Int-12

Table B.2: The main themes discussed during the interviews, with example questions.

Time perspec-
tive

Theme Example questions

Current state
General strengths and
challenges of currently
offered product and services

-What are strengths of the current offering in food
retail according to you?

Current level of
implementation of CE and
IoT

-What are challenges/focus areas from your per-
spective for development in food retail?
-What aspects of circularity are considered in the
current proposition in food retail?
-What is not yet in place, and why?
-How do you see that circularity of lighting in the
food retail segment could be improved?
-From your perspective, how is IoT relevant for
circularity in lighting in food retail?

Future outlook
Opportunities for IoT in CE -Can you elaborate on how IoT could support the

CE improvements that we talked about earlier?
Challenges of IoT in CE -Based on the opportunities: do you see any chal-

lenges to get there?
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Table B.3: Opportunities for IoT to support circular strategies in the studied case as perceived by the inter-
viewees.

Data category Type of opportunity Main points put forward
by the interviewees

Example quotes

Opportunities
IoT supports servi-
tized business mod-
els

-IoT allows for moni-
toring of system per-
formance, enabling
performance-based
service contracts.

“We have this beautiful infrastruc-
ture that is really omnipresent, it
is everywhere. We are looking for
ways to use that infrastructure
to hook up different sensors to
gather data and to come up with
different data-enabled services for
our customers.” (Int-9)

-IoT makes service
models more attractive
through adding digital
services beyond the
lighting function.

IoT supports mainte-
nance

-IoT enables detailed
record keeping of in-
stalled products and
parts, facilitating mainte-
nance and adaptations.

IoT ... helps you in your service-
ability, because a lighting system
says ‘Hey! I am about to fail’ and
then instead of going there to
service one lamp you service all 10
which are about to fail in one go.
(Int-8)

Table B.4: Challenges associated with the implementation of the identified IoT for CE opportunities, as
found in the studied case. The challenges are categorised as IoT-specific or General (i.e. not IoT specific).

Data category Type of challenge Main points put forward
by the interviewees

Example quotes

IoT-specific
challenges

Data quality and
management

- Lack of data from prod-
ucts that have actually
failed

“The biggest challenge for predic-
tive maintenance I think is that,
for me, in order to apply this data
science and solve this problem, I
need data for luminaires that fail,
and they last very long normally
...” (Int-12)

- Parameters known to
influence the condition
of the product not col-
lected.

“The problem now is to get this
prediction. It is not so easy ... be-
cause the data that we have is
not so reliable so we really lack
some input we would really need
some better data ... Still making
the model will be difficult, but
without the right data it is nearly
impossible.” (Int-12)
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Continuation of Table B.4
Data category Type of challenge Main points put forward

by the interviewees
Example quotes

- Not always clear which
data set originated from
which product.

“Another key challenge that we
have is that ... if you want to pre-
dict that something fails, you need
to know for sure when something
did actually fail in this data, and
the recording of that is also not so
well structured as I would like it.”
(Int-12)

- Lack of data about
which luminaires actually
failed in the field (labeled
data).

Design for interoper-
ability, adaptability
and upgradability

- Design changes might
lead to the need for new
models for failure pre-
diction and remaining
lifetime estimation for ev-
ery new product version.

“ ... if they do fail then this lumi-
naire will have been released quite
some time ago so by the time that I
have managed to make a model it
is probably for an outdated model
of the luminaire because they will
have released a new one.” (Int-12)

- The uncertainty of
future technological
developments makes
it difficult to design for
interoperability over
time.

“If you want to keep the system
interesting for the shop owner you
need to be able to add things over
time ... That means that suddenly
we need a roadmap for connectiv-
ity ... which holds over 10 years!
We need to think already about
how things in the future ... will
interoperate with each other ...
Otherwise, the life cycles could
even be shorter than in the past.”
(Int-11)

“In the ideal luminaire you can
put any module in and there is
also space for something that is
not available yet ... So how are you
going to make sure that everything
fits ... but that it doesn’t look like a
big block?” (Int-7)

General chal-
lenges

Financial risk and
uncertainty

- The value of used prod-
ucts depends on future
market developments
that are difficult to pre-
dict

“The topic of residual value is
rather complex because ... the
actual market situation at that
moment [the end of the service
contract] will define the residual
value. If there is no demand the
value is zero, and if there is a huge
demand then the value will be
higher than the original price. The
only thing we can do is to work on
the enablers, to keep the residual
value as high as possible.” (Int-4)
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Continuation of Table B.4
Data category Type of challenge Main points put forward

by the interviewees
Example quotes

Customer prefer-
ences and behaviour

- The food retailers are
used to a transactional
way of buying lighting,
and might not be willing
to accept a service-based
business model.

“I would say that theoretically a
service model would suit them
[the food retailers]. But we know
that they are very conservative.
They want to buy and sell that’s
what they do all day. This ‘pay-as-
you-go’ thing is not in their DNA
... The interesting part is to make
it attractive for them somehow.”
(Int-5)

- The PSS has to stay
relevant over time even
if the customer’s needs
keep changing

“It is not only about increasing the
lifetime of the product so that it
last long, it is also about increas-
ing the relevance of the product.
Especially in the retail space I
think it is important, because ...
you have a product now which
will last for 10 years. During that
period, the store would go through
at least 3 or 4 changes. So how do
you adapt the same product to
changes in the store layout, so that
you are still able to use it?” (Int-6)
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Table C.1: Interview guide used to collect data from the cases.

Theme Example questions
Questions to R&D

Context - What was the idea when designing the CBM solution, what should it be able
to do, and for whom?
- Was the maintenance service already in place before the development of the
CBM solution? How did IoT change the service proposition?
- Who owns the cost and benefit of the CBM solution? Do end customers pay
a fee for the CBM service?
- Who owns the data collected from the CBM solution?

Function - What functionalities does your CBM solution currently have?
- How is this functionality supporting improved maintenance, according to
you?
- What information and knowledge can be obtained from your CBM solution?
- Who uses the your CBM solution, and in what way?
- Which information and knowledge is used by whom?
- What are current limitations to the solution according to you?

Process - Who initiated the project?
- Who was involved in the development process?
- Did you use some kind of defined design/development process for develop-
ing the CBM solution? If yes, what does that entail?
- Which were the main activities in the development process?
- Whose needs did you consider when collecting requirements?
- How and when did you collect requirements from the users of the CBM solu-
tion?
- How and when did you collect needs from maintenance personnel to identify
requirements?
- How did you decide what information to show the users of the system, and
how to visualise it?
- How did you decide what data to collect and how to analyse it?
- How was the solution evaluated throughout the development process?
- Did you have to make changes to this after the system had been used for a
while? Can you describe that process?
- How do you work with continuous improvement of the CBM solution?
- What are your future development plans for the CBM solution? Why is this
needed?

Questions to maintenance personnel
Process - Was the maintenance department involved in the development of the CBM

solution? Can you describe how?
- Do you think you/your group should have been more involved in the devel-
opment of the system? Why/Why not?
- Do you have a process for providing feedback to R&D about improvements
that you would like to see for the CBM solution?

Use of the
CBM
solution

- What kind of maintenance activities do you do?
- How do you use the CBM solution?
- Has your work changed since the CBM solution came in place? How?

Improvement
potential

- Is the information that you get from the CBM solution relevant?
- Is the information that you get from the CBM solution reliable?
- Is the information that you get from the CBM solution sufficient for you to
make the decisions that you want to make?
- Does the solution integrate well with other systems that you are using?
- If you could change something about the solution as it is now, what would it
be?
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Table C.2: Definitions of the nine elements of work systems, directly from Alter (2013) (p. 81)

Processes and activities occur in a work system to produce products/services for its customers.
The use of the term ‘processes and activities’ recognizes that the work being performed may not
be a set of clearly specified steps. Many important work systems perform organized activities
that rely heavily on human judgment and improvisation, are semi-structured, and are better
described as a set of related activities.
Participants are people who perform work within the work system. Customers are often partic-
ipants in work systems, especially in service systems.
All work systems use or create information, which in the context of work system analysis is ex-
pressed as informational entities that are used, created, captured, transmitted, stored, retrieved,
manipulated, updated, displayed, and/or deleted by processes and activities.
Technologies include both tools that are used by work system participants and automated
agents; that is, hardware/software configurations that perform totally automated activities.
Products/services consist of information, physical things, and/or actions produced by a work
system for the benefit and use of its customers.
Customers are recipients of a work system’s products/services for purposes other than perform-
ing work activities within the work system. Customers of a work system often are also partici-
pants in the work system.
Environment includes the relevant organizational, cultural, competitive, technical, regulatory,
and demographic environment within which the work system operates, and that affects the
work system’s effectiveness and efficiency. Organizational aspects of the environment include
stakeholders, policies and procedures, and organizational history and politics, all of which are
relevant to the operational efficiency and effectiveness of many work systems.
Infrastructure includes relevant human, information, and technical resources that are used by
the work system but are managed outside of it and are shared with other work systems. From
an organizational viewpoint rather than a purely technical viewpoint, infrastructure includes
human infrastructure, informational infrastructure, and technical infrastructure.
Strategies that are relevant to a work system include enterprise strategy, department strategy,
and work system strategy. In general, strategies at the three levels should be in alignment, and
work system strategies should support department and enterprise strategies.
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D.1. DATA COLLECTION ABOUT THE TIRE’S END OF LIFE

Tires that are deemed unsuitable for retreading are sent to EoL processing. Below, we
first present how scrapped tires are divided between different EoL streams. Then, we
present more details about the processes in each such EoL stream. As mentioned
in Section 5.2, we use system expansion to account for impacts that can be avoided
elsewhere when tires are recycled or incinerated. The ‘credits’ received by the tires
because of these avoided impacts depend on assumptions made about the recycling
and incineration processes. In the sensitivity analysis, we deal with this uncertainty
by showing the total results both with and without credits from the EoL phase.

D.1.1. DISTRIBUTION OF SCRAPPED TIRES INTO EOL STREAMS

In January 2019, the biggest tire recycling company in Sweden estimated that, out of
the tires that they receive, 60% is sent for energy recovery in incineration (either in
cement production or in district heating generation), while 39% is sent for material
recycling and 1% is exported (Ragnsells Däckåtervinning AB, 2019). Material recycling
included three streams: production of rubber granulates for artificial turfs (12%), cut-
ting into blasting mats used on construction sites (22%), and shredding into drainage
material to be used in construction or in landfills (5%) (Ragnsells Däckåtervinning AB,
2019).

In August 2019, the same recycling company announced that they will stop producing
rubber granulates for artificial turfs (Ragnsells Däckåtervinning AB, 2019). Based on
correspondence with the recycling company, we assume that this share instead goes
to incineration. Thus, we estimate the current incineration percentage to be 72%.
Based on (SDAB, 2019) we estimate that about half of this (36% of total) goes to the
cement industry. The other half (again, 36% of total) is expected to go to district
heating generation.

The percentages of scrapped tires going in the different EoL streams, as used in our
calculations, are presented in Table D.1. Here, we disregard the 1% of tires that are
exported and instead add 0.25% to each waste stream to reach 100%.

Table D.1: Share of scrapped tires going to each EoL option.

End of life options wt%
Cement kiln incineration 36.25%
District heating incineration 36.25%
Blasting mats 22.25%
Drainage material 5.25%

All EoL options require that the tires are cut or shredded. (Alongi Skenhall et al., 2012)
reported that the shredding process can be powered by electricity (20 kWh/ton tire) or
diesel fuel (108 MJ diesel/ton tire). We assume that electricity used since this the most
common option.
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D.1.2. ENERGY RECOVERY IN CEMENT KILN INCINERATION

Based on a previous LCA study (Hallberg et al., 2006), tire shreds that are incinerated
in cement kilns replace fuel (coal and pet-coke) as well as iron ore, which is used as
an additive in cement production. While the referenced study is 14 years old, coal is
still used in the cement production at the largest Swedish cement producing company
(Cementa, 2018). We follow the calculations by Hallberg et al. (2006) who estimate that
other emissions than CO2 from cement kiln incineration can be neglected (both when
burning tire shreds, and when burning coal/pet-coke). The amount of replaced fuel
per tire mass, and the emissions from incinerating tire shreds, are based on Hallberg
et al. (2006) and presented in Table D.2.

Table D.2: Data used to model incineration of tires in cement kiln.

Amount Reference Modeled as (Ecoinvent
entry)

Emissions to air:
CO2, fossil

2.55
kg/kgtire, excluding natural rubber/kgtire)

(Hallberg et al.,
2006)

Carbon dioxide, fossil

Emissions to air:
CO2, biogenic

2.55kg/kgtire · 0.37
kgnatural rubber/kgtire

(Hallberg et al.,
2006)

Carbon dioxide, biogenic

Electricity use,
tire shredding

20 Wh/kgtire (Alongi Skenhall
et al., 2012)

Electricity, medium volt-
age {SE}| market for |
Cut-off, S

Replaced fuel:
coal

0.75 kgcoal/kgtire (Hallberg et al.,
2006)

Hard coal {Europe, with-
out Russia and Turkey}
market for hard coal |
Cut-off, S

Replaced fuel:
pet-coke

0.25 kgcoal/kgtire (Hallberg et al.,
2006)

Petroleum coke {GLO}|
market for | Cut-off, S

Replaced mate-
rial: iron ore

0.16 kgiron/kgtire (Hallberg et al.,
2006)

Iron ore, beneficiated,
65% Fe {GLO}| market for
| Cut-off, S

Avoided emis-
sions to air: CO2
released from
burning coal

2.888 kgCO2 /kgcoal (Hallberg et al.,
2006)

Carbon dioxide, fossil

Avoided emis-
sions to air: CO2
released from
burning pet-
coke

3.0 kgCO2 /kgpet-coke (Hallberg et al.,
2006)

Carbon dioxide, fossil

D.1.3. ENERGY RECOVERY IN DISTRICT HEATING INCINERATION

The tire shreds in this EoL stream replace fuel that would otherwise have been used to
produce district heating. Based on Hallberg et al. (2006), tire shreds that are inciner-
ated for district heating replace coal or bio mass from wood. That study estimates
that, in 2006, 57% of the tires were incinerated in a bio burner, replacing bio mass,
and 43% in a coal burner, replacing coal. These numbers were based on the district
heating plant ‘Händelöverket’, which in 2011 reported that 95% of their fuel is either
renewable or waste-based (e.g., tires), only using coal at peak demand (Eon, 2011).
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Based on this, we instead assume the tires replace 95% solid biomass and 5% coal.
The amount of replaced fuel per tire mass, and the emissions from incinerating tire
shreds, are based on Hallberg et al. (2006) and presented in Table D.3.

Table D.3: Data used to model incineration of tires in district heating production

Amount Reference Modeled as
Electricity use,
tire shredding

20 Wh/kgtire (Hallberg et al.,
2006)

Electricity, medium volt-
age {SE}| market for |
Cut-off, S

Tires incinerated in coal burner
Emissions to air:
CO

0.738 g/kgtire (Hallberg et al.,
2006)

Carbon monoxide

Emissions to air:
CO2, fossil

2.55kg/kgtire, excluding natural rubber (Hallberg et al.,
2006)

Carbon dioxide, fossil

Emissions to air:
CO2, biogenic

2.55kg/kgnatural rubber in tire (Hallberg et al.,
2006)

Carbon dioxide, biogenic

Emissions to air:
N2O

0.54 g/kgtire (Hallberg et al.,
2006)

Dinitrogen monoxide

Emissions to air:
NH3

0.0364 g/kgtire (Hallberg et al.,
2006)

Ammonia

Emissions to air:
NOx

2.83 g/kgtire (Hallberg et al.,
2006)

Nitrogen oxides

Emissions to air:
Particles

0.041 g/kgtire (Hallberg et al.,
2006)

Particulates

Emissions to air:
SO2

10.7 g/kgtire (Hallberg et al.,
2006)

Sulfur dioxide

Replaced heat
(otherwise gen-
erated from
burning coal)

4.333 [kWhheat/kgcoal] · 1.17
[kgcoal/kgtire]

(Hallberg et al.,
2006)

Heat, district or indus-
trial, other than natural
gas {RoW}| heat produc-
tion, at coal coke indus-
trial furnace 1-10MW |
Cut-off, S

Tires incinerated in bio boiler
Emissions to air:
CO

0.0764 g/kgtire (Hallberg et al.,
2006)

Carbon monoxide

Emissions to air:
CO2, fossil

2.55/kgtire, excluding natural rubber (Hallberg et al.,
2006)

Carbon dioxide, fossil

Emissions to air:
CO2, biogenic

2.55/kgnatural rubber in tire (Hallberg et al.,
2006)

Carbon dioxide, biogenic

Emissions to air:
N2O

0.33 g/kgtire (Hallberg et al.,
2006)

Dinitrogen monoxide

Emissions to air:
NH3

0.000765 g/kgtire (Hallberg et al.,
2006)

Ammonia

Emissions to air:
NOx

2.6 g/kgtire (Hallberg et al.,
2006)

Nitrogen oxides

Emissions to air:
Particles

0.0211 g/kgtire (Hallberg et al.,
2006)

Particulates

Emissions to air:
SO2

2.62 g/kgtire (Hallberg et al.,
2006)

Sulfur dioxide
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Continuation of Table D.3
Amount Reference Modeled as

Electricity use,
tire shredding

20 Wh/kgtire (Hallberg et al.,
2006)

Electricity, medium volt-
age {SE}| market for |
Cut-off, S

Replaced heat
(otherwise gen-
erated from
burning bio
mass)

1.519 [kWhheat/kgbiomass] · 3.33
[kgbiomass/kgtire]

(Hallberg et al.,
2006)

Heat, district or indus-
trial, other than natural
gas {SE}| heat and power
co-generation, wood
chips, 6667 kW, state-of-
the-art 2014 | Cut-off,
S

D.1.4. RECYCLING AS DRAINAGE MATERIAL

For this EoL stream, 1 kg of tire shreds are estimated to replace 2.5 kg crushed stone
which would otherwise have been used as drainage material in landfills or construc-
tion (Hallberg et al., 2006).

D.1.5. RECYCLING AS BLASTING MATS

For this EoL stream, the tires are used as blasting mats in road and construction work.
We did now find specific data about the impacts of blasting mats. As a rough approxi-
mation, we assume that cutting the tires and binding them into a blasting mat is simi-
lar to the electricity requirement for shredding tires. Blasting mats are generally made
from old tires, thus no replacement credits are assigned to the tires for this secondary
use. At the end of a blasting mat’s life, it is assumed to be incinerated.
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D.2. OTHER DATA TABLES

Table D.4: Raw materials in tires, based on interviews with representatives from truck manufacturer.

Raw materials in tires Assumed wt% Weight [kg]
Total tire 100% 63
Natural rubber 37% 23.3
Synthetic rubber 9% 5.7
Carbon black 24% 15.1
Organic chemicals 8% 5
Steel 22% 13.9

Table D.5: Raw materials in treads, based on the assumption that treads have the same material composition
as the rubber part of tires.

Raw materials in tires Assumed wt% Weight [kg]
Total tire 100% 10.7
Natural rubber 47% 5.0
Synthetic rubber 12% 1.3
Carbon black 31% 3.3
Organic chemicals 10% 1.1

Table D.6: Inputs, emissions and wastes in tire production process as given in Sun et al. (2016) per 1 passen-
ger car tire à 9.497 kg. The data is given per step in the tire production process: ‘compound blending’, ‘rolling
and extrusion’, ‘cutting and forming’, ‘vulcanizing and testing’. However, for emissions, the data is only given
as a total (not per step). Moreover, a certain amount of electricity and water is reported for ‘other three
processes’. This refers to electricity and water used in the three processes ‘rolling and extrusion’, ‘cutting
and forming’ and ‘vulcanizing and testing’ collectively, i.e. the available data does not indicate how much
originate from which of the three processes.

Compound
blending

Rolling &
extrusion

Cutting &
forming

Vulcanizing
& testing

‘Other three
processes’

Total

Electricity
[MJ/tire]

14.44 4.57 1.7 3.01 11.13 34.85

Water [kg/tire] 6.96 0 0 0 16.56 23.52
Steam [kg/tire] 0.76 0.2 0.39 15.89 0 17.24
Emissions to air:
PM [g/tire]

- - - - - 243.51

Emissions to air:
VOCs [g/tire]

- - - - - 0.005

Emissions to
water: COD
[g/kgtire]

- - - - - 1.73

Emissions to
water: NH4+-N
[g/tire]

- - - - - 0.19

Emissions to
water: sus-
pended solid
[g/tire]

- - - - - 0.69

Waste wire cord
fabric (kg/tire)

0 0.002 0.015 0.001 0 0.018
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Continuation of Table D.6
Compound
blending

Rolling &
extrusion

Cutting &
forming

Vulcanizing
& testing

‘Other three
processes’

Total

Waste fiber
fabric (kg/tire)

0 0.001 0.02 0.001 0 0.022

Waste cord
thread (kg/tire)

0 0.001 0 0 0 0.001

Waste rubber
(kg/tire)

0.001 0.001 0 0 0 0.002

Waste steel wire
(kg/tire)

0 0.001 0.003 0 0 0.004

Waste tire
(kg/tire)

0 0 0 0.073 0 0.073

Based on the data given in Table D.6, we derive process input and emission values for
tire as presented in Table D.7, and for a tread as presented in Table D.8. To model tire
production, we use the total values. To model tread production, we use the data for
the first two steps given in Sun et al. (2016), i.e., ‘compound blending’, and ‘rolling and
extrusion’. When the data from Sun et al. (2016) is only given as a total, we allocate one
fourth of these values to each of the four process steps. For the data reported in the
column ‘other three processes’, we allocate one third of the values to each of the three
steps (‘rolling and extrusion’, ‘cutting and forming’ and ‘vulcanizing and testing’). Since
the tread is assumed to not contain steel, no steel scrap is modeled in tread production.
‘Fabric’ and ‘thread’ waste is neglected for both tires and tread, as it is also not included
in the assumed tire/tread composition.

Table D.7: Data used to model tire production (per kg tire), based on Sun et al. (2016).

Input/output Amount Modeled as
Input: Electricity
[MJ/kgtire]

3.67 Electricity, medium voltage {SE}|
market for | Cut-off, S

Input: Water [kg/kgtire] 2.48 Tap water {Europe without
Switzerland}| market for | Cut-off,
S

Input: Steam [kg/kgtire] 1.82 Steam, in chemical industry
{GLO}| market for | Cut-off, S

Emissions to air: PM
[g/kgtire]

25.64 Particulates, SPM

Emissions to air: VOCs
[g/kgtire]

0.00053 VOC, volatile organic compounds,
unspecified origin

Emissions to water: COD
[g/kgtire]

0.18 COD, Chemical Oxygen Demand

Emissions to water:
NH4+-N [g/kgtire]

0.02 Ammonia

Emissions to water: sus-
pended solid [g/kgtire]

0.073 Suspended solids, unspecified

Waste: Rubber [kg/kgtire] 0.0002 District heating incineration
(described in Section D.1)

Waste: Steel wire
[kg/kgtire]

0.0004 Scrap steel {GLO}| market for |
Cut-off, S

Waste: tires [kg/kgtire] 0.0077 Described in Section D.1.
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Table D.8: Data used to model tread production (per kg tread), based on Sun et al. (2016).

Input/output Amount Modeled as
Input: Electricity
[MJ/kgtread]

2.392 Electricity, medium voltage {SE}|
market for | Cut-off, S

Input: Water [kg/kgtread] 1.314 Tap water {Europe without
Switzerland}| market for | Cut-off,
S

Input: Steam [kg/kgtread] 0.101 Steam, in chemical industry
{GLO}| market for | Cut-off, S

Emissions to air: PM
[g/kgtread]

12.82 Particulates,SPM

Emissions to water: COD
[g/kgtread]

0.091 COD, Chemical Oxygen Demand

Emissions to water:
NH4+-N [g/kgtread]

0.01 Ammonia

Emissions to water: sus-
pended solid [g/kgtread]

0.036 Suspended solids, unspecified

Waste: Rubber
[kg/kgtread]

0.00021 District heating incineration
(described in section D.1)

Table D.9: Content in the MK1 diesel, which is assumed to be used in the trucks, and data entries used for
each fuel type, based on Energimyndigheten, (2019)

Fuel Share (vol%) Modeled as
Fossil diesel 77% Diesel {Europe without Switzerland}| market for | Cut-off, S
HVO 17% Vegetable oil, refined {GLO}| market for | Cut-off, S
FAME 5.5% Vegetable oil, refined {GLO}| market for | Cut-off, S

Table D.10: Emissions [g/liter] from burning MK1 diesel mix including 4% FAME and 17% HVO, based on
Table 7 in (Hallberg et al., 2013), using Euro VI values when available, otherwise Euro V.

Amount [g] Modeled as
CO2 2000 Carbon dioxide, fossil
CO 17 Carbon monoxide
NOx 2 Nitrogen oxides
NMVOC 0.62 NMVOC, non-methane volatile organic com-

pounds, unspecified origin
SO2 0.005 Sulfur dioxide, {SE}
N2O 0.21 Dinitrogen monoxide
PM, unspecified 0.07 Particulates, unspecified
CH4 0.04 Methane
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Table D.11: Retreading process data and how these inputs/outputs were modeled in this study. Based on
primary data from the retreading company.

Unit Amount as given
[unit/23000
retreaded tires]

Amount [unit/1
retreaded tire]

Modeled as

Input
Treads t 245 0.010652174 See Table D.5 and D.8.
Unvulcanized/raw rub-
ber

t 25 0.001086957 Natural rubber (61.98%),
Synthetic rubber
(15.07%), Carbon black
(17.50%), Organic chem-
icals (4.20%), Zinc oxide
(1.25%)

Cement spray t 4.24 0.000184348 Heptane {GLO} | market
for

Rubber sealer l 15.04 0.000653913 Chemical, organic {GLO}
| market for

Water-based paint l 2400 0.104347826 Alkyd paint, white, with-
out solvent, in 60% solu-
tion state {RER} | market
for

Water use
Water m3 263 0.011434783 Tap water {Europe with-

out Switzerland} | market
for

Energy use
Electricity kWh 489619 21.28778261 Electricity, medium volt-

age {SE}
Emissions to air
Fumes from cement
spray step

t 3.56 0.000154783 Heptane
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Table D.13: Data for Tire Pressure Monitoring System (TPMS).
* Direct communication with the TPMS manufacturer
** Technical datasheet from the TPMS manufacturer (El-watch, 2019)
*** Estimation by authors

Components and their lifetimes, TPMS
Component Count Amount

per count
Modeled as: Material [‘Selected
EcoInvent entry’]

Lifetime

Sensor unit,
including
casing,
battery, and
magnet

1 per new
tire**

35g* See per component below Limited
by battery
lifetime***

Sensor unit
casing

1 per sensor
unit**

5g*** Polyurethane* [‘Polyurethane,
rigid foam {RER}’]

-

Sensors 1 per sensor
unit**

5g*** Unspecified electronics passive***
[‘Electronic component, passive,
unspecified {GLO}’]

-

Battery 1 per sensor
unit**

5g*** Li-ion battery***[‘Battery cell,
Li-ion {GLO}’]

3-5 years **

Magnet 1 per sensor
unit**

20g*** NdFeB*** [‘Permanent magnet,
for electric motor {GLO}’]

-

Gateway
with 4G,
3G and 2G
connection,
including
casing

1 per
truck**

200g* See per component below At least
as long as
sensor unit
lifetime***

Electronics - 100g*** Unspecified electronics active***
[‘Electronic component, active,
unspecified {GLO}’]

-

Casing - 100g*** Nylon* [‘Nylon 6-6 {GLO}’] -
Cable 1 per

truck**
14** me-
ters

Unspecified cable material***
[‘Cable, unspecified {GLO}’]

At least
as long as
sensor unit
lifetime***
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Table D.14: Modeling data for Piezoelectric sensor system
* As reported in Mellquist et al. (2020)
** Estimation by authors

Components and their lifetimes, Piezoelectric sensor system
Component Count Amount

per count
Modeled as: Material [‘Selected
EcoInvent entry’]

Lifetime

Sensor unit 1 50g** See per component below Same as
tire**

Antenna 2* per sen-
sor unit

5g** Copper** [‘Copper {GLO}| market
for’]

-

Piezoelectric
film sensor

1* per sen-
sor unit

5g** Unspecified electronics passive**
[‘Electronic component, passive,
unspecified {GLO}’]

-

Casing 1** per sen-
sor unit

40g** Polyurethane** [‘Polyurethane,
rigid foam {RER}| market for
polyurethane, rigid foam’]

-

Gateway 1* per truck 300g** See per component below At least
as long
as sensor
unit**

Casing 1 per gate-
way

150g** Polyurethane** [‘Polyurethane,
rigid foam {RER}| market for
polyurethane, rigid foam’]

-

Electronics 1 per gate-
way

150g** Unspecified electronics active**
[‘Electronic component, active,
unspecified {GLO}’]

-

Cable 1 per truck 14** me-
ters

Unspecified cable material**
[‘Cable, unspecified {GLO}’]

At least
as long as
sensor unit
lifetime**

Table D.15: Data for RFID tag
* As reported in Kanth et al. (2015)
** Estimation by authors

Component Count Weight
per count

Modeled as: Material [‘Selected
ecoinvent entry’]

Lifetime

RFID tag 1 per new
tire and 1
per added
tread

10g** See per component below Same as
tire**

Antenna 1 per RFID
tag

1.22 g* See per component below Same as
tire**

Substrate 1 per an-
tenna

0.98 g* Plastic film* [‘Extrusion, plastic
film {GLO}’]

Same as
tire**

Ink 1 per an-
tenna

0.24 g* Silver Ink* [‘Silver {GLO}’] Same as
tire**

Chip 1 per RFID
tag

4.4 g** Unspecified electronics passive**
[‘Electronic component, passive,
unspecified {GLO}’]

Same as
tire**

Casing 1 per RFID
tag

4.4 g** Polyurethane** [‘Polyurethane,
rigid foam {RER}’]

Same as
tire**

201



Table D.16: Data used to model energy requirements of the added technology in the IoT scenario
* Technical datasheet from TPMS manufacturer (El-watch, 2019)
** Estimation by authors
*** As reported in Pihkola et al. (2018)
**** As reported in Baliga et al. (2010)

Assumption How total was calculated Unit Modeled as
Energy require-
ments data
collection by
sensors

1W typical
power*

1/1000[kW ] · total hours in use[h] kWh Electricity, low
voltage {SE}]

Gateway energy
requirements
for data transfer

Sends data ev-
ery 2 minutes
via 4G LTE
network*

1
2 *[transfers/minute] ·
4**[bytes/transfer] ·
10−9[GB per byte] ·
0.3***[kWh/GB]*** ·
total minutes or tire use [minutes]

kWh [Electricity, low
voltage {SE}]

Cloud-side
energy require-
ments

Sends data ev-
ery 2 minutes*,
4 bytes per
transfer**

Equation D.1**** kWh [Electricity,
medium voltage
{SE}]

Ecl oud = Bd ·D

3600

(
ET +1.5

Pst ,SR

Cst ,SR

)
+2Bd

1.5PSD

BSD
[W] · total hours of tire use [h] (D.1)

where

• Bd is the number of bits transferred per second, estimated as Bd = 1
2 * [trans-

fers/minute] · 1/60 [minutes/second] · 4** [bytes/transfer] · 8 [bits/byte] = 0.267
[bits/s].

• D is number of downloads/uploads per hour, i.e., 30* [transfers/hour] based on.

• ET is the cloud-side energy needed to transfer of 1 bit, estimated to 2.7****
[µJ/bit].

• Pst ,SR is the power consumption of a ‘content server’, estimated to 0.225****
[kW].

• Cst ,SR is the capacity of the content server, estimated to 800**** [Mbits/s].

• PSD is the power consumption of the hard disk arrays, estimated to 4.9**** [kW].

• BSD is the capacity of the hard disk arrays, estimated to 604.8**** [Tbits].
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