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1. Introduction 

Remanufacturing holds strong potential to support the 
transition to a circular economy due to its high product value 
retention as well as energy and resource savings [1]. However, 
as of today, this potential is only exploited to a limited extent 
due to a variety of key challenges [2]. One of them is balancing 
design for remanufacturing with customer attractiveness for a 
given product, which could partly be addressed through a 
cross-generational approach [3]. Hence, the concept and 
terminology of Cross-Generational Remanufacturing (CG-
Reman) has been presented in [4], along with product and 
market characteristics that could be suitable. However, not only
is the selection of suitable products a challenge, but also
determining which subsystems within these products should be 
prioritized for subsequent Design for CG-Reman efforts. 
Hence, this paper aims to develop a method to analyze products
for identification of high-potential subsystems for CG-Reman.

Building on a summary of the state of research (Chapter 2), 
Chapter 3 introduces the research approach. The key results of 
the paper are presented in Chapter 4, while Chapter 5 gives an 
example of their application in a case study. The paper 
concludes with a discussion and outlook (Chapter 6).

Our practice-driven investigations lead to a structured 
approach and a novel method for CG-Reman potential 
assessment by systematically comparing changes between 
product generations.

2. Research background

To counteract rising challenges such as climate change and 
resource scarcity, the concept of a circular economy has been 
introduced and widely discussed in research and practice [5].
CE aims to decouple value creation from the consumption of 
finite resources [6]. As a supporting framework, the so-called
R-strategies have been established to show different value 
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retention levels for the circularity of resources [7]. One of these
strategies, remanufacturing, which is characterized by restoring 
used products to a quality level that meets at least original 
equipment manufacturer (OEM) performance from the 
customer’s perspective [8], is considered to provide potential 
for superior value retention [1]. To proactively design for 
enhanced ease of this ‘conventional’ remanufacturing, a variety 
of guidelines have been established (e.g., [9, 10]). A product-
related key criterion for identifying suitable products for 
conventional remanufacturing is the residual value of the used 
product (‘core’), followed by more organizational criteria such 
as core availability and a reverse logistics [11, 12]. 

Going beyond the consideration of a single lifecycle 
application of an R-strategy, the concept of multi-lifecycle 
products has emerged [13]. As a special case of this, CG-
Reman is conceptualized as a planned and anticipated 
industrial process that integrates used subsystems into new 
products of the latest product generation for the primary 
market, cf. [4]. Hence, CG-Reman targets subsystem or 
component-level circularity (cf. [14]), but aims to maintain
customer attractiveness through a cross-generational focus. 
This leads to the challenge to identify those subsystems of a 
product that should be circulated with CG-Reman. Existing 
research that has considered similar challenges in adjacent 
concepts either tackle the topic from an operations research 
perspective rather than a technical one (e.g., [15]) or take an 
entire product rather than a component level view (e.g., [16]). 
In addition, previous work does not focus on multiple product 
generations. Hence, the question how to analyze which 
subsystems hold potential for CG-Reman has not been assessed 
and is a necessary next step for the application of CG-Reman.

3. Research approach

Therefore, the goal of this research is to explore ways to 
identify subsystems of a product that could be especially 
beneficial for CG-Reman. To achieve this, we formulated four 
research questions (RQs). With our first RQ we aim to frame 
the solution space for potential analyses that could contribute 
to this goal:

• RQ1: What types of analyses might support the 
identification of product subsystems that are suitable for 
Cross-Generational Remanufacturing? 

As one potential solution, we propose systematically 
assessing changes that have occurred between two successive 
product generations, a process that we refer to as “differential 
analysis”. Building on this, we formulated three additional RQs
for the differential analysis to guide our study:

• RQ2: Which dimensions should be considered for 
identifying Cross-Generational Remanufacturing potential
in a differential analysis?

• RQ3: How can changes between product generations in 
these dimensions be systematically evaluated on a granular 
physical subsystem level as part of a structured teardown?

• RQ4: How can this process be conducted in a reproducible 
and methodological way?

These questions were addressed through a combination of 
input from literature (RQ 1,2), expert interviews (RQ 1,2,3) and 
an iterative applied investigation in a case study (RQ 2,3,4). 
The latter was focused on the cross-generational analysis
through a systematic teardown of two successive generations 
of a kitchen appliance (cf. Fig. 1). Structured physical 
teardowns of products have become common in competitive 
value analyses [17], however, to the authors’ knowledge, they
have not been specifically directed at identifying and 
describing granular differences between product generations.

Fig. 1. Example product (kitchen appliance) used for the differential analysis.

The specific product was selected as an example due to its
clearly identifiable successive product generations without 
product variants, its mechatronic nature with sufficient but 
manageable complexity, its design-relevant exterior for 
differentiation, and its use as a conventional remanufacturing
product. Notably, the older product generation had to be 
acquired remanufactured, as it was no longer available for 
purchase through official sales channels and the study had to 
be conducted without a collaboration with the OEM.

4. Results: Differential analysis as an assessment method
for CG-Reman potential identification

The main contribution of this paper is the proposed 
assessment method to derive CG-Reman potential for 
subsystems and components. First, we present the context of 
the proposed differential analysis and its embedding within a 
broader range of potential analyses (RQ1). Second, we 
introduce three assessment dimensions to address RQ2, before 
diving into ways for their evaluation (RQ3). Lastly, we propose 
a methodology to conduct the differential analysis in an 
efficient and reproducible manner (RQ4).

4.1. Context of CG-Reman potential identification (RQ1)

We propose that the identification of CG-Reman potential 
can generally be conducted in several ways, structured along 
two main aspects. On one axis, potential can be identified from 
a market-related view, which we termed outside-in, or from a 
system-related view, which we call inside-out (cf. Fig. 2). On a 
second axis, both viewpoints can be taken with either a 
retrospective focus, identifying the inherent potential of the 
investigated system, or a prospective focus, assessing how 
future CG-Reman potential might be created. Example 
analyses within this framework include a retrospective market 
analysis (outside-in, retrospective), a market trend analysis 
utilizing methods from the field of strategic foresight (outside-
in, prospective, e.g., [18]), or a reference system analysis 
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during product engineering as proposed by [3] (inside-out, 
retrospective). The differential analysis operationalizes the 
inside-out perspective, and while in this case study it was 
conducted retrospectively, there is also potential to apply it to 
(models of) prospective product generations.

Fig. 2. Overview of possible analyses to identify CG-Reman potential with 
conducted differential analysis highlighted.

Each of these analyses provides distinct and valuable input, 
and only a combination of these will yield a holistic view of 
CG-Reman potential (particularly for subsystems that must be 
newly developed to respond to market trends). In the following
sections, this paper focuses on the differential analysis as a 
suitable key approach for the system-related view.

4.2. Identification of general assessment dimensions (RQ2)

For the differential analysis conducted in this paper, we 
analyze engineering changes made between product 
generations. To derive dimensions for assessment (RQ2), it is 
first important to understand the goal of this analysis. Since we 
are not searching for components that could be used for CG-
Reman as-is, aspects of conventional reman-suitability (e.g., 
ease of disassembly, lifetime) are not in focus here. Moreover, 
risk assessment is not a core element at this stage, as it would 
already require specific redesign options. Instead, the 
differential analysis aims to identify fields of action with 
potential to effectively apply Design for CG-Reman principles.

Hence, the main rationale here is that if a high-value 
component is observed to have undergone few and/or non-
crucial changes, it may be highly suitable to consider for
subsequent Design for Cross-Generational Remanufacturing. 
To systematically capture the influences on CG-Reman 
potential, we propose three assessment dimensions:

Firstly, the extent of the change must be measured. While 
no change and total intergenerational commonality in a 
component between subsequent generations might be ideal for 
CG-Reman potential (cf. [19, 20]), we propose that evidence 
regarding the proximity to cross-generational commonality
(e.g., (limited) compatibility) of a subsystem may also be 
valuable and should be considered.

Secondly, the reason for the change must be evaluated. 
While some changes could be critical differentiators for 
customers (e.g., adding wireless connectivity in the newer 
generation of the kitchen appliance), others may be purely cost-
driven or occur due to operational efficiencies. For CG-Reman, 
the first type of change may be inevitable due to the primary 
market aspiration, but the latter type of change may not be 
necessary and could be deprioritized to facilitate CG reuse of 

certain subsystems. We call this dimension the relevance of a 
change. This notion can also be linked to obsolescence types 
that have been investigated in this context, as described by [21]. 

Lastly, these two dimensions could still result in identifying
many small components that would not justify the effort of 
making targeted design changes as well as engaging in the 
complex operations of a (CG) remanufacturing process. Hence, 
the baseline impact of a given subsystem should be considered 
as a key criterion for the effectiveness of a remanufacturing 
approach (cf. [11, 20]). The impact dimension establishes the 
contribution of the subsystem to the overall system and can be 
interpreted (independent of possible changes between 
generations) in various ways, such as economically, 
environmentally, or socially. If the impact of a subsystem is 
high, it will have greater potential for CG-Reman. This 
dimension serves as a basis for prioritizing the overall CG-
Reman effort based on given targets, e.g., set through the 
company strategy. 

In fact, some of these dimensions are already commonly 
considered in literature (cf. [11, 12]) and practice (as indicated 
in expert interviews) when retroactively identifying 
subsystems for conventional remanufacturing of products 
already on the market (e.g., focusing on high-value cores: 
impact; limited design change history: extent, no quality-
induced changes: relevance). These insights supported the 
development of the final dimensions during the case study 
analysis. To summarize, the CG-Reman potential of a focal 
subsystem or component can be described as a function of the 
extent of the cross-generational change, the relevance of the 
change and its (e.g., economic, ecologic, social) impact (cf. 
(1)). Each of the dimensions can be interpreted as an answer to 
one of the following questions: ‘Why was it changed?’ 
(relevance), ‘What was changed?’ (impact), and ‘How was it 
changed?’ (extent). While the weighting of the dimensions is 
not deductively given, coefficients can be introduced to adjust 
the results or set a specific focus (cf. Chapter 5).

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑓𝑓 (
Change 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,

Change 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,
Subsystem 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

) (1)

4.3. Evaluation of the general assessment dimensions (RQ3)

To propose an approach to answer the third research 
question (RQ3), we need to operationalize the assessment 
dimensions with evaluation mechanisms. While our research 
focused on a practice-derived approach for the extent 
evaluation, we also provide a brief overview of possible ways 
to evaluate the other dimensions based on insights from the 
empirical analysis of the example product.

Of those dimensions, impact seemed the most measurable, 
given the availability of clear metrics for evaluation. The 
economic impact of a subsystem can be identified through 
methods such as an ABC-analysis of its contribution to the bill 
of materials (BOM) or life cycle costing (LCC). Environmental
impact could be estimated through a subsystem-level life cycle 
assessment (LCA). Similar indicators could also be integrated 
to include additional impact criteria such as social suitability. 
Since these fields are generally well-researched, we did not 
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focus on their specific evaluation (cf. [22]). Furthermore, due 
limited access to OEM engineering data and to simplify the 
evaluation in our case study, we estimated the impact based on 
expert input regarding materials used and manufacturing 
complexity. This was summarized using a three-step scale 
(low, medium, high) for cost and environmental impact. The 
authors acknowledge, however, that this could be performed 
separately and with greater accuracy. 

The relevance of changes was also estimated by attempting 
to reconstruct the objectives of the original engineering team. 
Here, development knowledge and customer understanding are 
crucial inputs for assessment, which were not available to the 
authors. As a workaround, our estimate relied on a three-tiered 
scoring system with the following categorizations for the cross-
generational relevance of changes: no change / reason not 
recognizable or not customer relevant (e.g., cost-driven, 
production-related) (low), performance improvement without 
direct customer relevance (e.g., internal performance, 
reliability) (medium), and customer-critical differentiating 
function (high).

The approach to evaluate the extent of a cross-generational 
change for a given subsystem was less clear. To the authors’ 
knowledge and based on a literature search, there are no 
standardized measures for assessing the extent of changes on a 
physically observable level. Generally, the idea of CG thinking 
is based on the model of SGE – System Generation Engineering 
by Albers et al. [23], which describes changes between 
generations using three variation types. However, given the
detailed level of our investigation, we found it was necessary
to go beyond these and develop a framework to evaluate
changes on a more granular level for physical subsystems.
While experimenting with various approaches, such as 3D 
scanning and a software-based geometrical deviation analysis, 
we found that these methods do not provide insights into the 
quality of a geometrical change. 

Based on these findings, we developed a framework for
evaluating change extent. The core idea is to qualify the change 
extent based on the degree of compatibility of the older
generation’s subsystem with the new generation, ranging from 
full equality (exactly equal), compatibility (not equal, but can
be integrated as-is), conditional compatibility (can be 
integrated with additional measures, e.g. interface adaption), to
incompatibility (cannot be integrated). This structure is based 
on the concept of hard and soft incompatibility [24] and was 
mapped to the analysis of the geometry and material of the 
focal subsystem. For geometry, changes were categorized into 
modifications within the design space (the envelope volume 
occupied by the subsystem) and at the interfaces (elements 
interacting with the subsystem’s environment, requiring an 
analysis of the system context). For material, changes were 
evaluated in terms of substance (engineering matter, e.g. 
polypropylene) and the surface property (e.g., friction 
coefficient) parameters. Each of these four categories was 
assigned a rough equivalent to the previously presented 
compatibility levels, cf. Table 1. This classification is loosely 
based on modularization principles and was developed 
iteratively based on insights gained from its application to the 
example product.

Table 1. Proposed evaluation scheme for extent of cross-generational change.

Extent of 
change
(illustrative)

Value Geometry Material

Design 
Space 

Interface
(system context)

Substance
(x0,5)

Surface
(x0,5)

“Equality” 0 Equal Equal Equal Equal

“Compatibility” 1 Internal 
change

Compatible Material 
type equal

Aesthetic 
change

“Conditional 
Compatibility”

2 External 
change

Compatible 
w/ adapter

Equal class 
of materials

–

“Incompa-
tibility”

3 New / 
discontinued

Incompa-
tible

Diff. class 
of materials

Technical 
change

To derive a comparable result, each compatibility level was 
assigned a numerical value from 0 (equality) to 3 
(incompatibility). The values for each assessed category were 
aggregated through summation, with the two subcategories for 
material weighted at only 50% each, as their influence on the 
change extent was considered lower compared to geometric 
elements. Consequently, the change extent measured could 
range from 0 (minimal extent = equality) to 9 (maximal extent). 
While this approach is expected to provide a useful indication, 
the scale is not strictly ordinal for individual digits. To align 
with the prior assessment of other dimensions and facilitate 
further analysis, the results were grouped into three levels: low 
(0-2.5), medium (2.5-5.5) and high (6.5-9). The final 
evaluation scheme resulted from iterative experimentation with 
the case study product to ensure usability and clear 
differentiation among individual evaluation levels.

Fig. 3. Procedural framework for conducting a differential analysis to identify 
CG-Reman potential consisting of seven steps with their key activities.

Planning
Target definition; selection of impact criteria; selection of
focal product and generations; assembly of team incl.
reflection on competencies; organization of products

Preparation
Identification of functional groups to structure
subsystems; initial top-down prioritization; definition of
abort criteria for decomposition

De-
composition

Parallel teardown of products; comparison for cross-
generational compatibility of subsystems (yes/no);
identification of suitable levels for structuring subsystems;
documentation of relevant data from subsystems

Analysis: 
intra- & 

cross-gen.

Adjustment of functional groups (if necessary),
assessment of subsystem impact; cross-generational
matching of subsystems; pre-filtering of subsystems for
impact; assessment of change extent; assessment of
change relevance; calculation of CG-Reman potential

Risk 
assessment

Review of skills and competencies for system
understanding (e.g., development knowledge); reflection
of uncertainties in the assessment; estimation of effort for
realization; assessment of synergies and risks of potential
development measures

Synthesis
Prioritization of subsystems according to CG-Reman
potential and effort for realization; decision for realization
and respective development measures

Follow-up Check for completeness of documentation; reflection and
actualization of best practices
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4.4. Procedural framework for conduction (RQ4)

Based on the empirical insights gained from the practical 
study, we derived a seven-step general approach to evaluate the 
CG-Reman potential of subsystems from planning until follow-
up, with particular focus on a structured and effective 
decomposition and comparative analysis. The relevant steps
and a selection of their activities are presented in Fig. 3. This 
framework has been developed in more detail using detailed 
flowchart notation according to ISO 5807 for each step. Since 
presenting these details would exceed the scope of this paper, 
they can be obtained from the authors upon request.

5. Application in the case study

The case study served both as a platform for the iterative 
development of the concepts and as an example product for 
validating the approach. The results of the final application are 
presented below. To identify the CG-Reman potential, the 
individual assessments (low, medium, high) of the three change 
dimensions were evaluated in combination. To achieve this, the 
assessments were first translated into scores from 0 (worst 
characteristic) to 2 (best characteristic) and then added up to 
calculate a CG-Reman potential score ranging from 0 (lowest 
potential) to 6 (highest potential). The distribution of these 
scores across the 47 disassembled and analyzed subsystems 
(excluding connectors such as clips and screws) of the example 
product is shown in Fig. 4. It should be noted that the older
product generation was chosen as the baseline, i.e. subsystems 
that were discontinued were included in the analysis, while new 
subsystems in the new generation that lacked identifiable 
predecessors were excluded. The results were finally divided 
into three categories of potential (low: 0-2, medium: 3-4, 
high: 5-6) to facilitate the comparison and evaluation.

Fig. 4. Distribution of CG-Reman potential scores for the evaluated 
subsystems (n=47) showing separation into high, medium and low potential.

The results show a clear distinction among the components, 
with 28 % classified as high, 55 % as medium and 17 % as low 
CG-Reman potential. These findings can effectively guide the 
identification of promising subsystems. Examples from the 
case study are provided in Table 2. These outcomes can be 
interpreted and explained based on the respective input 
dimensions. For instance, the main motor meets all three 
criteria (high-value item, unchanged, not a differentiator) and 
serves as an ideal starting point for Design for CG-Reman 

activities. Once this is addressed, lower value items with 
otherwise favorable characteristics, such as the plastic locking 
mechanism, could also be targeted. In contrast, high-value 
items with high performance relevance and many changes, 
such as the mainboard, are less suitable candidates.

Table 2: Examples of subsystems and their determined CG-Reman potential.

CG-Reman potential Score Examples

High
6 Main motor, cutting knife, kettle retainer

5 Grille, kettle cover, locking mechanism 

Medium
4 Kettle, lower housing, locking motor

3 Upper housing, kettle base, PCB holder

Low

2 Mainboard, Display

1 Knob cover, display PCB

0 Recipe interface, spacer kettle retainer

In this simplest case of evaluation, equal weighting was 
applied to the three dimensions (relevance, extent, impact), as 
their importance was deemed equivalent. However, we also 
conducted a sensitivity analysis to observe changes in the 
results when placing higher emphasis on relevance and impact
(by doubling their scores). Under a double impact weighting, 
high potential items became more distinct (e.g., motor, knife, 
retainer), as lower-value items are penalized more heavily. 
With double relevance weighting, the overall distribution 
shifted upwards due to the relatively strong polarization in
relevance ratings (few with high ratings, most with low). Still, 
the effects of this weighting are not generalizable and depend 
on the specific product and its subsystems’ characteristics.

6. Discussion and outlook 

This paper investigates methods to identify subsystems of a 
product that may be particularly suitable for targeted redesign 
for Cross-Generational Remanufacturing. The differential 
analysis has been introduced as a method that investigates 
changes between product generations. In this context, three 
dimensions for change assessment, ways of their evaluation, 
and a procedural framework for conducting the overall analysis 
were presented. As part of this, a novel approach to assessing 
the extent of subsystem changes between product generations 
was developed. In doing so, the four stated RQs were answered.

Both the specification of assessment dimensions as well as 
the development of an understanding of the necessary criteria 
for classifying change extent on a granular subsystem level 
mark a novel contribution to existing academic concepts (cf. 
Chapter 2). For practitioners, the identification of suitable 
subsystems to prioritize for redesign according to CG-Reman 
requirements is a crucial first step towards adapting such 
concept in practice facilitated by this contribution.

The analysis conducted here can thus be considered as a first 
proof of concept, laying the foundation for further refinements 
and broader application. Based on the insights and limitations 
of this paper, the next steps for future research can be outlined. 
First, while it has been conceptually considered, the teardown 
process and evaluation method need to be validated with other 
products and product categories to demonstrate reproducibility 
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and adaptability. While the analysis can, in principle, be 
conducted virtually (e.g., using CAD data, BOM information, 
system models), some changes may not be as easily
identifiable. This is particularly relevant for intricate changes 
that may result from production processes but could still cause 
incompatibilities. In our case, the research was conducted 
during the teardown process, which meant that not all final 
guidelines (e.g., abort criteria) were adhered to during the 
analysis. As a result, more individual parts were disassembled 
than might typically occur, affecting the distribution results of 
CG-Reman potential. However, this deviation was determined 
to be non-critical. Nonetheless, the practical applicability of the 
method should be further validated in follow-up studies.

Second, there is potential to further explore the assessment 
dimensions and their ability to accurately measure CG-Reman 
potential, as well as to refine the calibration of their weights 
and selected threshold values, given their significant influence 
on the results. The evaluation of the three dimensions can and 
should be refined (e.g., avoiding aggregation into only three 
evaluation levels). Additionally, the specific evaluation of the 
relevance dimension requires further exploration, which was 
limited in this study due to a lack of development knowledge. 
The practice-derived, detailed assessment vector for change 
extent evaluation might provide useful insights for potential 
design adjustments. Furthermore, the suggested change extent 
evaluation could be generalized to analyze changes between 
existing product variants, thereby broadening its application 
potential to conventional remanufacturing contexts.

Third, on a conceptual level, the combination of the 
suggested analysis with other methods for identifying CG-
Reman potential (cf. Section 4.1) should be explored, 
especially when considering a greenfield approach rather than 
cases with existing product portfolios and generation.
Lastly, specific guidelines to support Design for Cross-
Generational Remanufacturing (DfCG-Reman) need to be 
further researched and established, as the presented analyses 
only identify subsystems with promising potential for CG-
Reman. It should be noted that it was purposefully decided not
to integrate an assessment of the reasonability or feasibility of 
redesigning a component for CG-Reman, which might reduce 
the potential of certain components that face extensive wear (as 
in our case, e.g., the cutting knife). Similarly, no prioritization
was applied for e.g., inner-lying parts over outer-lying parts, 
which may be less susceptible to negative impacts on their 
optical function during use. This was done to open the solution 
space before a later engineering synthesis step that might 
proactively address these challenges. In general, a component-
based rather than a function-based approach was taken to 
emphasize physical and tangible subsystem thinking for reuse.

Considering these areas for future work, this contribution 
aids in identifying promising subsystems and paves the way for
the successful design of cross-generational remanufacturable 
products that advance a forward-looking circularity. 
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