
 
 
 
 
 

 
 
Adopting a Modular Design Strategy 

towards Circular Economy: A Case 

Study at a Swedish Original 

Equipment Manufacturer  

Master’s Thesis in the master’s programme Sustainability Engineering and 

Management 

 

 

Ahmed Mohsen Soliman 

 

 

Department of Management and Engineering 
Division of Environmental Technology and Management  
Linköping University 
Linköping, Sweden 2020 
ISRN. LIU-IEI-TEK-A--20/03935—SE 



 

 



i 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
 

 

Department of Management and Engineering 
Division of Environmental Technology and Management 

LINKÖPING UNIVERSITY 
Linköping, Sweden 2020 

 

Supervisor: ABHIJNA NERAMBALLI 
Examiner: TOMOHIKO SAKAO 

 

Master’s Thesis 
 

Adopting Modular Design Strategy towards Circular 

Economy: A Case Study at a Swedish Original 

Equipment Manufacturer 

 
Ahmed Mohsen Soliman 

 



ii 

 

 
 

Acknowledgments  

 
To my dear parents, whom I owe all that I have achieved and will achieve in my life to them, your 

unlimited support and confidence in me kept pushing me to new frontiers and opened new horizons for 

me. Although the thousands of miles between us, your support continues helping me overcome all the 

hardships I encountered during these difficult times. From the bottom of my heart, I thank you for 

everything you have done for me. 

To Professor Tomohiko Sakao, thank you for the unlimited support. You have always been an inspiring 

figure to me, starting from our first contact in the course of the resource-efficient product up to the 

moment I am writing this statement. From the first day, you have been a dedicated and inspiring teacher 

and a role model. Thank you for your patience and dedication. To Abhijna Neramballi, thank you for 

guiding me to think critically and for your constructive feedback throughout the thesis study.   

To Ulrika Ohlin Hjulström and Linnea Nilsson, your belief, care, and support from day one have always 

inspired me to work hard and achieve outstanding results. Thank you for exposing me to a wonderful 

lifetime experience. Thank you for every moment you have invested in guiding me to achieve what I 

have achieved today. 

To Mikael Hildesson and Karin Brinck, thank you for offering me such an exciting opportunity, which 

added significant value to my career path.  Thank you for your unlimited support, Helena Wiberg. Thank 

you for your belief in me and my work. Thank you for every minute you have spent helping me. To the 

wonderful people I have met during my stay at the company, your contributions to my work make my 

thesis what it is today. Thank you for making the time I spent at the company a unique and inspirational 

experience. 

To Ismail, you have always been there for me, listening to me thinking out loud and sharing my thoughts; 

despite the distance between Gothenburg and Cairo, you were always there supporting me. 

 To Mukul, you have been there for me at my worst and my best time. You shared with me all the ups 

and downs of my thesis journey. Thank you for the moral and emotional support; you made Gothenburg 

home to me away from home. 

Yours Truly 

Ahmed Mohsen Soliman 



iii 

 

Abstract 

 
The societal shift towards the circular economy is gaining momentum due to the push from the 

legislation side and the increasing social awareness towards the ecological imbalance caused by the 

linear model of resource extraction and consumption. The topic of design for the circular economy is 

gaining increasing interest in both academia and industry. The circular economy requires products to be 

designed based on a lifecycle approach and extended lifetime.  

This thesis aimed to investigate the potential application of modular design strategy as a supportive 

approach to aid Original Equipment Manufacturers (OEMs) in their bid to adapt their product features 

to fit within a circular economic model. Furthermore, the study has investigated the potential challenges 

encountered during the adoption of such a design strategy and concludes with recommendations to 

overcome the identified challenges. 

To address this aim, a case study was carried out within a global OEM, based on their interest in 

exploring the circular economy's design domain. A literature review and interviews have been conducted 

to assess how product circularity factors can be addressed using a modular design strategy and 

identifying the potential challenges that can hinder its realization.  

The study initially identified seven design factors that need to be addressed along the different phases 

of a product lifecycle to ensure a fit within a circular economic model. The seven circularity factors are 

design: based on a lifecycle approach, for durability, for adaptability, for upgradability, for ease of 

maintenance and repair, for ease of disassembly and reassembly, and standardization and compatibility.  

The study also revealed that a standardized and simplified interface between different modules within 

the product plays a vital role in enhancing its ability to address the different circularity factors. The 

standardized interface in the modular product qualifies the product to become useable for multiple usage 

cycles. Furthermore, such a modular product can be considered an open-source product since it can 

continuously be updated with the latest available technology. Such continuous updates allow the open-

source product to adapt to the changes in the working environment effectively.  

Despite the capability of a modular design strategy to address the different circularity factors, several 

challenges can hinder its implementation in the industry. The primary challenge industries face when 

adopting such a strategy is identifying the main objectives of such an approach. Further, this strategy 

might negatively impact product profitability, which is a significant challenge for the industries. 

Moreover, the prospect of adopting modular strategies also faces design challenges, such as the potential 

of losing customer interest in a modular product.  

The thesis concludes with a few recommendations to overcome these challenges associated with 

adopting a modular design strategy for a circular economy. To overcome such challenges, industries 



need clear identification of the circular economy and the planned outcome of such a manufacturing shift 

based on clear systems thinking and transparency in product development. In the end, the study proposes 

a design framework, which may provide industries with a transparent methodology for designing a 

modular product for a circular economy. 
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Chapter 1: Introduction 

This introductory chapter presents the background and the purpose of the study, followed by research 

questions. It also presents a description of the case company. 

1.1 Background 

Since the industrial revolution, the industrial economy has been centered on the outdated ‘take-make-

dispose’ resource consumption pattern. This linear pattern in resource consumption has been competing 

with the natural flow of material. It should be noted that the rates of consumption of natural resources 

in the industry are higher than the self-organizing rates of nature (Stahel, 2019). In the linear economy 

model, industries extract and process materials with the help of different energy sources and labor forces 

to produce valuable goods. Then the product ownership is transferred from producers to end-users. 

Subsequently, with improper end-of-life (EoL) treatments, both the material and the products' energy 

contents are lost. It has become evident to date that the wasteful economic model in use since the start 

of industrialization can no longer be supported by the planet’s ecological resources (Ellen MacArthur 

Foundation, 2013).  

As a result of the ecological imbalance caused by the linear behavior in the production and consumption 

chain, new models have been suggested where sustainability is at the focus while retaining economic 

growth, i.e., decoupling the ecological degradation from the economic development (Ellen MacArthur 

Foundation, 2013). One of the proposed models is Circular Economy (CE), which Ellen MacArthur 

Foundation (2012) described as a fundamental approach to support the transition to a more sustainable 

society. The concept of CE aims to enhance competitiveness and economic growth while keeping 

environmental impact to the lowest possible level and, at the same time, closing or minimizing material 

flows through the industrial system (Ellen MacArthur Foundation, 2015). Within a technical frame, the 

circular system prescribes restorative activities for the feedstock and resources by promoting material 

circulation in the system through different streams such as reusing, remanufacturing, repairing, and 

recycling (Singah & Ordõnez, 2016). Such practices require monitoring material flow, new design 

knowledge, product ownership changes, new business models, and expansion in external relations 

involving different actors along the product lifecycle. The transition towards CE needs a systems 

perspective; otherwise, unwanted effects may occur (Ellen MacArthur Foundation, 2012).  

The EU commission has identified product design strategies as one of the fundamental pillars of the 

circular economy (Allwood & Cullen, 2012). Involving product circularity within the design and 

development phase is essential to ensure an extended life for the products, subassemblies, and 

components. Charter (2019b) suggested that including circularity in eco-design refers to maximizing the 

lifecycle's value through durability, longevity, or multiple uses or lives. Product circularity advocates 

the consideration of an extended lifecycle perspective with a greater focus on the (re) use phase of the 



2 

 

life cycle, rather than EoL (Lindhal, 2019). Charter (2019a) added that product compatibility within 

circularity practices ensures and contributes to closing the material loop. Charter & McLanaghan (2019) 

illustrated different strategies addressing product design that could support the transition towards CE, 

such as design for product life extension, design for resource recovery, and adopting modular design 

strategy. In particular modular product design stipulates a common base, where the product can be 

updated, upgraded, and components can be changed with no need for changing the product itself, 

allowing the product to carry on for an extended lifetime (Charter & McLanaghan, 2019). Modular 

structures and the concept of modularity can play a significant role in the lifecycle of a product in terms 

of ease of upgrade and maintenance, ease of product diagnosis, improved efficiency in reuse and 

recycling, as well as ease of repair and disposal (Mutingi , et al., 2017).  

The transition to a circular model imposes challenges on Original Equipment Manufacturers (OEMs) in 

managing product variance and gaining the design knowledge that could support such a shift in the 

manufacturing-consumption chain. Due to varying customer needs, OEMs are required to have a wide 

variety of products. The products' variance affects both the cost of the manufacturing process and 

product ability to have an effective EoL treatment such as repair, reuse, and remanufacturing (Aydina 

& Badurdeenb, 2019). Modular product design strategy has a promising potential to support both the 

transition towards CE and reduce the negatives impacts of product variance on OEMs. Despite the 

potential of modularity in addressing OEMs' issues in terms of the transition towards CE, there is a lack 

of insights into OEMs' challenges in adopting such strategies and support in overcoming these 

challenges in the design context. 

This report describes the potential of modular strategy in enhancing product features to fit within a 

circular model. Furthermore, the study investigates the potential challenges OEMs could face while 

adopting the modular strategy from product development and organizational aspects. 

1.2 Purpose 

The aim of this thesis is to support OEMs by highlighting the potential of modular design strategy in 

enhancing product features to fit within a circular model. The thesis scope also includes an investigation 

of the potential obstacles, which could be associated with the adoption of such a design strategy.  

1.3 Research Questions 

To address the purpose of the study, the following research questions have been selected for guidance. 

The first question is related to the examination of the influence of modular design strategy on product 

features for CE: 

1. How could circularity factors be addressed through modular product design? 
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The first research question aims to assess modular product design's influence on product circularity 

(durability, adaptability, upgradability, ease of maintenance and repair, ease of disassembly and 

reassembly, standard and compatible, and design based on lifecycle approach).  

The second research question is related to the investigation of potential challenges in adopting a modular 

design strategy.  

2. What are the challenges of adopting a modular design approach from product development and 

organizational perspectives? 

The second research question aims to reflect on the design strategy's applicability on different firm levels 

(organizational and product development). 

1.4 Case Study Description 

The case company is a global OEM, willing to investigate opportunities in the transition towards CE 

practice. As the OEM is taking the first steps towards exploring the design domain for CE, the study 

aims to support their efforts by recommending a specific design approach (modular design strategy) and 

framing out the main challenges that the OEM could face while following the recommended approach.
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Chapter 2: Methodology 

This chapter describes the research methodology adopted in this thesis for data collection and analysis, 

along with the rationale for choosing specific methods. The empirical data was gathered and analyzed 

from primary and secondary sources systematically and is used to fulfill the thesis objectives. 

2.1 Literature Review 

“Consideration of prior, relevant literature is essential for all research disciplines and all research 

projects” (Snyder, 2019). A literature review is an appropriate approach for providing an overview of a 

particular issue or research problem and participation in theory development (Torraco, 2005). Hence, a 

literature review methodology was selected to collect and analyze the various theories related to the 

study topic. An integrative literature review approach has been followed through the study since the 

studied fields are considered mature topics, and such an approach allows new theoretical frameworks 

and perspectives to develop (Mazumdar, et al., 2005). 

The literature review has been conducted into two explorative phases. The first explorative phase was 

performed to identify and build a theoretical background for the CE domain. The explorative phase has 

been guided by a set of keywords related to the study's subject, such as circular economy definitions, 

design strategies for the circular economy, circular business models, transition towards the circular 

economy, and supporting tools for circular design. Through this phase, 40 articles have been collected 

and reviewed based on relevance to the study's topic and scope. From the iterations and revisions of the 

aim and research questions, the direction of search settled to focus more on the influence of adopting a 

modular design strategy towards CE. Subsequently, the second explorative phase was dominated by 

finding relevant literature sources for the “Modular Design Strategy.” The searching process was not 

restricted to the date and the type of publications. The process has been guided by a selected set of 

keywords, such as modular design strategy, product modularity, product modularization, modularity for 

circular economy- although no publications were found under the title of Modularity and circular 

economy, so it was replaced by 3-Rs practices, recycling and modularity, remanufacturing and 

modularity and modularity for disassembly. Through the second wave, 25 articles were collected, 

reviewing different aspects of modularity. 

The related findings from the literature search and analysis phases were collected and presented in the 

literature review chapter (Chapter 3) of the report. 

2.2 Case Study 

Qualitative case study methodology provides researchers with a tool to study complex phenomena 

within their contexts (Baxter & Jack, 2008). It is considered a valuable method for evaluating programs 
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and developing interventions. According to Yin (2003), a case study is a suitable method for research 

with the focus to answer “how” and “why” questions. Since the study investigates how modular design 

strategy can influence product features roadmap towards CE, the case study method was selected to 

achieve the thesis study's purpose. 

2.2.1 Data Collection  

Two sources of information were available for this case study: staff interviews and the case company’s 

knowledge platforms. 

Interviews are considered as a qualitative research tool, providing in-depth information about 

participants’ experiences and viewpoints of a particular topic (Turner, 2010). In particular, interviews 

are preferred over questionnaires in constructing a deeper understanding of different phenomena. 

According to Gill (2008), interviews are useful in cases of limited availability of information, or detained 

insights are required from individual participants. In this thesis, the purpose of carrying out interviews 

was to explore the views, experiences, beliefs, and motivations of individuals related to the purpose of 

the study. Interviews were carried out with different key personals inside the case company, from 

various departments and functions such as product design, product planning, advanced engineering, 

innovation and environment, corporate standards, product features, and business development. A semi-

structured interview guide was used to encourage open answers related to the study objectives. The 

selection of semi-structured interviews was based on Bryman & Bell (2015); McNamara (2009) reviews 

of the strength of semi-structured interviews, ensuring discussion within the same research area among 

the interviewees and focusing on the selected topic for the interview. The interview duration ranged 

from 20 up to 60 minutes. The interviewees' identities have been kept anonymous, mentioning only the 

function and the department the interviewee belongs to. The interview questions used in the study are 

presented in the Appendix, and the reference given to each interviewee is presented in Table 2-1. The 

reference given to each interviewee represents only the department he/she belongs to in the case 

company. 

Table 2-1 List of Interviewees Reference Based on the Represented Department 

Function Number of Interviewees Date of the Interview 

Product Planning 

Interviewee 2 12th of June, 2020 

Interviewee 4 16th of June, 2020 

Interviewee 8 26th of June 2020 

Product Design 

Interviewee 11 25th of August,2020 

Interviewee 12 19th of August, 2020 

Interviewee 13 20th of August,2020 

Interviewee 14 24th of August,2020 
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Business Development Interviewee 3 19th of March,2020 

Advanced Engineering 
Interviewee 1 10th  of March, 2020 

Interviewee 7 20th of March, 2020 

Cooperate Standards 

Interviewee 9 23rd of June,2020 

Interviewee 10 30th of June, 2020 

Interviewee 15 2nd of July,2020 

Feature Leaders Interviewee 5 18th of June, 2020 

Environment and Innovation Interviewee 6 17th of June, 2020 

 

The second source for data collection was the case company’s intranet portal, a useful source for 

providing a detailed picture of the product structure, the design process inside the Case Company, and 

the variance level among products. 

2.2.2 Data Interpretation and Reduction 

The data collected through the interviews and other sources within the case company has been analyzed 

in an integrated manner. The interview manuscripts were reduced to clear and relative points to the 

study. The analyzed points from the interviews provided a multisided view for adopting a modular 

design strategy towards the circular economy and challenges associated with the modular design. The 

data reduction helped carry out a comparative study between the collected data from interviews and the 

collected data from different literature sources and the author’s reflections regarding studied fields. The 

results from data interpretation and analysis are presented in chapter 5, providing answers for the 

suggested research questions. 

2.3 Limitations 

The interviews have been conducted within the case company, only with selected employees willing to 

participate in the study. Due to the COVID-19 outbreak, the interview sample size has been limited to 

15 interviewees covering the company's relative functions to the study. 
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Chapter 3: Literature Review 

Through this chapter, relevant literature for this study's subject is reviewed to create a foundation for 

understanding the theoretical concepts presented as a basis for the analysis of the empirical findings. 

3.1 Circular Economy 

Since the late 2000s, CE started to occupy a significant position within the academic works and 

industrial approaches. The increasing usage of the CE term raised the global awareness towards the 

importance of shifting away from the linear pattern of ‘take, make and waste’ towards a circular behavior 

that preserves the material value within the system (Kirchherr, et al., 2017). CE is a combined modified 

concept of different approaches that have been carried on for decades to improve the efficiency of the 

resource use and keep it as much as possible within the Technosphere, with minimization of waste 

generated from different economic activities (Singah & Ordõnez, 2016). Practitioners and scholars see 

the new concept as the key to implementing sustainable development in businesses, leading to improved 

sustainability, improved innovation ability, decreased costs, and improved competitiveness. (Ghisellini 

et al, 2016; Ellen MacArthur Foundation, 2015). In particular, Charter (2019a) considered that CE is an 

aspect of sustainable development. Although it is not explicitly listed within the sustainable development 

goals, CE is relevant to the 12𝑡ℎ goal of the sustainable development goals (responsible consumption 

and production). However, it should be noted that CE perception mostly includes one or two dimensions 

of sustainability (economic prosperity and environmental quality) while the influence on the social 

domain is close to negligible. 

CE is described as “a regenerative system, in which resource input and waste, emission and energy 

leakage are minimized by slowing, closing and narrowing material and energy loops” (Geissdoerfer, et 

al., 2017). Furthermore, Stahel (2013) elaborated that CE is an innovative method to change the resource 

consumption currently dominating behavior into a circular one while achieving economic sustainability. 

Based on that, CE is viewed as a proposal of complicated system operations, such as product-service 

systems, remanufacturing, and repair, for an industrial economy that is restorative and relies on 

renewable energy (Ellen MacArthur Foundation, 2012). CE's desired outcomes could be achieved by 

designing products to eliminate waste by enabling efficient reuse and refurbishment. Hence, Kirchherr 

et al. (2017) viewed CE as “an economic system which is based on business models that consider the 

hierarchy of the R-framework (Reduce, Reuse, and Recycle).” Although it should be noted that there 

are around 114 different definitions for CE on a global level, yet a global definition for CE is missing 

(Kirchherr, et al., 2017). After studying different CE definitions, comparing similarities and differences, 

Kalmykovaa et al. (2018) concluded that most CE approaches tend to maximize the value of the 

economy's resources. However, it should be noted that the lack of a global definition for CE and the lack 

of consumers’ awareness of what is CE could confuse the users (Kalmykovaa, et al., 2018). Despite this, 
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a knowledgeable consumer can distinguish between waste, recycling, re-manufacturing, regeneration, 

and reuse of products, leaving CE in simple words as a form of preventing waste and extending product 

life. 

3.2 Circular Economy and Waste Hierarchy 

CE is regarded as a tempting system in theory to achieve the targeted scenario of waste prevention and 

better usage of resources. The most common R-framework (Reduce, Reuse, and Recycle) is an integral 

component for establishing that CE is not just a conceptualization of an ideology, but it follows 

an established systematic framework. The hierarchy of the R-framework is in descending order with the 

highest priority in the “manufacture – consumption” chain given to “Reduce,” which is prioritized 

over “Recycle” since, latter is in-turn downcycling, which leads to the reduction of material quality in 

the Technosphere over time (Singah & Ordõnez, 2016). Thus, reduction takes the forefront in all phases 

involved in production, distribution, and consumption stages. It should be noted that the EU commission 

mostly relies on the 4R-framework with “Recover” being added to the former three (Kirchherr, et al., 

2017). Thus, introducing waste hierarchy to CE and, in turn, to sustainable development.   

The EU waste framework directive (presented in Figure 3-1) has two key objectives: prevention and 

reduction of the negative impacts of the generation and management of waste, and aiming to improve 

resource efficiency (European Commission, 2019). 

 

Figure 3-1 EU Waste Hierarchy (EU Commission, 2019) 

European Commission discussed different passages for the products and waste at the prevention and 

preparation for “Re-Use” stages, such as share and collaborative models, repair, and remanufacturing 

(European Commission, 2019). Collaborative practices and business models aim to connect the unused 

potential with new opportunities for value creation. The collaborative practices consider a reduction in 

the number of physical products and maximization of product usage; such practices could be seen on 

the waste hierarchy's prevention level. Moving down to the preparation for re-using, repair comes first 

on the list. Repairing practices contribute to extending product lifetimes, saving expenses on 

replacement of products, and reducing material usage and environmental impacts. While 
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remanufacturing is a process to bring discarded, outdated, or no longer functional products to a better 

condition and performance, prepared for re-entering the market (Johnson & McCarthy , 2014; European 

Commission, 2019). However, it should be noted that the circularity practices are not a replacement for 

each other; the right practice should be directed for the right case of the product to keep the material 

within the cycle, with the minimum expected environmental damage (Stahel, 2010).  

3.3 The Transition from Linear Model to Circular Model 

In a transition from a linear model to a circular model, the British standard Institution (BSI) presented a 

framework for implementing CE within organizations BSI: 8001. The framework consists of eight stages 

(model framing, scoping, idea generation, feasibility, business model, prototyping, implementation, and 

monitoring) (The British Standards Institution, 2017). BSI: 8001 (2017) added that the different stages 

are influenced and guided by circularity principles such as system thinking, transparency, and value 

optimization, in addition to consideration of product design, waste regulations, logistics, monitoring, 

and measurement. 

Ellen MacArthur Foundation (2013) introduced system thinking as a main pillar for the transition 

towards a circular model. System thinking refers to the ability to understand how parts influence one 

another within a whole system, framing the whole's relationship to the parts (Ellen MacArthur 

Foundation, 2013).  The system thinking helps in framing the product relation with infrastructure, 

environment, and social contexts. In particular system thinking approach calls for strategic changes 

among product design and organizational levels (Blomsma & Brennan, 2019). The transition towards 

CE involves changes in product design, and product ownership, in addition to the business models that 

need to be revolutionized. Critics have stressed that transparency is pivotal while addressing the system 

of CE (Singah & Ordõnez, 2016). It should be noted that CE is not just a combination of reducing, reuse 

and recycling activities but is a culmination of processes that make it necessary for a shift in the system 

being addressed (Kirchherr, et al., 2017). It can be further noted that CE’s foremost aim is to improve 

the economic prosperity followed by the achievement of environmental quality through a systems 

perspective considering renewable materials and life extension through different life phases.  

On an organizational level, circularity should be represented by a set of clear objectives, considering the 

value chain and the addressed markets. Organization circularity objectives should influence different 

phases of product design (product planning, concept generation, design to production up to after-sales), 

value creation practices, leading to more sustainable outcomes in a more comprehensive economic 

system (Charter, 2019b).  

Furthermore, on the product design level, circularity promotes a product design strategy based on 

attachment and trust, durability, standardization and compatibility, ease of maintenance and repair, 

upgradability and adaptability, disassembly, and reassembly (Conny, et al., 2014).  



10 

 

3.4 Circularity in Product Design 

Design for CE could be seen as a holistic approach considering product lifecycle from different 

perspectives, framing out circulation paths for product parts as a whole or in the form of material 

(Charter, 2019a). Designers in CE should prevent the product from becoming obsolete, ensuring that 

resources can be recovered with the highest level of integrity (Hollander, et al., 2017). Design for CE 

could be viewed as a subcategory of eco-design; however, circular design takes energy, carbon 

emissions, and life cycle into consideration (O'Conner, 2019). Charter (2019b) presented an eco-design 

checklist as a supporting tool for designers and organizations (presented in Table 3-1), focusing on main 

five design areas (design for material recovery, design for transportation and packaging, design for end 

of life, design for manufacturing, and design for use). 

Table 3-1Eco-Design Checklist for Circular Economy (Charter, 2019) 

Design focus area Options for Design Improvement 

Design for material sourcing 

 Reduce weight and volume; 

 Increase the use of recycled materials; 

 Increase the use of renewable materials; 

 Increase the incorporation of used components; 

 Use materials with low embodied energy and water. 

Design for manufacturing 

 Reduce energy consumption; 

 Reduce water consumption; 

 Reduce process waste; 

 Use internally recycled and recovered materials; 

 Reduce emission to air; 

 Reduce the number of parts. 

Design for transport and 

distribution 

 Minimize product size and weight; 

 Optimize shape and volume for maximum packaging 

destiny;  

 Optimize packaging to comply with regulation; 

 Optimize transport and distribution in term of use and 

emissions; 

 Increase the usage of recycled materials in packaging;  

 Eliminate hazardous substances in packaging.   
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Design for use (Including 

installation, maintenance, and 

repair) 

 Reduce energy in use; 

 Reduce water in use; 

 Increase access to spare parts; 

 Maximize ease of maintenance; 

 Maximize ease of reuse and  disassembly; 

 Reduce energy used in disassembly; 

 Reduce water used in disassembly; 

 Reduce emissions to air, water, and soil; 

 Maximize the ease of materials recycling. 

Design for EoL 

 Avoid design aspects detrimental to materials recycling; 

 Reduce the amount of residual waste generated; 

 Reduce energy used in materials recycling;  

 Reduce water used in material recycling. 

 

The five areas direct designers to create a value with minimum impact on the environment and high 

potential for recycling and reusing of the material or the whole product. This empowers the main pillars 

of CE, high economic value with less environmental impact. Notably, the goal should be more 

significant than a circular design and eco-design; the aim should be towards reaching out for a 

sustainable design philosophy (O'Conner, 2019). 

3.5 Designing Tools Supporting Lifecycle Approach 

In this section, different tools will be reviewed to support designers in taking the product life cycle as 

an input during the designing phase. 

3.5.1 Lifecycle Assessment Tools 

Life cycle assessment (LCA) was first proposed in Europe and the USA in the late 1960s and early 

1970s as a tool concerned with environmental effects (Hunt & Franklin, 1996). Later on, LCA has 

evolved to be a useful and prevailing quantitative tool, measuring environmental impacts (Ekvall, 2002; 

Russell, et al., 2005). LCA covers the whole product/service life and has been applied in different 

industries such as manufacturing, construction, and even education (Zheng, et al., 2009; Chang, et al., 

2014). LCA is used to identify critical areas in which the environmental performance of the product can 

be improved. Manufacturing industries recognize the tools as a common method to integrate 

environmental concerns into product development (Nielsen & Wenzel, 2002). LCA approach has an 

important impact within different stages of the product development process: concept design, part 
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design, process design, and decision-making. LCA applications vary from impact assessment, selection, 

classification up to decision support (Chang, et al., 2014).  

Along with LCA's development as an environmental impact assessment tool, researchers were interested 

in developing different tools concerned with the life cycle perspective, such as the life cycle cost (LCC) 

tool. LCC is defined as an assessment tool looking at different costs associated with the life cycle of a 

product directly covered by one or more of the actors in the product lifecycle (supplier, producer, 

user/consumer, EoL-actor) ( Blanchard & Fabrycky, 1990). Later on, LCC was more developed to cover 

substantial external costs of social externalities or environmental impacts (Swarr, et al., 2011). The tool's 

continuous development enabled LCC to be fully compatible with LCA (Kloepffer & Ciroth, 2011). 

3.5.2 Quality Function Deployment (QFD) and Quality Function 

Deployment for the Environment (QFDE) 

Shigeru Mizuno and Yoji Akao proposed quality function deployment (QFD) as a systematical 

customer-driven product development method (Mizuno & Akao, 1994). QFD assisted product designers 

in improving product quality while maintaining customer satisfaction. QFD is a four-phase matrix 

providing a conceptual map for the design process. The method is a construct for understanding 

customer requirements while establishing design priorities (Otto & Wood., 2001).  

Later on, the method has been improved for higher accuracy in acquiring the technical parameters and 

customer requirements through integrating QFD with AHP, fuzzy theory, and Kano’s model (Neo & 

Tan, 2000; Sireli, et al., 2007). The method has been extended to incorporate environmental aspects into 

the different phases of product development under the name of “Quality Function Deployment for the 

Environment” (QFDE) (Masui, et al., 2003). The integration qualified the tool to handle the 

environmental requirements, along with the traditional product requirements. The updated method is 

used as a design support tool in the early stage of product design (Masui, 2000).  

Sakao (2007) integrated the tool with LCA and TRIZ (theory of inventive problem solving) as a general 

supporting methodology for product planning and design concepts generations’ activities in the domain 

of eco-design. QFDE method enabled product planning, improving product structure, and developing 

new product series, integrating environmental requirements as a necessary criterion, while supporting 

an innovative approach for future business creation (Ashihara & Ishii, 2005).  
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3.6 Product Circularity Factors 

Based on the reviewed research work presented in section 3.3 up to section 3.5, product circularity 

factors could be summarized in seven main factors (Conny, et al., 2014; Lindhal, 2019; Charter, 2019a).; 

  Designed based on a lifecycle approach; 

 Durability; 

 Upgradability; 

 Adaptability; 

 Ease of maintenance and repair; 

 Ease o disassembly and reassembly; 

 Standard and compatible. 

 As the first circularity factor (designed based on a lifecycle approach) has been presented in section 3.5 

and covered from different aspects, this section's focus will emphasize the other six factors.  

The first circularity factor (durability) is defined as the product’s ability to fulfill a specific purpose 

through the usage cycle with clear maintenance and repair conditions until the product reaches the 

limiting state of incapacity to fulfill the usage purpose (Alfieri, et al., 2018). The second circularity 

factor (adaptability) is viewed as the product's ability to act in response to changing factors within the 

operating environment over a long lifetime, taking into account possible future changes (Uckun, et al., 

2014). The third circularity factor (upgradability) is regarded as the ability to enhance the product 

functions and physical fitness, reflecting on the improvement of the product performance and capability 

during the usage phase (Xing & Belusko, 2008; West & Wuest, 2017). The fourth circularity factor (ease 

of maintenance and repair) is a set of activities that aim to retain product functional capabilities and 

restore the damaged product (Bocken, et al., 2016). The fifth circularity factor (standard and compatible) 

refers to the product being designed based on standard parts of components platform, with a high level 

of interchangeability between components (Farrell & Saloner, 1985). The sixth circularity factor (ease 

of disassembly and reassembly) refers to the product's ability to be dismantled, separated, and 

reconfigured easily (Bocken, et al., 2016). 

3.7 Design Strategies Addressing Product Circularity 

The circularity factors discussed in section 3.6 have been addressed through different design strategies 

on the academic level. Different design frameworks and strategies have been developed addressing a 

specific circularity factor, and some extended to include more than one factor; such strategies are 

illustrated in Table 3-2. 
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Table 3-2 Design Strategies Addressing Product Circularity 

Design strategy Literature source  

Design for upgradability and adaptability 

(Bocken, et al., 2016) (Bakker, et al., 2014) 

(Bogue, 2007) (Van Nes & J., 2006) (Hollander, 

et al., 2017) 

Design for standardization and compatibility 
(Bocken, et al., 2016) (Charter & McLanaghan, 

2019) 

Design for ease of maintenance and repair 

(Bakker, et al., 2014) (Bocken, et al., 2016) 

(Bogue, 2007) (Van Nes & J., 2006) (Hollander, 

et al., 2017) (Charter, 2019a) 

Design for dis- and reassembly (Bocken, et al., 2016) (Bogue, 2007) 

Design for end of life (Charter, 2019a) 

 

The strategies vary based on the type of product/service and the organization's circularity objectives. 

However, it should be noted that strategies such as design for upgradability and adaptability, design for 

ease of maintenance and repair, and design for end of life are dealing with a specific circularity factor 

within a phase throughout the product lifecycle, such as the extension of usage phase through repair and 

maintenance activities, or effective EoL practice such as disassembly. In comparison, design for 

standardization and compatibility, or as Charter & McLanaghan (2019) referred to as modular design 

strategy, is a broader umbrella that can be used to address a holistic approach of the product lifecycle 

and eventually product circularity factors.   

Modular design practices enhance the product’s ability to be repaired, updated, and upgraded without 

product replacement, sustaining product integrity (Charter & McLanaghan, 2019; Hollander, et al., 

2017). All these factors placed the modular design strategy in a position of interest in the study. 

Section 3.8 up to section 3.10 of the report is dedicated to providing a literature review over modular 

product design strategy, intending to cover main concept, role among product development process, 

advantages and challenges, and finally supporting tools embedding product modularity at early phases 

of product development. 

3.8 Introduction to Modular Design Strategy 

“Modularity is a distinctive practice of design which intentionally creates a high degree of independence 

or ‘loose coupling’ between component designs by standardizing component interface specifications” 

(Sanchez & Mahoney, 1996). A modular product is designed based on the interactions between different 

sets of functional carriers such as components, parts, or physical elements in a product that contribute 

to a given function or a set of functions, known as modules (Bonvoisin, et al., 2016). Each module's 
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effectiveness is determined by a module's ability to fulfill the expected objective at a particular phase of 

the entire lifecycle phases, including design, manufacturing, assembly, service, maintenance, and 

recycling (Ji, et al., 2012). The modularity concept extends to include services, where modules can be 

considered groups of service components leading to a partial function of the overall service or product-

service system (PSS) (Song, et al., 2015). 

Among the wide range of design practices, product modularity has gained a significant position due to 

the wide range of benefits associated with a modular design strategy. It should be noted that modularity 

is frequently stated as a goal of good design practice to enhance the 3R-abilities (Reduce, Reuse, and 

Recycle) of products (Fredrikson, 2006). As “Technology Modules” concept was introduced by Ishii 

(1997), where components with the same retirement methods (disassembly, recycling, and disposal) 

should be grouped in the same module to ensure effective EoL treatment. A modular design strategy is 

considered an important green design method that positively influences the product life cycle's 

environmental performance (Wanga, et al., 2016).  

The selection of modular design strategy is based on a potential benefit for a given strategic objective 

either on the product level, the organizational level, or on both of them (Bonvoisin, et al., 2016). 

Bonvoisin et al. (2016) reviewed a wide range of objectives for adopting a modular design strategy, 

illustrated in Table 3-3. 

Table 3-3 Objectives of Selecting a Modular Design Strategy (Bonvoisin et al. 2016) 

Literature source Modularity Objectives 

(Erixon, 1996) 

 Design and development (carryover, technology push, and product 

planning),  

 Variance (different specification and styling),  

 Manufacturing (standard unit and process/organization),  

 Quality (separate testing),  

 Purchase (black-box engineering)  

 After-sales (service/maintenance, upgrading, and recycling) 

(Stake, 2000) 

Reprocessed Erixon’s classification to arrive at two primary purposes of 

modularization:  

 Product management planning, 

 Functional purity. 

(Seliger & Zettl., 2008) 

 Time-to market,  

 Multiple uses of the functional carrier,  

 Product variety,  

 Assembly/configuration,  
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 Core competency,  

 Use intensity, service,  

 Modification/adaptation  

 Treatment after the first use 

 

3.9 Product Design Process for Modularity 

A common product development process (presented in Figure 3-2) involves four phases, concept 

development, system-level design, detailed design, and product testing and refinement; in particular, 

modularity requires more emphasis on both concept development and system-level design (Ulrich, 

1995). 

Figure 3-2 Product Development Process (Ulrich, 1995) 

It should be noted that the modular design methodology involves three main activities; problem 

definition (concept development phase), interaction analysis, and module formation (system-level 

design phase). Gu & Sosale (1999) presented integrated guidelines incorporating life cycle thinking 

within a modular design strategy. The guidelines highlighted eight objectives related to product life 

cycle: dividing design tasks for parallel development, production and assembly improvement, 

standardization, services, upgrading, reconfiguration, recycling, reuse and disposal, and product variety 

and customization. Gu & Sosale‘s guidelines help designers prioritizing the relative objectives behind 

the modularization process. It should be noted that the product modularization process delivers a 

modular product with the following characteristics; functional carriers with similar properties are 

grouped together, and the level of complexity of interfaces between modules is reduced (Gershenson , 

et al., 2004).  

Ahmad (2010) viewed that the different activities accompanying the modularization process require a 

high level of planning and coordination between marketing, product development, and manufacturing 

to meet customer requirements. The required planning and collaboration between different departments 
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and functions within the organization should occur during “concept development” and “system-level 

design” phases. 

3.9.1 Supporting Tools for Modular Design Strategy 

Ericsson & Erixon (1999) developed a systematic design method under the name of Modular Function 

Deployment (MFD). Through this tool, modular drivers are generated to a modular design by 

considering the product lifecycle. The MFD scheme consists of five steps, using QFD to collect and 

formalize customer requirements, followed by analysis for possible technical solutions up to concept 

generation and modules optimization (Ericsson & Erixon, 1999). However, MFD was criticized for 

showing drawbacks in capturing complete customer satisfaction and leading engineers to a known set 

of solutions (Regazzoni & Rizzi, 2008). 

Later on, a new modular design method under the name of “House of Modular Enhancement” (HOME) 

for product redesign was established by Sand et al. (2002). HOME aims to assist during the 

reconfiguration of products, reduce design and manufacturing lead time, and improve the ability to 

upgrade, maintain, customize, and recycle (Sand, et al., 2002). The method only considered product 

maintenance, reuse, and recycling, which cannot represent the entire product life cycle, which indicates 

a limitation in the tool (Junfeng & Kremer, 2016).  

3.10  Modularity on Organizational Level 

The influence of modular design strategy extends beyond product structure or architecture, influencing 

organization structure, as both product and organization have to be aligned (Henderson & Clark, 1990; 

Sanchez, 2008). Modularization requires one-to-one mapping within product modules and 

organizational modules to develop technically separate components and technically separate 

organizations (Sanchez & Mahoney, 1996). Modularizing, an organization with high coordination level, 

enables different organizational modules to react to the environment's influences after and without 

affecting other modules (Thompson, 2007). Organization modularity enables product development at a 

reduced level of managerial roles, which leads to a reduction in decision-making overload and saving 

time (Galbraith, 1973; Lau & Yam, 2005).  

3.10.1 Advantages of Modularity 

Different literature sources agreed that modular design strategy has a wide range of advantages, such as 

mass customization, environmental friendliness, end-of-life strategies, reduction in development costs 

up to efficient work in loosely coupled organizations. The positive impact of modularity could be noticed 

in increasing feasibility of product/component change, improving product variety, decoupling risks, 

facilitating the ease of product diagnosis, maintenance, repair, and disposal, and ease of reuse, reduction 

of waste, and recycling of products (Corbett, et al., 1991; Fredrikson, 2006). 
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Sanchez (1999) discussed the role of product modularity in extending product generation's lifetime. 

Through smooth modular upgrades within the same generation, product life can be extended without 

replacing the product itself. Such an approach helps avoid costly peak workload in the development 

projects, as only a limited number of modules could be changed at a time. Modularization contributes 

to decouple technology development from product development and reducing the uncertainties 

associated with it. 

3.10.2 Challenges for Modularity 

Shamsuzzoha (2011) viewed that the setting of the degree of modularity within the product is a 

challenging task between product design, marketing, and manufacturing departments. For such reasons, 

product designers should completely understand product requirements and the expected impact on the 

module's functionality. Persson & Åhlström (2006) stated that product structure complexity and 

interdependencies in functionality form a challenge in modularizing the whole product. It should be 

noted that modularization calls for a high level of customer involvement to understand the real values 

that can capture customer satisfaction before implementation (Ulrich & Tung, 1991). This calls for better 

system engineering and advanced planning tools. Modularization could be seen as a barrier for 

innovation regarding product architecture due to the pre-set interfaces between different modules 

(Sanchez & Mahoney, 1996). In addition to that, the pre-set interfaces could limit the function sharing 

in product design (Shamsuzzoha, 2011). Furthermore, designing interfaces and re-designing existing 

interfaces consume a significant amount of time and increase the cost of the development process 

(Muffatto, 1999). 

Product variation is a significant challenge faced by the modular product design approach. As in 

modularity, product variation could be addressed through a modular design strategy by developing, 

replacing, or removing different pre-developed modules or subassemblies. The fact that the product 

variation is created through shelf available modules (components) can result in products looking similar 

(Shamsuzzoha, 2011). The product similarity in industries where customers seek product variation may 

decrease customers’ demand for the product (Ulrich & Tung, 1991).  

Modularity optimizes the local performance using a standard supplied component or by enabling 

independent, designed, tested, and refined components. However, it might fail to optimize the overall 

performance of a product. This leads to using multiple optimized components instead of one integral 

component, which could occupy a larger space or affect the weight (Ulrich, 1995). Baldwin & Clark 

(1997) elaborated that incomplete modularity usually tends to experience problems during module 

integration. 
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Chapter 4: Case Study Findings 

The case company is a global OEM with a presence in a wide range of markets across the globe. The 

case company is divided into three different units based on the functions (Operations Unit, Purchasing 

Unit, and Technology Development Unit). The thesis study has been conducted in collaboration with 

the technology development unit within the case company.  The interest expressed from the case 

company side to participate in this thesis study is based on the interest in investigating and developing 

design solutions that could enhance the product circularity.  This section will present the collected data 

related to the studied topics through the case study. 

4.1 Evolution of the Circular Economy Concept within the Case 

Company 

This section is presenting the main findings within the case company regarding CE and product 

circularity factors.  

 

Table 4-1Case Study Findings Regarding Circular Economy 

Reflections on Circular Economy  

Corporate 

Level 

CE was first introduced in the case company’s official publications in 2014 as a 

resource efficiency strategy that relies on reusing and recycling to minimize the 

need for raw material and limit the depletion of the earth resources (Case 

Company, 2014). This concept is the result of a development journey for several 

strategies addressing resource management and the environment. The case 

company's circularity practices have expanded to include remanufacturing 

practices and offering repaired components to the customers. The case company 

seeks to increase resource efficiency and circularity through more 

remanufacturing practices and higher material efficiency over the lifecycle (Case 

Company, 2018). From the case company's point of view, enhancing product 

circularity revolves around increasing its service life and operational uptime 

through maintenance and repair activities (Case Company, 2019).  

Levels within the organization 
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Product 

Planning 

Level 

From a product planning point of view, CE is an approach for establishing an 

environmentally friendly product base, with an extended influence upon society. 

On reviewing CE as a trend, it emerges from a social desire for an environmentally 

conscious product (Interviewee 2; Interviewee 4). Furthermore, CE is a 

complicated system where materials are maintained within closed loops and 

exchanged between interconnected value chains based on material quality 

(Interviewee 8). A circular product could be seen as a product with higher reusing 

rates, high durability, and simple structure to upgrade (Interviewee 8). 

The transition towards CE requires revolutionizing the revenue stream, 

investigating business models, defining clear activities, and tasks (Interviewee 2). 

A circular vision would start with clear goals, be influenced by the legislation, and 

driving constructive discussions. The desired outputs of these discussions would 

be innovative proposals from engineering departments and product design. Such 

proposals could be later translated into measurable goals within the future product 

plans shaping the circular strategy of the company (Interviewee 4).  

Product 

Design Level 

From a product design standpoint, CE is a system with closed loops where products 

and materials are reused in an ultimate sense, maintain the product’s content of 

material and energy within the loops (Interviewee 12). The circular model aims to 

achieve higher efficient resource usage levels along the product lifecycle 

(Interviewee 11). Product durability, product adaptability, and ease of maintenance 

and services are important aspects that need to be considered in design activities 

for CE (Interviewee 11; Interviewee 13).  

The transition process towards CE requires higher transparency levels and a system 

thinking approach (Interviewee 12).  This transition is highly tied with a shift in 

business models, gaining knowledge regarding products during usage and after 

usage phases, and tools for designing circular products (Interviewee 11; 

Interviewee 14). 

Product 

Features Level 

CE is a model aiming to eliminate waste in any form by enhancing efficient 

resources utilization-either in the form of material or energy (Interviewee 5).  It 

could be seen as a product with a higher potential to be reused and recycled on the 

product level. 

To support CE, we need to see more business models showing the expected 

benefits behind the model and the design strategies (Interviewee 5). 
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The participants' views regarding CE and the transition process requirements vary from individual to 

another based on the function and personal knowledge. These findings indicate a high level of awareness 

among the interviewees regarding the discussed topics and strong interest in the studied fields.  

4.1.1 Supporting Tools Addressing Product Lifecycle within the Case 

Company  

In terms of the design supporting tools used within the case company, two tools are used and recognized; 

LCA and Eco-design checklist. LCA is used by the case company to map the product’s environmental 

impact in order to make informed decisions in the development process (Case Company, 2015). In 

addition to incorporating LCA results within the development process, the case study company owns an 

eco-design tool in the form of a supporting checklist. The checklist is a qualitative supporting tool, 

divided into eight main categories covering; quality and uptime, safety, suppliers, environmental product 

focus, driving performance, transport efficiency, product accompanying operations, and dangerous 

goods. The checklist is presented to the user in the form of a questionnaire, as the user is required to 

answer the questions under each category of the eight main categories previously mentioned.  The 

Business 

Development 

Level 

From a business development perspective, CE is a business opportunity to create 

a continuous revenue stream. A circular product is a reusable product with an 

extended lifetime that could be collected at the end of life. Circular product is a 

very simple product in terms of upgrade, including a broad design umbrella, 

addressing different customers (Interviewee 3). 

Advanced 

Engineering 

Level 

CE is a future concept where developing new products with a high awareness of 

material selection that could be reused several times. OEMs are required to collect 

products after usage and keep track of the product at the end of usage. At the same 

time, OEMs need to start developing business cases that show benefits behind CE 

(Interviewee 1). A circular product is a product easy to track and dismantle. CE 

requires a change in the product's ownership, as the producer is controlling over 

the product, creating a long-term revenue stream, benefiting from aftermarket 

services throughout the product lifecycle, and turning product dismantling, 

recycling and reusing, as a source of income (Interviewee 7). 

Corporate 

Standards  

CE is a model aiming to achieve efficient use of the earth resources through reusing 

and recycling the available products (Interviewee 9). In terms of product circularity 

factors, CE stimulates products to be designed for durability and adaptability 

mainly (Interviewee 15). The key element in supporting the transition towards CE 

is incorporating system thinking in the process. 
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primary purpose of this qualitative tool (Eco-design Tool) is to initiate a communication channel 

between different actors involved product development process. The tool is just recommended to be 

used in case of new designs without previous environmental screening.  The output of the eco-design 

tool aids decision-makers assess the design of environmental criticality and possible actions to mitigate 

such impacts. Furthermore, interviewee 7 added that the Eco-design tool is a way to compare different 

types of materials. 

From a product design point of view, the company lacks design tools that could help apprehend the 

product life cycle and allocate product circularity with physical product features (Interviewee 12). The 

company also lacks the tools and knowledge of product planning and product design to incorporate the 

new trend's requirements in new product offerings (Interviewee 6; Interviewee 11).  

4.2 Modular Design Strategy within the Case Company 

In this section, the main findings within the case company regarding the modular design strategy 

approach are presented.  

Table 4-2 Case Study Findings Regarding Modular Design Strategy 

Reflection on Modular Design Strategy  

Corporate Level 

The case company initially proposed the modular design strategies a concept 

product based on standardized modules, aiming to combine existing product 

combinations to offer higher flexibility (Case Company, 2008). A common 

architecture and shared technology (CAST) system has been created, based 

on the modularized concept and standardized interface (Case Company, 

2015). Through the CAST system, components are shared across different 

product segments within the case company. However, the CAST system is 

limited in terms of shared components, such as the electrical architecture and 

the engines. The CAST system's benefits include reducing product 

development duration, development cost, and higher efficiency measures 

within the supplier structure, industrial system, sales, and product service 

systems (Case Company, 2018). 

Levels within the organization 

Product Planning 

Level 

Modular product has been seen as a dream product easy to manufacture, easy 

to change spare parts. However, modularity is obliged to answer so many 

questions, such as the benefit behind modularity, the profit, and technical and 
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business aspects. The modularity for CE should be linked with business 

models, as the product itself plays a vital role in limiting the exchanging of 

the components (Interviewee 2). To enhance modular thinking, it starts from 

square zero, which is the customer benefits and values, as such interests and 

benefits secure the customer needs, in the proposed common platform of 

modules. However, product profitability should always be taken into 

consideration (Interviewee, 4).  Standardization and modularity can give 

access to efficient use of the products; however, these are achieved by limiting 

the usage of the product's full potential (Interviewee 8). 

The main challenge with modularity would be the customization as customers 

seek a highly customized product with a higher chance of charging more than 

a standard product. However, in general, OEMs usually have a generic 

product that later on tends to start diverging (Interviewee 2).  To overcome 

such a challenge, it should be by implementing a system thinking, where a 

holistic approach should be taken to consider parts' influence on the whole 

system and different paths that could exist within a circular economy. 

Product Design 

Level 

A modular design strategy is an important element in thinking circular by 

working on simplifying the product structure. This simplification helps in 

technical improvements, introducing a multi-usage cycle for the product. 

However, this state of product modularity is complex to reach (Interviewee 

14). A modular design strategy looks at a bigger picture of the product, 

influencing products to share a high degree of commonality and 

standardization (Interviewee 13). A modular product is a must to scale up 

product circularity within the company. As modular product facilitates the 

building and replacing worn-out parts, it acts as an open-source to cope with 

new technologies (Interviewee 12). 

The main challenge encountered in product modularity is the loss of 

customization and its impact on product profitability (Interviewee 13). 

Another challenge the company would face in developing a modular offering 

is to convince the user that a common or standard product is better than a 

customized one (Interviewee 14). Above all of these challenges, modularity 

is challenged with answering a critical question of what modularity is and the 

expected outcomes of such a design approach (Interviewee 12). 

Product Features 

Level 

Modular design is simply creating a module able to be upgraded without 

replacement; in other words, having a long-serving hardware product while 
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maintaining room for future updates in terms of software (Interviewee 5). The 

main challenge I see within the modular design strategy is the product 

offering's limitation and the high risk of losing the product requirements 

during the modularization process. Also, modularization impacts product 

profitability, and usually, it is a negative impact, as customers seek highly 

customized products that address their business needs. Modularity also 

requires a high level of transparency among all product development 

processes carried within the OEM. Platform projects require a higher level of 

project management, especially within the development phase. 

Business 

Development Level 

A modular design strategy aims to create a standard structure, maintaining 

external differentiation (layered modularity). The modular design could start 

by standardizing parts and components; later on, based on the market 

response, the modularity degree could be scaled (Interviewee 3). The main 

challenge in modularity is that the product is used as a work tool, requiring a 

high degree of customization. 

Advanced 

Engineering level 

Modularity, in general, is a design platform that is the base, and start adding 

and changing different components among the product, which gives the 

customer the feeling of variety. While given modularity for CE, it is more of 

layered modularity, where an outer layer appears for users and customers, and 

inner components that can be carried over many times with no need to 

changes. OEMs tend to change the outer layer while maintaining the inner 

components at a high level of durability and extended lifetime (Interviewee 

1). 

The main challenge in modularity is creating an optimized product for all 

variance, where this affects the sales process and requires more investment in 

the marketing process. Simultaneously, sub-optimization is challenging, as 

product designers are trying to address a degree of variance with a common 

platform component (Interviewee 7). 

Corporate Standards 

Modular product is characterized by a high level of complexity in 

standardized interfaces. The new trends, such as electrification and 

digitalization, favor product modularity (Interviewee 9). Modularity is 

supportive in designing products for CE as one of the main elements in 

designing a product for CE is product adaptability. A modular product is an 

open-source product with the ability to adapt to changing conditions in the 
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4.3 Summary of Case Study Findings 

The results presented in tables 4-1 and 4-2 highlight the key finding from the case study. Although the 

interviewees have shown a high level of awareness and interest in CE, the company is still in an 

explorative phase for the study domain. The company's exploratory activities contribute to scoping and 

framing the addressed circular model in terms of product and organizational characteristics. Based on 

the company's phase, the company lacks a clear vision and strategy to address CE and identify the 

desired outcomes. The absence of clear circular objectives on an organizational level within the case 

company hinders the initiative to move from today's linear pattern towards the desired circular model, 

especially initiatives on product development levels.  

On a product design level, the company lacks knowledge in terms of product circularity. Also, the tools 

used and recognized by the company are limited and are not capable of apprehending the product 

lifecycle. Such results point out the importance of gaining new design knowledge in terms of product 

circularity and adopting a wide range of supporting tools capable of capturing and addressing product 

circularity factors.  

In terms of modular design strategy, a high share of the interviewees agreed that a modular design 

approach is an essential design strategy for developing products complying with CE principles. 

However, most of the participants added that modularity would be a sort of limitation for the product 

offering and has a negative impact on profitability. The interviewees also added that the desired state of 

modularity is an intricate design task to achieve due to the lack of knowledge and tools. The interviewees 

also added that systems thinking and transparency are the key elements to implement modularity for CE 

and overcoming the potential challenges.  

From the company’s standpoint, modularity is the desired approach for saving costs and reducing 

development time. The company develops electrical architecture and the engines of its products as 

shared components between different product segments, as part of a modular component platform. 

Despite that, the company has a highly customized product profile with a high degree of variance among 

different product segments. Further, the company does not officially recognize the modular design 

strategy as a supportive approach for enhancing product features to comply with the CE principles. 

However, a well-established market competitor lists product modularity as the main pillar to achieve 

higher levels of resource efficiency and circularity among product aspects.

working environment (Interviewee 15). Also, modularity has a positive 

influence on reusing and recycling the product. 
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Chapter 5: Discussion and Analysis 

The author’s own reflections are presented in this chapter, answering the two research questions 

mentioned in the introductory chapter. These reflections are based on the presented data in both the 

literature review chapter and the case study findings.  

5.1 Product Circularity Factors Addressed Through Modular 

Design Strategy  

This section corresponds to the first research question (How could circularity factors be addressed 

through modular product design?). The results presented in Table 4-1 and section 3.6 highlighted the 

main circularity factors that need to be considered when designing a product for CE. The interviewees 

described the main product circularity factors as durability, adaptability, upgradability, ease of 

maintenance and repair, and ease of disassembly and reassembly. Simultaneously, the reviewed articles 

and references presented in section 3.6 in the literature review added two more circularity factors: 

standard and compatibility and designed based on a lifecycle approach.  

When analyzing the results presented in section 4.1 and section 4.2, it is clear that the interviewees agree 

with Charter & McLanaghan, (2019) that modular design strategy is a practical approach to address 

product circularity factors. Looking at the first circularity factor (design based on a lifecycle approach), 

interviewee 8 pointed out in section 4.2 that modularity is a key element to ensure efficient use of 

resources along the product life cycle. This underlines the point of view of Wanga et al. (2016) that a 

modular design strategy is an effective design practice to ensure an eco-design along the product 

lifecycle. Furthermore, it reinforces the results of an earlier work by Gu & Sosale (1999), which 

highlighted the potential of a modular design strategy to address impacts in different phases along the 

product lifecycle effectively. 

Moving to the second circularity factor (durability), based on interviewee 1’s contribution in section 

4.2, “In layered modularity, OEMs tend only to change the outer layer of the product while maintaining 

the inner components at a high level of functionality for an extended lifetime.” This statement complies 

with the point of view of Seliger & Zettl. (2008) that modular products can serve multiple cycles. 

Moreover, it underlines the point of view of Sanchez (1999) that a modular design strategy is a method 

followed for extension of product lifetime. These results indicate the potential of modularity to design 

a durable product complying with the CE principles. 

Given the third circularity factor (upgradability), interviewee 12 stated in section 4.2 that “modular 

product is an open-source product, capable of coping with new technologies and new product releases.” 

This result reinforces Seliger & Zettl. (2008) and Erixon's (1996) work results that a modular design 

strategy is a design practice that enables high levels of modifications and upgrading. These results 
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indicate that a modular product's ability to be upgraded and modified serves to create a durable product. 

The continuous upgrading shifts the concept of obselence to the components level and allowing the 

compatibility of the main carrier with the latest technology. 

Regarding the fourth circularity factors (adaptability), the results presented in section 4.2 are based on 

interviewee 15’s contribution that a modular product has a higher ability to adapt to changing conditions 

in the working environment. Interviewee 15 contribution agrees with Seliger & Zettl. (2008) results, 

that product adaptability is a planned outcome of product modularization. The standardized interface 

between different modules shared within a product platform gives the product the ability to adapt to 

changes within the working environment. The changes in the structure of the module provide the product 

with a wide range of functions, which supports the product to serve different sets of applications. 

Moving to the fifth circularity factor (ease of maintenance and repair), based on the contributions of 

interviewees 13 and 14 in section 4.2, the simplified structure in modular products facilitates the repair 

and maintenance activities of the product throughout the product usage cycle. These results comply with 

Erixon's (1996) point of view that a modular design strategy enhances the product’s ability to be repaired 

and maintained during different phases of the product life cycle. This reflects on the ability of a modular 

design strategy to address this circularity factor. As a result of the standardized and simplified interface 

between modules and components, the diagnosis and detection processes for faults are facilitated 

according to Corbett et al. (1991); Fredrikson, (2006) research results. 

Given the sixth circularity factor (ease of disassembly and reassembly), the results presented in section 

4.2 indicated that most interviewees highlighted that a modular design strategy facilitates the 

disassembly and reassembly process. The interviewees pointed out that the simplified product structure 

and the standardized interface between the components reduce the time consumed in disassembly and 

reconfiguration processes. It should be noted that these results reinforce the findings presented in section 

3.8 of Seliger & Zettl’s (2008) earlier work.  

Regarding the seventh circularity factor (standard and compatible), interviewee 15’s contribution in 

section 4.2 highlighted that standardization results from adopting a modular design strategy; this result 

complies with Gu & Sosale's (1999) views of product modularity. However, Seliger & Zettl (2008) 

viewed that the standardization in modularity could be only limited to the level of interfaces between 

components. Seliger & Zettl (2008) also added that product variance could be seen as an outcome of a 

modular design approach.  

Table 5-1 summarizes the circularity factors and modular product features based on the analyzed results 

from the reviewed literature and the empirical findings.
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Table 5-1 Summary of Circularity Factors Addressed Through Modular Design Approach 

Circularity 

Factor 
Description Implications of Modular Design Strategy on Circularity Factors  

Designed Based 

on Lifecycle 

Approach 

 Taking a holistic approach by considering the product 

lifecycle without neglecting any phase (Aydina & 

Badurdeenb, 2019). 

 Allows the product updates and new releases based on the 

lifecycle approach and considers high resource efficiency 

levels along the product lifecycle (Interviewee 11).  

 High ability to incorporate product lifecycle within the 

design phase (Gu & Sosale, 1999). 

 Modular Product efficiency is reviewed as the ability to 

fulfill the set of objectives determined in the design phase 

throughout the whole lifecycle (Ji, et al., 2012).  

 

Durability 

 Ability to fulfill service purpose over a specific period. The 

product’s main functions are performing as expected 

(Alfieri, et al., 2018). 

 The product has a service limit; once reached, the product 

should be directed and treated based on other circularity 

factors. 

 

 Modular products are considered durable products, as 

modules are easily maintained and repaired during the 

intended service cycles (Interviewee 1). 

 The ability of the modular product to be updated shift the 

concept of obsolesce from product level to module and 

component level 

Adaptability 

 The product's ability to respond to changes and uncertainty 

in the working environment (Uckun, et al., 2014). 

 It could be seen as the product’s ability to be used for 

different applications (Interviewee 15). 

 The change in the structure of the module provides the 

product with a wide range of functions, which supports the 

product to serve different sets of applications. 

 Modular product has a higher level of freedom to adapt to 

changes within the working environment (Interviewee 12). 
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Circularity 

Factor 
Description Implications of Modular Design Strategy on Circularity Factors  

Upgradability 

 It allows the product to maintain integrity and stop the 

product from becoming obsolete (Hollander et al., 2017). 

 Product upgrade qualifies the product to perform during 

multiple usage cycles (Xing & Belusko, 2008; West & 

Wuest, 2017). 

 A modular product is seen as an open-source product, 

where modules could be updated through a change in a set 

of components or replacing the whole module with an 

updated version. This simplification in the structure allows 

the product to serve multiple usage cycle (Interviewee 14). 

Standard and 

compatible 

 Standardization and compatibility factor refers to the 

creation of a common platform of components and 

increasing the rates of interchangeability between different 

components within the products (Interviewee 7; Farrell & 

Saloner, 1985)  

 Product standardization is seen as a result of a modular 

design approach by all interviewees, as presented in section 

4.2. 

 Standardization within modularity is seen on different levels 

starting with standard components shared within the 

products’ families, up to sharing a complete module within 

product platforms (Interviewee 7; Interviewee 13). 

Ease of 

maintenance and 

repair 

 Ability to perform regular activities allows maintaining the 

product fitness and performance at the expected levels 

(Bocken, et al., 2016). 

 The repair and maintenance activities allow the products to 

fulfill their purpose and complete the designed usage cycle. 

 Modular product positively influences the regular 

maintenance procedure, by facilitating the diagnosis and 

detection processes for faults within the components or even 

the modules (Interviewee 12). 

 Modules and components can be maintained and repaired 

easily to ensure a smooth running product during the usage 

cycles. 

Ease of 

disassembly and 

re-assembly 

 Disassembly reflects the easiness of dismantling the product 

into separate components in terms of time and effort 

 The standardized and simplified interface between 

components and modules instructed by modularity 
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Circularity 

Factor 
Description Implications of Modular Design Strategy on Circularity Factors  

invested in such a process. Reassembly refers to different 

components' ability to be reconfigured with different 

components forming a new product (Bocken, et al., 2016). 

 This factor is intended for future purposes, especially during 

the product EoL phase. 

facilitates the dismantling process of product components 

(Interviewee 12). 

 Also, components reconfiguration is facilitated due to the 

benefit of the standardized interface (Interviewee 11). 
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Moreover, based on the contribution of interviewee 15 in section 4.2, the modular design strategy 

positively influences product compliance with circularity practices such as reusing and recycling. This 

underlines the results of an earlier work by Fredrikson (2006) that a modular design strategy is a 

distinctive design practice aiming to enhance the product's ability to be reused, remanufactured, and 

recycled. Furthermore, this highlights Ishii (1997) concept of the technology module as a clustering 

methodology for components based on the EoL treatment to enhance product ability for reusing and 

recycling. 

Based on the analyzed and discussed results in this section, it can be confirmed that a modular design 

strategy is indeed an effective approach in addressing product circularity factors as articulated by 

interviewee 11. The standardized and simplified interface stimulated by the modular design is the crucial 

element in positioning a modular design strategy as an effective design approach for CE, according to 

interviewee 14. The standardized interface and the reduced complexity in product structure play 

essential roles in creating an open-source product capable of adapting to different circularity factors 

along the product lifecycle. The modular product has higher compatibility with circularity practices such 

as reusing, repair, remanufacturing, and recycling.  

5.2 Challenges in Adopting Modular Design Strategy on Different 

Organizational Levels  

This section corresponds to the second research question (What are the challenges of adopting a modular 

design approach from product development and organizational perspectives?). The results in Table 4-2 

and section 3.10.2 presented a wide range of the challenges a transitioning company could face when 

adopting a modular design strategy. A modular design strategy requires high levels of collaboration and 

coordination among different functions within the organization. Thus, adopting such a design approach 

requires organizational changes and adaptations, imposing challenges among different organizational 

levels.  

One of the first challenges in adopting a modular design strategy is defining the process and its 

objectives. As interviewee 11and interviewee 2 clearly articulated it, “modularity is required to answer 

an important question, what is modularity? “. Defining the design approach and formulating goals 

requires an effective communication channel between the organization's different levels. In particular, 

adopting a modular design approach for a circular economy requires a clear organizational circularity 

objective on both product level and business model level, in addition to pre-found understanding for the 

addressed model. These objectives must be formulated as strategic goals defining CE and the planned 

outcomes and communicated to different organizational levels. As Charter (2019b) viewed, the 

organizational circularity objectives are important elements to influence product development activities, 

such as setting the degree of product modularity to achieve the identified model's planned outcome. This 
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leads to the second challenge: determination of modularity degree within both the product structure and 

organization structure.  

Based on the observed results from interviewees 14 and 5 in section 4.2, the adoption of full modularity 

could risk losing the ability to address product requirements in the process and/or losing the customer 

interest in the product. For such concerns, Shamsuzzoha (2011) stated clearly that product designers 

should be working closely with marketing and aftersales to avoid the loss of product requirements or 

customer interest in the product. Simultaneously, partial modularity tends to affect product performance, 

according to Ulrich (1995). As interviewee 7 clarified in section 4.2 that the partial modularity tends to 

experience problems in the optimization process, as it addresses a degree of variance with the product 

platform. In partial modularity, extra components could be added to optimize the performance of the 

product. This optimization comes at the cost of increasing product weight or occupying larger space. 

Moreover, Baldwin & Clark (1997) added that partial modularity experiences challenges in the 

optimization and integration process, which leads to the third challenge. Full or partial modularity occurs 

on different levels, as illustrated in Figure 5-1. Initially, the process starts with designing functional 

components based on module clustering criteria and functions, moving to a higher level of design and 

integration for the standardized interface between the components within the modules. 

 

Figure 5-1 Multilevel Product Design Process for Modularity (Author’s Own) 

Also, designing the standardized interface between the modules is challenging, according to interviewee 

14 (see section 4.2). As interviewee 14 elaborated, the simplified product structure and standardized 

interface are complex product states that consume a significant product development time. This result 

is in line with Muffatto’s (1999) work, which pointed out that designing the standardized interface and 

re-designing it increases both the development process’s cost and time. 

According to interviewee 7 and interviewee 5 points of view (presented in section 4.2), modularity 

places limitations on the product offering with a high risk of losing the ability to address product 

requirements during the product modularization process.  These results comply with Shamsuzzoha 

(2011) research results, which pointed out that modular product offers a limited variation. Since 
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variation in modularity is created from shelf available modules, leading to a high degree of similarity 

between the products. This similarity between the products could result in a decrease in customer 

demand, according to Ulrich & Tung (1991). Since customers tend to request products with higher levels 

of customization either in terms of functions or brand distinguishing, such requests are faced with 

limitations in terms of a modular product family, according to interviewee 4. This sort of challenge 

requires competitive marketing and sales strategies in order to place the modular product within the right 

category and address different market segments at the same time. This also requires the marketing and 

sales departments to work close to the product design process to ensure that the market response to the 

product is incorporated with future development projects. In addition to that, in terms of business 

profitability, modularity is expected to create large volumes of production to achieve high profits, 

according to interviewee 9. However, the large volumes in production could contradict the CE-in terms 

of reducing the pressure on natural resources; this creates a challenge from a business aspect. OEMs 

need to integrate modular design strategy within a dynamic approach, where products move through 

connected value chains and reduce the environmental impact. 

As mentioned earlier, product modularity might require restructuring the organizational structure in 

project teams based on the function being performed, with high dynamic performance and network 

coordination at higher levels. This could influence the organizational structure to create interconnected 

management modules with a high level of independence. The organization would also be experiencing 

high levels of specialization within specific fields within the organization. According to that, high levels 

of project management would be required, especially in the product development phase, according to 

interviewee 5.  

5.3 Recommendations 

5.3.1 The Transition towards Circular Economy 

The variation in CE definitions presented in both section 4.1 and section 3.1 gives a space of freedom 

for the industries to interpret the CE based on the interest and the desired outcome. However, such 

interpretation should be guided by a clear understanding of the fundamentals of the CE. The CE is an 

environmental, economic model centered on four main elements, as illustrated in Figure 5-2.  

CE's main elements are product design, business models, policies and legislation, and social acceptance. 

On the product design level, the product designer should distinguish between circularity factors and 

circularity practices, as the circularity factors are design elements addressing different phases along the 

product lifecycle and should be considered in the design process for CE. Simultaneously, the circularity 

practices are design elements and processes considering only the EoL phase of the product lifecycle.  
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Figure 5-2 Elements for Circular Economy (Author’s Own) 

CE aims to achieve high resource efficiency levels by maintaining the material and the products' energy 

content within closed loops, following the R-framework hierarchy. In the CE, the industries propose 

business models that benefit from designing a product based on the circularity factors and considering 

revenue streams from circularity practices, as pointed out by interviewee 11 and interviewee 12 in 

section 4.1. However, both the product design and business model should be aligned with the regional 

policies and social norms towards circularity. Since the policies and social acceptance are essential 

elements to ensure a successful circular model, as emphasized by interviewee 2 and interviewee 4. 

The case company is still in an exploratory phase with regard to CE, and this phase is rich in CE's 

theoretical and intangible values. It could be challenging for the company to move from this exploratory 

phase of CE to the tangible and practical model. Such a transition requires continuous monitoring and 

improvements. The transition process towards CE includes four main phases, as presented in Figure 5-3; 

observation and analysis phase, planning the transition phase, testing and monitoring phase, and ramping 

up phase. The transition process illustrated in Figure 5-3 has been inspired by the BSI: 8001 frameworks 

for implementing CE. 
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Figure 5-3 Transition Process towards Circular Economy (Illustration Based on BSI: 8001, reworked by the author) 

During the first phase-observation and analysis, the company is required to define the model based on 

the product aspects and organizational characteristics and set the scope of the transition process. As the 

company is entailed to launch a set of activities on different levels, establishing clear circularity 

objectives based on each level's function and role within the organization is necessary, as emphasized 

by interviewee 2 (in section 4.1). Based on the established strategic goals, the company should assess 

and evaluate the current situation in term of product and organizational characteristics in order to 

identify the gap between the existing linear model within the company and the desired circular model 

by the end of the transition process as indicated by interviewee 12 (in section 4.1). The company will 

then be ready to enter the second phase of the transition process, with a clear circularity objective and 

understanding of the current situation.  

In the second phase, the transitioning company should explore different product design strategies and 

value creation concepts. Here comes the role of this thesis study by highlighting a modular design 

strategy's potential in supporting the transition process. The exploration phases should be followed by 

idea generation, which serves the established circularity objectives. Through the second phase, the 

generated ideas should be assessed in terms of feasibility and influence on the business models. A 

feasible generated idea and a business model built on the circularity objectives formulate its practical 

transition plan and take the organization through the third phase of the transition process. 

In the third phase of the transition process, the company needs to run different pilot and prototyping 

projects to assess the generated concepts and the business model's feasibility. Running a pilot project 

helps the organization incorporate the received feedback in the concepts and business models' 

development processes.  
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The final phases are devoted to the large-scale implementation of the enhanced circular system offered 

through the developed organizational model. It should be noted that continuous monitoring is mandatory 

as the system requires continuous improvement to maintain the operation level aligned with the 

circularity standards.  This marks the last phase within the transition process, the scaling up of the 

designed system. The four phases mark important milestones for transitioning companies, as it reflects 

on the development of the understanding of the CE concept, emerging knowledge in terms of product 

design and business aspects. The transition process is expected to lead to the development of 

interconnected value chains, where material can flow either in the form of products or recycled material, 

potentially contributing to economic sustainability along with a reduced impact on the environment. 

5.3.2 Design Framework for Circular Module 

The results presented in section 4.1.1 indicated a potential for improvement within the case company 

regarding introducing new tools that could address product circularity and help develop modular 

products. Thus, to ensure compatibility between circularity factors and modular product features, this 

section presents a design framework that guides designers and different actors included in the product 

development process. The design framework could also help overcome the challenges faced by product 

designers during product modularity implementation. The circular module's design framework, 

presented in Table 5-2, consists of four main stages; assess, correlate, map, and plan. 

Table 5-2 Design framework for Circular Module 

Assess 

 

Lifecycle Analysis 

Set Environmental Objectives 

 

Lifecycle Cost 

Set Economic Objectives 

 

Product Usage Cycle 

Analysis Charts  

Trace the maintenance frequency along the 

product usage cycle and the received end of 

life treatment for each component. 

 

Correlate  

Quality Function 

Deployment for the 

Environment 

Correlate customer and environmental 

requirements  with components for the 

development process  

 
Modular Function 

Deployment 
Map the modular structure of the product 
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Map 

Plan Service Graphs 
Plan future usage cycles concerning 

circularity practices. 

 

The first stage of the framework –assess, is centered on using two lifecycle assessment tools; LCA and 

LCC. As presented in section 3.5.1, LCA is a powerful tool, presenting quantitative results that represent 

the recorded environmental impact within each phase of the product lifecycle; this facilitates allocating 

the environmental responsibility among different components and activities involved in the product 

lifecycle. Based on the reviewed sources in section 3.5.1, LCC plays an important role in monitoring 

the different costs along the product lifecycle, allocating such costs among different actors, such as 

manufacturers, users, and EoL treatments. Both assessment methods are presented in quantitative 

results, which could support the different actors involved in the early stages of the product development 

process to formulate the process's objectives. The formulated objectives based on the LCA and LCC 

results are concrete for selecting the product's environmental and economic characteristics. Such a 

process addresses the first and one of the main challenges encountered during the adoption of a modular 

design strategy: setting the objective of modularity. However, the assessment phase requires a clear 

understanding of product performance during usage cycles. The product usage cycle analysis chart 

presented in Figure 5-4 provides a clear understanding of the product performance during the usage 

cycle, in terms of the frequency of maintenance activities, rate of changing components, and the life 

span for each component with respect to the product life span and the recorded EoL treatment for each 

component.  
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Figure 5-4 Product Usage Cycle Analysis Charts (Author’s Own) 

It should be noted that the end of the product usage cycle does not mean the end of the usage cycle for 

all the components included in the product itself; this calls for analysis and testing of the dismantled 

components to check the components fitness and status and the treatment received at EoL phase. The 

collected data from such a chart reflects the frequency of maintenance activities, the components' 

physical fitness at the end of the usage cycle, and the number of components directed towards each of 

EoL practices. The framework's assessment phase equips the organization with a clear understanding of 

the product performance throughout the lifecycle from different aspects, which contributes to setting 

modularization objectives and product requirements based on precise, reliable data. This phase addresses 

the company's need for supporting tools capable of apprehending different phases and activities along 

the product lifecycle, as interviewees 11 and 12 mentioned in section 4.1.1. 

The second stage of the framework-correlate is centered on using Quality Function Deployment for the 

Environment (QFDE) tool developed by Masui et al. (2003). QFDE is used to correlate the generated 

product requirements (set based on the first stage, assess) with both product characteristics and 

components.  Through this stage of the design framework, QFDE plays an important role in correlating 

the product requirements with physical components within the product. It should be noted that 

connecting QFDE with the tools and the output of the first stage reinforces the ability of QFDE to capture 

the full product lifecycle from different aspects based on the research presented in section 3.5.2. The 

correlation process is done in two steps, using the first two phases of QFDE. The first step works to 

connect the product requirements with product quality characteristics, giving a relative weight for each 

characteristic, indicating the importance of requirements fulfillment.  The second step revolves around 

correlating the generated product quality characteristics with physical components within the product.  
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The advantage of this correlation process presents a set of physical components capable of fulfilling the 

product requirements set in the first stage of the design framework, which could help product designers 

address the full product requirements based on the results of QFDE. This phase of the framework could 

help overcome the concerns raised by interviewee 5 regarding the loss of product requirements in the 

modularity process. Moreover, QFDE is a useful tool on the product planning level, addressing the need 

for supportive tools on the level of product planning raised by interviewee 6 (in section 4.1.1). 

The selected product components for the development process are the main outcome from the second 

stage and, at the same time, the main input for the third stage of the design framework, the mapping 

stage.  The mapping stage is entitled to concept generation to create a degree of modularity within the 

product. During this stage, the product designers are recommended to use Modular Function 

Deployment (MFD) developed by Ericsson & Erixon (1999) as a concept generation and mapping tool, 

as illustrated in section 3.9.1.  MFD consists of five phases; through this design framework, the first 

phase of MFD is replaced by the established connection between phase 1 and 2 outcomes and MFD. 

This sort of integration reinforces the ability of MFD as a supporting tool for modularity. MFD helps 

product designers assess the generated concepts in terms of the technical requirements and frame out 

the connection between the generated concepts on other product components. Through this stage, 

product structure has been mapped out, considering the recommended components from applying QFDE 

and addressing the product requirements generated in the monitoring stage. 

The fourth stage of the design framework (planning) is entitled to planning the product's future usage 

cycles. As the product structure is mapped out, a clear image is created related to the frequency of 

maintenance and service and the followed EoL treatment for each component. Based on that, product 

designers could collaborate with different functions such as product planning and aftermarket to work 

on two main concepts: Alpha Module and Beta Module. These two concepts serve as clustering criterion 

for the modules designed within the product, based on the mapped structure.  As presented in figure 5-5, 

the alpha module is the components and modules group designed for serving the full product lifecycle. 

The following circularity factors characterize such components and modules: durability, ease of 

maintenance and repair, standard and compatible, and ease of disassembly and re-assembly. The 

coordination in clustering such groups of components and modules is important, as the modules should 

deal with low uncertainty factors in terms of the function and compatibility with legislations and 

requirements.  The alpha module formulates the carrier for a circular modular product, shared with 

product families and platforms. 
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Figure 5-5 Product Lifecycle Plan Chart (Author’s Own) 

As presented in figure 5-5, Beta components and modules are designed based on the following 

circularity factors: upgradability, adaptability, ease of maintenance and repair, and ease of disassembly 

and re-assembly.  The beta modules give a higher degree of freedom for the circular modular products 

to update the product to address the changes in customers’ requirements and legislation demands. The 

beta module also contributes to adding a degree of adaptability to the product that addresses the 

uncertainty in the working environment. The beta modules play an important role in adding a degree of 

variation to the modular product to contribute to brand distinguishing and customer satisfaction in terms 

of customization. It must be taken into account that the determination of the duration of the 

product/component use cycle should not lead to mechanical stress or product/component failure; instead, 

look to maintaining the product ability to be re-used or remanufactured and not only to set the goal 

towards recycling at EoL. This phase of the design framework helps marketing and sales develop future 

strategies that could overcome the impact of standardization on profitability. 

5.3.3 Managrial Implications 

Table 5-3 presents a summary of recommendations for the case company on how to accelerate the 

transition towards CE and benefit from the modular design strategy. The recommendations presented in 

Table 5-3 are based on the discussed topics in the discussion and analysis chapter, the literature review, 

and the collected data through the interviews. The recommendations are directed to different functions 

and levels within the case study company to support addressing the studied fields. 
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Table 5-3 Summary of Recommendations  

Set Clear Strategic Objectives for circular Model 

 The company could start by identifying objectives of the transition towards CE and the 

outcomes of such a shift in the manufacturing, based on the research results presented in 

section 3.1, section 3.3, and section 4.1. 

 The identified circular model by the company and the outcomes should be formulated into 

organizational circularity objectives. Charter (2019b) pointed out that such objectives 

influence the activities carried on each level within the organization, such as product design.    

 The communicated circularity objectives could be translated into clear goals and activities 

based on each department's function.  

Initiate the Transition Process  

 The organization could plan the transition process considering both product and 

organizational aspects, according to the transition process explained (in section 5.3.1) 

influenced by the BSI: 8001. 

 The company could start the transition process by analyzing the current situation regarding 

the product aspects and organizational characteristics and solving the recorded issues as 

interviewee 2 and interviewee 12 have stated (in section 4.1). 

 Organizational changes could be initiated in order to create a high level of coordination 

between different functions and effective knowledge management system, 

 As interviewee 11 and interviewee 8 stated (in section 4.1), the company could follow clear 

guidelines during the transition process based on the system thinking approach to avoid 

unwanted results. 

Explore Design Modularity 

As this study has presented the positive influence of a modular design approach on product features 

for the circular economy as explained in section 5.1, modularity should expand in terms of  

 Using supporting tools that could facilitate data collection and apprehending values along 

the product lifecycle. As pointed out by interviewees 11 and 7, there is a space for 

improvement in adopting new product design and product planning tools. 

 Establish modularity objective related to the circularity goals on both product design, 

marketing, and sales level, 

 Establish a degree of modularity within both product and organizational characteristics. 

Follow Design Framework for Circular Module 
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The presented design framework (in section 5.3.2) guides the organization to apprehend the product 

lifecycle and incorporate it within the design process. The framework presented in Table 5-2 can 

support the coordination between different functions with the company to deliver the required input 

for the design process. Product design should expand their understanding of different functions and 

roles within the organization to steer the design framework in the right direction. 

Pilot and Prototype projects 

Piloting and prototyping are important methods, as explained (in section 5.3.1), to validate the 

delivered concepts in the operation mode and contribute with the required input for the optimization 

and development process before implementing the concepts on a large scale. 
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Chapter 6: Conclusion 

CE is a profound concept that requires a comprehensive understanding of the model's different aspects. 

However, the absence of a global definition for CE and the interchangeability with different definitions 

could lead to the misuse of the model and added complexity (The British Standards Institution, 2017). 

This requires a clear identification of the desired circular model and clear system boundaries, where 

innovation can help generate concepts and ideas to achieve the planned outcome. 

On the product level, CE encourages products to be designed based on seven important factors; designed 

based on lifecycle approach, designed for durability, designed for upgradability, designed for 

adaptability, designed for ease of maintenance and repair, designed for ease of disassembly and 

reassembly and finally to consider the high degree of standardization and compatibility (Conny, et al., 

2014; Lindhal, 2019). The modular design strategy can address the seven product circularity factors 

through the standardized predesigned interface and reduced product complexity. However, such a design 

approach faces different challenges on both the product design and organizational levels. In addition to 

that, a modular design strategy is the recommended design practice to enhance the product's ability to 

reuse, remanufacture, and recycle (Fredrikson, 2006). 

The main challenge associated with adopting modular design strategies for a CE within an organization 

is setting clear objectives from such a design approach, which could be more complicated due to the 

absence of a clear definition for CE. Furthermore, the determination of the degree of modularity is a 

challenge for both designers and for the marketing and sales to address different market segments 

through a set of limited and standard products. The relation between modularity and profitability is a 

critical issue in proposing such an approach for industries (Ulrich & Tung, 1991). Modularity limits 

product variation, and that could negatively impact product profitability. These challenges could affect 

the position of the modular design approach as a supportive design strategy for CE and discourage 

companies from following such a strategy.  

However, some of these challenges could be overcome with a clear transition plan, measurable and 

identified objectives, and high coordination among different functions within the same organization. 

The presented and discussed design framework may help identify the required input from each function 

among the organization and the steps taken by product designers to turn these inputs into a functional 

design requirement. However, it should be noted that this study has only been operating on the product 

design level and did not expand to include any business aspects.
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Chapter 7: Future Research 

This thesis study has been conducted to investigate a circular economy's design approach in terms of 

product features and the encountered challenges. However, the thesis study did not include any 

feasibility study or connection between the studied design approach and the business model and value 

creation stream, opening the door for future studies and research to investigate the following topics. 

The influence of modular design strategy towards a circular economy on business models and value 

creation.  As discussed and presented in the different chapters, a modular design strategy has formed a 

profitability challenge. The study does not discuss business models and value creation, shaping future 

research potential to investigate such challenges. 

The design support tools discussed in the design framework present potential support for different 

functions within transitioning OEMs; however, the implementation of such a framework could form a 

challenge in terms of capturing the data and collaboration between different functions. This opens a 

second field for future research to review the support needed for design framework implementation and 

overcome any potential challenges.
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Chapter 9: Appendix 

9.1 Interview Guide 

General questions. 
 

1. Can you briefly explain the role and activities you are responsible for?  

2. What does a circular economy mean to you? 

3. How do you think the case company is working towards a circular economy?  

 

Product designer.  
1. Can you briefly describe the product design process inside the case company? 

2. What are product circularity factors? 

3. What does a modular design strategy mean to you? 

4. Do you find a connection between product modularity and circularity factors? How? 

5. What are the supporting tools you use in your work? 

6. In your opinion, how can product circularity be embedded in the early stages of product 

development? 

7. What are the challenges you find in transitioning towards a circular economy? And what about 

the challenges you find in modularity? 

8. How can you integrate modular concepts at the early stages of product development? 

9. From your point of view, what are the pros? And cons. of modular product design? 

10. How do you address product end of life scenarios during the design process? 

11. Do you usually receive feedback from the maintenance team or recycling center regarding the 

product? 

 

Product planning 
1. What is the input for the product planning process? (Overview) 

2. From your point of view, what is the market response to a circular economy? 

3. How do you think the circular economy will affect product planning? 

4. What is product circularity factors? 

5. What do you think about product standardization and product platform? 

6. How do you think modular product strategy will affect the case company sales process? 

7. What are the challenges you find in adapting a modular product design strategy? 

8. Do you find a link between modular product design and product circularity? 

9. What are the supporting tools you use in addressing market changes in your work? 

 

Feature leaders 
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1. What is the effect of modularity and standardization on product features road map? 

2. What are product circularity factors? 

3. Which area among the product do you think product modularity can be more beneficial? 

4. How can you translate product circularity into product features? 

5. What are the supporting tools you use in your work? And how can they be improved? 

6. How do you review product modularity as a circular approach? 

7. What are the challenges of product modularity? 

 

Business development 

1. What are the main reasons for different customer adaptations in products? 

2. Who decides on the degree of customization within the product? 

3. How does this adaptation impact the cost? Who bears that? 

4. What do you think about product leasing or sharing contracts? 

5. In your opinion, how will modularity impact the case company’s product offering? 

6. What are the opportunities you see in shifting towards a circular economy? 

7. Do you find a link between product modularity and a circular economy? 

 

Advanced Engineering 

1. What are product circularity factors? 

2. What is a modular Product? 

3. What is the link between product modularity and product circularity factors? 

4. What are the challenges you find in in modular design strategy? 

 

Closing Remarks 

1. What do you recommend for the company to accelerate the transition process towards CE? 

 


