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Abstract: In their transition towards a circular economy, companies encounter 

considerable challenges in harvesting the inherent value of industrial products. 

To overcome this challenge, it is reasonable to systematically determine second-

life options in the early product design phases. The present paper introduces a 

methodology that promotes a value-based prioritization of (sub-)components and 

materials regarding their second-life potential. To achieve this, each level of a 

product architecture is assessed against sustainability and circularity criteria in 

the areas of technology, business, ecology, and legislation. The individual scores 

of (sub-)components and materials enable a value-based prioritization with three 

distinct levels of second-life potential. Moreover, a comparative evaluation of 

different product architectures regarding their sustainability and circularity can 

be conducted by determining an overall score. The development of the 

methodology is supported by a comprehensive literature review and expert 

interviews. 

Keywords: Circular Economy; Sustainability; Circular Product Design; 

Sustainable Design; Second Life Options; Reuse; Recovery. 
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1 Introduction 

In recent decades, the need for a transition from a linear to a circular economy (CE) has 

become increasingly apparent. The growing pressure on natural resources, increasing 

environmental pollution and the finite nature of raw materials are leading to global 

challenges such as climate change, biodiversity loss and environmental pollution (BMUV 

2024, 1–2). This threefold environmental crisis is largely attributable to the extraction and 

utilisation of raw materials. In general, the use of raw materials is responsible for around 

55 % of emissions, around 40 % of air pollution and around 90 % of biodiversity loss (IRP 

2024, 2). At the same time, only 7.2 % of goods produced globally are part of a CE, which 

represents a decrease of around 21 % from 2019 to 2024. (Fraser et al. 2024, 8) 

The CE aims to extend the life cycle of products and materials in order to maintain 

value in the economic system (Kirchherr et al. 2017, 229). The strategies used to achieve 

the CE are frequently referred to as R-strategies (Stahel 2019, 29–31). By utilizing 

resources over a longer period, decoupling economic growth from resource consumption 

is made possible. At the end of their life cycle, products or materials are reintegrated into 

the value chain, which again initiates a new life cycle. This not only leads to ecological 

benefits, but also opens up economic potential (Alexander et al. 2023, 1–7). Examples from 

a Tier 1 automotive supplier and a water meter OEM show that remanufactured products 

achieve higher margins than new products since less primary raw materials need to be 

processed (Schuh et al. 2023, 337–341). Other projects that focus on secondary life 

applications, i.e., reuse or repurpose for wind turbine blades demonstrate that the lifetime 

can be extended up to 20 years, while reducing costs and CO2 emissions at the same time 

(Federal Ministry for the Environment, Nature Conservation, Nuclear Safety and 

Consumer Protection (BMUV) 2024, 77). 

Around 80 % of environmental impacts are determined during the design phase of 

products, which displays the importance of circular design (CD) in the CE (Nasr et al. 

2018, 152). Thus, the central goal of the CE can only be achieved if the product design 

incorporates circular and resource-efficient aspects. The CD approach makes it possible to 

develop products that fulfil the requirements of resource-conserving design (Ellen 

MacArthur Foundation 2015, 55). It is therefore crucial that designers and companies 

integrate circular principles into the development process in order to create sustainable 

products that are both ecologically and economically beneficial (Bocken et al. 2016, 317). 

Industrial companies are increasingly addressing this potential by incorporating the 

principles of the CE into their product design processes and business models (GEA Group 

2023; BASF SE 2023; NKWS 2024). 

However, identifying and prioritizing products, (sub-)components and materials with 

second-life potential is a challenge due to the complexity of industrial products and the 

multitude of influencing factors. It is therefore necessary to develop a methodology to 

determine the second-life potential of industrial products to capture their inherent value 

within the CE. 

Purpose and scope of this research paper 

Derived from the situation described above, the objective of this paper is to determine the 

most promising second-life potentials of industrial products. Despite the existence of some 

successful industry examples, it is evident that the value of industrial products is not yet 



 

 

fully captured when the majority of them end up in landfill or are thermally recycled (Fraser 

et al. 2024, 22–23). A significant challenge is the absence of a systematic approach to 

identify the (sub-)components and materials that could and should be used beyond their 

original life cycle. It is therefore essential to develop a methodology, which ensures that 

the inherent value of industrial products is retained in a CE. Against this background, the 

research question “How can industrial products be assessed according to their second-life 

potential?” is formulated and tackled in this paper. 

Structure of this research paper 

Since this paper focuses on solving a practical problem observed in the industry, its 

structure follows Ulrich's research approach for applied sciences. According to Ulrich, a 

problem with a practical relevance needs to be identified at first. To address this, problem-

specific theories and methodologies are to be analyzed and elaborated in the field of 

fundamental and formal science. Finally, the developed methodology needs to be validated 

in the industrial practice and refined based on the results. (Ulrich 1984, 168–199) 

After detailing the practical relevance and challenges in this chapter, the theoretical 

fundamentals are introduced in chapter 2. With the aforementioned aspects, an emphasis 

is therefore put on circular economy, product life cycle and development process, circular 

design, product architecture as well as sustainability and circularity criteria. Chapter 3 

analyses existing methodologies to understand the state of research, identify the research 

gap and derive requirements towards the methodology. In chapter 4, a methodology is 

proposed that allows for the determination of second-life potentials. Finally, chapter 5 

draws a conclusion and provides an outlook to further research. 

2 Fundamentals 

Circular economy  

The Ellen MacArthur Foundation defines a CE as an economic system in which no waste 

is produced, and nature regenerates itself. To preserve value, all products and materials are 

kept in circulation through processes such as maintenance, reuse, refurbishment, 

remanufacturing, recycling, and composting. The concept is based on three principles: the 

elimination of waste and pollution, putting products and materials into circulation, and 

regenerating nature (Ellen MacArthur Foundation 2024). The strategies employed to attain 

the CE are frequently designated as R-strategies (Stahel 2019, 29–31). POTTING ET AL. 

(2017, 5) divide the R-strategies into three categories: Smarter product use and 

manufacture, with a focus on the principles of refuse, rethink and reduce, the extension of 

the lifespan of products and their parts through reuse, repair, refurbish, remanufacture, 

repurpose, and the useful application of materials through recycling and recovery.  

To identify second-life potentials for stimulating the secondary life cycle of an 

industrial product, it is essential to consider the most relevant R-strategies. These are the 

extension of the lifespan of products and their parts as well as the useful application of 

materials. Table 1 summarizes these R-strategies.   
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Table 1 Description of relevant R-strategies to extend the lifespan and make use of materials 

Category R-strategies Description 

Extend lifespan of 

product and its 

parts 

Reuse Reusing products without modification. 

Repair 
Repairing defective products for the original 

function. 

Refurbish Restoring products to make them up to date. 

Remanufacture 
Repurpose components of a discontinued product 

in novel products. 

Repurpose Using products for a different purpose. 

Useful application 

of materials 

Recycle 
Recovery of materials for the manufacture of new 

products of the same (higher) or lower quality 

Recover Incineration for energy recovery 

Source: Potting et al. 2017 

The transition from a linear economy to a CE necessitates not only technological 

advancement but also the formulation of circular business models and design 

methodologies to extend the lifespan of products and capture the full value of circular 

products (Bocken et al. 2016, 317). 

Product life cycle and development process 

The technical life cycle of a product can be divided into three main phases: Beginning-of-

life (BOL), middle-of-life (MOL) and end-of-life (EOL). The BOL consists of product 

development and production. This is followed by the MOL, which consists of logistics 

(distribution), use, service and maintenance, and EOL incorporating reverse logistics 

(collection), refurbishment (e.g., disassembly, reassembly), reuse, recycling and disposal. 

(Jun et al. 2007, 855) 

As outlined by the association of German engineers (VDI) in standard VDI 2221 (2019, 

31), the product development process for the design of technical products and systems can 

be divided into three overarching phases: planning, conception, and design and creation. 

In the planning phase, specific requirements of the product are defined. In the conception 

phase, the functional structure, solution principles, and the module structure of the product 

are defined. Preliminary and overall drafts of the product are finally elaborated in the 

design and creation phase. According to GERICKE ET AL., the feasibility and costs of a 

product design are additionally pre-determined during the overall product development 

process (Gericke et al. 2021, 68–70). 

Circular design  

CD describes design and development approaches that take circular design principles into 

account (Ellen MacArthur Foundation 2013, 9). The objective of CD is to maintain the 

value of a product over several life cycles and reduce the consumption of resources (Kamp 

Albæk et al. 2020, 4). Since CD has a major impact on the entire life cycle, especially on 

the EOL scenarios, it is crucial that circularity is considered right from the start of product 

development (Federal Ministry for the Environment, Nature Conservation, Nuclear Safety 



 

 

and Consumer Protection (BMUV) 2024, 20; Rexfelt and Selvefors 2024, 9–10). As it 

forms the link between the current and subsequent life cycle, the EOL of products 

represents a strategic phase that needs to be considered carefully during the development 

phase. (Favi et al. 2017, 136)  

In order to achieve the goals of the CE and manage the EOL, product designers and 

developers have various approaches at their disposal (Pruhs et al. 2024, 5). These strategies 

are summarized under the term “Design for X” (DfX) (Ijomah et al. 2007, 716). A selection 

of different DfX strategies is presented in Table 2. The closure of resource loops represents 

a significant objective within the context of CD (Geissdoerfer et al. 2017, 766). 

 
Table 2 Design for X (DfX) strategies 

Design focus DfX method 

Design for reliability and durability Design on demand or on availability 

Design the appropriate lifespan of 

products/components 

Design for product attachment and trust Create timeless aesthetics 

Design for pleasurable experiences 

Meaningful design 

Design for extending product life Design for repair/refurbishment 

Design for easy maintenance, reuse and repair 

Design for upgradability and flexibility 

Design for dematerialising products Design for product-service systems 

Design for swapping, renting, and sharing. 

Design for resource recovery Design for easy end-of-life cleaning, collection, 

and transportation of recovered material/resources 

Design for cascade use 

Design for remanufacturing or dis- and 

reassembly 

Design for upcycling or recycling 

Source: Charnley et al. 2016, 7 

Product architecture 

The product architecture allows for the description of complex products. A distinction is 

drawn between the functional structure and the product structure (Schuh and Riesener 

2017). In this context, it is sufficient to provide a description of the product structure 

according to SCHUH ET AL., which is enhanced by the level of the materials employed. An 

overview of a simplified product structure is provided with Figure 1. The individual 

elements of the product structure are referred to as product structure elements. 
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Figure 1 Product structure based on SCHUH AND RIESENER (2017) 

The proposed product structure according to SCHUH ET AL. can also be used to describe 

value retention in conjunction with the Value Hill Model (Kurilova-Palisaitiene et al. 2023, 

4). The Value Hill Model describes the value creation across the life cycle stages from raw 

material extraction to product utilization and shows that value is generated in both the 

linear economy and the CE. In the linear economy, value is destroyed after use through 

downcycling or disposal. In the CE, the value produced is not reduced at all or is reduced 

gradually (Achterberg et al. 2016, 4). The Value Hill Model highlights that the value of a 

product is at its highest on the top level of the product structure, i.e., the product itself, 

while it is at its lowest on the material level.  

Sustainability and circularity assessment 

The CE can be divided into micro (companies and products), meso (industrial parks) and 

macro (cities, regions, countries) levels to ensure a targeted sustainability and circularity 

assessment (Kirchherr et al. 2017, 229). Most assessments focus on the macro and meso 

levels (Baratsas et al. 2022, 4). This paper puts emphasis on the micro level. 

At the final stage of the product life cycle, it is essential to identify the optimal EOL 

scenario (Alamerew et al. 2020, 2). As OLIVEIRA ET AL. (2021) and OLIVEIRA AND 

OLIVEIRA (2023) show, there are already several circularity indicators that can be used to 

determine EOL scenarios. In the area of product evaluation, there is still a lack of 

standardised methodologies and approaches (Sassanelli et al. 2019). SAIDANI ET AL. (2019) 

came to a similar conclusion in their analysis of 55 circularity indicators. 

A variety of different approaches for evaluating sustainability and CE have been 

introduced in research differing primarily in the specific assessment, indicators, and scope 

of consideration. One method of evaluating a substantial number of indicators and criteria 

is the multi-criteria decision-making (MCDM) approach. This method allows for the 

incorporation of qualitative and quantitative factors as well as of diverse criteria such as 

environmental, economic, social, legal, and technological criteria (Bufardi et al. 2004, 

3140–3141; Alamerew et al. 2020, 15). 
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The selection of target-oriented criteria is of decisive importance for the effectiveness 

of the evaluation system. It is necessary to integrate relevant stakeholders into the selection 

process in order to ensure the completeness and contextualisation of the criteria (Lindfors 

et al. 2019, 13). Overall, it can be observed that economic indicators are most frequently 

used for the evaluation of products, followed by environmental indicators (Kristensen and 

Mosgaard 2020, 14; Mesa et al. 2018, 1431).  

3 Analysis of existing sustainability and circularity methodologies  

Against the background of the objective to develop a methodology, which ensures that the 

inherent value of industrial products is retained in a CE, existing methodologies in research 

will be analyzed in more detail. Thus, the methodology that is proposed in this paper can 

incorporate the strengths and close the identified research gaps. This chapter therefore 

provides an overview of suitable methodologies to evaluate the circularity or sustainability 

of products and provides an overview of the advantages and disadvantages in Table 3. The 

chapter is closed by the derivation of research gaps. 

Environmental and circularity indicator – MCDA (ECI-MCDA) (Barrak et al. 2024): The 

ECI-MCDA method for the assessment of product circularity and environmental 

performance is comprised of six steps. The initial stage of the process entails the 

development of a life cycle model, which is followed by the calculation of environmental 

impact indicators (LCIA) as well as the selection and calculation of the circularity 

indicators (C-indicators). Subsequently, MCDA is conducted to generate a ranking. The 

results from the LCIA and the C-indicators are considered to enable an integrated 

assessment of product performance. Subsequently, a robustness analysis is conducted to 

guarantee the dependability of the outcomes. The iterative design of the method permits 

the flexible adjustment of the data to enhance the accuracy and relevance of the analysis. 

Circular life cycle sustainability assessment (C-LCSA) (Luthin et al. 2024): The C-LCSA 

framework method incorporates circularity into the life cycle assessment (LCSA) to 

guarantee a comprehensive evaluation of products and services. The focus of this 

methodology lies on C-indicators and the examination of materials, processes, and product 

design within the context of the CE. The methodology is structured into four phases. The 

initial step is to define the objective and scope of the assessment. Subsequently, a life cycle 

inventory is compiled, which records all relevant data pertaining to the product life cycles. 

In the subsequent phase, the environmental impacts and circular aspects are evaluated. 

Ultimately, the results are interpreted. This approach is particularly advantageous during 

the concept development phase for the CE, as it enables the identification of hotspots and 

trade-offs. Consequently, design, material selection and manufacturing processes can be 

optimized at an early stage, which is often more challenging in the later production phase. 

Life cycle assessment – MCDM (LCA-MCDM) (Torkayesh et al. 2022): The objective of 

this methodology is to develop a structured approach for decision-making in waste 

management. This entails a systematic identification of waste management issues, the 

selection of appropriate technologies, and the evaluation of treatment scenarios and 

locations for waste management facilities. The methodological approach comprises a series 

of structured steps, commencing with the definition of the study objectives to identify 

specific waste problems. Subsequently, the temporal and geographical scope, as well as 
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the relevant life cycle phases, are determined. The third phase entails the selection of sub-

criteria that integrate environmental, economic, and social aspects. Subsequently, relevant 

data must be gathered, after which an impact analysis can be conducted, thereby enabling 

iterative adjustments to be made to the objectives. To evaluate the various waste 

management alternatives, a MCDM is developed, which incorporates the weighting of the 

criteria by experts. Ultimately, the alternatives are ranked to establish a robust foundation 

for decision-making. 

A comprehensive multi-level circular economy assessment framework (Ahmed et al. 2022): 

The methodology is centred on the development of a comprehensive CE assessment 

framework that is both flexible and user-friendly, and which provides guidance on the 

selection of optimal processes or products. The evaluation process is divided into four 

distinct phases. In the initial phase, three categories of indicators are collated: macro, meso 

and micro indicators; sector-specific indicators; and indicators specific to CE practices. In 

the second phase, fuzzy logic1 is employed to transform both qualitative and quantitative 

indicators into quantifiable scores. The third phase comprises the weighting of the 

indicators, which may be accomplished through either subjective approach, such as the 

Analytic Hierarchy Process (AHP), or objective methods, such as the entropy method. In 

the final phase, a variety of MCDM techniques are employed to normalize, evaluate, and 

aggregate the generated scores, thereby producing the final scores and ranking of 

alternatives. 

Sustainable Design Optimization (SDO) (Ameli et al. 2019): The methodology is designed 

to achieve the greatest possible benefit for economic, environmental, and social indicators. 

In accordance with this strategy, the objective is to achieve the greatest overall profit, the 

least environmental impact, and the largest social impact of a product family. A primary 

objective is to ensure compliance with recycling and recovery rates in accordance with the 

principles of the CE. To facilitate the attainment of these objectives, a model is designed 

for the purpose of evaluating the efficacy of alternative strategies pertaining to the CE. The 

model is based on input-production-resource theory and addresses the challenges of 

selecting design alternatives and determining EOL options. The model accounts for a range 

of potential uncertainties, including quality status, return times and the cost-benefit ratios 

associated with EOL treatment. Simulation-based optimization is employed to ascertain 

Pareto-optimal solutions, thereby facilitating a systematic examination of the multiple 

influencing factors. 

End-of-Use Product Value Recovery (EPVR) (Cong et al. 2019): The objective of this 

methodology is to enhance the economic viability of EOL product recovery by optimizing 

product design in terms of component reusability and recyclability. This contributes to the 

development of a CE by facilitating the transfer of materials and components into new life 

cycles. The methodology commences with the delineation of EOL scenarios, which 

ascertain the viability of module groups for reuse, recycling, or disposal. Subsequently, 

bottlenecks and potential for improvement are identified, and a selection of suitable 

connection types is made using the AHP. Concurrently, material compatibility is evaluated 

to minimize the potential for recycling issues. To assess the recyclability of the modules, a 

value-based recycling indicator is developed to quantify design proposals. In the final 

 
1 Fuzzy logic aims to process human thinking or ambiguous information in formal methods for 

problem-solving and decision making (Noll 2009, 25). 



 

 

phase, valuable modules are selected for redesign to ensure their accessibility and 

dismantlability. The methodology is illustrated by a case study on the redesign of a hard 

drive, which demonstrates the improvements achieved in terms of recovery and 

recyclability. 

Product Recovery Multi-Criteria Decision Tool (PR-MCDT) (Alamerew and Brissaud 

2019): The methodology for analyzing economic, environmental, and social indicators is 

designed to facilitate an integrated approach to end-of-life selection. The simultaneous 

consideration of environmental, technical, economic, and social criteria enables decision-

makers to integrate a range of relevant factors into the decision-making process. More 

specifically, factors include legal requirements, technological developments, market 

requirements and user preferences. The PR-MCDT comprises a structured process 

comprising six successive phases. The initial stage of the methodology entails the 

identification of potential end-of-life strategies, which are then subjected to a narrowing-

down process to select the most relevant options. In the subsequent step, suitable indicators 

are defined and employed for the evaluation of the strategies. This is followed by a 

comprehensive analysis aimed at identifying the strengths and weaknesses of the strategies. 

In the final phase, the strategies are refined and subjected to a final evaluation, thereby 

enabling well-founded decisions to be made. 

End-Of-Life Decision Making (EOL-DM) (Favi et al. 2017): The methodology to promote 

reuse, remanufacturing and recycling aims to recover materials at the end of their life cycle 

(EOL) and, where appropriate, to recycle energy through incineration. As part of this 

methodology, indices are employed for the assessment of product recovery efficiency. 

These indices are employed for the analysis of end-of-life EOL performance of disparate 

components, with a view to identifying the most suitable EOL scenarios. A central tenet of 

the methodology is the reduction of components with open life cycles, thereby enhancing 

sustainability. If the defined targets are not met, a product design process is initiated that 

necessitates either significant or minor modifications to optimize EOL performance from 

both an environmental and economic standpoint. The methodology empowers designers to 

assess the sustainability of products and augment the proportion of closed life cycle 

components, which ultimately contributes to improving overall resource utilization. 

End-of-Life Index (EOLI) (Lee et al. 2014): The methodology employed in this study is 

designed to enhance the EOL performance of products by incorporating EOL indices as 

well as dismantling and disposal indicators. The objective is to encourage the reuse and 

recycling of materials, while simultaneously identifying areas for enhancement. The model 

serves as a tool for designers and stakeholders in the EOL sector, facilitating the exchange 

of information and optimizing EOL planning and product design. The model facilitates 

rapid and effective evaluation of design modifications, thereby aiding decision-making 

processes. The EOL index model provides the capability to assess the EOL performance 

of a product by entering a range of indicator values. This enables the identification of 

deficiencies in the areas of disassembly, disposal, and recovery, and provides a 

comprehensive analysis of the sub-indices. The capacity to estimate EOL performance with 

minimal data input is a significant benefit for designers, as it encourages the consideration 

of EOL aspects in the early stages of product development. 
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Table 3 Advantages and disadvantages of existing evaluation methodologies 

Methodology Advantages Disadvantages 

ECI-MCDA (Barrak 

et al. 2024) 

- Holistic evaluation of product 

circularity 

- Flexibility and accuracy through 

iterative design 

- Complexity of the method 

can lead to 

misunderstandings 

- High data requirements 

C-LCSA  

(Luthin et al. 2024) 

- Applicable in the development 

phase of a product 

- Possibly limited 

applicability for very specific 

products or processes 

LCA-MCDM 

(Torkayesh et al. 

2022) 

- Comprehensive consideration of 

environmental, economic and social 

aspects 

- Solid basis for decision-making 

- Time-consuming and 

resource-intensive data 

collection 

- Focus is on waste 

management 

A comprehensive 

multi-level circular 

economy assessment 

framework (Ahmed 

et al. 2022) 

- Flexible and easy to handle 

- Comprehensive evaluation of 

processes and products 

- Subjectivity in the 

weighting of the indicators 

can influence the results 

- Comprehensive 

consideration of macro, meso 

and micro level 

SDO 

(Ameli et al. 2019) 

- Maximising profit and social impact 

as well as minimizing environmental 

impact 

- Consideration of uncertainties 

- Complexity of modelling 

and high data quality 

requirements 

EPVR  

(Cong et al. 2019) 

- Increasing economic profitability 

through targeted design adjustments 

- Improving recyclability by selecting 

suitable materials and compounds 

- Requires extensive data 

analysis and expert 

knowledge 

- Complexity of the method 

can act as a deterrent 

PR-MCDT 

(Alamerew and 

Brissaud 2019) 

- Holistic view of EOL strategies 

- Consideration of legal requirements 

- Possible challenges when 

integrating data from 

different sources 

EOL-DM 

(Favi et al. 2017) 

- Promotion of reuse and recycling 

- Support for product redesign 

- Risk of over-complexity in 

the analysis of EOL scenarios 

EOLI 

(Lee et al. 2014) 

- Fast and effective evaluation of 

design changes 

- Identification of improvement 

levers 

- Can be superficial, without 

deeper analysis of the EOL 

processes 

Source: Lee et al. 2014; Favi et al. 2017; Alamerew and Brissaud 2019; Ameli 

et al. 2019; Cong et al. 2019; Ahmed et al. 2022; Torkayesh et al. 2022; Luthin 

et al. 2024; Barrak et al. 2024 

The existing methodologies for assessing the circularity of products and their EOL options, 

such as ECI-MCDA, C-LCSA, and LCA-MCDM, offer structured approaches for 

decision-making. These methodologies integrate multiple indicators with MCDM, 

emphasizing the identification of environmental, economic, and social aspects of EOL 

options. They enable a comprehensive assessment of product design, materials, and 

processes in the context of the CE and are characterized by their iterative adaptability, 

allowing for flexible data integration. 

In terms of indicators, the presented methodologies take different aspects into account. 

While the LCA-MCDM considers environmental, economic, and social criteria for 



 

 

assessment, the PR-MCDT supplements these with regulatory requirements. C-indicators, 

such as in C-LCSA, assess the life cycle of materials, while EOLI focuses on EOL-specific 

indicators. 

As for the specific methodological focus, ECI-MCDA evaluates product performance, 

while SDO aims to maximize the efficiency of economic, environmental, and social 

indicators. LCA-MCDM enables systematic solutions, and EPVR emphasizes material 

compatibility. The effort required for implementation varies. While models like EOLI 

allow quick assessments with minimal data input, methodologies like PR-MCDT 

necessitate detailed data collection. C-LCSA is particularly helpful in the concept phase, 

whereas SDO and EPVR employ simulation-based optimizations. Special attention is 

given to identifying hotspots, trade-offs, and optimizing design and material selection to 

minimize resource use and increase efficiency. 

Research gaps and requirements towards a methodology 

Although the existing methodologies show several significant strengths, there are still 

certain challenges as indicated in Table 3. One major challenge is the inclusion of relevant 

stakeholders in the assessment process. Models such as ECI-MCDA and PR-MCDT enable 

a certain degree of involvement through criteria weighting, while many other approaches 

do not. Stakeholder participation is particularly beneficial in the selection of indicators and 

criteria since a lack of involvement can lead to limited contextualisation and completeness 

of the assessment. 

When selecting indicators, the focus is strongly on ecological and economic criteria. 

Technological and legal indicators are only considered in isolated cases. The existing 

methodologies focus primarily on life cycle analyses, carbon footprint, resource use, 

energy efficiency and recyclability of materials. However, these analyses require detailed 

data sets and are thus subject to adjustments to allow an evaluation in early design phases. 

Some iterative methodologies, such as ECI-MCDA and C-LCSA, are designed for long-

term adaptability to new requirements but show a lack regarding the end-to-end flexibility. 

Methodologies such as EOLI, which allow for evaluations with minimal data requirements 

appear to be exceptions. Many approaches require detailed data sets at an early stage, which 

limits the applicability. 

The aforementioned aspects indicate that there are critical gaps for assessing the 

product circularity potential in the early product design phases. Despite various approaches 

and methods, there is still no uniform standard for measuring product circularity 

(Shevchenko et al. 2024, 17), which makes it difficult to compare and generally accept the 

evaluation results (Kusumo et al. 2022, 15). According to expert interviews, standardised 

and adaptable assessments that integrate relevant company stakeholders and a broader 

range of indicators are critical. Regarding the latter, especially technological, market and 

legal indicators need to be considered. Moreover, a methodology that is able to process 

qualitative and quantitative data is necessary to promote comparability and wider 

acceptance of CE assessments. Especially the latter is supported by interviews with 

industry partners, which emphasised the need for pragmatism in decision-making. 

To close the identified research gaps, four specific requirements towards the 

methodology can be derived. First, the methodology should comprehensively incorporate 

economic (incl. market demand), environmental, technological, and legal criteria. Second, 

the methodology should be able to process qualitative and quantitative information 



 
 

This paper was presented at ISPIM Connects Osaka – Connecting and Empowering Society, Osaka, 

Japan on 2-4 December 2024. 

Event Proceedings: ISBN 978-952-65069-7-5 
 

12 

 

 

according to the MCDM. Thirdly, the methodology should enable a consistent assessment 

of industrial products in the design and creation phase of the product development process 

according to VDI2221. Finally, the methodology should support the decision-making 

process with limited data availability. 

4 Methodology for assessing second-life potential of industrial products 

The following chapter proposes a methodology that addresses the aforementioned research 

gaps and derived requirements. Therefore, the analysis approach as well as the identified 

evaluation criteria and indicators will be introduced in detail. An explanation for utilizing 

the developed methodology closes this chapter. 

Approach 

For the identification of relevant evaluation indicators and the development of a respective 

methodology, a comprehensive literature review and semi-structured expert interviews 

were conducted.  

The search for suitable literature was based on the keywords CE, sustainability 

assessment, circularity assessment, EOL decision making and MCDM. Relevant literature 

was shortlisted based on titles and abstracts. A forward and backward snowball search was 

also carried out on the papers identified as relevant (Wohlin et al. 2022, 4). 

To gain further insights into the industrial practice, semi-structured expert interviews 

were conducted. Besides the identification of indicators used in or required by the industry, 

a dedicated focus was also put on the industry’s needs regarding the utilization of 

evaluation methodologies during the product development process. In order to capture a 

comprehensive view, experts from manufacturing companies, research, and sustainability 

consultancies were interviewed. Each interview was transcribed and similar content 

between different interviews was clustered. In addition, relevant aspects were specifically 

documented with the relevant contextual information. 

The results of the expert interviews revealed that three overarching steps are required 

to assess the second-life potential of products. First, the product structure and its respective 

elements (product structure elements) need to be determined. In the second step, the 

indicators relevant to the product and company should be selected from the longlist of 

identified indicators in the ecological, economic, technological, and legal dimensions. 

Finally, in the third step, the evaluation of the product structure elements to identify the 

second-life potentials is to be conducted. By evaluating the industrial product along the 

product structure, individual scores and an overall score for the product structure can be 

determined. The latter can be used to compare product structures of, e.g., similar product 

variants with each other. In the following, all three steps will be presented in more detail 

using the example of a Wi-Fi router. 

Product description 

The first step of the methodology is the description of the product based on the previously 

described product structure, see Figure 2. Within this process step, interview partners from 

industry involved technical experts or product designers. The result of this step is a specific 



 

 

product structure with all relevant product structure elements, which can then be evaluated 

regarding their second-life potential. 

 
Figure 2 Product structure of a Wi-Fi router 

Indicator 

The literature research and expert interviews have shown that especially environmental, 

economic, technological, and legal criteria are particularly relevant for the assessment. 

Therefore, these criteria will be analyzed in more detail regarding specific indicators that 

are used to assess the second-life potential. Expert interviews have shown that the selection 

of indicators must be adapted to the product and the company-specific context. 

Ecological evaluation criteria  

At the micro level, the life cycle assessment (LCA) is the most reliable method of 

measuring the environmental impact of a product. Regarding the evaluation of products, 

the midpoint indicators of a LCA, such as global warming or acidification, prove to be the 

best available indicator (Harris et al. 2021, 180–182; European Commission 2003). 

Furthermore, it has been shown that the categories of a LCA are linked to the circularity of 

a product. This illustrates that minimising the environmental impact can promote 

circularity (Linder et al. 2020, 6). SCHUH ET AL. (2022) showed in an analysis of 2,112 

environmental indicators that energy consumption, recycling rates and emissions are 

among the most frequently used indicators. These indicators are also part of most LCAs, 

either directly or in a slightly modified form.  Another advantage of  LCA is that it is widely 

used and known in its application, which is confirmed by the interview results, which 

support the usefulness of this method. However, as there is insufficient data available in 

the development phase, it is advisable to use LCA as a guideline when assessing 

environmental aspects. The assessment is facilitated by the availability of many database 

values (e.g. GEMIS (IINAS 2024), Ecoinvent (ecoinvent Association o.J), ProBas (UBA 

2024). If there is insufficient data, the available values can be used as comparative values 

and orientation to approximate LCA results. The selection of indicators to be considered 

may vary depending on the product since not all indicators are relevant for every product. 

For example, toxicity may only be relevant for selected products. However, certain 

indicators should always be included in the assessment. These include, e.g., emissions 
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caused or saved as well as the energy and overall resource consumption. These indicators 

are common and included in most LCAs.  

As ecological indicators are highly dependent on the context of the company and the 

product, a list of indicators is provided from which relevant indicators can be selected. 

Accordingly, Table 4 presents a list of 40 indicators, identified through literature review 

and expert interviews. Similar indicators were grouped into a sub-category. In total eight 

sub-categories were derived. 

 

Table 4 Ecological evaluation criteria 

Sub-category Indicator 

Material consumption Material extraction, Material input, Share of 

reused/recycled material, Recyclability of materials 

Energy consumption Energy consumption, Energy efficiency, Renewable 

energy rate, Renewable energy used, Fossil fuel 

consumption  

Waste management Hazardous waste generated, Solid waste, Waste 

volume, Kilograms of persistent, Landfill volume, 

Wastewater, Liquid waste generation, Recycling rate 

Emissions CO2e emissions, Fine dust emissions, NOx emissions, 

SOx emissions, VOC emissions, Noise emissions 

Ecosystem impact Human health (HH), Ecosystem quality (EQ), Toxicity, 

Biodegradability, Eutrophication, Acidification 

potential, Ozone depletion, Global warming potential 

Water consumption Water consumption, Freshwater consumption, Share of 

treated/recycled water,  

Health and safety Hazardous substances, Material safety, Heavy metal 

concentration 

Land use Land use, Land occupancy, Soil production 

Source: Veleva and Ellenbecker 2001; Jawahir et al. 2006; Kim et al. 2014; Lee 

et al. 2014; Ma and Kremer 2016; Alamerew and Brissaud 2019; Kravchenko 

et al. 2019; OECD 2020; Schuh et al. 2022; Barrak et al. 2024; Interviews 

Economic evaluation criteria  

The analysis of economic viability relies on both revenue and cost-relevant indicators, 

allowing for a thorough examination of these options. According to BOYACI ET AL., one 

important aspect to consider is diversification. In more detail, companies are increasingly 

willing to invest in the reusability of products if it enables them to diversify their market 

segments (Boyaci et al. 2016, 32). This willingness to invest highlights the growing 

recognition of the economic benefits associated with second-life potentials of products. 

The selection of economic indicators is carefully tailored to provide clear insights into the 

expected costs and revenues of various alternatives. For instance, sales-related indicators 

such as resell value and market demand offer valuable information about potential revenue 

streams. On the other hand, cost-relevant indicators, including production, transportation, 

and maintenance costs, are essential for evaluating the overall economic viability of 



 

 

secondary life applications. A comprehensive list of these indicators is provided in Table 

5. In total 23 indicators were identified and clustered in six sub-categories.  

 

Table 5 Economic evaluation criteria 

Sub-category Indicator 

Costs Material cost, Labour cost, Production cost, 

Packaging cost, Energy cost, Transportation cost, 

Maintenance cost, Repair cost, Recycling cost, 

Disassembly cost, Disposal cost, Remanufacturing 

cost, Operational cost, Emission costs (CO2eq), Cost 

saving potential 

Monetization Resell potential  

Market demand Customer demand (Market demand), Competitive 

pressure 

Quality  Quality of the recovered parts, Product quality, Degree 

of damage 

Investment and infrastructure Cost of technology, Cost on infrastructure setup 

Source: Veleva and Ellenbecker 2001; Jawahir et al. 2006; Kim et al. 2014; Lee 

et al. 2014; Ma and Kremer 2016; Alamerew and Brissaud 2019; Kravchenko 

et al. 2019; OECD 2020; Barrak et al. 2024; Interviews 

Technological evaluation criteria  

With technological indicators, the circularity of a product and specific technological EOL 

requirements are to be assessed. A complex technological product can make the 

identification of secondary life applications more challenging, but opens up new 

possibilities if the relevant CD principles, see chapter 2, are taken into consideration 

(Boyaci et al. 2016, 4). BUCHMÜLLER therefore proposes to take modularity aspects into 

account, which provides information about the ability to adapt the industrial product 

(Buchmüller 2019, 225–233). Possible adaptations include upgrades and replacement of 

individual components or materials. Literature and expert interviews indicate that the 

ability to adapt to changing requirements by replacing or upgrading components promotes 

flexibility and potentially product longevity. Another aspect is the compatibility, which 

assesses the extent to which existing technologies, assemblies and materials can be used in 

secondary applications with different or improved performance. It indicates whether the 

company can use the evaluated alternatives in other products, i.e., repurposed without 

major adaptations or whether they can be reused for the same product. (Egenhoefer 2017, 

508) 

The expert interviews also revealed other indicators that should be considered such as 

the R-strategy potential, e.g., reuse, repurpose or recycling potential, the separability of 

materials or the strategic fit with the company. Especially the separability of materials is a 

relevant indicator on the material level as it allows for a differentiation between composite 

and pure materials. The repairability indicator describes the possibility to repair the 

product, assemblies or (sub)components. The 13 indicators identified during literature 

review and expert interviews are listed in Table 6. 
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Table 6 Technological evaluation criteria 

Sub-category Indicator 

Product design characteristics Modularity, (Technological) compatibility 

Production characteristics Separability, Repairability 

Strategic fit Risk of supply bottlenecks, degree of circular 

innovation, corporate strategy fit, internal process fit  

R-strategy potential Reuse, Refurbish, Remanufacture, Repurpose, Recycle, 

Recover 

Source: Egenhoefer 2017; Potting et al. 2017; Alamerew and Brissaud 2019; 

Buchmüller 2019; Interviews 

Legal evaluation criteria  

The increasing relevance of regulatory aspects is particularly evident in the planned 

legislation, which is to be extended to more companies as part of the European Green Deal 

(European Commission 2024). Similar to the technological indicators, the indicators in the 

legal dimension are to be understood as guidelines and are therefore less dependent on the 

specific product than for example economic or ecological indicators. Within this 

dimension, the legal conformity and legal adaptability are evaluated (OECD 2020, 118; 

Alamerew and Brissaud 2019, 177). These indicators enable the assessment of compliance 

with relevant legal requirements, norms, and standards. This includes compliance with 

existing national and EU laws, which apply to disposal, recycling, and other relevant areas. 

In addition, the legal adaptability indicator covers the ability to adapt to future legal 

changes and new legal requirements. To be able to adequately assess and fulfil future 

requirements, it is essential for companies to continuously monitor the relevant trends and 

developments in the respective legal areas. 

 

Table 7 Legal evaluation criteria 

Sub-category Indicator 

Legal conformity Current legal conformity, Future legal conformity 

Source: Alamerew and Brissaud 2019; OECD 2020; Interviews 

In summary, the evaluation is based on four dimensions: ecological, economic, 

technological, and legal criteria. Ecological criteria are supported by LCA, which considers 

indicators such as material consumption and emissions. Economic criteria analyze both 

revenue and cost-relevant indicators to assess the economic viability of second-life 

potentials. Technological criteria focus among others on modularity, compatibility, and R-

strategies, while legal criteria analyze compliance with existing and future legal 

requirements. In conclusion, the indicator, when considered alongside the product structure 

outlined in chapter 2, offers a structured methodology for advancing the CE in product 

development and for conducting a systematic determination of second-life potentials. 



 

 

Evaluation of second-life potential 

In the third step, the identified product structure elements need to be evaluated regarding 

selected and company-specific indicators. With the aforementioned aspects in chapter 3, 

this methodology incorporates a MCDM approach. For the MCDM approach, two common 

approaches are the weighted sum model (WSM) and the analytical hierarchy process 

(AHP) (Taherdoost and Madanchian 2023, 83). AHP provides a method to combine data 

and subjective judgments, perform cost-effective analysis, set priorities and optimize 

management decisions (Saaty 2013, 1103). WSM is a method for analyzing complex 

alternative courses of action, which aims to rank them according to the user's preferences 

in order to create an optimal basis for decision-making (Zangemeister 2014, 45). 

In this case, the WSM is preferable to the AHP, which requires a considerable amount 

of time and effort due to its detailed approach, especially with a large number of options 

and indicators. This makes it less suitable for use in the early design phase. On the other 

hand, the WSM offers several advantages, including the clear structuring of complex 

decision-making processes through the combination of quantitative and qualitative criteria, 

as well as the promotion of transparency through documented decision bases (Saaty 1990, 

14–18; Kühnapfel 2021, 18–19). Additionally, the individual preferences are taken into 

account. 

The initial stage of the evaluation process is the assignment of weights to the categories. 

In addition to the indicators, the categories are also assigned a weighting in order to avoid 

the potential for bias and distortion, which can arise when a large number of indicators are 

employed (Kühnapfel 2021, 39–40). The following weighting is selected for this example: 

Environment (0.3) economy (0.4), technology (0.2), regulatory (0.1). As for the industrial 

practice, the weighting of the indicators should be determined by relevant stakeholders of 

a company.  

As for the evaluation, a 10-point scale is used since it appears to be the simplest scale 

that can be used and allows the use of both quantitative and qualitative indicators, 

according to KÜHNAPFEL. Compared to a 3 or 5-point scale, it still provides sufficient 

differentiation to obtain a clear result. (Kühnapfel 2021, 69). In this case, 10 is the best and 

1 is the worst score that can be awarded. Additionally, a score of 0 is used if the indicator 

to be evaluated has no relevance for the product structure element. If there are indicators 

for which the level of detail is lower, smaller scales can be used and then normalized to the 

10-point or any other scale desired by the individual company (Kühnapfel 2021, 59). 

The value for every category (Sp,K), i.e., environmental, economic, technological, and 

legal results from the weighting (wK,) and the individual evaluation (vj,K) within the 

respective category. Thus, for each element of the product structure, see Figure 2, a specific 

value can be determined. 

𝑆𝑝,𝐾  = ∑ 𝑣𝑗,𝐾 ∗ 𝑤𝑖

𝑛

𝑗=1

 

 

With the category-specific value (Sp,K), the second-life potential (𝑆𝑝) of the respective 

product structure element can then be obtained. Therefore, the weighting (𝑤𝐾) of the 

evaluation category and the determined category-specific value (𝑆𝑝,𝐾) are used. 

𝑆𝑝  = ∑ 𝑆𝑝,𝐾 ∗ 𝑤𝐾

𝑛

𝐾=1
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Besides the second-life potential of the product structure elements, the overall score of 

a product can be determined, which allows for the comparison of different product variants. 

The overall score (Pg) is the result of all individual second-life potentials (Sp) that are 

summed up and averaged.  

𝑃𝑔  =  
1

𝑛
∑ 𝑆𝑝

𝑛

𝑖=1

 

 

Figure 3 exemplifies a simplified evaluation of the Wi-Fi router and indicates the 

second-life potentials Sp as well as the overall score Pg, which equals 4.2. It should be noted 

that the values were anonymized and freely chosen for illustrative purposes.  

 
Figure 3 Evaluation assessment Wi-Fi router 

5 Conclusion and outlook 

Based on literature review and expert interviews, this paper introduces a general 

methodology to assess the second-life potential of industrial products. Therefore, the 

methodology leverages the product structure of an industrial product ranging from product 

to material level as well as ecological, economic, technological, and legal evaluation 

criteria. Within the four evaluation criteria, a list of common indicators from available 

publications and expert interviews is derived. The proposed methodology offers a resource-

efficient approach for the identification of the most promising second-life potentials. It is 
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important to note that the methodology primarily allows for a relative comparison of 

product alternatives regarding their second-life potential and that it cannot be used to 

determine the absolute circularity of an industrial product. 

The methodology shows several advantages. Firstly, it encompasses a comprehensive 

list of indicators in relevant evaluation criteria beyond the scope of a conventional 

environmental and economic analysis. This enables the evaluation of a wide range of 

industrial products through the selection of appropriate indicators. Secondly, the 

methodology facilitates the evaluation process, particularly during the development phase, 

when only limited information is available. Therefore, an individual score for product-

specific elements is determined along the product structure that allows for prioritization. 

Product-specific elements with a higher score, i.e., second-life potentials tend to be more 

suitable for the identification of second-life options in a CE. Finally, by introducing an 

overall score, the methodology supports the comparison of different product alternatives 

and the identification of the product alternative with the highest potential in a CE. 

However, the methodology also presents certain challenges. For complex products, for 

example, it may be effortful to create an appropriate product structure. In addition, 

prioritizing second-life potentials with limited information availability can distort results 

and lead to further promising second-life options being neglected. In terms of industrial 

adoption, the involvement of relevant stakeholders could increase the complexity. 

Since this research primarily focuses on capturing the current research and industrial 

landscape, more research needs to be done regarding the validation of this methodology. 

Thus, the proposed methodology will be validated and refined using existing industrial 

products that are designed for the CE in collaboration with industry partners. Additionally, 

the usability needs to be considered in future research to reduce complexity and ensure a 

widespread adoption.  
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