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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Circular Economy has been usually indicated as a promising approach to promote economic development and sustainability. Despite this 
general agreement, the Circular Economy paradigm is still little adopted by companies, as they need to face several challenges. In this context, 
Product-Service Systems (PSS) Business Models play a major role, as they have been proposed as an opportunity for promoting sustainability. 
Today, digital technologies are seen as a key factor to enable PSS, allowing at the same time the introduction of Circular Economy into 
companies. However, little attention has been set on how new digital technologies can overcome in practice the main Circular Economy 
challenges. To fill this gap, this paper explores such a role through a case study of a company who leverages Internet of Things, Big Data and 
Analytics in the provision of its PSS Business Model. Based on the findings of the empirical investigation, the role that the selected digital 
technologies play in overcoming the Circular Economy challenges is presented and discussed. 
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1. Introduction 

The concept of Circular Economy (CE) has reached 
increasing attention among academia and practitioners as a 
mean to promote sustainability [1], since it aims to decouple 
economic growth from resource extraction and environmental 
losses [2]. Indeed, recent studies advocate that the application 
of the CE principles may increase the European GDP of about 
11%, bringing to a net benefits of about € 1.8 trillion by 2030 
without compromising the environment [2]. 

In this context, Product-Service Systems (PSS) business 
models (BMs), in which the function or the utilization of a 
product is sold instead of the product itself, have been 
recognised as one possible enabling factor of the CE paradigm 
into companies [2–4]. Moreover, many works recognise fast 
evolving digital technologies as an enabler factor of novel 
product-service offerings [5]. Consequently, digital 
technologies highlighted by the fourth industrial revolution 
(Industry 4.0) such as Internet of Things (IoT), 3D printing, 

Big Data and Analytics enhance the introduction of CE into 
companies [6–9]. 

However, the transition towards CE and PSS BMs implies 
major challenges for companies [10–12]. Despite this general 
agreement, little attention has been paid to how digital 
technologies may be used to overcome CE challenges [13]. 

To fill this gap, this paper aims to explore how digital 
technologies like IoT, Big Data and Analytics may be used to 
overcome the CE challenges that arise when companies adopt 
a PSS BM, by the means of a case study. 

Therefore, the paper is organised as follows. Section 2 
describes the background of the study, focusing on CE and 
PSS BMs, on the challenges that arise when PSS BMs are 
adopted to reach CE and on the role of the selected digital 
technologies (i.e. IoT, Big Data and Analytics) in advancing 
CE. Then, Section 3 highlights the method applied, while 
Section 4 presents the results of the case study. In Section 5, a 
discussion of the results is provided. Lastly, conclusions, 
limitations and future research avenues are highlighted in 
Section 6. 
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However, the transition towards CE and PSS BMs implies 
major challenges for companies [10–12]. Despite this general 
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Section 6. 
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2. Background 

2.1. Circular Economy and PSS Business Models 

Notwithstanding the body of knowledge regarding CE is 
still in its infancy [7], the concept has its roots in other school 
of thoughts such as industrial ecology, cradle-to-cradle, blue 
economy and biomimicry [14–16]. However, a detailed 
definition of CE is still missing in the literature [17]. In this 
paper, the definition of CE coded by Kirchherr et al. [17] is 
adopted. They define CE as ‘an economic system that is based 
on business models which replace the end-of-life concept with 
reducing, alternatively reusing, recycling and recovering 
materials in production/distribution and consumption 
processes […] with the aim to accomplish sustainable 
development, which implies creating environmental quality, 
economic prosperity and social equity, to the benefit of 
current and future generations’ [17]. To this regard, CE 
contrasts the linear economy, i.e. the traditional economic 
system where products are manufactured from raw materials, 
sold to consumers and then disposed as waste after use, by 
enhancing multiple closed-loop cycle of reuse, 
remanufacturing and recycling [18]. Thus, CE gives an equal 
attention to both the forward and the reverse flows of 
materials, components and products, thanks to the 
implementation of reverse logistics and closed-loop supply 
chain [19]. Products should be then redesigned with the aim to 
improve multiple lifecycles, thus improving product reuse, 
refurbishment, remanufacturing and recycling. In this regard, 
several design-for-x strategies such as eco-design [20], 
product life extension [21], modularisation, standardisation 
and material selection [13] may be pursued. 

The Kirchherr et al.’s definition of CE [17] gives a great 
emphasis on the notion of BM. Literature agrees that shifting 
from traditional sales-oriented BMs to servitised ones can 
incentivise companies in moving towards CE [2,4]. Moreover, 
adopting PSS, i.e. integrated bundles of products and services 
aiming to create customer value [22], represent an excellent 
vehicle to foster sustainability [23]. The opportunities for 
improvement with regard to sustainability differ significantly 
depending on the type of PSS used. Tukker [23] proposes 
three different categories of PSS, namely product-oriented, 
use-oriented and result-oriented. 

In product-oriented BMs, the purpose is to deliver tangible 
value to the customer [23]. The product ownership is 
transferred to the customer, while the company can sell a 
combination of single standard products and industrial 
services, such as maintenance and repair. Moreover, the 
company has no responsibility for product lifecycle and the 
main revenue stream is represented by product sales [24]. 

In use-oriented BMs, the customer does not buy the 
product but instead pays a fee to gain access to it [23,25]. 
Thus, the company takes responsibility for providing lifecycle 
services such as maintenance, repair and control. 
Furthermore, the company is incentivised to design products 
in terms of which elements can be reused after their first life 
[24]. Thus, the product should be easy to maintain, reuse, 
upgrade [26]. 

In result-oriented BMs, customers do not buy the product 
but pay a variable fee that depends on its actual usage or on 
the achievement of a result or outcome [23]. Therefore, the 
value is generated by an individualised and integrated 
combination of products and services to produce the expected 
results [27]. Thus, revenues are generally based on outcome 
units that are paid for the result [25]. In accordance with 
Tukker [4], result-oriented BMs may be the most effective to 
move towards CE. 

2.2. Circular Economy challenges 

When companies adopt a PSS BM aiming to reach CE, 
several challenges arise. First, when products are offered 
through PSS BMs, financial risks are transferred from users to 
providers [3,12]. More specifically, providers are financially 
exposed to the risk of an early suspension of the contract by 
customers, even though they have financed in advance the 
entire solution. Moreover, a time mismatch between revenue 
and cost streams arises, since providers who convert their 
offering to a PSS provision over time have to finance in 
advance the capital costs of the solution [4,27], while revenue 
streams are postponed over time [11]. 

Furthermore, also operational risks are transferred to 
providers [28]. In a PSS BM, users no longer own products, 
and a careless behaviour in product usage may arise [4,27], 
increasing repair and maintenance activities and costs, which 
are in charge of the providers. 

Some users may not be attracted by PSS BMs that offer 
product access instead of ownership [11]: the loss of 
ownership may bring a loss of the sense of control, 
availability, self-esteem or status symbol connected with the 
product ownership [4]. Moreover, users’ willingness to pay 
becomes critical: customers usually look for substantial 
savings when accessing renovated or ‘second-hand’ products, 
even though they are ‘as good as new’ [29]. Nevertheless, 
costs for renovating processes might prevent to offer them at 
such a lower fee. 

In general, companies may avoid to provide 
remanufactured products under a PSS BM because they fear 
that this offering may lead to a reduction of primary sales 
[20]. This phenomenon, also called market cannibalisation 
[12], is critical especially when PSS access offerings have 
lower profit margin than cannibalised ones [30]. 

Since products in a CE are designed to last, rather than for 
use-and-throw-away, they might be unable to respond to 
technology improvement, resulting unattractive for a part of 
the customer base [4,12,15]. For instance, old electro-
mechanical products may consume more energy than newer 
ones [21], thus compromising the achievement of 
sustainability improvements. 

Finally, CE pushes companies to adopt BMs where end-of-
life is replaced with renovation [17]. Thus, return flows 
uncertainties regarding the quantity, the mix, the quality, the 
time and the place of returns of products offered through a 
PSS BM decrease the probability of achieving an economic 
scale in reverse logistics and renovation activities [15,31]. 
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2.3. Internet of Things, Big Data and Analytics for the 
Circular Economy 

Literature acknowledges IoT, Big Data and Analytics as 
enablers for the transition towards PSS BMs [32] and CE 
[2,7]. While the enabling role of digital technologies for the 
servitization of companies has been thoroughly investigated 
by previous studies (see, for instance, the work of Ardolino et 
al. [33]), their specific role for CE has been quite under-
investigated to date [13]. 

The Internet of Things (IoT) technology refers to supplying 
devices with sensors, which give them the ability to 
communicate and to become active participants in an 
information network [32]. To this regard, Porter and 
Heppelmann [34] showed how the application of the IoT 
technology turns stand-alone products into smart and 
connected ones, pointing out the functionalities of monitoring 
product status and condition. Therefore, thanks to the IoT, 
companies may obtain real-time remote monitoring of product 
usage, status, and location [35], thus having the great 
opportunity to gain knowledge on how customers are using 
products. When products become smart, companies may 
upgrade only their digital components, such as the product 
firmware. Therefore, product upgradability is enhanced [32], 
which in turn contrasts product obsolescence and its resulting 
material waste, helping the transition towards CE [36]. 
Finally, Cheng, Barton, and Prabhu [37] have pointed out the 
crucial role of sensors like radio frequency identification 
(RFID) in tracing spare parts. Consequently, the IoT 
technology may also support material tracking [3], 
contributing to the collection of end-of-life products [8]. 

The IoT technology allows companies to collect a large 
amount of data [13], usually called Big Data. Given their 
volume, variety, velocity and veracity [7], Big Data cannot be 
analysed using traditional software or database techniques, 
but require specific Analytics to leverage software and data 
mining processes, in order to identify patterns in the data and 
make predictions [8]. Thus, Big Data combined with 
appropriate Analytics are usually seen in literature as a valid 
approach to enable a better decision making [8], which can 
positively advance management towards CE by feeding 
sustainability-oriented decision-making processes with the 
required information [7]. Furthermore, Big Data and 
Analytics are required in the provision of advanced services 
such as preventive and predictive maintenance [35]. 

3. Research gap, design and method 

Despite the relevant role that digital technologies play in 
the transition towards CE, little attention has been set from 
literature on how their application may be used to overcome 
the challenges that arise when companies adopt a PSS BM. 

Starting from this gap, the paper aims to explore how IoT, 
Big Data and Analytics may be used to overcome the CE 
challenges emerged from literature. Given the exploratory 
purpose of this research, as well as the fact that the body of 
CE knowledge is in its infancy [7], a case study was 
considered as the suited methodology for the empirical 
investigation of this paper [38]. In fact, case study 

methodology is invaluable for exploring the detailed working 
of an organisation [35], and qualitative case studies are 
needed for the initial stage of investigation [7]. Consequently, 
a company was selected, following two main criteria. First, 
the company should have leveraged IoT, Big Data and 
Analytics for the provision of its offering. Second, the 
company should have adopted a PSS Business Model that 
replaces the end-of-life concept with reducing, reusing, 
recycling and recovering materials in production/distribution 
and consumption processes, as stated by the CE definition. 
Furthermore, it was decided to select a company operating in 
a sector particularly promising for the adoption of the CE 
paradigm. In this regard, the household appliances sector was 
selected [20]. In fact, previous studies have shown that, in the 
case of a CE scenario for washing machines, customers could 
benefit from an average yearly saving of almost 30% of the 
current washing cost, while environment could benefit from a 
total reduction of electricity generation and water 
consumption of about 0.6% and 1% respectively [9]. 

Thus, one company who retails household appliances has 
been contacted and accepted to participate in the study. To 
protect its business interest, the company identity has been 
here concealed. A research protocol was utilised in order to 
enhance reliability and validity of case research, 
encompassing case study design, data collection, data analysis 
and results formalisation. More specifically, data collection 
was performed through different methods, ranging from a 
preliminary questionnaire to gather general information about 
the company and the context in which it operates (its turnover, 
the number of employees, and so forth) to semi-structured 
interviews to gather other specific data related to the company 
BM, the digital technologies adopted and the challenges 
faced. Three interviews were performed, respectively to the 
company CEO and to the SW development manager. Each 
interview lasted between one and two hours, and more than 
one researcher participated simultaneously, in order to 
enhance the study reliability. Each interview was transcribed 
and coded, and the text was eventually sent back to 
respondents for clarification and validations. To enhance 
construct validity, all the gathered information was 
triangulated with secondary sources, such as the company 
website and other company documentations [38]. Then, the 
last phase of the research protocol was conducted, looking for 
explanations of the coded sequence of events, thus trying to 
bridge the gap found in literature. 

4. The case study 

4.1. Company PSS Business Model 

Alpha is a household appliance retailer who operates 
prevalently in a Northern-Europe Country. Founded in 2014, 
it provides large household appliances such as washing 
machines, dishwashers and tumble dryers, adopting a PSS 
BM. In fact, instead of physically sells appliances to 
households, the company offers to their customers the 
opportunity to subscribe contracts (i.e. subscriptions) that give 
them the right of access to the appliance performance. Thus, 
the company retains the ownership of appliances, and 
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customers become users. In 2016, Alpha has achieved more 
than 1,000 subscriptions, which generate a turnover of about 
0.5 million €. The company dimension is relatively small, 
since it employs less than 10 employees. 

Through the subscription offered, users may access a high-
efficient appliance directly at their home, without having to 
pay for its initial price, which is typically high since it 
justifies the high quality and efficiency of the appliance 
offered. For instance, all the washing machines offered 
through the company’s subscriptions are classified as A+++ 
on the European Energy Label, and are equipped with a load 
detector and an automatic-dosing detergent dispenser. Instead 
of paying an initial price, users pay each month an amount 
that depends on the real appliance usage. Thus, the company 
offers household appliances under a pay-per-use scheme, 
which may be classified as a use-oriented BM [23]. Moreover, 
the appliances transportation and installation costs are 
included in the monthly fee. Users who decide to start a 
subscription pay an initial deposit as a warranty. Thanks to 
this kind of warranties, the company is able to finance up to 
the 70% of the subscriptions. This deposit will be returned 
when the subscription ends. Each month, users may decide to 
stop the subscription. When users shut down the subscription, 
the appliance is collected by the company. A full performance 
check is executed and, after that, Alpha provides it to a new 
user, within a new subscription. When appliances become 
technologically obsolete, they are collected and replaced: old 
appliances are repaired, refurbished, cleaned and, when 
becoming energy inefficient, their components are extracted 
and used in the manufacturing of new appliances, or recycled. 

Even though the assessment of the environmental and 
economic impact of a PSS solution requires an in-depth 
analysis (see for instance [39]), it can be observed that Alpha 
achieves circularity through its PSS BM thanks to several 
reasons. First, each subscription replaces the ownership of 
low-efficient appliances with high-efficient ones, thus 
reducing the use of consumables such as energy, water and 
detergents and therefore increasing resources efficiency. 
Second, the company replace the end-of-life concept – 
according to the CE definition – with multiple cycles, since 
each appliance is collected and renovated when the 
subscription ends. 

4.2. Digital technologies to overcome Circular Economy 
challenges 

To deliver its PSS BM, the company supplies to 
households an IoT kit developed in house which connects 
appliances to the internet through a plug-and-bridge 
instrument. Thus, the kit transforms usually stand-alone 
appliances into smart and connected products [34], enabling 
the appliance monitoring and control during its usage as well 
as the collection of large amount of Big Data, which are 
properly analysed through Analytics. Thanks to the utilization 
of these digital technologies, Alpha overcomes several 
challenges among those found in literature (see Section 2.2). 

In particular, operational risks usually generated by 
careless behaviour in products usage are mitigated thanks to 
the monitoring of users’ activities through the IoT, which 

allows storing a digital log of each product activity in the 
cloud. Since users are constantly monitored, their 
opportunistic behaviour is prevented. 

Since in the case of Alpha users do no longer own 
appliances, ‘loss of ownership’ issues may arise. The 
company faces them by offering advanced services, which 
generate value for customers, such as the optimization of the 
usage phase and the provision of preventive and predictive 
maintenance, both included in the subscription fee. In fact, 
thanks to the analysis of Big Data collected through the IoT 
tool, Alpha discloses to customers personalised advices such 
as, in the case of washing machine subscription, the better 
washing cycle duration or the better washing temperature to 
reduce energy and water consumption. More specifically, a 
mobile App provides hints to use fewer detergents and to 
conserve water and energy, starting from the IoT monitoring 
of the electricity, water and detergent consumption, the 
washing load, the number of cycles, etcetera. Users are 
therefore incentivised to reduce their washing environmental 
impact, because who decides to follow these tailored advices 
is awarded by a reduction of its monthly fee. Moreover, by 
retrieving the data collected through the IoT kit and by 
analyzing these (Big) Data through appropriate Analytics, 
Alpha is able to define the expected lifetime of components. 
This information is utilised for feeding the preventive and 
predictive maintenance algorithms offered by the company to 
its users. 

The technology improvement challenge is mitigated 
through digital upgrades: since the appliance is turned into a 
smart and connected product [34], it becomes possible to 
upgrade just its digital part, i.e. the software that controls the 
usage of consumables by households, thus incorporating the 
most up-to-date programs and therefore pursuing resource 
efficiency. This allows achieving a reduction of consumables 
and an extension of the product lifespan: old appliances may 
stay operative for a longer time, since they remain 
competitive. 

Finally, since aspects such as the number of washing 
cycles carried out or the components physical status are 
monitored, known at any time and analysed, Alpha can 
predict when most of the appliances should be replaced. Thus, 
return flow uncertainties are reduced, and the organisation of 
collection activities is enhanced. 

Challenges related to financial risks and cannibalisation are 
faced by Alpha, but digital technologies do not help to 
overcome them. Findings are summarised in Table 1. 

5. Discussion 

The Alpha case shows how digital technologies may be 
used to overcome the CE challenges emerged from literature. 
More specifically, the case indicates that, following the 
adoption of IoT, Big Data and Analytics, a company is able to 
offer a set of functionalities that, in turn, helps to overcome 
such challenges. In particular, the IoT technology enables the 
monitoring of users’ activities [7,13,35], thus discouraging 
careless behaviour and reducing operational risks. Thanks to 
the IoT tool, companies know appliances status and location. 
Therefore, this information is used when each product reaches 
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the end-of-life, to enhance the organization of collection 
activities [8,35]. Moreover, making product connected 
through IoT entails an easier product upgrade, thus preventing 
the technology improvement challenge. When IoT is 
combined with Big Data and Analytics techniques, the case 
shows that also the challenges related to the loss of 
ownership, the willingness to pay and the return flows 
uncertainties are overcome. In particular, the provision of 
advanced services such as preventive and predictive 
maintenance [32,34,35] or the optimization of the usage phase 
[34,25] represents a way to persuade customer to leave the 
ownership of products to the company. On the other hand, the 
estimation of components and products expected life (driven 
by the analysis of Big Data through Analytics) reduces the 
return flows uncertainties. 

Table 1. How IoT, Big Data and Analytics help to overcome Circular 
Economy challenges in the Alpha case 

Circular 
Economy 
challenges 

How the challenge is 
overcome (i.e. through which 
functionality) 

Digital Technologies 

IoT Big Data & 
Analytics 

Financial risks N.a. N.a. N.a. 

Operational risks Monitoring users’ activities X  

Loss of 
ownership 

Advanced services such as the 
optimization of the usage 
phase or the provision of 
preventive and predictive 
maintenance 

X X 

Willingness to 
pay 

Advanced services such as the 
optimization of the usage 
phase or the provision of 
preventive and predictive 
maintenance 

X X 

Cannibalisation N.a. N.a. N.a. 

Technology 
improvement 

Digital upgrade X  

Return flow 
uncertainties 

Product tracking and 
estimation of products and 
components residual life 

X X 

Key: ‘N.a.’ means that, even though the challenge is faced by Alpha, the digital 
technologies investigated do not help to overcome it. 

As shown by Table 1, only two of the seven challenges 
identified in literature are not overcome through the adoption 
of digital technologies. These challenges are financial risks 
and cannibalisation. However, since five out of seven 
challenges are prevented by the functionalities enabled 
through IoT, Big Data, and Analytics, it can be stated that the 
contribution of these selected technologies is not negligible in 
the transition towards CE. Nevertheless, a detailed investment 
analysis should not be avoided before investing in these 
technologies. Finally, even though IoT, Big Data and 
Analytics play a relevant role in overcoming a not negligible 
number of challenges, it may be noted that their adoption 
brings other remarkable concerns. A notable example is the 
new challenge that arises when products become smart, i.e. 
the challenge related to privacy and data security [6]. In this 
case, customers are reluctant to share with the provider the 
data that are required to perform preventive maintenance or 

the optimization of the usage phase, thus compromising their 
provision. 

6. Conclusion 

Literature recognises PSS BMs and digital technologies as 
enablers for the transition towards CE [6–8]. However, this 
implies major challenges for companies [10–12]. Despite this 
general agreement, little attention has been devoted on how 
digital technologies may be used to overcome CE challenges. 
This paper has tried to fill this gap by the means of a single 
case study. More specifically, this research asserts that the 
digital technologies investigated, i.e. IoT, Big Data and 
Analytics, allow the company to overcome CE challenges like 
operational risks, loss of ownership, users’ willingness to pay, 
technology improvement and return flow uncertainties. These 
challenges are overcome by the means of four digitally-
enabled functionalities: (i.) monitoring users’ activities, (ii.) 
the provision of advanced services such as preventive and 
predictive maintenance or the optimization of the usage phase, 
(iii.) digital upgrade and (iv.) estimation of products and 
components residual life. 

This paper adds to current research since it highlights the 
fact that only two of the seven challenges identified in 
literature are not overcome through the adoption of digital 
technologies. Therefore, the contribution of IoT, Big Data and 
Analytics is relevant in overcoming the CE challenges, even 
though a detailed investment analysis should not be avoided 
before investing in these technologies. Managers may use the 
results of this study in order to design a CE transition path, by 
purposively choosing which digital technologies implement 
(either IoT or the bundle IoT, Big Data and Analytics), 
depending on the challenges that presumably are going to be 
faced. 

However, this paper has some limitations. Generalization 
is difficult to achieve since only one case study has been 
performed. Moreover, not all the digital technologies 
highlighted by Industry 4.0 have been explored in this study. 
Finally, a detailed assessment of the economic and 
environmental impacts of the Alpha BM should be conducted, 
e.g. following the work of Lindahl et al. [39]. These 
limitations provide suggestions for future research directions. 
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