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1. Introduction

The concept of circular economy (CE), a global focus on
addressing current production and consumption challenges, 
emphasizes the need for companies to reevaluate supply chains 
and business models (BM) [1]. CE advocates a regenerative 
economic system, calling for a paradigm shift from the End-of-
Life (EoL) concept to prioritize reducing, reusing, recycling, 
and recovering materials throughout the supply chain. This 
shift aims to promote value maintenance and sustainable 
development, addressing environmental, economic, and social 
concerns [2].

Sustainable EoL management is achievable through long-
lasting design and optimized strategies for maintenance, repair, 
reuse, remanufacturing, refurbishing, and recycling. Such 
sustainability efforts must consider the complexity of socio-
economic systems, including economic, ecological, social, and 

political factors, and adhere to the hierarchical organization of 
nature[3]. Improving EoL management is crucial for waste 
reduction, minimizing environmental impact, and achieving 
cost savings. Circular Business Models (CBMs) bloomed with 
the spread of CE and involve recycling, extending, 
intensifying, and dematerializing products and energy loops to 
reduce organizations’ resource inputs and waste and emissions
[4]. Incorporating technologies improves EoL management by 
enabling predictive maintenance, monitoring product
conditions[5], and facilitating more effective recycling or 
disposal strategies [6].

Digitalization enables goods lifetime extension for both old 
and new products, contingent on the relationships established 
by Original Equipment Manufacturers (OEMs) with other 
value-chain actors. OEMs play a pivotal role as the original 
producers sometimes double as remanufacturer[7]. Outsourced 
remanufacturers and independent remanufacturers contribute 
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to EoL processes under different arrangements. The literature 
argues that design thinking does not necessarily include 
sustainability considerations, and it has not been sufficiently 
explored for application in BM innovation [8].

Besides the complexity involved in slowing, closing, and 
narrowing resource loops that require questioning the 
feasibility of generating a proprietary dominant design for 
resale and instead relying on eco-systemic solutions, a high 
potential is attributed to design [9]. There are different design 
strategies to reduce the environmental burden, eco-design 
strategies. At the product level of ‘sustainability-by-design’, 
extended lifetime is a key principle for achieving sustainability 
by reducing the environmental footprint [10]; the Life Cycle 
Assessment (LCA) methodology can be used to assess the 
initial baseline and further changes from the environmental 
perspective [11]. The research objectives aim to investigate 
how design tools enable the adoption of circular economy-
based BMs in manufacturing companies, specifically OEMs. 
This study seeks an answer to the research question (RQ):

• How can design tools for sustainability enable the 
implementation of CBMs?

In answering the research question, the present work 
analyses three design tools, developed in the context of design 
for environmental sustainability. These tools are applied to
support the design phase in defining solutions with lower 
environmental impacts, in terms of resource use and final 
emissions. The method proposed by Cappelletti et al [12] has 
been revised, so that it is applicable to design for sustainability 
tools. Therefore, the methods support the selection of the LCES
(Life Cycle Extension Strategies) for circular transition by 
OEMs supported by the design tools. Three design tools are 
considered, and the method is applied. 

The present paper is structured as follows: Section 2 studies 
the research background related to the combined introduction 
of design for sustainability tools and CBMS; Section 3 shows 
the approach followed in identifying how design tools support 
the implementation of CBMs, Section 4 applies the approach 
to three design tools; ultimately, Section 5 closes the work.

2. State of the art

CBMs play a pivotal role in extending product life cycles. 
In the realm of CE, traditional BMs can either facilitate or 
obstruct product circularity. Numerous sustainable and 
innovative BMs emerged in recent decades, demanding a 
careful selection that simultaneously creates economic value 
while contributing to environmental and social sustainability 
[13. Assessing circular performance involves various methods, 
and frameworks like ReSOLVE are commonly employed to 
assist organizations in implementing circular products and 
processes [14]. Fontana et al. defined a taxonomy of CE and 
LCES, offering a comprehensive understanding of the 
implementation of new strategies and methods [15]. This can 
stand for a pivotal baseline to investigates alternatives to linear 
BM. Overcoming obstacles related to EoL management, such 
as reverse logistics, inspection, disassembly, and subsequent 
activities (i.e., cleaning, remanufacturing, reassembly, and 

reintroduction to the market), requires addressing uncertainties 
in product and volume, design constraints, brand reputation, 
and intellectual property. Each company approaches CE with 
its timing and schedule, evaluating which pathway best fits
environmental benefits, processes, and revenues. CE strategies 
can focus on partial products or target elements (i.e., the most 
valuable, critical from the environmental perspective) and 
some of the whole value (i.e., those including products taking
back). On the other side, design for sustainability methods and 
tools follow a similar classification. For example, design for 
disassembly tools can either seek target elements [16], or assess 
the disassembly sequence of the whole product [17]. 

In this context, the present work revises and applies a 
framework to identify CBMs and leverage design tools. 
Compared to the original approach, the present approach 
doesn’t target any specific industrial sector or product. Driven
towards CE and environmentally sustainable strategies, 
companies started developing tools for supporting the design 
phase; their scope is to introduce awareness into design teams 
and lead towards design choices that allow proper management 
of the product at its EoL. Nevertheless, most firms face many 
challenges in developing and integrating sustainable BMs and 
product and service innovation [18].

LCA stands out as a widely used approach for assessing 
environmental impacts [19]; such results are used to make 
informed decision regarding environmental sustainability. Yet, 
when effectively leveraged, the results of an LCA can serve as 
the initial stage for additional analyses or even serve as the 
foundation for other tools. For example, several examples are 
available in the literature, where LCA outputs are employed in 
assessing the sustainability of durability (with [20] or without 
modifying functional unit [21], recyclability[22]or other 
product environmental indices [23]. During the design phase, 
whether as the initial stage of the lifecycle or during a later re-
design, there is a potential to enhance the advocacy and 
adoption of a multi life cycle approach. This approach can 
facilitate the extension of product lifecycles, allowing goods to 
retain their original forms and characteristics or serve as 
valuable secondary raw materials. Design methods and tools 
should enable the valorization of waste and scrap. The 
integration between commercial/existent tools should be 
spurred to harmonize workflow and encourage the 
dissemination of lifecycle information. The goal is to increase 
awareness of environmental sustainability and the choices 
made in the first design phase; moreover, to support industries 
and increase their competencies in developing products with a 
life cycle perspective and optimized in environmental terms. 
Ultimately, research is needed to couple technical success with
the overall company success, with consequences on the 
business mode of doing business.

According to the abovementioned findings, the literature 
urges for methodologies and tools to support the design phase 
and the introduction of alternative economically sustainable 
LCES. The main strength of the proposed approach is on its 
focus on design tools: even though the methodology for 
selection of a suitable CBM strategy does not vary greatly 
either it is performed at the design phase, or at a later point 
with, the maim differences lay on the costs, that are lower if the 
decision-made is took at the design phase [24].
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3. Method

The proposed approach extends the applicability of the 
method proposed by Cappelletti et al. [12] from the 
digitalization context to the design of sustainability methods 
and tools. The initial method focuses on digitalization toolkits
and is based on digitalization and BM of the machinery sector; 
the herein proposed approach encompasses design tools. 
Therefore, is allows for anticipating the product’s fate 
definition to the first phase of the lifecycle, in the perspective 
of “sustainable-by-design” [25]. The main purpose is to 
streamline the identification of CBMs boosted by the 
introduction of such methods and tools in the design phase.
This is relevant for companies aiming to adopt more 
sustainable business practices, facilitating the prolongation of 
product lifespans and the efficient use of resources in 
production, utilization, and disposal. The incorporation of 
CBMs frequently creates opportunities for entry into new 
markets and additional market segments.

Fig.  1 summarizes the approach followed: on a general 
basis, the correlation matrix approach is applied. Design tools 
are exploited in their purposes, functionalities, and outputs so 
that they can be assigned to the LCES in the correlation matrix.
Among the many available in the literature, they were chosen 
for their positioning relatively to the good production (reactive 
and proactive) and because they address different aspects of the 
ecology dimensions of Design for X [26].

Fig.  1. Approach proposed to exploit the correlation between design tools 
and CBMs, adapted from Cappelletti et al. [12] (pink box).

The analysis of the main functions goes through the 
purposes and functionalities of the three tools. All were 
developed by applying design for de-manufacturing approach. 
However, some are intended for actions on used products 
(Reactive approach), others for new products (Proactive 
approach). The reactive approach refers to actions taken to 
products and processes that are already commercialized 
without a systematic approach toward sustainability. Their 
lifecycle, at different stages, is willing to be improved. In the 
proactive approach, actions are taken before the good 
production, so criticalities are detected in advance and tackled.

When working with the correlation matrix, three main steps
take place. The first step is the correlation, where LCES and 
CBMs are classified and described through a correlation 
matrix. Next, tools are attributed to LCES, and finally, 
prioritization is assigned to obtain a roadmap towards Circular 

Economy (CE). The matrix was created as a tool for 
prospective users of the method. After analyzing the tools, 
specific tools can be attributed to LCESs in the matrix, relying 
on the tool. The prioritization phase necessitates an 
examination of the current state of the company seeking new 
CBMs. This involves conducting interviews, sketching 
canvases, and undertaking similar actions to delineate their 
existing linear business model.

3.1. Correlation

The initial step involved a comprehensive literature review 
to associate validated approaches with LCESs. The correlation 
matrix derived includes information on potential strategy and 
CBMs (Table 1). Criteria for value creation and delivery 
covered aspects like value and supply chain, human resources, 
and capabilities employed in building the product or service. 
The correlation, referencing LCESs and general business 
models, aimed at capturing widely valid data, with variations 
arising from the correlation of available BMs. Regarding the 
Value proposition, it can be either a physical product or a 
service (P/S). It is crucial to define the customers and the 
market segment they belong to (S/M), as well as the problem 
that the value proposition addresses, which is the customer 
pains (CP). Secondly, the Value creation and delivery consider
the value and supply chain (VC), human resources (CC), and 
the capabilities needed in building the P/S (RC). Ultimately, 
the Value capture section examines the potential cash flows 
associated with the current BM, including both expenditures 
(CD) and incomes (RS). What often sets CBM apart from 
traditional BM is the revenue model (RM), as it may introduce 
additional strategies for the P/S provider to receive payment.
The correlation matrix structure is depicted in Figure 1.

Table 1 Correlation matrix structure

Strategy CE-driven 
LCES

Value 
proposition

Value creation 
& delivery

Value 
capture

CBM
introduction

P/S VC RS
S/M CC CD
CP RC RM

3.2. Assignment

The core of the approach is its integration into the decision 
process. It is essential to evaluate each tool's main 
functionalities and features, even if not strictly related to LCES. 
These tools might initially serve various design purposes;
however, they can advocate product's life cycle extension.

During this phase, the allocation of each analyzed tool to the 
correct LCES is based on its features and functionalities. For 
each design tool:

• Purpose
• Functionalities
• Inputs and output

Must be analyzed. As for digitalization tools, a single tool 
may serve more than one strategy and is considered a core 
resource and capability of the CBM. To support the 
investigation and allocation of tools, workshops, interviews, 
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and questionnaires are valuable resources and ensure a
gathering of insight and a comprehensive understanding of the 
tools and their alignment with LCES.

4. Case study

Besides showing how the concept of the correlation matrix can 
be extended from digitalization tools to design tools, Fig.  1
also introduces three design approaches that were considered 
in assessing which CBMs are enabled by design tools. The 
considered tools were previously developed and first proposed 
in [27], [28], [29]. The tools are used in the decision-making
process that involves a professional espresso coffee machine.
According to the CREDIT analysis [7], the design tools address 
some of the main design lacks claimed in the literature; Fig.  2
shows a summary of the main tackled challenges. 

Fig.  2. Main CREDIT analysis’ factors [7] tackled by the considered tools.

Durabot has been developed to accomplish the environmental 
analysis. The tool enables the assessment of environmental 
consequences of durability, also considering the evolution of 
energy grid mix and product performances over time. It allows 
for assessing the environmental consequences of durable 
products in various circumstances during the design phase; 
therefore, it paves the way to design for accessibility and 
disassembly. PReSCOM stands for Processes and Products’ 
Re-design, Involving Scraps from Composite Material; the 
approach aims at transforming industrial processes’ scraps and 
off-specification pieces in primary materials, through re-
design, without the risk of cannibalization. It is mainly intended 
for industrial processes of composite materials; its objective is 
to find alternative applications to their invaluable final disposal 
and support the merging of existing supply chains. DfX is a 
Design for X Tool to Introduce Sustainability in the Design 
Process; it supports designers in the optimization of 
environmental sustainability aspects of their products, through 
a Knowledge Based Engineering approach.
The Durabot tool is reactive when employed in the 
maintenance phase, as it outlines the less impacting alternative 
between product or part substitution. Indeed, whenever used in 
the design for de-manufacturing context, the preventive 
durability analysis can identify the components whose 
substitution is encouraged to lower the environmental impact 
of the whole product lifecycle. This might happen by upgrading 
the product and introducing more efficient components, i.e., 

more efficient motors, compressors or batteries. 
As based on managing industrial scraps, without any 
optimization of those, PReSCOM is considered among the
reactive approaches. However, it is proactive whenever applied 
when designing new products. The focus is on circular 
strategies, mainly applied to composite materials. The main 
goal is to transform scraps and off-specification products into 
primary materials for manufacturing different goods, also 
thanks to their re-design. Table 2 summarizes the main 
functionalities, inputs and outputs. 

Table 2 Tools’ main input and outputs

Tool Main function Input Output

Durabot

• Durability assessment
• Environmental impact 

according to product 
performances.

• Env. impacts
• Use scenario
• Aging scenarios
• Replacements

• Durability index 
(specific case)

• Durability trends

PReSCOM

• Value chain 
intersection

• Re-design
• Sscraps de-

manufacturing

• Scraps characterizing 
factors 

• Target components 
characterizing 
factors 

• Symbiosis analysis 
(env. benefits, 
supply chain 
changes, EoL 
costs)

DfX

• Retrieve information 
from a product model

• Providing sustainable 
feedback

• 3D CAD
• User inputs
• Manufacturing 

features

• Env. impacts
• Disassembly 

sequence
• EoL indices

4.1. Assignment

The analysis allowed the tools’ assignment to the LCES of the 
correlation matrix (Table 3). The Durabot tool can positively 
impact the implementation of all the maintenance strategies, as 
it provides feedback about the sustainability of component 
substitution; those encompass the repair/corrective, the time-
base and the predictive maintenance. DfX tool can bring 
positive contributions as well, as can provide feedback on the 
complexity of disassembly of the parts to be substituted. 
Specifically for time-based maintenance, where the OEM often 
suggests the maintenance schedule, the design analysis through 
the DfX tool can highlight criticalities of disassembly for the 
components that are often to be substituted (target 
components). The tool's support can tackle and diminish the 
target components’ criticalities. It supports an advanced 
scheduling and easing of recycling. Besides the Durabot and 
DfX tools, the re-manufacture and re-condition strategies are 
also supported by the PReSCoM approach, which enables their 
technical feasibility. 

Table 3 Correlation matrix, focus on LCESes enabled by the tools and 
approaches proposed in this work.

Strategy CE-driven LCES Value creation & 
delivery CBM

Extending
Repair/Corrective Maint. Durabot

DiversificationTime-based maintenance Durabot, DfX
Predictive maintenance Durabot

Cycling

Re-manufacture Durabot, DfX, PReSCoM

AcquisitionRecondition Durabot, DfX, PReSCoM
Refurbish DfX, Durabot
Recycle Durabot

4.2. Prioritization

The company that produces the professional espresso coffee 
machine is a large company, in the center of Italy. Most income 
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comes from the B2B (Business to Business) market. At first, an 
analysis of the current BM is carried out. Customers are 
retailers for bars and coffee shops or multinational restaurant 
chains. Most sales are overseas. Parts production is outsourced,
while machines are assembled in the headquarters. Suppliers of 
customized components (i.e., parts specifically designed and 
updated for the machines such as the boiler) are among the key 
partners. Even though professional espresso coffee machines 
are mostly made of recyclable materials, up to now the OEM 
doesn’t handle the machine at the EoL; many technicians take 
care of the off-guarantee machines; they are independent; 
therefore, OEM seldom fix broken machines. Customers are 
reached through the sector’s fairs and direct channels (i.e., 
salesmen). What happen to the machine once sold, is mostly 
unknown to the company. The product’s useful life can reach 
10 years. The company releases its integrated report yearly; this 
allows to communicate to stakeholders its commitment in 
social and environmental contexts. The three design tools were 
developed to introduce environmental sustainability awareness 
and know-how in the design process [30]. Thanks to the 
approach herein proposed, the same tools become part of a 
roadmap to implement CBM, as shown in Fig.  3.

Fig.  3. Roadmap enabled by tools. d= BM diversification, a= BM acquisition

According to Table 3, Durabot can be the first tool enabling 
CBMs, followed by the exploitation of DfX and PReSCOM 
tools later on. Knowing the environmental benefits of 
substituting certain components, might support the 
diversification of the traditional BM, for example with the 
introduction of additional packages of maintenance package 
services. The design feedback from the DfX tool, might be 
useful to schedule and optimize the product disassembly. If 
coupled with a longer customer management, the OEM could 
also take care of machine refurbishment. A great exploitation 
of the PReSCOM tool could further extend the potentialities of 
CE and support the extension of the revenues from the 
traditional value chain, to new, interweaved value chains, that 
take value out of scraps and industrial waste. 

5. Discussion and conclusion

The transition from a linear to a Circular Economy (CE) is 
a growing focus for enterprises. While many organizations are 
interested in embracing circular strategies, management and 
direction departments are aware that often it requires support, 
especially in the initial stages. Despite the availability of 
multiple CBMs that merge economic sustainability with 
environmental considerations, each enterprise faces its 
challenges. This work proposes an approach for organizations 
to determine which CBM aligns best with their practices, 
offering several strengths: i) support for Design Tools; the 
correlation matrix serves as a foundational base, customizable 

for individual organizations, allowing design tools to be 
integrated among core resources; ii) qualitative evaluations for 
very first decision-making steps; iii) wide applicability; the 
approach is adaptable across various sectors, with the 
correlation matrix customizable to meet the specific needs and 
features of each organization.

The transformation from linear to CE necessitates 
significant changes in organizational structures, customer 
relationships, key resource roles, revenue streams, and modes 
of operation. The gradual shift toward circular equilibrium 
requires a precautionary strategy to avoid disruptive business 
modes, emphasizing the importance of progressive change. The 
present paper indicates a strategy for the professional coffee 
machine OEM for a gradual change. The roadmap is 
progressively open to new BMs. Feedback from business cases 
supports the effectiveness and acceptability of the framework, 
particularly as a simple tool for gaining a roadmap for new 
BMs. The qualitative nature of the output is suitable for initial 
CBM investigations, but quantitative outcomes may help the 
transition monitoring; future works could introduce 
quantitative milestones and Key Performance Indicators (KPIs) 
for a more robust evaluation. Moreover, a focus on 
technologies and digital solutions is needed. In fact, sometimes 
CBMs are enabled by digital innovations [31]. Currently any 
tool doesn’t pave the way toward servitization. The 
introduction of digital tools next to the design tools can extend
the journey toward servitization. Finally, the present approach 
is suitable for companies which already handles design tools. 
Whenever an enterprise does not make use of any, more robust 
guidelines to choose suitable design tools should be introduced. 

In conclusion, the classification of design tools as reactive 
and proactive, together with the implementation of the 
correlation matrix approach to design tools, successfully 
provided an answer to the RQ and showed the contribution that 
design tools can bring to the implementation of new CBMs. 

Future research should focus on quantifying the proposed 
roadmaps' boundaries. Establishing KPIs for economic, 
environmental, and social spheres at each step will guide 
enterprises through the transition. Additionally, a thorough 
study of resources involved in each LCES during different life 
cycle phases should complement the presented approach.
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