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Abstract: This paper proposes the concept of cross-generational (CG) remanufacturing, integrating remanufactured
components into new products for the primary market to overcome trade-offs between new-product cannibalization,
pricing, and customer acceptance. Employing a CG perspective can reduce costs and increase profits for
manufacturers, and appeal to end-customers seeking environmentally responsible choices. Aiming for an explicit
nomenclature, the study suggests a definition for CG-Remanufacturing and a classification for products that are
especially suitable based on literature review and analysis.
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1 Introduction & Motivation

A key challenge of our time is the sustainable growth under the constraints of resource scarcity (United Nations, 2019).
The concept of circular economy (CE) has been developed to reduce both the consumption of energy and primary
resources. The key idea is a circular resource flow on distinct value creation tiers (also called R-strategies), such as
maintain, reuse, remanufacture and recycle (Ellen MacArthur Foundation, 2013). In practice, it has become common to
produce products with recycled materials, which is sometimes even used as a differentiator when addressing customers
(Polyportis et al., 2022). While remanufacturing has found initial footholds in certain sectors, its adoption rates remain
comparatively low due to a variety of key challenges (Arnold et al., 2021). Among these are issues related to reverse
logistics, labor-intensive processes, and limited customer acceptance of secondary market products (Arnold et al., 2021).
For short-cycled products, the latter can also be structurally driven by a limited overlap of returned products (cores) with
demand for the old product generation (Ostlin et al., 2009). As a result, remanufacturing today is often only executed ex
post and not sufficiently considered during product engineering (Tolio et al., 2017). Given the higher value preservation
of remanufacturing and its significant potential for enhancing resource efficiency and energy savings (Sutherland et al.,
2008), it is imperative to find ways to leverage remanufacturing for more customer-attractive products.

The idea of cross-generational (CG) thinking, i.e. extending over several product or system generations, is of utmost
concern in the model of SGE — Systems Generation Engineering by Albers and Rapp (2022) and its related research
fields. Given that this view facilitates a holistic view of product engineering beyond a single product in development,
which seems suitable for planned and forward-looking sustainability, we want to link this idea to the challenges of
developing circular products and systems. Hence, in this contribution, we strive to apply this CG thinking to the
conventional (intra-generational) approach of remanufacturing. To do so, we suggest the concept of cross-generational
remanufacturing, an approach that inherently plans and designs for remanufacturing into new products for the primary
market. This is especially important to escape the frequent and well-researched trade-off between new-product
cannibalization, pricing, and customer acceptance typically associated with remanufacturing from the manufacturer’s
perspective (e.g., Zhou et al., 2017). Additionally, there are opportunities to realize economies of scale and reduce
capital investment when integrating circular and linear production, while customers could buy the latest products with an
environmentally responsible choice. Since it is evident that designing products for such an approach will create more
complexity, we aim to lay a foundation for further research endeavors by providing a clear and explicit nomenclature for
a common understanding. Hence, within the scope of this contribution, we first explore the current body of literature for
related concepts or insights through a literature review based on screening and analyzing a total of 169 sources (37 full
text). Building on that, we derive a definition and explore the characteristics of a CG perspective. Lastly, we propose an
initial classification to identify products that could be suitable for a “Design for Cross-Generational Remanufacturing”.

2 Research Background

2.1 Remanufacturing

Circular Economy describes a concept of an “an industrial system that is restorative or regenerative by intention and
design” (Ellen MacArthur Foundation, 2013). As a key strategy to achieve this, remanufacturing is commonly defined
following the definition by ljomah et al. (2004) as “the process of returning a used product to at least OEM original
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performance specification from the customers’ perspective and giving the resultant product a warranty that is at least
equal to that of a newly manufactured equivalent”. Remanufacturing holds potential to conserve resources and reduce
energy consumption by up to 85% through reusing up to 90% of previously produced components in recreating a
functioning product (Kim et al., 2009; Sutherland et al., 2008; Tolio et al., 2017) and therefore outperforms other
circular strategies for technological products (Kurilova-Palisaitiene et al., 2023). This also translates into cost savings
and additional revenue potential for manufacturers, especially in industries with strong secondary markets (Kumar and
Ramachandran, 2016). However, application of remanufacturing is currently mostly limited to special cases, such as
spare parts recovery and secondary market products (Charter and Gray, 2008; Corum, 2022; Seitz, 2007). The reason for
this limited adoption is a variety of key challenges: These include appropriate design for remanufacturing (Golinska-
Dawson and Kiibler, 2018), market related difficulties such as fear of product cannibalization (Arnold et al., 2021), lack
of customer acceptance (Karvonen et al., 2017) and logistical difficulties in ensuring a reverse product flow from
customers to manufacturers of products in defined quality (Nasr, 2019; Ostlin, 2008). For further challenges and a
detailed description of the characteristics we refer to an overview provided by Arnold et al. (2021). It has also been
pointed out that the single product view on remanufacturing does not embrace the systems thinking approach of circular
economy resulting in unexplored potential from the product design perspective (van den Berg and Bakker, 2015). For
the context of this paper, remanufacturing activities that are focused on restoring a product to the same (old) product
generation that it has been before will be referred to as “conventional remanufacturing”.

2.2 Product Lifecycle and Model of SGE — System Generation Engineering

The term product lifecycle has been used widely in research, while at least two different views are presented (Ostlin et
al., 2009). While a more market-oriented view considers introduction, growth, maturity and decline (Sundin and Bras,
2005), the concept used in sustainability research is typically related to physical stages from the first idea in product
planning, manufacturing and usage until ending in the end-of-life (EoL) treatment of a product (Bender and Gericke,
2021). In this paper, we use the second lifecycle view and refer to the first as demand distribution or product diffusion,
as common in remanufacturing literature (Debo et al., 2006). Product engineering describes a part of this lifecycle
containing product planning, product development and production system development (Albers and Gausemeier, 2012).
While open-loop lifecycles are characterized by product disposal at its end, closed loop lifecycles aim to adopt EoL
strategies to minimize environmental impact (Jawahir et al., 2006).

The concept of closed-loop lifecycles can be supported in product engineering through a cross-generational view. Based
on this CG thinking, Albers et al. (2015; 2022) have developed the model of SGE — System Generation Engineering to
systematically describe product or system engineering in generations. According to this, a product or system generation
Gi is a socio-technical system perceived as independent entity in distinction to existing systems, which can be by means
of functionality, performance costs or visual characteristics (Albers et al., 2017). For a consistent and time-independent
nomenclature, the generation currently in development is labelled Gi=,, making Gi=n-1 the generation currently being sold
on the market. Product or system generations are exclusively developed through three types of variation from their
corresponding reference system R; containing selected reference system elements (RSE) (Albers et al., 2019): Carryover
Variation (CV), with allowed modifications solely to interfaces of the RSE, Attribute Variation (AV), constituted by
new development of functional attributes based on an RSE with preservation of the solution principle, and Principle
Variation (PV), which describes a change in the solution principle of the RSE to achieve the desired function. The model
of SGE considers design reuse in the form of CV in the product engineering space (Albers et al., 2019) but has yet only
initially been applied in the context of sustainability and circular strategies (Albers et al., 2024).

3 Research Design

3.1 Research Goal and Research Questions

Based on the potential described in chapter 1, we want to achieve a first step towards the overarching goal of “cross-
generational remanufacturing” by defining an explicit nomenclature. To do so, we want to start with potential insights
from existing research on the matter. Consequently, we first want to investigate, whether there are currently approaches
that deal with remanufacturing components for use across product generations, especially from a product engineering
perspective, leading us to our first research question:

RQ1: Which current product engineering approaches exist to extend remanufacturing across product generations?
Building upon the gained understanding, we want to propose a clear definition of the concept of “cross-generational
remanufacturing” as well as opportunities and characteristics that we see vital for its operationalization. This leads to our

second research question:

RQ2: How can cross-generational remanufacturing be characterized and defined, and which products are
suitable candidates from a product engineering perspective?
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3.2 Research Approach

Since there are many ways to frame the nomenclature for what we call a cross-generational approach to
remanufacturing, we employed a two-way approach consisting of a systematic literature review (SLR) and an
explorative search. For the SLR we used the Scopus literature database and a search string with a conjunction of four
elements: First, we wanted to limit the field to the area of product engineering. Second, we focused on cross-
generational approaches. Given different use of these term across schools of thought, we added relevant synonyms.
Lastly, we also included adjacent R-Strategies beyond remanufacturing itself to get a broader view. The review
considered results from 2017 onwards and in English language. An overview of the final search string can be found in
Figure 1. To ensure relevance, results were filtered to the fields of engineering and environmental science.

product development  product development inter* cross*  AND generation* AND reman*  reuse*
engineering design engineering design multi* lifecyc* refurb*  recond*

Figure 1. Search string used for the systematic literature review

Based on a screening of titles and abstracts a first reduction was performed. The goal here was to quickly dismiss
literature with a non-relevant topic or focus, such as construction, knowledge management, (chemical) process
technology or deeply specialized use-cases. In a second screening, papers dealing with general sustainability aspects,
overarching CE or conventional remanufacturing focus were excluded (cf. chapter 2.1). Furthermore, we added an
explorative search leveraging a broader search on Google Scholar and citation-based tools such as Research Rabbit for
highly relevant papers. This decision was taken for two reasons: First, some concepts turned out to be linked to the idea
but had very distinct nomenclature. Second, performing selective deep dives on specific terms that seemed to be relevant
to the topic allowed for testing the level of elaboration. The identified sources were analyzed and discussed regarding the
stated research questions. An overview of the approach and the number of sources that remained after each given step
can be seen in Figure 2, while one of the sources for full text-review had to be excluded due to no accessibility.

. . Title and abstract Title and abstract
Systematic Literature search Clean-up and . .
: ; ) o —> screening — —> screening —
Literature with search string filtering / .
1st reduction 2nd reduction

Review

216 sources 152 sources 72 sources 20 sources Full-text review
Title and abstract
Explorative . Open endgd > screening — 87 sources
literature review ’
search 2nd reduction

150+ sources 17 sources
Figure 2. Process of the literature review

For the analysis, we paid special attention to the nature of the approach, potential existing definitions w.r.t. RQ2,
attached a category of support (e.g., design guidelines, design optimization, design evaluation/optimization), focus of the
work (single product, product families, multiple generations), supporting model theory or methodology and whether an
application of the work (industrial/theoretical case study) was presented. We combined these insights from current
literature with our proposed approach to characterize its nature, derive a clear definition and identify suitable product
characteristics.

4 Critical Review of Approaches to Extend Remanufacturing Across Product Generations

From the small number of relevant results in the literature review and confirmed by authors of relevant papers (Asif et
al., 2021; Hapuwatte et al., 2022) it can be seen that the topic is only researched to a very limited extent. When looking
into the cross-generational aspect in conjunction with remanufacturing, two types of publications can be distinguished:
The majority shows an operations research character, where a modeling approach (e.g., multi-objective optimization) is
presented. A smaller part pertains to engineering design in a more direct way, either through methodologies or
optimization guidelines. The findings are therefore presented grouped into these two clusters in the following.

4.1 Publications with Operations Research Approach

The publications with operations research approach typically take a sustainability optimization view, e.g., by means of
life cycle costing (LCC), life cycle assessment (LCA) or a variant of optimizing for one or multiple of the ecologic,
economic, and social aspects of sustainability. We also generally summarize all publications in this cluster that take an
optimization problem from a selection of options as basis for their work.

Overall, the specific idea of remanufacturing product across product generations was found to be more explicated in the
operations research focused literature. The contribution by Wang et al. (2017) highlights the lack of research and argues
for the imperative need of “concurrent design of multiple product generations” (Wang et al., 2017) to address the high
likelihood of an overlap of reverse flow of components from one generation with market introduction of the following
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one. Using a probabilistic model, the authors show that the amount of component reuse can be higher with cross-
generational component commonality while highlighting its trade-off with technological component obsolescence.

Kim and Kim (2020) define generational commonality as “a common set of subsystems, modules, and components
between different generations of products”. Using a quantitative model and the theoretical case study of a smartphone,
the authors show the economic potential of generational commonality on both manufacturing and remanufacturing but
competing on separate markets. Their results show significant impact of generational commonality on decreasing cost in
both cases and on facilitated EoL collecting due to higher compatibility. However, the tradeoff with limited product
differentiation and the risk or lower sales prices is pointed out. The authors highlight themselves that their study only
focuses on the number of components that should be shared, and neither analyses which components specifically nor
how they should be designed.

Several of the approaches start from product portfolio or product family design to enhance reuse possibilities for
remanufacturing, which was already presented by Mangun and Thurston (2002) in initial modeling. In a series of
publications presented by a group of researchers around Badurdeen et al. (2018), product configuration design has been
used as an approach to identifying optimal component combinations in products, product families and material selection
for multi-lifecycle material flow considering multiple sustainability dimensions (Aydin and Badurdeen, 2019;
Badurdeen et al., 2018; Bradley et al., 2016). Within the focus of this paper, the extension of these contributions by
Hapuwatte et al. (2022) are most relevant: Based on an assessment framework by Hapuwatte and Jawahir (2021), the
authors present an multi-objective model to optimize economic and environmental impact. Similar to Wang et al. (2017),
the authors incorporate what they refer to as “inter-generational commonality” and integrate a decision-tree logic for
component selection in combined remanufacturing and linear manufacturing. Crucially as the only identified prior work
with this explicit assumption, the proposed model assumes full equality in specifications (including sales price) between
newly manufactured and remanufactured products and at the same time includes potential adverse effects on product
utility due to lower differentiation. The authors conclude, that “inter-generational commonality allowed for significant
gains in the objective values” (Hapuwatte et al., 2022). Still, the general limitation of the product configuration approach
lies in the fact that it can only solve for an optimal combination of given components. It does not guarantee however,
that the variants of components to select from are designed in an optimal fashion.

Miyoshi et al. (2022) show the potential of cross-generational compatibility to reduce CO, emissions and lifecycle costs
of toner bottles significantly. Beyond the applied life cycle market modeling approach, the authors provide initial design
suggestions for the specific case of the toner bottle such as increasing durability to increase maximum remanufacturing
count, RFID tags to increase collection rate and compatibility between generations. Based on their model, the authors
derive an example where increased design and manufacturing spending up to a factor of two for an optimized design can
still result in lower lifecycle cost.

Further identified recent contributions in the space include Hossain et al. (2023) and Kang et al. (2023). Both focus on a
product configuration approach in product family design with optimal module configurations and component sharing
decisions, respectively. The latter work also includes commonality decisions across generations, but again assumes a
separated market between new and remanufactured products.

To summarize, there is initial evidence that supports the critical importance and positive impact of component
remanufacturing across product generations (Hapuwatte et al., 2022; Miyoshi et al., 2022; Wang et al., 2017) and thus
lays a theoretical foundation for the overall objective of our research targets. However, as some of the authors pointed
out, this is mostly answering the question of what needs to be done, not how it should be done. While the operations
research perspective can support decision making between given alternatives at a later stage, practical support to
proactively design products and subsystems that are optimized for this demand is lacking.

4.2 Publications with Engineering Design Support Approach

While in the operations research cluster initial contributions sharing the specific idea of this paper could be identified, in
the engineering design support literature only topically adjacent contributions were found.

The closest approach has been presented by Asif et al. (2021) in the context of circular manufacturing systems. The
authors present a methodology to identify modules in products for multi-lifecycle use based on linking strategic
disciplines with the concept of product obsolescence types. Their Modular Function Deployment (MFD)-based approach
supports the modularization of products along strategic disciplines (product leadership, operational excellence, customer
intimacy) and corresponding expected obsolescence type (technological, functional, emotional), which the authors link
to the EoL options of upgrading/replacement, reuse, and replacement, respectively. Their industrial case study of a
washing machine suggests a second and third life different from the original design but on lower-level market segments.
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Go et al. (2015) provide a comprehensive review of different DfX guidelines and evaluate their applicability to multiple
life cycle (MLC) processes, which they use as an umbrella term for reuse, remanufacturing, and recycling. They propose
an MLC suitability characteristic for products that is being “sold in a market that is tolerant of as-new or second life
products” (Go et al., 2015). Though frequently observed, this is somewhat a limitation of the potential since it excludes
an attempt to achieve multi-lifecycle products that do not have a negative stigma of a secondary market product.

In the context of multi-lifecycle assessment, Suhariyanto et al. (2017) divide MLC products for assessment in those by
design innovation and by technology innovation, while the latter has similarities to what we aim for. The authors pose
that in a multi-generation product system only material can be recovered in technology changes. However, even with
changing technologies, some subsystems of products are not significantly altered, which would be a missed opportunity
stemming from the unclear generation definition used in the paper.

Nag et al. (2022) have conducted an extensive meta-review of current literature reviews in the field of Design for
Sustainability and Multi-Lifecycle-Design. They also highlight the need for design and modularization methods for
multi-lifecycle design and mention design for standardization (especially between competing companies) as a strategy to
enhance flexibility at EoL. While this is most likely only possible through regulatory interception, standardization or
commonality across product families and generations is in the control of the manufacturer.

From the regulatory site, the standard IEC 62309 (2004) focused on electrical components already presents the idea of
applying used components in products that are brought to the primary market. Belli and Quella (2021) delineate the
underlying concept of Qualified-as-Good-as-New (QAGAN, also labelled QUAGAN) from remanufacturing in the fact
that “new products” are defined by the above standard in a way that they can contain QAGAN parts. Even though this
allows the entry to the primary market with reused or remanufactured components, it is again a reactive way to approach
the idea. As a notable concern, the authors also highlight the importance of ensuring potential software compatibility.

While the definition of conventional remanufacturing already includes the possibility of extending the products
functionality as compared to its original state when sold for the first time (cf. chapter 2.1, Sundin and Bras, 2005), the
topic of upgrade remanufacturing or remanufacturing with upgrade has become a growing concern to address evolving
customer requirements (Aziz et al., 2016; Kwak and Kim, 2013). It is different from other upgrading strategies by
conducting the upgrade on the manufacturer’s side as part of the remanufacturing process and not in the field. However,
it is typically intended to enhance functionality of a product to current market-level rather than addressing emotional
obsolescence of a product (Tolio et al., 2017). In this context, Pialot and Millet (2014) emphasize the need for a new
design methodology that supports multiple upgrade cycles. Wu et al. (2023) highlight that a distinctive “design for
upgrade remanufacturing” (DfURem) is most critical for success, using the example of a lathe. However, given the
nature of product upgrades, the authors take a given product within a generation in the market Gi=1 as constraint for a
customized methodology and individual upgrading cases. An adjacent approach integrating maintenance and
remanufacturing for life extension of capital goods has been presented with “Adaptive Remanufacturing” by Burggraf et
al. (2023). However, none of these approaches bears the essence of a fully cross-generational view.

4.3 Summary of the Findings

To answer RQ1, we identified two clusters of publications. While considerable attention has been directed towards intra-
generational remanufacturing over the years, cross-generational approaches remain relatively underexplored. The most
critical to mention are multi-lifecycle design, upgrade remanufacturing, product family design for remanufacturing,
intergenerational commonality and QUAGAN. The critical importance of appropriate product design has been a key
concern in most of the identified publications (Asif et al., 2021; Go et al., 2015; Miyoshi et al., 2022). While some
previous research has dedicated attention to the multigenerational aspect of products (i.e. acknowledging the fact that
products are developed and released in generations) in the context of remanufacturing, this was mostly done with a focus
on supply chain (literature on closed-loop supply chains, e.g. Keshavarz-Ghorbani and H. R. Pasandideh (2023)) or
market/sales related challenges (e.g., Bayrak et al. (2024)). Still, the identified contributions can serve as a basis to
realize the approach envisioned in this paper.

As a general observation, several approaches refer to the concept of “multi-lifecycle”. This is not very clear, since it can
be understood to describe conventionally remanufactured or recycled products going through the process multiple times
in a cascaded or secondary-market approach or leveraging remanufactured components in a cross-generational way for
new products. On top of that, there is ambiguity between the product lifecycle as interpreted in marketing and in
sustainability-related contributions, making the definition of MLC vague (Ostlin et al., 2009). Based on the limited
number of sources that could be identified dealing with the topic at all, it further becomes clear that there is no
established research terminology to delineate a cross-generational remanufacturing approach. Consequently, there is no
holistic understanding as a basis to drive further research efforts in an organized way. Hence, we address this issue in the
following by characterizing a specific approach, laying out a definition for cross-generational remanufacturing and
providing an outlook for further research.
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5 Cross-Generational Remanufacturing for Forward-Looking Circularity

Especially the work by Hapuwatte et al. (2022) has shown that the concept of cross-generational remanufacturing for the
primary market holds strong potential both in terms of economic benefit for manufacturers and ecologic advantages to
foster more sustainable products. The general notion to consider multiple generations is already present in the general
Eco-design guidelines (Belli and Quella, 2021). However, this does not go beyond a general remark. It is here crucial to
understand the difference between pure multi-lifecycle thinking and cross-generational thinking (cf. chapter 1): While
the first relates to bringing products into (any) new lifecycle in general, cross-generational thinking relies on advanced
forward-looking planning across multiple generations. This approach necessarily must be thought proactively in the
product engineering stage to not be reliant on improvisation in the production stage. We hence suggest an approach
based on the notion of CG thinking as used in the model of SGE - System Generation Engineering, which is
characterized and defined in the following to answer the second research question.

5.1 Defining Cross-Generational Remanufacturing

Given the current research landscape is fragmented and has not established a standardized nomenclature for the
suggested approach, we aim to establish a uniform terminology. As mentioned previously, CG-Remanufacturing can be
seen as a specific strategy under the umbrella of MLC. To derive a holistic definition, we investigated more
comprehensive representatives of the numerous definitions for conventional remanufacturing from the fields of research
(Haynsworth and Lyons, 1987; ljomah et al., 2004), industry (ANSI RIC001.1, 2017) and society (World Bank (Lund,
1985); United Nations IRP, 2018). An overview of covered key aspects in these definitions is shown in Table 1.

Table 1. Common definitions of remanufacturing and analysis regarding covered aspects

Aspect (explicitly mentioned) Lund, 1985; Hayns- | ljomahet | ANSI, | UN IRP, CG-
worth & Lyons, 1987 | al., 2004 2017 2018 Reman
Process character v v v v v
Industrial scale v v v v/
Input: used/worn product/core v v v v v/
Output: product with performance/quality v v v v J
equivalent or better than original new product
Full original warranty v v
Individual process characteristics/steps v ( f/ )
Customer’s perspective as determinant v v
Standardization/control of process v v

The table also highlights the aspects that we deemed relevant for the definition of CG-Remanufacturing. In addition to
integrating the common first four aspects with the cross-generational approach, we included the customer and user
perspective as determinant for evaluation of the resulting product following the definition of ljomah et al. (2004). Taking
these insights into account, we define Cross-Generational Remanufacturing (CG-Reman) as follows:

Cross-Generational Remanufacturing is a planned and anticipated industrial process of restoring a used
product/system from an older generation to a product/system of the latest generation with original as-new
condition and performance. From the customer and user perspective the generated products/systems are
offered on the primary market with additional inherent sustainability.

Hence, this definition extends beyond conventional remanufacturing through the planned and anticipated transfer into
the latest generation (cross-generational) and the offering of the final product on the primary market. We use the broader
understanding of remanufacturing as a process on product-/system-level which includes strategies such as component
reuse, i.e. the components/subsystems used in the CG-remanufactured product have been restored by a degree of
0%=x%=<100%, where 0% equals direct component reuse and 100% would indicate a newly linear produced subsystem,
depending on the return condition of the core. Crucially, the customer always buys the CG-remanufactured product on
the primary market (i.e., as a completely new product). This can be supported by new regulative standards that already
take the direction of aiming for less labeling obligations for products with remanufactured parts (e.g., DIN SPEC 91472
(2023)). Even more critical than for conventional remanufacturing are appropriate business models like product-as-a-
service, to ensure a defined quality of returned cores (cf. e.g., Chierici and Copani, 2016). Given the importance of
product design to enable such an approach, CG-Reman might be enabled by cross-generational commonality or at least
compatibility (cf. chapter 4) as example elements of more holistic Design for Cross-Generational Remanufacturing
(DfCGRem) guidelines, which are currently being researched and further developed. Here the model of SGE provides a
promising approach to support the analysis and synthesis of products by linking the complex cross-generational
interdependencies in a planned and anticipated manner, and in identifying components that have the highest potential for
CG-Reman based on their variations over time.
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5.2 Identifying Suitable Products for CG-Remanufacturing

In remanufacturing literature, product diffusion curves are often used as a visual aid to describe the relationship of newly
sold products and their return quantity available for remanufacturing (e.g., Debo et al. (2006)). Figure 3 shows such a
curve qualitatively for a product where the ratio of the average time in use (used synonymously for average useful life)
and time in market of the respective product generation is once close to 1 (A) and once very different (B). It can be seen
graphically, that especially for products with a similar length of time in market and time in use a cross-generational
component reuse holds significant potential to leverage components returning from the market (Ostlin et al., 2009).

Usable in traditional Additionally usable through
remanufacturing cross-generational reuse
Example A: TinUse - TinMarkel Example B: TinUse << TinMarket
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Figure 3. Diffusion curves for products with similar (A) and different ratio (B) of time in use and time in market
(cf. (Debo et al., 2006; Ostlin et al., 2009; Wang et al., 2017)

Hapuwatte et al. (2023) prove this intuitive relation with a mathematical model, which shows that benefits of
intergenerational component commonality are highest when the ratio of average time in use and time in market is
between 0.25 and 2. This metric provides relatively clear initial boundaries for products that could be particularly
suitable for a “Design for CG-Remanufacturing” (DfCGRem). However, the absolute values of time in market and time
in use are also important to consider, as literature suggests. Debo et al. (2006) identified slow-diffusing products (i.e.,
long time in market) as more suited for (conventional) remanufacturing, which can be explained through a higher
likelihood of overlap between core availability from reverse product flow and product demand, especially with repeat-
purchase products. Using the same metric, this observation translates into a smaller ratio of time in use and time in
market is generally favorable for (conventional) remanufacturing (Hapuwatte et al., 2023). Hence, products with this
characteristic should ideally follow “Design for Remanufacturing” (DfRem). With a similar logic but different metrics
Suhariyanto et al. (2017) derive four groups of products and the corresponding suggested multi-lifecycle strategies in a
two-by-two matrix. Notably, they link upgrading as a solution for products with fast evolution speed, which can best be
translated to a high ratio of time in use and time in market. These products would hence most benefit from Design for
Upgrade Remanufacturing (DfURem) (Wu et al., 2023). Focusing on the products suitable for CG-Remanufacturing, we
propose an amended and more differentiated version of the matrix as presented by Suhariyanto et al. (2017), cf. Figure 4,
which combines the previous insights graphically. The idea of this is to derive an initial classification of the first design
strategy that should be pursued with priority depending on the high-level product attributes.
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Figure 4. (A) Literature summary (Debo et al., 2006; Hapuwatte et al., 2022; Suhariyanto et al., 2017; Wu et al., 2023) and
(B) proposal for circular design strategies to be investigated with priority based on product and market characteristics
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While theoretically the entire area suggested by Hapuwatte et al. (2023) would be suitable, we acknowledge the limits of
cross-generational design due to limited forecasting possibilities with very long time horizons. This also reflects the
view of the presented literature on intergenerational commonality, which typically focuses on rather short-cycled
products (Kim and Kim, 2020). While some case studies define this mainly with consumer electronics such as
smartphones or PCs, we see more inherent potential in products that are not dominated by integrated circuit components,
given that these are harder to remanufacture and typically have a shorter component time in market. On the other hand,
in extreme cases that have both a very long time in market and very long time in use, there will likely be only a very
limited opportunity to preserve value creation on the component level. Hence, Design for Recycling should be employed
to ensure the more flexible circular flow on material level in a very distant future. At the same time, for extremely short-
cycled products or those with extremely low time in use, Design for Reuse and Design for Recycling are likely the best
options (Suhariyanto et al., 2017). In general, other circular strategies should always be considered as a secondary option
if the first design strategy suggested is not feasible, with Design for Recycling as the default fallback option (cf. Bakker
et al. (2014)). Exemplary products that could show the relevant characteristics are added to the matrix for illustrative
purposes, we deem the approach most appropriate for mechatronic products. Together with the definition derived in
chapter 5.1, we have answered RQ2 through this analysis of suitable products.

6 Conclusion & Outlook

In this paper we analyzed the current state of literature regarding cross-generational remanufacturing (CG-Reman)
through a systematic literature review amended with explorative search. We could identify initial contributions in this
field, especially papers with an operations research character that highlighted the potential benefits of such approach.
Explicit proactive design support literature was rare and only showed adjacent concepts, that still are valuable input for
the approach in question. Based on this, we presented characteristics and a definition for CG-Reman as a forward-
looking process based on established definitions for conventional remanufacturing and the concept of CG thinking. We
further narrowed down the product types that this approach might be especially suitable for and highlighted the potential
of the model of SGE to further develop the approach. This forms the foundation to develop methodological support for
cross-generational remanufacturing, which is currently being investigated by the authors and will be presented
comprehensively in future publications. This can eventually lead to a consistent integration into future product
engineering to create mutual benefits for both OEMs and end-customers. Since current products are not designed
according to a DFCGRem, a transition phase until such approach can leverage its full potential in practice is inevitable.
Hence, clarity of a concept and a focus area to find suitable use cases as suggested by this contribution can serve as
initial step to bring the approach into practice.

The limitations of this paper are related to the lack of uniform language in literature, hence there is an inherent difficulty
to ensure complete coverage. We tried to minimize this risk with a combination of synonymic keywords and additional
explorative search. Ultimately this highlights the need for a consistent definition and unified nomenclature of the
concept. Furthermore, this contribution only presents and describes a concept, which requires further development as
mentioned above to create a technical feasible and economically proven solution.

Future research should leverage the insights from existing literature identified in this contribution, e.g. on product family
design and modularity, to develop a holistic design support. This should ideally be done using a product that has a
similar time in use and time in market, which we identified as especially suitable for CG-Reman. As part of this it will
also be crucial to understand not only which product categories, but also which components in these products are
especially suitable and how they should be designed to maximize the potential of the approach. Additionally, the
development and tailoring of suitable and existing circular business models to CG-Remanufacturing should be pursued.

Acknowledgement

This research was conducted in the context of the Collective Research Center (CRC) 1574 “Circular Factory” funded by
the German Research Association (DFG).

References

Albers, A., Bursac, N., Wintergerst, E., 2015. Produktgenerationsentwicklung — Bedeutung und Herausforderungen aus einer
entwicklungsmethodischen Perspektive, in: Stuttgarter Symposium fiir Produktentwicklung, Stuttgart, Germany. Fraunhofer
IAO, Stuttgart, Germany, pp. 1-10.

Albers, A., Gausemeier, J., 2012. Von der fachdisziplinorientierten Produktentwicklung zur Vorausschauenden und
Systemorientierten Produktentstehung, in: Anderl, R., Eigner, M., Sendler, U., Stark, R. (Eds.), Smart Engineering. Springer,
Berlin/Heidelberg, Germany, pp. 17-29. 10.1007/978-3-642-29372-6_3.

Albers, A., Rapp, S., 2022. Model of SGE: System Generation Engineering as Basis for Structured Planning and Management of
Development, in: Krause, D., Heyden, E. (Eds.), Design Methodology for Future Products: Data Driven, Agile and Flexible.
Springer International Publishing, Cham, Germany, pp. 27-46. 10.1007/978-3-030-78368-6_2.

NordDesign 2024



Albers, A., Rapp, S., Birk, C., Bursac, N., 2017. Die Frilhe Phase der PGE - Produktgenerationsentwicklung, in: Stuttgarter
Symposium fiir Produktentwicklung SSP 2017: Stuttgart, 29. Juni 2017, Wissenschaftliche Konferenz. Stuttgarter Symposium
fir Produktentwicklung, Stuttgart. Universitat Stuttgart, pp. 345-354.

Albers, A., Rapp, S., Spadinger, M., Richter, T., Birk, C., Marthaler, F., Heimicke, J., Kurtz, V., Wessels, H., 2019. The Reference
System in the Model of PGE: Proposing a Generalized Description of Reference Products and their Interrelations,
in: Proceedings of the 22nd International Conference on Engineering Design (ICED19), Delft, The Netherlands. 5-8 August
2019, pp. 1693-1702. 10.1017/dsi.2019.175.

Albers, A., Tusch, L., Jickle, M., Seidler, M., Kempf, C., 2024. Circularity in Product Engineering — Towards a Forward-Looking
Approach Across Product Generations, in: Proceedings of the DESIGN 2024, 18th International Design Conference,
Dubrovnik, Croatia. The Design Society, Glasgow. 10.1017/pds.2024.3.

ANSI, 2017. Specifications for the Process of Remanufacturing: An American National Standard for Remanufacturing, 2016th ed.
Remanufacturing Industries Council (RIC). https://remancouncil.org/wp-content/uploads/_pda/2020/04/R1C001.1-2016-
Specifications-for-the-Process-of-Remanufacturing.pdf.

Arnold, M., Paloméki, K., Le Blévennec, K., Koop, C., Geerken, T., 2021. Contribution of remanufacturing to Circular Economy.
Eionet Report ETC/WMGE 2021/10. European Environment Agency, Mol, Belgium.

Asif, F., Roci, M., Lieder, M., Rashid, A., Miheli¢, A., Kotnik, S., 2021. A methodological approach to design products for multiple
lifecycles in the context of circular manufacturing systems. J. Clean. Prod. 296. 10.1016/j.jclepro.2021.126534.

Aydin, R., Badurdeen, F., 2019. Sustainable product line design considering a multi-lifecycle approach. Resour. Conserv. Recycl.
149, 727-737. 10.1016/j.resconrec.2019.06.014.

Aziz, N.A., Wahab, D.A., Ramli, R., Azhari, C.H., 2016. Modelling and optimisation of upgradability in the design of multiple life
cycle products: a critical review. J. Clean. Prod. 112, 282-290. 10.1016/j.jclepro.2015.08.076.

Badurdeen, F., Aydin, R., Brown, A., 2018. A multiple lifecycle-based approach to sustainable product configuration design. J. Clean.
Prod. 200, 756-769. 10.1016/j.jclepro.2018.07.317.

Bakker, C., Wang, F., Huisman, J., Hollander, M. den, 2014. Products that go round: exploring product life extension through design.
J. Clean. Prod. 69, 10-16. 10.1016/j.jclepro.2014.01.028.

Bayrak, B., Guray, B., Uzunlar, N., Nadar, E., 2024. Diffusion control in closed-loop supply chains: Successive product generations.
Int J Prod Econ 268, 109128. 10.1016/j.ijpe.2023.109128.

Belli, F., Quella, F., 2021. Ecodesign, Design for Reuse, in: Belli, F., Quella, F. (Eds.), A Holistic View of Software and Hardware
Reuse: Dependable Reuse of Components and Systems, vol. 315, 1st ed. Springer Intl. Publishing, Cham, pp. 215-235.
10.1007/978-3-030-72261-6_7.

Bender, B., Gericke, K. (Eds.), 2021. Pahl/Beitz Konstruktionslehre: Methoden und Anwendung erfolgreicher Produktentwicklung,
9th ed. Springer, Berlin, Heidelberg.

Bradley, R., Jawahir, I.S., Badurdeen, F., Rouch, K., 2016. A Framework for Material Selection in Multi-Generational Components:
Sustainable Value Creation for a Circular Economy, in: Procedia CIRP. The 23rd CIRP Conference on Life Cycle
Engineering. Elsevier B.V, pp. 370-375. 10.1016/j.procir.2016.03.247.

Burggréf, P., Adlon, T., Miller, K., Féhlisch, N., Dackweiler, J., Félling, C., 2023. Adaptive Remanufacturing-Methodology towards
an intelligent maintenance strategy for production resources, in: Procedia CIRP. 28th CIRP Conference on Life Cycle
Engineering. Elsevier B.V, pp. 330-335. 10.1016/j.procir.2021.01.112.

Charter, M., Gray, C., 2008. Remanufacturing and product design. International Journal of Product Development 6, 375.
10.1504/13PD.2008.020406.

Chierici, E., Copani, G., 2016. Remanufacturing with Upgrade PSS for New Sustainable Business Models. Procedia CIRP 47, 531—
536. 10.1016/j.procir.2016.03.055.

Corum, A., 2022. Remanufacturing: A Case study in Mercedes-Benz Bus Factory, in: Proceedings of the IEOM. The 12th Annual
International Conference on Industrial Engineering and Operations Management, Istanbul, Turkey. IEOM Society
International, Michigan, USA, pp. 1288-1294. 10.46254/AN12.20220230.

Debo, L.G., Toktay, L.B., van Wassenhove, L.N., 2006. Joint Life-Cycle Dynamics of New and Remanufactured Products.
Production and Operations Management 15, 498-513. 10.1111/j.1937-5956.2006.tb00159.x.

DIN Deutsches Institut fir Normung e. V., 2023. Remanufacturing (Reman) — Qualitatsklassifizierung fir zirkulare Prozesse. Beuth
Verlag, Berlin, 38 pp.

Ellen MacArthur Foundation, 2013. Towards the Circular Economy: Vol. 1: Economic and Business Rationale for an accelerated
Transition. https://www.emf.org/towards-the-circular-economy-vol-1-an-economic-and-business-rationale-for-an.

Go, T.F., Wahab, D.A., Hishamuddin, H., 2015. Multiple generation life-cycles for product sustainability: the way forward. J. Clean.
Prod. 95, 16-29. 10.1016/j.jclepro.2015.02.065.

Golinska-Dawson, P., Kiibler, F., 2018. Sustainability in Remanufacturing Operations. Springer International Publishing, Cham.
Hapuwatte, B.M., Badurdeen, F., Bagh, A., Jawahir, I.S., 2022. Optimizing sustainability performance through component
commonality for multi-generational products. Resour. Conserv. Recycl. 180, 105999. 10.1016/j.resconrec.2021.105999.
Hapuwatte, B.M., Badurdeen, F., Jawahir, 1.S., 2023. Classifying Multi-generational Products for the Circular Economy,
in: Manufacturing Driving Circular Economy: Proceedings of the 18th Global Conference on Sustainable Manufacturing,

October 5-7, 2022, Berlin. Springer International Publishing, Cham, pp. 799-807. 10.1007/978-3-031-28839-5_89.

Hapuwatte, B.M., Jawahir, I.S., 2021. Closed-loop sustainable product design for circular economy. J of Industrial Ecology 25, 1430—
1446. 10.1111/jiec.13154.

Haynsworth, H.C., Lyons, R.T., 1987. Remanufacturing By Design, The Missing Link. Prod. and Inv. Mgmt. J., 24-29.

Hossain, M.S., Chakrabortty, R.K., Elsawah, S., Ryan, M.J., 2023. Hierarchical joint optimization of modular product family and
supply chain architectures considering sustainability. Sustain. Prod. Consum. 43, 15-33. 10.1016/j.spc.2023.10.010.

ljomah, W., Childe, S., Mcmahon, C., 2004. Remanufacturing: A Key Strategy for Sustainable Development, in: Proceedings of the
3rd International Conference on Design and Manufacture for Sustainable Development. Cambridge University Press.

International Electrochemical Commission, 2004. Dependability of products containing reused parts - Requirements for functionality
and tests. https://webstore.iec.ch/publication/6800.

NordDesign 2024



Towards Design for Cross-Generational Remanufacturing: A Literature Review and Concept Proposal

IRP, 2018. Re-defining Value: The Manufacturing Revolution: Remanufacturing, Refurbishment, Repair and Direct Reuse in the
Circular Economy. International Resource Panel. United Nations Environment Programme, Nairobi, Kenya.

Jawahir, 1.S., Dillon Jr., O.W., Rouch, K.E., Joshi, K.J., Venkatachalam, A., Jaafar, 1.H., 2006. Total Lifecycle Considerations in
Product Design for Sustainability: A Framework for Comprehensive Evaluation, in: Proceedings of the 10th international
research/expert conference. TMT, Barcelona, Spain.

Kang, S., Hong, Y.S., Kwak, M., 2023. Evaluating the circularity and multi-lifecycle green profit of product family design. Resour.
Conserv. Recycl. 197. 10.1016/j.resconrec.2023.107106.

Karvonen, 1., Jansson, K., Behm, K., Vatanen, S., Parker, D., 2017. ldentifying recommendations to promote remanufacturing in
Europe. Jnl Remanufactur 7, 159-179. 10.1007/s13243-017-0038-2.

Keshavarz-Ghorbani, F., H. R. Pasandideh, S., 2023. Designing a multi-objective closed-loop supply chain for multi-period multi-
generational products with social impacts considerations. Comput Ind Eng 177, 109056. 10.1016/j.cie.2023.109056.

Kim, H.-J., Skerlos, S., Severengiz, S., Seliger, G., 2009. Characteristics of the automotive remanufacturing enterprise with an
economic and environmental evaluation of alternator products. International Journal of Sustainable Manufacturing 1, 437—
449. 10.1504/13SM.2009.031363.

Kim, J., Kim, H.M., 2020. Impact of generational commonality of short life cycle products in manufacturing and remanufacturing
processes. J Mech Des 142. 10.1115/1.4047092.

Kumar, R., Ramachandran, P., 2016. Revenue management in remanufacturing: perspectives, review of current literature and research
directions. International Journal of Production Research 54, 2185-2201. 10.1080/00207543.2016.1141255.

Kurilova-Palisaitiene, J., Sundin, E., Sakao, T., 2023. Orienting around circular strategies (Rs): How to reach the longest and highest
ride on the Retained Value Hill? J. Clean. Prod. 424, 138724. 10.1016/j.jclepro.2023.138724.

Kwak, M., Kim, H., 2013. Market Positioning of Remanufactured Products With Optimal Planning for Part Upgrades. Journal of
Mechanical Design 135, 11007. 10.1115/1.4023000.

Lund, R.T., 1985. Remanufacturing : the experience of the United States and implications for developing countries. World Bank
technical papers 31. World Bank Group, Washington, DC. http://documents.worldbank.org/curated/en/792491468142480141/
Remanufacturing-the-experience-of-the-United-States-and-implications-for-developing-countries (accessed 10 May 2024).

Mangun, D., Thurston, D.L., 2002. Incorporating component reuse, remanufacture, and recycle into product portfolio design. IEEE
Trans Eng Manage 49, 479-490. 10.1109/TEM.2002.807292.

Miyoshi, S., Segawa, T., Takii, M., Imamura, T., Sakurai, H., Kurosawa, Y., Kondo, S., Kishita, Y., Umeda, Y., 2022. Evaluation of
circularity of components for life cycle design: A toner bottle case study, in: Procedia CIRP. The 29th CIRP Conference on
Life Cycle Engineering, Leuven, Belgium. Elsevier B.V, pp. 267-272. 10.1016/j.procir.2022.02.044.

Nag, U., Sharma, S.K., Kumar, V., 2022. Multiple Life-Cycle Products: A Review of Antecedents, Outcomes, Challenges, and
Benefits in a Circular Economy. J. Eng. Des. 33, 173-206. 10.1080/09544828.2021.2020219.

Nasr, N. (Ed.), 2019. Remanufacturing in the Circular Economy: Operations, engineering and logistics. John Wiley & Sons Inc;
Scrivener Publishing LLC, Hoboken NJ, Salem MA, 234 pp.

Ostlin, J., 2008. On Remanufacturing Systems: Analysing and Managing Material Flows and Remanufacturing Processes.
Dissertation. Institutionen for ekonomisk och industriell utveckling, Linkdping.

Ostlin, J., Sundin, E., Bjérkman, M., 2009. Product life-cycle implications for remanufacturing strategies. J. Clean. Prod. 17, 999
1009. 10.1016/j.jclepro.2009.02.021.

Pialot, O., Millet, D., 2014. Why Upgradability should be Considered for Rationalizing Materials? Procedia CIRP 15, 379-384.
10.1016/j.procir.2014.06.013.

Polyportis, A., Mugge, R., Magnier, L., 2022. Consumer acceptance of products made from recycled materials: A scoping review.
Resour. Conserv. Recycl. 186, 106533. 10.1016/j.resconrec.2022.106533.

Seitz, M.A., 2007. A critical assessment of motives for product recovery: the case of engine remanufacturing. J. Clean. Prod. 15,
1147-1157. 10.1016/j.jclepro.2006.05.029.

Suhariyanto, T.T., Wahab, D.A., Rahman, M., 2017. Multi-Life Cycle Assessment for sustainable products: A systematic review. J.
Clean. Prod. 165, 677-696. 10.1016/j.jclepro.2017.07.123.

Sundin, E., Bras, B., 2005. Making functional sales environmentally and economically beneficial through product remanufacturing. J.
Clean. Prod. 13, 913-925. 10.1016/j.jclepro.2004.04.006.

Sutherland, J.W., Adler, D.P., Haapala, K.R., Kumar, V., 2008. A comparison of manufacturing and remanufacturing energy
intensities with application to diesel engine production. CIRP Annals 57, 5-8. 10.1016/j.cirp.2008.03.004.

Tolio, T., Bernard, A., Colledani, M., Kara, S., Seliger, G., Duflou, J., Battaia, O., Takata, S., 2017. Design, management and control
of demanufacturing and remanufacturing systems. CIRP Ann Manuf Technol 66, 585-609. 10.1016/j.cirp.2017.05.001.

United Nations, 2019. The Sustainable Development Goals report 2019. New York, 64 pp.

van den Berg, M.R., Bakker, C.A., 2015. A product design framework for a circular economy, in: Cooper, T., Braithwaite, N.,
Moreno, M., Salvia, G. (Eds.), Product Lifetimes and the Environment (PLATE) conference proceedings. Nottingham Trent
University, Nottingham, pp. 365-379.

Wang, W., Wang, Y., Mo, D., Tseng, M., 2017. Component Reuse in Remanufacturing Across Multiple Product Generations,
in: Procedia CIRP. Proceedings of the 50th CIRP Conference on Manufacturing Systems. Elsevier B.V, pp. 704-708.
10.1016/j.procir.2017.02.033.

Wu, B., Jiang, Z., Zhu, S., Zhang, H., Wang, Y., 2023. A customized design method for upgrade remanufacturing of used products
driven by individual demands and failure characteristics. J Manuf Syst 68, 258—269. 10.1016/j.jmsy.2023.04.004.

Zhou, L., Gupta, S.M., Kinoshita, Y., Yamada, T., 2017. Pricing Decision Models for Remanufactured Short-Life Cycle Technology
Products with Generation Consideration, in: Procedia CIRP. The 24th CIRP Conference on Life Cycle Engineering. Elsevier
B.V, pp. 195-200. 10.1016/j.procir.2016.11.208.

Contact: L. Tusch, Karlsruhe Institute of Technology (KIT), IPEK — Institute of Product Engineering, Kaiserstr. 10, 76131
Karlsruhe, Germany, Phone: +49 721 608-41597, tusch@kit.edu

NordDesign 2024



