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Abstract

Based on the Sustainable Development Goals introduced by the United Nations and
on the circular economy concept, ICT providers are adapting to become more sustainable.
Some assess the CO2 emissions in the whole life cycle, while others propose to use renewable
energies during manufacturing and assembling. In contrast with the current smartphone
business models that rely on ongoing patterns of production and consumption, this paper
proposes a more sustainable approach by combining product modularity, Product-Service
Systems (PSS), and design for attachment. With a modular design, it becomes easier to
repair the product or to replace parts, allowing for an extended lifespan. In combination
with PSS, we propose that the modules, when no longer used by one customer, return to the
market to be reused by another one. Lastly, we discuss the impact of the users’ behaviour
through emotional bond, personalization, and technology appropriation as predictors of
attachment to the product and consequently an extended lifespan. Through comparing
case studies and using Life Cycle Assessment to calculate the CO2 equivalent emissions, we
argue that our approach would directly reduce the environmental impact of the smartphone
on the production phase, which accounts for most of the emissions throughout its life cycle.

B. Penzenstadler, S. Easterbrook, C. Venters and S.I. Ahmed (eds.), ICT4S2018 (EPiC Series in Computing,
vol. 52), pp. 82-99
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1 Introduction

The activities of the large and increasing world population are exploiting natural resources
while a large part of the population is still struggling for basic survival needs. This points
out the need for a more sustainable management of resources’ production and consumption, in
order to fulfill the requirements of an ever-increasing population, while preserving our natural
resources.

In 2015, United Nations members and leading development institutions established the
Sustainable Development Goals (SDGs) [45] for a global development framework. The SDG
framework consists of 17 goals, 169 targets and 230 indicators covering a broad range of aspects
for sustainable development. Among them, goal number 12 - Ensure sustainable consumption
and production patterns - is directly related to our study, as well as goal number 13 - Take
urgent action to combat climate change and its impacts. Based on this framework, it is clear
that a more sustainable approach towards the current widespread electronics business model is
required.

Some state the need to shift towards a more circular economy (CE) concept, which focus
on a restorative system. This latter term is referred in one of the most popular definitions of
Circular Economy (CE) stated by the Ellen Mac Arthur foundation [1], which says that CE
"refers to an industrial economy that is restorative by intention; aims to rely on renewable
energy; minimizes, tracks, and hopefully eliminates the use of toxic chemicals; and eradicates
waste through careful design”. To show this circular design, they offer the model shown in
Figure 1.

This concept suggests the efforts for using all the materials of a value chain at the optimum
level. Any intermediary output that cannot be used in the current chain could enter into
another to be used there. As it is suggested by several studies, circular economy scenarios and
corresponding business models would lead to reductions in COq emissions (COge) compared to
business as usual [5]. As example, 2015 reports from Green Alliance and Trucost [44] asserted a
huge potential within circular economy for cutting the carbon footprint of mobile devices by up
to 50% with a complete recovery of raw material and precious metals that can increase benefits
up to 10 billion dollars.

Product design is one of the priority areas within circular economy. European legislations for
eco-design of ICT products mandate product design to make it easier for dismantling, reusing,
and recycling electronic displays [18]. Some proposals in this direction focus on facilitating
recycling, such as avoiding welding or gluing of particular components, or marking presence of
cadmium or mercury and plastic parts [18].

Even though there are initiatives being implemented, the current widespread smartphone
business model still relies on high patterns of production, consumption and discard. Compared
to such prevailing life cycle, leaning towards a circular model that includes reuse in favor of
disposal presents a series of benefits. In line with the CE, this paper has the main objective to
analyze how an approach combining modularity, Product-Service System (PSS) business models
and design for attachment could lead towards a sustainable business model for smartphones.
For that, we apply a multiple case study methodology based on secondary data.

We compare COsqe of modular and non-modular smartphones by using Life Cycle Assessment
(LCA) methods and present the PSS business model by bringing examples of its successful
implementations for other products. We further discuss modularity and how such design may
impact the smartphone’s life cycle. The user’s behavior is also addressed as an important
aspect towards achieving a more sustainable business model. Factors such as emotional bond,
personalization and technology appropriation are further highlighted as predictors of willingness
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OUTLINE OF A CIRCULAR ECONOMY
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Figure 1: Circular economy model, taken from the Ellen Mac Arthur Foundation [1]

to keep personal devices for longer. In the discussion section, we focus on the implementation
potential of the suggested approach for smartphones, in addition to pointing out the possibilities
of applying it to other products.

2 The Product-Service System Business Model

Although lacking a theoretical basis in both business and economic theory [47], business models
are important tools for value creation and are part of any business. The business model guides
the company on how the value is created and delivered to the customer.

There are several business models currently used by companies, such as the razor blade and
the freemium model [47]. Among the many existing, there are critiques to how the vast major-
ity incentivise consumerism. With the finite resources of our planet and severe environmental
impacts that high levels of consumption entail, relying on such models proves to be unsustain-
able and goes on the opposite direction of the SDGs described before. Finding business models
in which sustainability and profitability go hand in hand presents a challenge, as well as an
opportunity for driving innovation in the corporate environment.

The PSS are emergent business models that consider the environmental impacts. In opposi-
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tion to the focus on the product, these models combine the product with the service they pro-
vide. “This approach can have significant environmental benefits in terms of reducing the vol-
ume of products manufactured while maintaining or increasing profits for the company through
service provision” [29, p. 885]. Hence, the company relies on the service it provides and a high
turnover of products is not necessary to maintain its profitability.

Particularly when it comes to mobile phones, the current business models show to be very
unsustainable. According to Boons and Ludeke-Freund, the mobile telephony is a locked-in
model that has high ecological impact due to mainly excessive resource use [4]. In addition,
there are also negative social impacts, such as the working conditions in the extraction of metals
phase.

There is an evident need for changing the way smartphones are commercialized. Although
not addressing modularity, Lee et al. propose the PSS to be applied for mobile phones. They
emphasize the need for a combination of such models with the design of the product towards
recyclability [26]. The precious metals could be thus more easily extracted, generating value
back to the system after being recycled.

In addition to the PSS, Maxwell and Van der Vorst bring the example of the computer as a
service in combination with modularity [29]. They highlight that modularity would extend the
operational life of the product. Such combination of the modular electronic offered as a service
is the one we propose to be applied for smartphones, together with strengthening design for
attachment. Both aspects are discussed in the next sessions.

By defending the PSS business model to be applied for smartphones, we address the high
turnover of devices predominant in our society and tackle several approaches against obsoles-
cence (e.g. reuse through transferability, repair and reuse of materials; and longevity through
functionality and motivation [40]). Considering that the company providing the service remains
the owner of the device, such goes back into the loop whenever the user wants to change its
subscription. In our proposed approach, this also involves changing modules, as is discussed
further on. With that, devices or modules that are no longer used by a particular segment of
consumers remain to be used by another segment.

Similar case studies

The following subsections bring up brief case studies of companies that work with the PSS
business models. Although these are not focused on smartphones, they provide insights on how
such models may be applied to different products.

2.1 The lighting service

One of the first and most notable examples of planned obsolescence is the limiting of the light
bulbs life span in the 1920s. The long lasting light bulbs started to be perceived as an economic
disadvantage at the time and, as a result, a secret cartel was established to limit their life
span. Light bulbs that would last for up to 2500 hours had to be adapted to last no longer
than 1000 hours [10]. Since the 1920s, many examples of planned obsolescence gained strength,
considering that with the business models applied it would be unsustainable, from an economic
perspective, to have low levels of consumption.

Philips represents an interesting case concerning more sustainable lighting through service.
With the PSS, the company offers a series of services focused on reducing waste while preserving
its profitability, which include professional services with audit and consulting, life cycle services,
and managed services. Within the managed services, one option is the light as a service, in
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which the consumer pays for the used light instead of the lighting equipment. The consumer
does not own the product, but has the benefits of the service provided by the lighting [36].

An example of such service is the pay per lux solution in the office of the National Union of
Students (NUS) in the United Kingdom, as a response to students looking for more sustainable
solutions for their institutions. With a 15 year fixed price that includes design, equipment and
installation, NUS does not own any lighting equipment, instead renting it from Philips. An
interesting aspect is that, if consumption is more than expected, NUS gets a fee reimbursed,
which motivates Philips to provide the most energy-efficient service possible. The company
retains the ownership through the whole life cycle, thus being responsible for taking the products
back at the end-of-life [37].

2.2 The carpet leasing

The PSS is also applied by the carpet manufacturer Desso, founded in 1930 in the Netherlands
and now active in more than 100 countries. The company applies the Cradle to Cradle model
(C2C), a biomimetic approach concerning the circularity of materials in the system. All ma-
terials are perceived as nutrients and, being organic or technical, should flow in a waste-free
manner and in the most efficient way possible [30].

The company offers a carpet leasing service option, including installation, cleaning, main-
tenance, and removal at the end-of-life [11]. The consumer does not own the product, thus
Desso removes and recycles the carpet when the consumer does not want the product/service
anymore, closing the loop towards a circular economy.

2.3 The washing machine subscription service

Another example of the PSS is the Dutch company Bundles, which has its business based on
high quality home appliances subscription services. The company began in 2014 with the aim
of aligning business with the circular economy concept. Primarily with the focus on washing
machines, currently the company also offers tumble dryers and dishwashers.

One of the main principles of Bundles is that using sustainable appliances may be cheaper
than owning low-quality appliances. In this line, the company provides a high quality product
as a service, which makes it possible for people to afford to use a longer lasting machine, even
though they would not be able to buy such appliance [6].

With Bundles, the consumer pays for the service per month, depending on the amount of
washes required. The idea of the service is also to motivate consumers to use the machine in a
more conscious way, with guidelines to lower energy, detergent and water use. The installment,
maintenance and repairs are included in the service [7]. As the ownership of the machine remains
with Bundles, whenever the subscription ends, the equipment goes back to the company.

3 Modularity

With the increasing environmental challenges and several problems arising from high levels of
consumption, modular design has been attracting increased attention. Nevertheless, the basic
idea of modularity may be tracked to the older concept of near-decomposability. Introduced by
Simon in 1962, it proposes that all systems have a near decomposable architecture divided into
several parts organized in an hierarchical way [42]. As such, the interactions of elements in the
same part are more intense than the ones belonging to different parts, even though a certain
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level of interdependence is always present. The concept is directly linked with modularity by
looking at different parts/modules of a system and levels of interconnection.

Modularity may be applied to several fields and has different definitions. When addressed
as a design principle, Campagnolo and Camuffo categorize the literature review in three units of
analysis - product design modularity, production systems modularity and organizational design
modularity, being the first one the most addressed in research [8]. For this paper, we also
discuss modularity from a product design perspective.

In the case of smartphones here addressed, we understand modularity as a set of swappable
hardware parts that may be customized while obtaining an expanded lifetime with maximum
possibility of repair and minimum generation of electronic waste. Therefore, when the user
wants to switch or upgrade a particular component, it is possible to do so by changing a
specific module, without the need to change the whole device.

3.1 Examples of modular smartphones

The modular smartphone started receiving attention in 2013 with the Phonebloks concept [21].
Created by a Dutch designer, Phonebloks focused on reducing waste by designing a phone with
separated blocks to be attached to a main board. This way, the different blocks could be changed
whenever needed or wanted for either replacing broken ones or for upgrading them without the
need of changing the whole device. In addition, Phonebloks allows for personalization, since
the consumer may choose the most suitable blocks according to its needs.

The Phonebloks is a concept project to be disseminated among mobile phone producers
towards the design of their devices. After its launch, the concept quickly gained worldwide
attention and soon a cooperation began with Google through project Ara and Motorola - at
the time a Google subsidiary. The project’s idea was to build the hardware based on a frame
to which single modules would be added, just as proposed by Phonebloks. Project Ara had a
configurator app to help with the multi-dimension configuration in different layers - from the
endoskeleton, to choosing the specific modules and to technical information such as storage
size and battery life. The configurator app was also designed with a Phone Maker feature, in
order to help those who were not able to choose which modules to add in the endoskeleton [22].
Despite the efforts and years of commitment, Project Ara got cancelled in September 2016 [21],
after the smartphone design was almost ready to be launched.

Besides Project Ara, other companies are working on modular phones from the Phonebloks
concept. The Phonebloks official website [21] points out also to ZTE Eco-Mobius, Xiaomi Magic
Cube, PuzzlePhone, Fonkraft and Fairphone 2 as companies contributing to a modular future.

Fairphone is a Dutch social company that produces the modular smartphone Fairphone 2.
The company focuses on minimizing social and environmental impact across the phones’ life
cycle through a long-lasting design, fair materials, good working conditions, reuse and recycling
[2]. The company launched its first model in December 2013, followed by the Fairphone 2 in
December 2015. Fairphone 2 focuses on fairness in different spheres (e.g. manufacturing with
conflict free tin and tantalum; and fair design based on modularity to support repair and recy-
cling). In addition, the company gives special importance to transparency by challenging social
norms, such as giving full disclosure of its supply chain and tackling unsustainable practices
across it [49].

3.2 Main considerations of a modular smartphone

A Modular product design (MPD) has a series of positive impacts. In terms of the environment,
MPD increases manufacturing efficiency, reduces inventory cost and addresses the demand
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towards mass customization [28]. Furthermore, one important benefit of a modular smartphone
is the extended durability [41]. Thus, considering that is possible to upgrade or change the
specific module when needed, the consumer is able to keep a modular smartphone for longer than
with a traditional model, avoiding or lengthening to the maximum the device’s obsolescence.
By upgrading only the necessary modules, the lifespan of the smartphone is extended and
the generation of electronic waste at the end-of-life (EoL) phase is minimized. In addition,
the modular design focuses on reparability, an essential step in the mobile phone lifecycle when
aiming at sustainability. When divided into modules, it becomes easier to separate the damaged
parts to repair or exchange them for new ones when needed. This is particularly the case of
Fairphone 2, which focuses on a design for reparability with individual building blocks easily
accessible by opening its case. Indeed, iFixit, a company leading the 'teardowns’ of consumer
devices gave to Fairphone 2 the highest repairability score among all the market’s phones!.
Other benefits are in terms of mass customization (MC) and personalization. MC has the
aim of offering services and goods that meet the various customers needs, while coping with
high levels of efficiency to address mass production [22, 48]. At the same time, personalization
allows certain levels of flexibility for consumers to choose the service or goods most suited to
their aims. Modularity is an essential part of MC strategy [22] that allows consumers to obtain
personalized products more aligned with what they seek. In addition, it may reflect in an
emotional bond between the consumer and the product, which is discussed further on.

4 Life-cycle Assessment

In order to measure the environmental impact of smartphones in a controlled and reproducible
fashion, a standardized process should be implemented. One method that considers the quan-
titative aspects of a product’s life cycle is the Life Cycle Assessment. From gathering the raw
materials, to user operation, to finally recycling the parts or the inevitable disposal of the
product, each aspect of the product is considered and evaluated to reach a total cost in COq
equivalent emissions for the entire life cycle. Whereas LCA is a common method for assessing
the environmental impacts for electronic products, with guidelines establishing rules to ensure
the validity of LCAs [13], such as the ITU-L.1410 and RES/EE-EEPS14, some voices are reluc-
tant to embrace LCA as a whole. Ehrenfeld [14] offers a critical look at the pros and cons for
the usage of the LCA method, while Svensson and Ekvall [46] draw into question the validity
of comparing two products using LCA.

Since the LCA process is already well known, in this section we instead focus on its short-
comings and possible improvements. Then we outline the intended method of comparing the
proposed approach with the current smartphone model using LCA.

4.1 Previous works

In 2013 Ercan wrote about the Global Warming Potential (GWP) impact of smartphones [15],
based upon a previous study of a feature phone performed by the same institute in 2008. They
analyzed a Sony Xperia T using an LCA methodology, looking at every aspect of the life cycle
from material gathering to the disposal of the device and even the included manual. From their
study it can be seen that the production phase of the device has the most impact on COge [15].
Thus, it is interesting to note that a model proposing less load during the production phase
through reuse of components would be expected to have less of an impact. In 2016, Ercan et

Thttps://www.ifixit.com/Teardown/Fairphone+2+Teardown /52523
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al. continued to investigate different impact categories for smartphones, including references to
several studies on smartphones they performed in the past [16].

However, others have noted how looking at LCA results from one aspect of the life cycle can
be misleading. Moghaddam et al. provide an example in their work based upon laptops and
their energy consumption. As a whole, laptops were found to be 40% more efficient than desktop
computers, while the use phase showed an increase in consumption for the particular model
used for comparison [32]. From the same study there should also be focus on the impact of
management on the results of LCA. In contrast to most other fields, ICT and its implementation
of software has to consider the management and intelligent use of said software as part of
LCA. This is as of yet not properly represented in the results, however, further adding to the
misleading nature of the results [32].

Prunel et al. looked at the environmental labels of smartphones and how to use LCA when
determining the label of a product [39]. They also investigated known issues and difficulties
when using LCA, offering solutions in the form of standardizing the LCA format.

Gilivendik wrote a thesis on the environmental impact of circular economy scenarios using
LCA on smartphones [20]. The work presents the LCA methodology, concept of circular econ-
omy, and the impact smartphones have using this model through a case study of Fairphone.
Fairphone [2], having a modular design that allows for less production, implements a variation
of circular design that this paper aims to build upon by adding the reusability of each device
and further reducing the impact of the production phase.

Despite the content of their study aligning well with our intended work, it is important
to note that Glvendik does not address the shortcomings of LCA as we have presented here.
While their conclusions might still be valid through the case study of Fairphone, we should note
that the results might be skewed without considering these shortcomings.

The last example of this review comes from Suckling and Lee [43]. They do not focus directly
on the LCA methodology, however, they do corroborate the previously established findings of
the production phase having the most environmental impact when network and service usage
are not taken into consideration. By investigating the environmental impact of smartphones,
they focus on the various aspects of their life cycle and note how most impact is made during
the processing of materials and the production.

4.2 Importance

Based on previous work, it has already been shown how focusing on a model for smartphones
that reduces the emissions of the production phase can reduce the environmental impact of
smartphones [15, 20, 43]. An interesting topic to investigate is to take the case study of Fair-
phone with its modular design to further introduce the concept of selling smartphones as a
service, while keeping into account the various shortcomings and difficulties that come with
relying solely on LCA for metrics and drawing conclusions.

5 Emissions

In the following section, we address the carbon footprint of both a modular and a non-modular
smartphone. The COqe values were all gathered from either [38] or [17]. In fact, the emission
values for the Fairphone 2 (used here as example for the modular smartphone) are all taken
from [38], whilst the values used for the non-modular smartphone are all from [17]. In the first
of the following two subsections, we analyze in more detail such COse values and demonstrate
how the modular smartphone is more sustainable in this aspect. In the second subsection, we
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compare the Fairphone 2 sold as a product with our proposed approach and explain how ours
would achieve the same, if not better, COxe.

5.1 Fairphone 2 vs non-modular smartphone

Table 1: Fairphone 2 COqe over a 3 and a 5 year LCA

Fairphone 2 | 3 year LCA | 5 year LCA | percentage
emissions (no repairs)(Kg | (with re- | difference
COqe) pairs)(Kg
COQG)
Total 43.85 52.39 19.48%
Production 38.98 43.56 11.75%
EoL -1.11 -1.14 2.70%
Use 5.98 9.97 66.72%

Table 2: Non-modular smartphone COse over a 3 year LCA and a calculated 5 year LCA

Non- 3 year LCA | calculated 5

modular (no repairs)(Kg | year LCA (with

smartphone | COse) repairs)(Kg
COQG)

Total 56.7 67.36

Production 49.8 55.65

EoL -0.3 -0.31

Use 7.2 12.00

Table 1 reports the values found in [38] on the COge of the Fairphone 2 over an LCA of 3
years with no repairs taken into account and an LCA of 5 years, which has repairs added in the
Production phase for the COse value. Given that our study considers the scenario of a 5 year
LCA with repairs and that in [17] the only values reported are for a 3 year LCA with no repairs,
we have calculated the percentile difference of the two LCA scenarios within the Fairphone 2
data. The percentile differences have then been used to calculate an approximation of what the
emissions over a 5 year LCA with repairs for the non-modular smartphone would be (values
can be seen in table 2).

To explain why we believe that it is fair to use such percentages, we have to examine each
component that makes the total COge. Starting with 'Use’, we can safely assume that for
both the Fairphone 2 and the non-modular smartphone, the emissions caused by the use of the
product are fairly linear, therefore the percentile difference would be of the same value for both
models.

For "Production’ and "Eol)’; the reason the numbers vary between the 3 year LCA and the 5
year LCA scenarios is due to the repairs accounted for in the 5 year LCA. Here the scenario is
different from the above mentioned 'Use’ phase. In this case, we can assume that the emissions
of repairs for a Fairphone 2 are lower than the ones for a non-modular smartphone. This would
be due to the modular nature of Fairphone 2 and its policy of making repairs easily accomplished
by the customer (which cuts on transportation costs). But, given that we have no estimate
of what the repair would emit in the non-modular smartphone here considered and that using
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5 year LQA Faiphone 2 (Kg COxze) smar‘if)%r(l)r?elo((%(uglaé Os0)
with repairs

comparison

Total 52.39 67.36

Production 43.56 55.65

Eol -1.14 -0.31

Use 9.97 12.00

the percentile difference from the Fairphone 2 would, if anything, make our calculated value
lower than its real emissions, we remain with the percentile difference knowing it is likely a
conservative estimate.

As a conclusion, we compare the emissions from the Fairphone 2 and the non-modular
smartphone (as seen in table 3) and can safely conclude that, over the 5 year LCA considered,
the Fairphone 2 is the most sustainable in terms of COse.

5.2 Fairphone 2 vs our proposed approach

Now that we have argued why the Fairphone 2 is more sustainable in terms of COse than
a non-modular smartphone for the 5 year period, we would like to argue why our presented
approach would at minimum achieve the same emissions and, at best, be more sustainable than
the Fairphone 2 sold as a product.

In addition to the already shown difference that modularity has and looking back at Section
II, offering smartphones as a service instead of as a product owned by each individual reduces
the impact of the "Production’ even more. With this being the primary source of COse, and the
already established benefits of such business models [29], we defend that a large scale reduction
in the 'Production’ would contribute to a more sustainable approach for smartphones.

A benefit that our approach has over Fairphone 2 sold as a product lies in the repairability.
Whenever a device comes back from a user, there is a chance that it has become damaged.
However, the damaged part might not be included in the latest subscription that has been
requested. Therefore, the rest of the phone that was returned, and is still fully operational,
can be put back into service without the broken part being immediately replaced. This of
paramount relevance if we take into account that a piece of research by Echegaray stated that
around 40% of the replaced mobile phones are kept at homes’ shelves without any use [12].

6 The impact of design for attachment on PSS

We understand the smartphone as part of a highly complex system. In the same line, Joshi
and Pargman propose a socio-ecological approach towards technology by building systems more
aligned with the finite resources of our planet [23]. They critically discuss the Fairphone case
and how it relates to changing behaviour of the designer, producer and consumer. With this
same lens, we consider the complexity of different ways of thought in the smartphone life cycle
system.

The presented approach for expanding the devices’ longevity relies on three pillars; namely
PSS, modularity, and willingness to maintain the smartphone as long as possible (i.e. enhancing
the device’s attachment). Whereas the two former pillars depend on the producers and the
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carriers (service providers), the latter highly depends on the end users’ behaviour and their
connection with the digital product (including the brand).

What is important in our proposed approach is that end-users may desire to invest time
and money in the product upkeep or refurbishment, instead of asking for a replacement when
something goes wrong. Thus, “increasing product durability on its own is unlikely to overcome
the very significant psychological, emotional and social factors which underpin the rapid churn
of products in the modern throwaway society” [12].

Increasing the attachment to smartphones is important for the environment since statistical
data from existing reports and literature claim that the average life-span of mobile phones is
close to two years [34] due to planned, perceived, and forced obsolescence®. Hence, the number
of mobile phones manufactured is increasing substantially, with an enormous environmental
impact if we take into account that around 80% of the COse occur during the manufacturing
phase [15, 43].

In the following paragraphs we provide three main factors that can impact product longevity
and willingness to be maintained: emotional bond, personalization, and technology appropria-
tion. Whereas there are other factors that should not be overlooked, e.g. the price paid for the
phone, we have focused only on the triad of factors because they are predictors of the device’s
attachment.

According to Chapman [9], waste or replacement may be seen as a symptom of failed
subject/object relationship. The author suggests strategies for emotionally durable objects.
People may feel deeply attached to their favorite possessions, whereas other possessions are less
significant. When a person develops an emotional bond with a product, this product acquires
meaning beyond the functional. The strategies suggested that can be applied for smartphones
include new, alternative genres of objects or greater user experience, which engage users on
deeper levels and over longer, more rewarding, periods of time. Existing literature on emotional
bonding and digital product design suggests that this factor may result in an increase of the
attachment to the product, which in turn is a predictor of the product’s lifespan [19, 33, 27].
Emotional attachment can occur at multiple levels, usually from a combination of several ones,
such as sentimental relevance, dependability, timelessness, usability, and graceful aging.

Another factor that may increase the preservation of mobile phones is personalization. Based
on the definition of Blom [3], product personalization is defined as a process that defines or
changes the appearance or functionality of a product to increase its personal relevance to an
individual. Personalization can enhance the products ease of use and reflect their personal or
group identity ("me, my mobile, and my identity”). Furthermore, product customization helps
consumers to recognize a product as ones own. According to Mugge et al. [33], by personalizing
a product, a consumer directs time, energy, and attention to it. The authors conducted a study
where they showed that product personalization by investing time and effort in the process can
stimulate emotional bonding with the product, therefore extending its lifetime. The modularity
concept presented in our approach is directly linked to personalization. Not only because end-
users may select custom pieces that make the phone to link closer to them, but because they
can upgrade certain parts of the device in order to conserve a sense of continuous novelty which
is appreciated in some segments of the population (e.g. young adults).

The final selected factor that can affect the maintenance of the smartphone for longer
is the technology appropriation and the sense of technology ownership [24]. It stresses the
importance of empowering and involving the user in the process of maintaining and taking care

2The former obsolescence is due to the unsustainable product design by companies that impair the repairabil-
ity of smartphones; the second is due to the marketing of consumerism, social norms and throwaway culture;
and the latter is due to the rapid change on the technology market, in which it could happen that a certain
hardware still functioning has to be replaced because there is no software upgrades for it anymore.
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of the digital product in order to boost self-efficacy, satisfaction, and pride. In this regard,
appropriation aims to develop feelings of psychological ownership with respect to the digital
technology itself. Individual appropriation is experienced as a subjective and virtual form of
customization or self-design that is usually studied as a formal, explicit process and involves
the consumer applying their own individual resources, such as their need for control, aesthetic
appreciation or self-efficacy, to resources provided by the manufacturer, including design tool
kits and customizable interfaces. The modular phone approach followed in ours can spark these
senses by allowing users to perform repairs or hardware upgrades either alone or supported by
a community around the product (examples of these existing communities are the repair cafe®
and Fairephone’s Angels? ).

7 Discussion

Based on a multitude of case studies, three different aspects to improve the sustainability of
smartphones as a whole were assessed to analyze how an approach combining them could lead
towards a sustainable business model for smartphones. From that, this paper proposes a more
sustainable approach for the smartphone market than the currently widespread.

First and foremost, this resulted in the understanding that the production phase of the
smartphone has the largest influence on the CO5 equivalent emissions of its complete life cycle.
Hence, methods aiming to reduce the impact of this phase may bring strong improvements in
terms of sustainability.

The first aspect of our proposed approach is modularity. By comparing two smartphone
case studies, one from Fairphone [20] and one from Sony Ericsson [15], and assuming that both
rely on the same parameters for the LCA calculation, the LCA for the 5 year time-frame shows
a clear difference in the emissions produced over their life cycle, as shown in Table 3. This data
shows the difference between a modular and a non-modular design, with the modular phone
having less COse compared to the non-modular, in every stage of the life cycle for the period
of comparison.

The second aspect considered is the business model. We suggest implementing the PSS
business models for smartphones, which differ from the current widespread model by not selling
the product itself, but the service provided for using the device. We have shown several case
studies that already implemented such models, as well as highlighted the potential behind them
through ascertaining how unsustainable the current widespread model is [4].

The last aspect looked at, namely design for attachment, is considered an additional value
of combining the previous two aspects. Specifically, by allowing the users to pick services based
on their needs and receiving products that match such services is claimed to improve the users’
attachment to these particular devices. Instead of receiving products that are closest to what
they desire, but might have less or more features than actually required, our proposed approach
would allow users to pick services that fit them best and, thus, be motivated to continue using
these services for as long as possible.

In addition to discussing the potential of implementing the suggested approach for smart-
phones, this section intends to show the potential for other products as well. We aim to convince
businesses of the potential worth of our approach by comparing it to previous studies, as well as
drawing parallels to different products that have already adapted a similar format. This section
also focuses on the methods used in this paper and describes possible limits to the validity of
our claims.

3https:/ /repaircafe.org/en/
4https://forum.fairphone.com/t/angel-the-angels-program-local-support-by-community-members /33058
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7.1 Implementation potential

As previously shown, some companies have already implemented similar approaches to our
proposed one. Looking back at the material covered in section II, PSS business models have
already been considered for several products. Of particular interest is the proposal of [29],
who describe an approach very similar to ours, intended for computers. While the pay per lux
solution and the Bundles service offers are both PSS business models examples, they do not
promote modularity. That is not to say their efforts are not important for our proposal; studies
aimed at their models, and the practical implementation of such, prove that PSS models have
a place being used for different products.

However, since [29] specifically include modularity in their work, the comparison between
them and our work is more applicable. Despite not having a direct implemented example to
link to, each aspect of our proposed approach has already seen success separately. The various
PSS case studies previously discussed and the modularity as described in Fairphone have been
assessed and shown to be more sustainable than alternatives. Therefore, a combination of these
two aspects should prove to further improve the sustainability while retaining profits for the
producers.

In addition to the modularity and the PSS business model, we have highlighted as well the
importance of design for attachment. By combining these three concepts, we claim to be possible
to achieve a more sustainable approach for the way smartphones are not only commercialized,
but also designed and produced.

The PSS business models make interesting for companies to design long-lasting products and,
thus, minimize production. By combining the PSS with modularity, we propose an approach
that works towards closed cycles, promoting repair and reuse to its maximum. Since the
ownership of the device remains with the producers, it becomes interesting for them to have
products that last as long as possible and are easy to be reused and repaired. Whenever a
consumer wishes to change a certain module in its smartphone, such module would go back
to the company and, if still working, be reused by another consumer that is looking for such
module in its subscription modality. If not working, the module would go to be repaired and,
only if not possible, to the recycling phase.

7.2 Limitations

First and foremost, it should be mentioned that no calculations or LCA were performed on a
live example of our proposed approach. The values used are taken from previous LCA and case
studies, before being compared for our own purposes. Considering that they are taken from
different sources, we cannot guarantee that the COqe were calculated with the same parameters
and, thus, the comparison of the LCA has limitations, only serving as a guideline.

For such comparison, it was chosen to use data based on a lifecycle of 5 years. The data
from the Fairphone case study provided this information directly, while the study from Sony
Ericsson (for the non-modular phone) did not. As such, we have applied the same growth of
each LCA phase that was observed in the Fairphone’ study to the data from Sony Ericsson.
However, due to the difference in production phase; namely that replacing or repairing the Sony
Ericsson phone would require more resources and transportation costs than the equivalent in
Fairphone, it is reasonable to assume that the provided data in our calculations would be even
higher for the Sony Ericsson device.

It is important to highlight here that LCA and COge of smartphones differ according not
only to modularity, but other aspects, such as design and composition within the modular and
the non-modular phones. The comparison here, by analyzing only one model of each, is rather
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limited and cannot be generalized. The goal of comparing the LCA of these two models was to
present the reader with a broad idea of the extend to which such impact might differ.

Due to complexity, when addressing the COse for the LCA calculations, we have not taken
into account the network and service usage, otherwise the environmental impact of the "Use’
phase would differ [43]. Our comparison is also limited for taking into account only the COse,
which is one of the many impact categories to consider [31]. A more detailed comparison,
involving different models of smartphones and accounting for the network and service usage in
combination with other factors besides COse, is suggested so to have a more complete analysis.

While introducing the concept of design for attachment and the value that customization
has for users to increase the use phase during a smartphone life cycle, we were unable to find
concrete data to quantify this phenomenon. The different studies and results show that the
effect exists, however there is no concrete data to confirm it. As such, our claim that the
personalization of a modular device service would increase the likelihood of consumers sticking
to their device for longer than with a non-modular device cannot be substantiated with concrete
data and further study is suggested also on this aspect.

8 Conclusions

This paper proposes a more sustainable approach to be considered and further applied for
smartphones than the currently widespread; one combining modularity, PSS business models
and design for attachment. Overall, the modular smartphone presents different paths towards
more sustainable devices, considering that its design promotes repairability of the whole de-
vice and replacement of only the damaged modules. Nevertheless, we have identified several
challenges in applying the modular design of smartphones to the large scale.

The first challenge is connected with industries and their current business models, partic-
ularly when it comes to technology, which mostly rely on ongoing patterns of production and
consumption to maintain profitability. Strategies of obsolescence are put into practice, such
as planned obsolescence (with certain components that stop working after a period of time),
and forced obsolescence (such as the product not being compatible with software upgrades). If
based on such business models, the concept of a modular phone, with a focus on repair and
reuse to achieve a long-lasting product does not make sense from an economic perspective.

The second challenge in applying modular smartphones to the large scale relates to the
consumers and their behaviour towards maintaining devices for long periods of time. A modular
design demands more critical raw materials for production than a non-modular one due to the
need of connectors [41]. Besides the environmental impact in the production phase, this incurs
into higher production costs, which is translated into products that are more expensive. With
high patterns of consumption towards disposable products predominant in our society, spending
more is not always appealing for consumers, even though they could keep the product for longer
and it would make sense financially on the long run. Therefore, a modular phone only makes
sense, both in terms of economy and environment, if the consumer keeps the device for long.

Furthermore, it is important to consider the unexpected user behaviour towards the replace-
ment of modules. Modularity opens for the possibility of a rebound effect in the sense of the
consumer changing modules more frequently than actually needed [49, 41, 25]. Depending on
such frequency, the environmental impact may become more intense than of the non-modular
smartphones, meaning that, in this scenario, the modular phone would be less sustainable than
the non-modular.

In our proposed approach, we have considered such challenges by proposing a combination
of three aspects, namely PSS, modularity and design for attachment. By establishing such
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combination, it becomes interesting for companies to work against strategies of obsolescence,
thus making sense to have a modular phone with an extended life cycle. With design for
attachment, we address the importance of involving the consumer in the life cycle of the product
with practices such as emotional bond, personalization and appropriation.

Considering that all modules end with the company after use, our approach also addresses
one of the biggest challenges in the smartphone life cycle; the management of such devices at the
EoL. Besides more sustainable in terms of production and use, it promotes more efficient levels
of collection of EoLi devices for recycling, which is one of the big challenges for recycling. The
value of the scrap materials and precious metals would be retained by the producers, allowing
them to better address the extended producer responsibility in terms of managing the electronic
waste.

On a broader extent, our approach promotes design for repairability and recyclability. Con-
sidering the ownership remains to the ones producing the device, it becomes interesting for them
to have devices that can be easily repairable and be put back into the market. Business models
relying on high patterns of production are not needed in this case and repair gains strength.
Going towards closed circles, the device goes back to the producer through a reverse logistic
chain at the EoL phase to be recycled. Thus, it becomes relevant for the producer to put on the
market devices that are more easily recyclable. Initiatives towards designing smartphones that
are more easily dismantled and in which the materials can be better separated in the recycling
process so to achieve high levels of material recovery with minor environmental impact, are
expected in our proposed approach.

As it was shown through several case studies presented, there are already initiatives using
the three aspects individually. Nevertheless, the extend to which they are combined is limited
and, for the specific case of smartphones, the current prevailing model still goes in the opposite
direction, mainly due to a divergent logic of thought among the actors involved. Corroborating
Patrignani, only closing cycles in not enough to address sustainability; we also need to reflect
on the speed of these cycles [35].

Our paper goes in line with the circular economy model here presented and the speed of
technology. Its main contribution relies on pointing out to the importance of connecting actors
in the different phases of the smartphone life cycle when working towards a sustainable business
model, as well as on discussing a possible approach for doing so. By focusing on modularity, we
involve mainly the designers and producers. Further with PSS, we connect the carriers (service
providers) as important actors in the chain. Finally, by discussing about design for attachment,
we highlight the importance of the user.

By combining three aspects, we have presented a more sustainable approach towards the
current widespread smartphone business model, one that directly reduces the environmental
impact of the production phase and, consequently, the whole smartphone life cycle. Both
through decreasing the number of smartphones produced, as well as being able to replace
specific parts instead of manufacturing an entire new device. In addition, we claim to be viable
for companies to implement such approach, as users are more likely to gain attachment to their
product and service, therefore prolonging their use and reaching long-term profits. On top of
that, our approach proposes an alternative with focus on more sustainable smartphones, while
still leading to profitability for the companies producing them.
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