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Abstract. The design of a circular PSS solution goes beyond the traditional per-
spective of circular product design encompassing multiple complexity dimen-
sions that need to be considered and addressed in the early stages of design. The
paper provides a literature-based outlook on the levels of complexity to be faced
when making decisions in early PSS design by positioning the concept of change-
ability inherited from the systems engineering literature into the context of the
design of circular PSS. The paper ultimately stresses the need to consider the
changeability of PSS as a relevant dimension in the assessment of its circularity
potential. It does so by proposing a framework for the design of circular PSS
solutions, summarizing the main design strategies and approaches currently de-
scribed in the literature to mitigate the uncertainties generated by PSS complex-
1ty.
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1 Introduction

Governmental institutions and researchers agree that a move toward circular economy
systems would contribute to the achieving of the sustainable development goals defined
by the United Nations [1]. Manufacturing companies play a key role in realizing sus-
tainability ambitions and a consistent research effort has been spent on identifying what
are the fundamental criteria upon which circular economy is defined and measured in
the industry (e.g., [2]). From a product development perspective, circularity considera-
tion makes early decisions more and more difficult, increasing the level of complexity
of the design problem, now addressing the development of a complex system featuring
the combination of product and service components (i.e., developing Product-Service
Systems solutions or PSS) to be delivered in a lifespan that could, in some cases, extend
over several decades. In such contexts, the translation of high-level circularity consid-
erations into specific product requirements that guide design decisions is a challenging
task. Methods to promote the development of circular systems have been proposed in
literature both from a business development and a product development perspective
(e.g. [3]1[4]). However, the literature still does not provide a comprehensive outlook on
how to deal with the new uncertainties introduced by circularity considerations during
the early engineering design of PSS. In this regard, one of the challenges is the lack of
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literature elucidating the complexities that exist in and around the inferred PSS. To
bridge this knowledge gap, the paper aims to provide a comprehensive outlook on the
level of complexity introduced by PSS, stressing the need to consider the changeability
of PSS as a relevant dimension in the assessment of its circularity potential. As a result,
the paper positions the concept of changeability in relation to the available literature
about the design of circular solutions and in relation to the literature concerning systems
complexity and changeability in systems engineering. Ultimately the paper summarizes
the main available design strategies and approaches currently described in the literature
to mitigate the uncertainties generated by PSS complexity.

The definition of the research problem and objective is the results of a participatory
action research approach in collaboration with two major Swedish companies operating
in the aerospace and construction machinery industry. Qualitative data were gathered
through semi-structured interviews, workshops, and focus groups, initially to compile
a comprehensive descriptive analysis, although the contribution of this paper shall be
seen as largely based on literature review and synthesis. A narrative-styled literature
review, complemented by a snowballing technique, was performed in the field of PSS
and systems engineering. The choice of not performing a more structured and formal-
ized systematic review was driven by the acknowledgment of the high variety of syno-
nyms of changeability, flexibility and adaptability available in literature, that led, in a
first step, to an unmanageable number of publications from multiple research fields.

2 Literature review

2.1  Design of Circular PSS solutions

The academic discussion about how to design circular products can be framed into the
broader research effort of developing and implementing methods for sustainability
quantification. In product design, this translates into the capability of integrating new
methods and approaches into the current well-established engineering practices. In such
a context a broad range of engineering methods have flourished under the umbrella of
Eco-design (e.g. [5]), Design for Sustainability (e.g. [6]), Design for environment (e.g.
[7]), Sustainable Product development (e.g. [8]) and Design for Circularity (e.g. [4]).
The latter has focused on understanding what the features of a circular economy system
are, and therefore, what kind of circular economy indicators can be introduced to meas-
ure the circularity of a product or a system. To enable this, the Ellen McArthur Foun-
dation published a list of material circularity indicators at the product level and at the
company level [3]. Pauliuk [9] stressed the importance of circular strategies to be mon-
itored from a higher system perspective, to avoid defining indicators that would bring
companies' decisions in the wrong direction. This highlights the need to have the right
indicators used in the correct context and with a suitable level of granularity based on
the specific focus of the design activity. Den Hollander et al. [4] argued that circular
product design is guided by the Inertia Principle, prescribing product integrity to be the
main design objective to be pursued and to be preferred to product recyclability. Based
on this they defined circular product design as the combination of both design for



integrity (i.e. aiming at resisting, postponing, and reversing obsolescence at the product
and component level), and design for recycling, aiming at preventing and reversing
obsolescence at a material level.

2.2 Complexity and changeability in systems design

In the realm of systems engineering, Magee and de Weck [10 p2] defined a complex
system as “a system with numerous components and interconnections, interactions or
interdependencies that are difficult to describe, understand, predict, manage, design,
and/or change”. Further, Gaspar et al. [11] defined the complexity of a system as the
quantity of information necessary to define a system, understand the interdependencies,
and predict future scenarios. In such a context, five essential aspects for engineering a
complex system were proposed by Rhodes and Ross [12], namely, structural, behav-
ioral, contextual, temporal, and perceptual complexity. Addressing such complexities
reflects the primary need to deliver desired value to all the associated stakeholders
throughout the lifecycle [12]. In such a context changeability is a property of the system
to reach various conceivable states to allow a robust value delivery during the opera-
tional stage while embracing changes in the operational context [13]. Changeability is
a collection of many change-related “ilities” such as adaptability, flexibility, scalability,
etc. and it is acknowledged as an over-arching property of the system of being able to
either change the “form” or “function” of the system to bring about a change in the
operation as a response to changes in the context [13]. Changeability is highly related
to the complexity of the system; however, changeability excludes change-related ilities
outside the operational life of the system thus excluding factors such as “remanufactur-
ing” or “recycling”, that fall inside the “traditional” boundaries of design for remanu-
facturing and recyclability.

3 Defining changeability in the design of circular PSS solutions

The existing literature shows some limitations in supporting the design of circular PSS
solutions. Firstly, limited methods and tools are capable of identifying and assessing
circularity in early design phases, which requires linking PSS circularity with stake-
holder needs, as well as potential business implications, that may change over time.
Secondly, when working on the conceptual design of PSS components (or sub-sys-
tems), engineers work with requirements that seldom reflect the overall design rationale
of circular solutions. Thirdly, even if circularity-related product requirements are in
place there is a lack of understanding about the value robustness of a circularity solution
along its lifecycle, that is, about how the PSS solution will deal with the behavioral,
structural, contextual, perceptual, and temporal complexity, or, in other words, about
how “changeable” a PSS solution will be.

Based on such considerations Fig. 1 proposes a framework for design of circular PSS
solutions, positioning design for PSS changeability as a complementary dimension to
design for integrity and recycling. The framework adds the “Design for PSS changea-
bility” dimension (bottom part of Fig. 1) listing potential design strategies and
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potential methods to mitigate the negative impact of five levels of system complexity.
The complexity levels are derived from the work by Rhodes and Ross [12] further in-
vestigated by authors in the field of acrospace and maritime engineering
(e.g.[11][13][14][15]), while the potential design strategies and methods to mitigate
the negative effect of complexity in design decision making are derived from the
available scientific literature in the field. In detail the five levels of complexity are:
Structural complexity. Defined by the system components and their relationship. The
structural complexity is determined by the decision made by engineers and designers
in PSS design; thus, it is normally in the control of decision-makers. Structural com-
plexity is often addressed and reduced by applying strategies for modular product and
service design, that are claimed to be able to mitigate changes and conflicting require-
ments. In this regard, an example of concept selection for elevators provided as PSS is
presented in literature by [16]. Here the selection of proper PSS module instances which
are a function of product and service modules combined into a solution under relevant
constraints is the design strategy to address the structural complexity of the product
while developing as PSS solution [16].

Behavioral complexity. Defined as the complexity given by the multiple parts of the
designed system that concurrently operate to deliver the intended value. Such definition
does not encompass external factors that can influence the system under design, thus
also the behavioral complexity can be considered as a parameter in the control of the
decision-makers. Model-based systems engineering (MBSE) is one of the known ap-
proaches to simulate such behavior while systems are still in the design stage. Based on
the use of “executable” models (often based on SysML or UML language), MBSE is
increasingly adopted in industry to address the behavioral complexity of complex sys-
tems.

Contextual complexity includes all external factors that can influence the behavior of
the system. Contextual complexity is focused on understanding the influence of exter-
nal stimuli and it has been the focus of research for many decades. The challenge is that
the decision-makers can manage the uncertainties internal to the system to a certain
level, but the external uncertainties are beyond the control of the decision-makers, thus
making it cumbersome to build a system capable of handling these uncertainties. This
viewpoint is preserved in PSS design, where many researchers have actively acknowl-
edged the changing context and its influence on the lifecycle of the [17]. Emerging
design strategies dealing with PSS contextual complexity encompass the use of sce-
nario simulations based on agent-based and discrete event modeling (e.g. [18]) or the
creation of environmental interaction models [19].

Temporal complexity. Temporal complexity escalates the concept of contextual com-
plexity by introducing a time dimension in the system-context interaction. Researchers
agree on the unexploited potential of the PSS value delivery given by the lack of inte-
gration of long-term thinking during the design, stating that PSS must include a lifecy-
cle or through-life perspective, (e.g. [20]). In such a context, scenario-based simulations
linked to the development of digital twins are seen as the potential strategies to deal
with temporal complexity in PSS design. In particular, the literature identifies as a po-
tential future scenario the use of virtual “beta prototypes” of PSS (also defined as “fake
twins” [21]) capable of simulating radical changes in the PSS hardware while running
in parallel with the entity that exists in reality. This is based on the idea that, through
the accumulation of data, the virtual models will reach a tipping point showing when a



fake twin (i.e., a radical redesign of the original PSS concept) will become more value-
adding for both the provider and its customers, considering investments, switching
costs, risks and more in the equation.

Perceptual complexity. Such complexity is generated by the differences in the opinion
of the stakeholders about the value of a system. The essence of perceptual complexity
is the dynamics of expectations from the system through time [11]. Work in the field
of PSS prototyping has focused on PSS perception by crating shared stakeholders' ex-
periences and providing a sense of full scalability of PSS solutions [22]. Additionally,
virtual reality applications have been proposed to replicate intangible and subjective
customers’ experiences during PSS testing [23], although the use of such technology to
address the perceptual complexity in PSS design is still in its infancy.

1
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Fig. 1. Framework for Design for PSS circular solution positioning "Design for PSS changea-
bility" in relation to circular product design.

4 Conclusions

The design of a circular PSS solution goes beyond the traditional perspective of circular
product design encompassing multiple complexity dimensions that need to be consid-
ered and addressed in the early stages of design. The paper has presented an outlook on
various levels of complexities that affect PSS design stressing the need to consider the
changeability of PSS as an integral part of the effort toward designing new circular
solutions, complementing the established approach for circular product design availa-
ble in literature. The paper positions its contribution in between the field of PSS design
and systems engineering and shall be seen as a tentative to provide a framework of
reference around which to further develop future research efforts in the field.
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