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Abstract: Manufacturing remains a major contributor to greenhouse gas emissions and resource
depletion, accelerating the transition toward circular business models. Although circular man-
ufacturing seeks to generate economic, social, and environmental value, significant uncaptured
value persists and is insufficiently prioritized. This study systematically identifies and prioritizes
uncaptured values within circular manufacturing business models. A literature review identified
35 uncaptured values related to sustainable manufacturing business models targeting six cap-
tured values aligned with the SDGs. A Fuzzy Delphi survey involving nine experts in heavy
equipment and machinery recovery operations was conducted to ensure industrial relevance.
Nine uncaptured values met the consensus (>75%) and threshold (<0.2) criteria and were sub-
sequently prioritized using fuzzy evaluation scores. The retained values primarily reflect core
operational constraints, particularly weak quality control in recovery activities, limited avail-
ability of viable end-of-life products, and unfavorable recovery end-of-life characteristics. These
findings indicate that bottlenecks in reverse supply and recovery execution predominantly drive
uncaptured value in circular manufacturing rather than downstream market factors. By pro-
viding an expert-consensus prioritization framework, this study advances research on circular
business models and offers a practical foundation for targeted mitigation strategies to strengthen
value capture and enhance the long-term resilience of circular manufacturing systems.
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1. Introduction

The UN Global Resources Outlook 2024 highlights that global consumption of natural re-
sources is expected to rise by approximately 60% by 2060 relative to 2020, largely driven by
urbanization, industrialization, and population growth (Charlton, 2024). Such rapid growth in
material extraction and use is closely associated with higher production and consumption lev-
els, which in turn generate increasing amounts of post-consumer and industrial product waste
(UNEP, 2024). Stakeholders must implement waste management strategies, especially for indus-
trial waste (Yatoo et al., 2024). The transition to a circular economy is becoming increasingly
important with dwindling natural resources, global warming, and the demand for competitive
advantage (Suzanne et al., 2020). Extending the value chain of industrial waste, extending the
product life cycle (Fernando et al., 2022), and closing the end-of-life material loop can reduce
waste generation (Mayanti and Helo, 2024). Therefore, the implementation of a circular economy
is believed to address waste problems while creating a competitive advantage. A circular econ-
omy is a systematic approach that benefits both the environment and society (Berawi, 2020).
In the manufacturing sector, adopting CEPs lowers expenditures on raw materials, energy, and
end-of-life product disposal (Tolio et al., 2017). It also delivers wider strategic gains, such as
improved competitive positioning, more robust regulatory compliance and associated risk miti-
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gation, a stronger corporate image, and greater scope for innovation (Wandji et al., 2025; EMF,
2021).

In the European Union, a circular economy approach can save hundreds of billions of dollars
in raw material procurement costs while providing significant environmental benefits (EMF,
2021; Asif et al., 2021). The Ellen MacArthur Foundation predicts that a circular economy could
save $ 700 billion in material costs and reduce emissions by 48% by 2030 (Rutgers and John,
2021). Aligned with these macro-level benefits, remanufacturing is among the most effective
product-level circular strategies. In diesel engine applications, remanufactured units can match
new-product performance while achieving savings of up to 50% in cost, 60% in energy, and
70% in raw materials under favorable conditions (Zhang and Chen, 2015). Remanufacturing
advances the circular economy by delivering economic (cost efficiency), environmental (resource
conservation), and social (sustainable business model) benefits, making it a vital response to
resource scarcity and related challenges (Sakao et al., 2024).

As a relatively new approach, the circular business model faces significant transition chal-
lenges; its successful adoption by firms, manufacturers, and consumers depends on effective
value creation and capture (Moloney, 2021). Consistent with this view, the International Orga-
nization for Standardization has issued ISO 59004 to guide the implementation of the circular
economy, emphasizing the central role of value creation and value to be captured (ISO, 2024).
Prior research has emphasized value creation rather than how value is captured within business
models (Sjodin et al., 2020). In contrast, uncaptured value provides a broader and more strate-
gic perspective by revealing missed, destroyed, and surplus value that cannot be explained by
revenue-based measures alone (Yang et al., 2017a). Failure to identify uncaptured value can
undermine business sustainability; therefore, uncaptured value is more critical than captured
value when developing strategies for a circular economy transition. Uncaptured value provides
a technical basis for innovation and value optimization in circular business models by revealing
missed, destroyed, and surplus value (Bertassini et al., 2021; Kvadsheim et al., 2021). Accord-
ingly, organizations should systematically assess both captured and uncaptured value to identify
opportunities for improvement and convert negative value into positive outcomes.

A qualitative and conceptual approach to identifying and mapping uncaptured potential
value in various industrial contexts (Borchardt et al., 2024; Gennari and Bocchi, 2023; Yang
et al., 2017a). However, this study remains exploratory, focusing on identifying the forms and
sources of uncaptured value rather than quantitatively prioritizing those most relevant to specific
business models. Uncaptured value can threaten the sustainability of circular business models,
and identifying it can help organizations create value (Gennari and Bocchi, 2023). Nevertheless,
studies on uncaptured value are lacking. The value obtained is limited to identification, and the
highest-priority value for follow-up has not yet been determined. Furthermore, existing research
has not specifically examined the application of a circular economy to manufacturing, nor has
it examined the company’s success in identifying and capturing uncaptured value.

Existing studies on uncaptured value are context-specific and predominantly conceptual,
lacking quantitative prioritization and robust expert consensus to inform circular manufactur-
ing decision-making. Circular economy decisions on technology selection, strategic options, and
resource management scenarios are often supported by classical MCDM methods, such as AHP,
ANP, TOPSIS, and PROMETHEE (Tighnavard Balasbaneh et al., 2025). However, these ap-
proaches are generally less suited for the early research stage, where iterative expert consensus
must identify and screen relevant factors and barriers. The fuzzy Delphi method can define
diverse indicators, potentially creating ambiguity and incoherent conclusions (Padilla-Rivera et
al., 2021), while also validating key challenges in circular economy implementation (Bui et al.,
2025). By integrating fuzzy logic, it strengthens the Delphi technique in refining factors and
managing uncertainty in expert judgments (Behl et al., 2023). Therefore, this method is particu-
larly suitable for assessing the relevance of uncaptured values in circular manufacturing business
models, a domain that remains underdeveloped in the literature. Accordingly, this study aims
to:
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1. Uncaptured values in circular manufacturing business models are identified.

2. Prioritize their relevance in the heavy equipment and machinery manufacturing industry
using the Fuzzy Delphi Method.

This study enables a quantitative prioritization of value losses in circular manufacturing
business models by integrating decision-making methods into uncaptured value assessment. The
proposed approach assists practitioners in formulating targeted operational mitigation strategies
in the heavy equipment sector. The remainder of this paper is structured as follows: Section
1 presents the research background and context of the problem. Section 2 reviews the relevant
literature that underlies this study. Section 3 describes the research method and its main stages.
Section 4 reports and discusses the identified uncaptured values and their relevance prioritization.
Section 5 concludes the paper and outlines directions for future research.

2. Literature Review on Uncaptured Values

A framework was proposed to conceptualize uncaptured value in sustainable business model
innovation (SBMI) within manufacturing firms implementing product—service systems (Yang et
al., 2017b). The framework is designed around the product life cycle, namely the beginning-
of-life, middle-of-life, and end-of-life stages (Yang et al., 2017a). This research will serve as a
reference for subsequent research on uncaptured value. The uncaptured value of the sustainable
fashion industry, which produces and sells products made from recycled textile waste, lies in
its ability to combine economic and social-environmental aspects (Borchardt et al., 2024). In
the economic dimension, the analysis focuses on revenue, cost efficiency, and financial viability-
related potential value losses. The socio-environmental dimension examines underutilized social
and environmental value, including impacts on beneficiaries, unassessed product and process
effects, and limited community engagement. Identify uncaptured values that emerge in circular
business models, including environmental trade-offs, hidden social costs, governance conflicts,
and dependency on bio-resource supply chains (Gennari and Bocchi, 2023) . Table 1 summarizes
the uncaptured value studies reviewed by context, conceptual structure, and research outputs.

The priority values for follow-up still need to be explored to achieve the circular manufactur-
ing business model’s sustainability. Burhan et al., 2021 identified uncaptured value in furniture
manufacturing using a multi-criteria decision-making model to capture opportunities for new
value in sustainable business model innovation. Uncaptured value becomes captured value in
the circular business model, which can be realized through the implementation of the circular
economy (Burhan et al., 2020). Based on a systematic literature review, research on uncap-
tured value and sustainable business models is currently conceptual (Osmanovic et al., 2024);
operational exploration is still needed to measure uncaptured value in these models. Recent
research on uncaptured value in a more specific area, namely the circular economy in small and
medium manufacturing industries, provides a framework for identifying circular strategies that
can help companies reduce material waste, promote sustainable industry implementation, and
support low-carbon innovation (Hamwi et al., 2025). Previous studies were limited to conceptual
framework development and qualitative validation in manufacturing. Building on bibliometric
insights, this study integrates qualitative and quantitative methods to identify uncaptured value
in a measurable circular manufacturing business model, providing a robust basis for strategic
decision-making.

3. Methods

This research was conducted through several stages, as shown in Figure 1. The Fuzzy
Delphi Method (FDM) extends the traditional Delphi approach by integrating fuzzy set theory
to capture uncertainty in expert judgments and reduce the need for multiple Delphi rounds in
exploratory studies (Fatemi et al., 2017). However, as this expert-based research is exploratory,
the single-round design and limited panel size primarily support the internal consistency of the
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prioritization results rather than statistical generalizability (Manyara et al., 2024) fuzzy Delphi
method can also be used to identify the most determining factors in a system (Huang et al.,
2021). The FDM is not just a data-collection tool, but a quantitative validation approach
(Jailani and Loy, 2023). It is explicitly designed to assess an instrument’s content validity by
transforming expert judgments into fuzzy numbers and quantifying the expert panel’s degree of
consensus.

Table 1 Uncaptured Value Research in Business Models

Authors Industry Context The UV Concept Structure Output

(Yang et al., Manufacturing Sustainable business model Conceptual framework

2017b) (production and innovation (SBMI), product for tools for sustainable
consumption) life cycle (Bol. Mol. and EoL) value analysis

(Yang et al., PSS manufactur- SBMI, product life cycle (Bol. Identification of uncap-

2017a) ing Mol. and EoL) tured value in the prod-

uct life cycle

(Burhan et al., Manufacturing SBMI (value proposition), Framework: Determin-
2021) industry  (furni- Design, the house of value, ing captured sustain-
ture company) and the product sustainabil- ability value based on

ity index matrix uncaptured value

(Gennari and Circular bioecon- Product life cycle (Bol. Mol. Identification of uncap-

Bocchi, 2023) omy (biofuel) and EoL) ESG Dimensions: tured values as the dark
Environmental, Social, and side of CBM
Governance

(Borchardt et al., Social enterprise- BM elements (e.g.: prod- Empirical: Uncaptured

2024)

(Osmanovic et al.,

sustainable fash-
ion

Theoretical and

uct/service features, internal
activities, resources, channels,
cost structure, and revenue)

SBMI (systematic literature

value in business models

Uncaptured value lit-

2024) practical implica- review) erature review on the
tions SBMI

(Hamwi et al.,, Manufacturing Business model innovation Design of tools (frame-

2025) (small- and (circular business model), un- work) for the identifica-
medium-sized captured value, innovation tion of circular strate-
manufacturing perspectives, and circularity gies and framework val-

and agri-food en-

strategies

idation

terprises (SMEs))

3.1 Expert Appointment

The uncaptured value assessment was conducted by soliciting the opinions of experts in
the OEM manufacturing industry and related industries that implement circular manufactur-
ing principles. Heavy equipment manufacturing involves established end-of-life (EoL) product
returns, making it a valid context for selecting an expert panel with direct remanufacturing
experience (Difrancesco and Huchzermeier, 2016). Circular economy implementation requires
a systemic perspective (business models, stakeholder relations, and reverse flows) (Kirchherr et
al., 2017). Therefore, industries with mature remanufacturing practices provide a more relevant
setting for identifying uncaptured value than sectors still at an early stage or focused mainly
on recycling. Based on the initial literature review, the results of this study were assessed for
relevance by 9 experts using the criteria shown in Table 2. There is no fixed panel size require-
ment in the Fuzzy Delphi Method, and studies have employed panels of seven to eight experts
(Yusoff et al., 2024; Hasim et al., 2023). Given the limited availability of circular manufacturing
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specialists, this study engaged nine experts from industry, academia, and research, each with
over ten years of experience in circular heavy equipment manufacturing. This composition was
considered sufficient to support the validity of the judgments elicited.

Systematic Identification of Captured Value
and Uncaptured Value

v

Technical Design of the Uncaptured Value

Assessment

v

Specification of Triangular Fuzzy Number

(TFN) Rating Scales

Y

v

Definition of Evaluation Criteria and
Formation of the Expert Panel

A 4

Expert Elicitation for Relevance Assessment

v

A 4

Assessment of Uncaptured Value Using
the Fuzzy Delphi Method

v

Determination of Consensus and Ranking of

Uncaptured Values

Figure 1 Research framework and stages for uncaptured value relevance assessment

Table 2 Expert profile and criteria

Experts Organization Type Title and Position Professional
experience

Expert 1 Remanufacturing ~ Company  (OEM- R&D Division Head 21 years
affiliated remanufacturing facility)

Expert 2 Heavy Equipment Distribu- Remanufacturing Man- 23 years
tor/Dealer/Service ~ Provider =~ (OEM ager
representative / after-sales service)

Expert 3 Mining contractor/heavy equipment use Manager, Rebuild Cen- 25 years
company (fleet operator/mining services) ter

Expert 4 Industrial Equipment and MRO Service Director of Sustainabil- 31 years
Provider (rotating equipment services, re- ity
pair, and engineering services)

Expert 5 Heavy Equipment Distributor, Dealer, Department Head Re- 20 years
and Service Provider manufacturing Dept.

Expert 6 Heavy Equipment Manufacturer (OEM)  Supervisor Manager 14 years

Expert 7 Heavy Equipment Manufacturer (OEM)  Manager 15 years

Expert 8 National Research Institute (Environmen- Senior Researcher 10 years
tal / Sustainability Focus) (Government
Research Institute)

Expert 9 Public university/higher education insti- Associate Professor 21 years

tution (academia)
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3.2 Assessment Criteria for Relevance Level and Triangular Fuzzy Number

The relevance level assessment scale uses the scale listed in Table 3. The relevance level
shows how closely and importantly the factor relates to the circular manufacturing business
model, especially the manufacturing industry that applies circular principles through recovery
activities such as repair, reconditioning, refurbishment, and remanufacturing. After the assess-
ment is carried out by determining the level of relevance from the previous stage, it is converted
to triangular fuzzy number (TFN). The linguistic scale is converted into a triangular fuzzy num-
ber (TEFN), which refers to previously conducted related research, as shown in Table 3 (Tuni
et al., 2023).

Table 3 Definition of linguistic scale level relevance of uncaptured value in circular
remanufacturing and triangular fuzzy number (TFN) business models

Linguistic Scale  Explanation Triangular fuzzy number
1 m u

Totally Irrelevant Uncaptured value is closely related to or does 0 0.1 0.3
not influence the remanufacturing company.

Irrelevant Uncaptured value that is unrelated or has a min- 0.1 0.3 0.5
imal influence on the remanufacturing company

Enough Rele- Uncaptured value has a moderate or ordinary re- 0.3 0.5 0.7

vant /Neutral lationship with the remanufacturing company’s
activities

Relevant Uncaptured value is directly related to remanu- 0.5 0.7 0.9
facturing companies’ performance and can cause
disruption

Very Relevant Uncaptured value has a significant strategic im- 0.7 0.9 1

pact on the sustainability of circular business
models and remanufacturing companies.

3.3 Uncaptured Value Relevance Level Data Collection

In the initial stage, a closed questionnaire was sent to the experts to assess the relevance
of 35 uncaptured value items. Table 3 lists the uncaptured values identified using the linguistic
scale. In this assessment, 9 experts provided opinions based on their respective knowledge and
experience regarding the relevance of uncaptured value in the circular manufacturing business
model, specifically for heavy equipment and machinery. Ratings provided by the 9 experts
were subsequently subjected to reliability analysis using Cronbach’s alpha and were deemed
acceptable when the coefficient (a) exceeded 0.60 (Natsir et al., 2021). Cronbach’s alpha was
calculated using Equation (1) (Bland and Altman, 1997).

k
ML P> L (1)
k-1 o2
Information:
k = the number of scale items
o2 = the variance associated with item 7

Yi

02 = the variance associated with the total observed scores

3.4 Assessment of Uncaptured Value Relevance Level

The uncaptured value relevance level assessment that 9 experts against 35 uncaptured values
will be converted into a fuzzy triangular number (TFN), referring to Table 3. After the experts
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responded to a questionnaire designed based on the validation results, the initial uncaptured
values identified in the interviews were displayed. Responses were then recorded on a Likert
scale and converted to a fuzzy scale to calculate the average fuzzy response. (Hasim et al., 2023)
. The formula used in this process is as follows:

ey
M= == (2)

Information:

m;= conversion value into fuzzy form given by the expert, representing the lower, middle,
and upper limits of the aggregate fuzzy value

n= number of experts

The triangular form of the fuzzy number (TFN), namely mj,me,m3, which is obtained based
on n(number of experts)

Next, based on the values of m and n, the threshold value (d) is determined, and the d-
construct assessment is used to determine the consensus on the uncaptured value stated and
selected for the ranking process using the following formula (Hasim et al., 2023) :

d(im,n) = \/[(ml —n1)? + (mo ; n2)? + (mz —n3)°] (3)

sum of average (d)

d-construct = ; : (4)
total experts x total items in the construct
Information:

d(m,n) = Measures the level of difference between two fuzzy numbers (usually two opinions
or two fuzzy average values). The smaller the d value, the higher the consensus level among
experts.

m1, ma, mg = Components of the first fuzzy number representing the lower, middle, and
upper limits of the aggregate fuzzy value.

ni, no, ng = Components of the second fuzzy number representing the lower limit, middle
value, and upper limit of an expert’s individual fuzzy value.

In general, the fuzzy method Delphi uses a consensus threshold of < 0.2 and a consensus
percentage of > 75% for agreed-upon factors. However, the fuzzy approach remains acceptable
with a threshold value < 0.299, which falls within the allowable range (Yusoff et al., 2024).
This study used a threshold of < 0.2 and a consensus percentage of > 75% to achieve higher
levels of consensus, rigor, and validity. The uncaptured value will be ranked and selected as the
most relevant in circular manufacturing business models, particularly in OEM manufacturing of
heavy equipment. Furthermore, uncaptured values accepted at the previous stage will be ranked
based on their fuzzy evaluation scores.

Determination and prioritization of the uncaptured value rankings are performed through
the defuzzification process. The central method is used in the defuzzification process. gravity
(center of gravity) to perform defuzzification, i.e., changing the triangular fuzzy numbers, which
consist of the lower limit value ( m1), middle value ( mg), and upper limit value ( ms) into a
single value (Tsai et al., 2020) using the following formula:

(mq + 77;2 +mg) (5)

Information: m;= lower limit of the fuzzy number (lowest value) mo= the middle value of
the fuzzy number (the most likely value) mg= upper limit of the fuzzy number (highest value).

DF =
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4. Results and Discussion
4.1 Uncaptured Value Identification

Uncaptured value identification starts with the captured value. Uncaptured values trans-
form into captured values (Table 4), which are defined by three aspects of sustainability: eco-
nomic, environmental, and social (Evans et al., 2017). In business model innovation, revenue
potential arises when value capture mechanisms are explicitly designed so that revenue flows
align with the value created and delivered, for example, through a profit formula that governs
the allocation of revenue and costs in an outcome-based model (Sjodin et al., 2020; Geissdoerfer
et al., 2018). From the cost ( reduction ) side, material and energy efficiency, accompanied
by waste control in processes and operations, contribute to reducing material, operational, and
ownership or lifecycle costs, especially in organizations with limited resources (Borchardt et al.,
2024; Sjodin et al., 2020; Bocken et al., 2014). The value of personal development can also be
realized when the business model positions human well-being as a social outcome, such as im-
proving employee well-being, more meaningful work, and professional and personal development
(Geissdoerfer et al., 2018; Murray et al., 2017; Bocken et al., 2014). Meanwhile, the quality of
stakeholder engagement is strengthened through proactive, structured stakeholder engagement.
As a social layer on the business model canvas, the stakeholder perspective helps define rela-
tionships and create value with partners, customers, and related institutions (Joyce and Paquin,
2016; Bocken et al., 2014). Reducing environmental burdens is achieved when business model
design adopts a lifecycle perspective and circular-economy principles to reduce waste, emissions,
and energy leakage while increasing operational resource efficiency (Geissdoerfer et al., 2018;
Joyce and Paquin, 2016). Reducing natural resource use relies on efforts to minimize resource
inputs by strengthening resource cycles (e.g., closing or slowing down cycles) and converting
waste streams into valuable inputs (Geissdoerfer et al., 2018).

At the initial stage of uncaptured value (UV) identification (Table 5), a literature review was
conducted across various business models and classified according to opportunities for achieving
CV in circular business models. The uncaptured value presented in Table 5 was adapted and
synthesized from previous studies on uncaptured value, as listed in the “Source(s)” column.
Cost efficiency (CV1) is linked to UV1-UV11, which, if unmanaged, can increase operational
costs due to dismantling inefficiencies, overproduction, and high technology and infrastructure
investments. Revenue generation (CV2) relates to UV12-UV23, wherein issues such as poor
end-of-life recovery quality, ineffective customer incentives, and weak product take-back systems
can reduce customer trust, repurchase rates, and potential revenue.

Individual development and well-being (CV3), associated with UV24-UV27, highlight risks
related to insufficient human resource development, limited training investment, and inadequate
technological capabilities, which can hinder operational performance and business sustainabil-
ity. Stakeholder engagement (CV4), linked to UV28-UV32, emphasizes the impact of weak
stakeholder involvement, particularly due to regulatory uncertainty in the implementation of
the circular economy. Environmental performance (CV5) and material efficiency and circular-
ity (CV6), represented by UV33-UV35, reflect environmental and resource inefficiencies arising
from ineffective logistics, lack of design for disassembly, low recovery yields, and increased waste,
ultimately undermining circularity and sustainable value capture.

4.2 The Heavy Equipment Industry

Uncaptured value was identified through a literature review of three studies in the manufac-
turing and textile industries that applied circular principles. Interviews with nine experts from
heavy equipment and machinery manufacturing firms, along with researchers and academics,
resulted in the identification of 35 uncaptured value in the heavy equipment industry. The
uncaptured values identified in the previous stage will be assessed for their relevance to a man-
ufacturing circular business model. Table 2 describes the expert profiles, and Table 3 presents
the uncaptured relevance assessment criteria. A reliability test was conducted by calculating
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Cronbach’s alpha based on the relevance ratings of 35 uncaptured value items provided by nine
experts using Equation (1). The resulting alpha coefficient was 0.97 (exceeding the commonly
accepted threshold of 0.60), indicating that the collected data demonstrate excellent reliability.

The uncaptured values are explained in Table 5. The experts were asked to conduct assess-
ments based on the distributed questionnaires and the designed assessment instruments. The
collected data were then processed and converted into a triangular scale, a fuzzy number to
determine the threshold value, and the percentage consensus for each uncaptured value. The
threshold value (d) is calculated using Egs. (2), (3), and (4). The consensus percentage is calcu-
lated based on the threshold percentage assessment results of experts who are at the threshold
used, compared to the total number of experts involved, and the relevance level assessment
results for 35 uncaptured values. The results indicate strong expert agreement, as the thresh-
old values are < 0.2 and the consensus level exceeds 75%. Table 6 presents the threshold and
consensus results for uncaptured value.

Table 4 Target captured value in sustainable business models (SBMs)

Dimensions  Captured Value Description Source
Goals
Economy Cost Efficiency (CV Costs to be incurred include (Borchardt et al., 2024;
1) materials, process and oper- Sjodin et al., 2020;
ating costs, and ownership Bocken et al., 2014)
costs.
Revenue (CV 2) Profit from the selling price, (Borchardt et al., 2024;
results from new prod- Sjodin et al.,, 2020;
ucts/services. Geissdoerfer et al.,
2018)
Social Individual Develop- Customer awareness, em- (Sjodin et al., 2020;
ment and Well-being ployee and customer happi- Geissdoerfer et al.,
(CV 3) ness, employee well-being, 2018; Murray et al.,
and loyal customers. 2017; Bocken et al.,
2014)
Stakeholder Engage- Relationships between com- (Sjodin et al., 2020;
ment (CV 4) panies and partners, cus- Joyce and Paquin, 2016;
tomers, and the government. Bocken et al., 2014)
i Environmental per- Energy efficiency, waste re- (Geissdoerfer et al.,
Environment

formance [CV 5]

Efficiency and Circu-
larity (CV 6)

duction, and emissions reduc-
tion

Reuse of raw materials (mate-
rial recovery)

2018; Joyce and Paquin,

2016; Bocken et al.,
2014)
(Geissdoerfer et al.,

2018; Joyce and Paquin,
2016; Bocken et al.,

2014)

Thirty five Uncaptured values based on uncaptured literature review value in 3 previous
studies that are most relevant to this study. Furthermore, 35 uncaptured values will be assessed
for their relevance to the circular manufacturing model, specifically the heavy equipment and
heavy machinery industry, based on initial identification. The fuzzy evaluation and average
fuzzy values were calculated using Equation (5), and the resulting fuzzy scores are presented in
Table 7.
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Table 5 Uncaptured value identification (based on CV opportunities)

Code  Uncaptured Value Source Targeted CVs

UV 1 The coordination and control of EoL deliv- (Yang et al., 2017a) Cost Effi-
ery/transport are weak, resulting in an inad- ciency [CV1]
equate lead time.

UV 2 The standardization method works, but the (Gennari and Bocchi,
capabilities of dismantling (disassembly) EoL. 2023;  Yang et al.,
are low, so the process is inefficient and ex- 2017a)
pensive.

UV 3 The planning and management of logis- (Gennari and Bocchi,
tics/transportation collection EoL are not 2023)
optimal, leading to increased costs and un-
certainty.

UV 4 The efficiency of technology recovery is low, (Gennari and Bocchi,
resulting in high unit costs and product 2023)
prices, making it more challenging to become
competitive.

UV 5 Dependence on  materials: With- (Gennari and Bocchi,
out adequate mitigation strategies 2023)
(contracts/alternatives), raw  materi-
als/components are valuable and volatile.

UV 6 Inaccurate planning and control of spare (Gennari and Bocchi,
parts/component procurement leads to over- 2023;  Yang et al.,
buying and early buying. 2017a)

UV 7 Planning capacity production based on de- (Gennari and Bocchi,
mand and availability data EoL resulting in 2023)
overproduction or output mismatch.

UV 8 Management schedules production and (Yang et al., 2017a)
projects poorly, resulting in low usage and
late output.

UV 9 Investment capital for technol- (Borchardt et al., 2024;
ogy /infrastructure recovery is not adequate, Gennari and Bocchi,
so facilities and capabilities are delayed. 2023)

UV 10 The quality of service and the logistics supply (Gennari and Bocchi,
chain are low; thus, the circular material flow 2023)
is disturbed.

UV 11 Weak reverse logistics capabilities (SOP, col- (Gennari and Bocchi,
lection network, and IT tracking), so take- 2023; Yang et al.,
back is not possible or stable. 2017a)

UV 12 System control quality remanufactur- (Borchardt et al., 2024; Revenue
ing/repair/refurbish /reconditioning is still Burhan et al., 2021) [CV2]
weak, so the product is disabled or the
quality is low.

UV 13 The capability analysis indicates that the (Gennari and Bocchi,
trend request is low, so the supply—demand 2023)
strategy lacks precision.

UV 14 Limitations in R&D facilities/partners and in (Gennari and Bocchi,
ecosystem innovation slow and make reman- 2023; Yang et al,
ufacturing development expensive. 2017a)

UV 15 Communication strategy, product value (Gennari and Bocchi,
proposition, results, recovery: not effective, 2023; Yang et al.,

so the WTP is low.

2017a)
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Table 5 Uncaptured value identification (based on CV opportunities) (cont.)

Code  Uncaptured Value Source Targeted CVs

UV 16 Incentive design customers (buyback, dis- (Gennari and Bocchi,
count, warranty, and service) lack an appro- 2023)
priate target, so adoption is low.

UV 17 Failure to identify segment/customer poten- (Yang et al., 2017a)
tial and latent needs so that the market is
not formed /fragile.

UV 18 Circular design and processes are not opti- (Gennari and Bocchi,
mal; thus, the product’s performance is low. 2023)

UV 19 No mechanism exists for managing market (Gennari and Bocchi,
risk despite external shocks that trigger de- 2023; Yang et al.,
mand volatility. 2017a)

UV 20 The system acquisition product EoL is weak; (Gennari and Bocchi,
thus, the number of components is not worth 2023)
recovering. There is insufficient information
available.

UV 21 Structural costs and internal price-making (Borchardt et al., 2024;
policies increase the price of the remanufac- Gennari and Bocchi,
tured product over that of new competitor 2023)
components.

UV 22 The capability determination price is low; (Gennari and Bocchi,
therefore, the reman pricing strategy is not 2023)
optimal, and an income opportunity is lost.

UV 23 Understanding consumer preferences is low;
thus, reman marketing/sales are ineffective.

(Borchardt et al., 2024; Gennari and Bocchi,
2023)

UV 24 The low-literate public is unaware of the re- (Gennari and Bocchi, Personal
covery of product results, so they still prefer 2023) Development
new products. (CV3)

UV 25 Limit investment in training and develop- (Borchardt et al., 2024;
ment competence related to circular reman, Yang et al., 2017a)
so the capability does not increase.

UV 26 The availability of superior human re- (Borchardt et al., 2024;
sources in the field is limited, and circu- Gennari and Bocchi,
lar /remanufacturing operations are similarly 2023)
limited.

UV 27 Lack of knowledge/expertise and mastery of (Gennari and Bocchi,
recovery process technology at the operator— 2023;  Yang et al.,
engineer level. 2017a)

UV 28 Dependence on performance partners for (Gennari and Bocchi, Stakeholder
take-back and supply components without 2023) Engagement
SLA and strong monitoring is high. (CV4)

UV 29 A lack of understanding of the interests of (Gennari and Bocchi,
stakeholders in regulations and the circu- 2023)
lar economy leads to a high risk of non-
compliance.

UV 30 Ambiguity/uncertainty regulations product (Gennari and Bocchi,

results recovery lower consumers’ and indus-
try users’ trust.

2023)
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Table 5 Uncaptured value identification (based on CV opportunities) (cont.)
Code  Uncaptured Value Source Targeted CVs
UV 31 Stakeholder collaboration is marked by a (Borchardt et al., 2024;

weak interest chain (data sharing, joint plan- Gennari and Bocchi,

ning, contracts). 2023)
UV 32 Absence/delay regulations that encourage (Gennari and Bocchi,

the use of product recovery by customers to 2023)

prevent demand from forming.

UV 33 Election modes and patterns of transport are (Gennari and Bocchi, Environmental

inefficient in terms of energy costs; thus, op- 2023) performance
erational costs increase, and sustainability is (CV5)
a target to achieve.

UV 34 The product begins with no disassembly or — Material Ef-
design, so demolition is complex, and yield ficiency and
recovery is low. Circularity

(CV6)

UV 35 Variability/characteristics of the product (Gennari and Bocchi,
EoL tall, such that the component is not 2023)
worth restoration.

Note. Uncaptured value identification was developed by the authors and adapted from multiple prior studies (see
“Source(s)” column).

4.3 Discussion

Cost Efficiency [CV 1], Revenue [CV 2|, Individual Development and Well-being [CV 3],
Stakeholder Engagement [CV 4], Environmental Performance [CV 5], and Material Efficiency
and Circularity [CV 6] are the values captured in a sustainable business model that aims to
achieve economic, social, and environmental sustainability development goals. Achieving busi-
ness sustainability in manufacturing requires addressing multiple value dimensions; however,
uncaptured values that hinder value capture constrict circular manufacturing.

Based on a review of three prior studies, this study identified 35 uncaptured values, pre-
dominantly related to cost efficiency and revenue, with fewer values associated with individual
development and well-being, stakeholder engagement, environmental performance, and material
efficiency and circularity. Most of the uncaptured value (>65%) is related to the economic di-
mension of the SDGs, namely, cost efficiency and revenue. 25% relates to the social dimension,
and the remaining less than 10% relates to the environmental dimension.

Not all uncaptured values are equally relevant to circular manufacturing in the heavy equip-
ment and machinery industry; therefore, prioritization is essential for effective management
strategies. This study uses the fuzzy Delphi method to identify the most relevant uncaptured
values and their mitigation priorities. Experts with more than 10 years of experience in the
heavy equipment and heavy machinery industry, consisting of practitioners, academics, and re-
searchers, agreed upon the value. Using a consensus standard of >75% and a threshold value
of <0.2, 9 Uncaptured values were obtained. The most frequently stated value aligns with the
experts’ agreement and is not captured. Based on data processing of 35 uncaptured values using
the fuzzy Delphi method, as shown in Table 6, 9 uncaptured values were identified as relevant to
the circular manufacturing business model, particularly in the heavy equipment and machinery
industry.

Only nine of the 35 uncaptured values were retained as relevant to circular manufacturing
business models. The accepted items primarily reflect core daily operations, particularly spare-
part availability and end-of-life component supply for recovery. This pattern aligns with the
expert panel profile, which was dominated by heavy-equipment practitioners who frequently
encounter these issues and treat them as key operational performance indicators. Therefore, the
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retained uncaptured values represent critical bottlenecks shaping circular inflows, processing
stability, and outflows. In contrast, the rejected items mainly concerned market factors (pricing
and demand), tactical internal processes, and supporting investments or infrastructure, which
are more context-dependent and perceived as operational priorities by experts are less consistent.
Overall, the findings suggest that in mature circular manufacturing settings, uncaptured value is
most strongly driven by operational constraints in reverse supply and remanufacturing execution
rather than by downstream market mechanisms.

Table 6 Consensus status of uncaptured values relevance levels in CBMs
Uncaptured Value Threshold (d) % Consensus  Status

UV 1 0.20 89% Accepted
UV 2 0.16 45% Rejected
UV 3 0.17 89% Accepted
UV 4 0.19 34% Rejected
UV 5 0.15 56% Rejected
UV 6 0.19 78% Accepted
uv 7 0.32 45% Rejected
UV 8 0.27 12% Rejected
Uv 9 0.21 23% Rejected
UV 10 0.17 45% Rejected
UV 11 0.16 45% Rejected
UV 12 0.08 100% Accepted
UV 13 0.19 34% Rejected
UV 14 0.17 45% Rejected
UV 15 0.32 12% Rejected
UV 16 0.18 89% Accepted
UV 17 0.19 56% Rejected
UV 18 0.31 12% Rejected
UV 19 0.20 45% Rejected
UV 20 0.16 89% Accepted
UV 21 0.23 56% Rejected
UV 22 0.23 67% Rejected
UV 23 0.16 67% Rejected
UV 24 0.17 45% Rejected
UV 25 0.28 23% Rejected
UV 26 0.16 45% Rejected
UV 27 0.19 78% Accepted
UV 28 0.13 56% Rejected
UV 29 0.18 89% Accepted
UV 30 0.23 67% Rejected
UV 31 0.23 67% Rejected
UV 32 0.19 34% Rejected
UV 33 0.24 12% Rejected
UV 34 0.27 56% Rejected
UV 35 0.15 89% Accepted

Note: The green colour is used only to clarify that the uncaptured value has been accepted
(i.e., has reached consensus) and will therefore be evaluated using the fuzzy evaluation scores.

The higher the score, the more relevant the uncaptured value is and should be addressed.
The fuzzy assessment evaluation score for controlling the poor quality of the remanufacturing
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process so that the product remanufacturing is of high quality [UV 12] is 7.47, with an average
fuzzy of 0.83, which is a significant issue that needs to be addressed to ensure a sustainable
circular manufacturing business model. Poor quality control reduces customer acceptance of
remanufactured products and shifts demand toward new alternatives. Since remanufacturing
promises near-new quality at a lower price, uncaptured quality assurance value becomes a crit-
ical risk. Moreover, quality control in new OEM components and genuine parts determines
the condition, traceability, and recoverability of end-of-life products, as tighter tolerances, stan-
dardized materials, and robust documentation improve inspection, disassembly, and reprocessing
reliability. Consequently, remanufactured components are more likely to achieve the intended
goal of remanufacturing, delivering performance comparable to new products at a lower cost
(Zacharaki et al., 2021). Therefore, strong collaboration between OEM manufacturers and re-
manufacturing firms is essential, for example, through shared quality standards, traceability
systems, and recovery and acceptance criteria.

Second, the next issue to be prioritized is the limited availability of EoL. products suitable for
remanufacturing (the number of EoL products that can be processed is minimal) [UV 20], with a
value of 6.93 and an average Fuzzy of 0.77. The lack of regulations and product ownership rules
means that customers cannot simply recall end-of-life products. Regulations governing these
provisions are required. This value can hinder a company’s ability to capture revenue. Conse-
quently, the company fails to maximize profits and can threaten business sustainability. A weak
EoL acquisition system limits the availability of recoverable components suitable for remanufac-
turing, repair, refurbishment, and reconditioning (Ostlin et al., 2009). Inadequate EoL recovery
weakens the performance of the circular supply chain and limits value capture. Strengthening
EoL ownership through buy-back contracts and regulatory schemes (e.g., EPR) can increase
return rates, stabilize material flows, and improve the availability of remanufacturing feedstock.
Mandatory take-back and ownership transfer also enhance acquisition predictability, ensuring a
more reliable supply of quality EoL inputs.

Third, the characteristics of end-of-life products that do not allow for return or restoration
[UV 35], with a value of 6.77 and an average of fuzzy 0.75, are not considered. This UV value
can cause manufacturing companies to fail to capture the value of material efficiency and circu-
larity, thereby impacting environmental sustainability. Design for remanufacturing and product
modularity can reduce EoL product complexity and variability by enabling easier disassembly,
protecting critical components, and standardizing materials to better tolerate diverse EoL condi-
tions (Kim et al., 2021). Ranked fourth, management delivery component or end-of-life products
that are not effective, which often results in delays between companies and customers (product
users) scored 6.73 and frequently causes delays between companies and customers. This issue is
mainly driven by uncertain lead-time planning for remanufacturing, unpredictable reverse logis-
tics arrival, and lengthy inspection and return-shipping processes (Bao et al., 2022). Designing
an EoL collection network aligned with customer profiles may help mitigate these delays (Chen
et al., 2021).

In the social dimension, the fifth-ranked uncaptured value is the lack of knowledge, exper-
tise, and technological capability related to remanufacturing and CEPs (UV 27), with a fuzzy
evaluation score of 6.73 and an average fuzzy value of 0.75. This condition may hinder the
realization of the CPV of individual development and well-being. As a relatively new and com-
plex concept, the circular economy often leaves employees without sufficient understanding of
relevant business models, technical processes, and performance indicators (Rexhepi-Mahmutaj
et al., 2025). Triple-helix collaboration among industry, universities, and government through
curricula and short courses in remanufacturing and circular economy, applied research projects,
and internships can strengthen workforce capabilities for circular manufacturing (Melati et al.,
2021). Two uncaptured values were jointly ranked sixth, each scoring 5.67: suboptimal logistics
and transportation planning for collecting EoL products, which increases costs (UV 3), and
inadequate procurement planning and control of critical spare parts, leading to premature or
excessive purchases (UV 6). UV 3 is mainly driven by an inefficient reverse logistics network,
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where collection points, sorting facilities, and transport routes are not aligned with customer
distribution and EoL volumes (Angouria-Tsorochidou et al., 2018). A systematic redesign of
the reverse logistics network using cost-environment optimization models may mitigate these
issues (Dat et al., 2012). Management may prefer overstocking to avoid the high cost of heavy-
equipment downtime. Therefore, a stronger coordination among maintenance, operations, and
procurement must minimize this trade-off and prevent UV 6.

Table 7 Prioritization of uncaptured value using fuzzy evaluation scores

Uncaptured Value Fuzzy Evaluation Average Fuzzy Ranking

UV 1: Ineffective management delivery compo- 6.73 0.75 4
nent or end-of-life products that often result in

delays between companies and customers (prod-

uct users).

UV 3: Planning and management of logis- 5.67 0.63 6
tics/transportation for collecting suboptimal

end-of-life products, resulting in additional

costs.

UV 6: Planning and controlling the procure- 5.67 0.63 6
ment of harmful components/spare parts so that

excessive or excessively early purchases do not

occur.

UV 12: Poor quality of the remanufactur- 7.47 0.83 1
ing process is controlled so that the prod-

uct manufacturing is of high quality.

UV 16: Companies’ inadequacy in designing ef- 5.47 0.61 8
fective incentives and strategies for motivating

customers to buy products through remanufac-

turing.

UV 20: Limitations: the availability of vi- 6.93 0.77 2
able remanufactured end-of-life products

(the quantity of EoL products that can be

processed is very low).

UV 27: Knowledge, expertise, and mastery of 6.73 0.75 )
relevant technology with remanufacturing and

circular economic processes are lacking.

UV 29: Lack of understanding of the interests 5.47 0.61 8
of stakeholders in laws and regulations related

to the circular economy (especially remanufac-

turing).

UV 35: End-of-life product character- 6.77 0.75 3
istics that do not allow for return or

restoration.

Finally, two uncaptured values were jointly ranked eighth, each scoring 5.47: inadequate
incentives and strategies to encourage customers to purchase remanufactured products (UV 16)
and limited understanding of stakeholder interests in circular economy regulations, particularly
remanufacturing (UV 29). Both relate to key stakeholders, namely, customers and regulatory
actors. Strengthening awareness and understanding of the benefits of the circular economy
may help address these gaps. Several uncaptured values are interrelated. For instance, weak
delivery coordination (UV 1), suboptimal logistics management (UV 3), and excessive spare-part
procurement (UV 6) reflect supply chain and purchasing issues that increase operational costs.
Similarly, ineffective customer incentives (UV 16) may worsen EoL acquisition constraints (UV
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20), whereas limited employee skills (UV 27) can weaken quality control (UV 12) and increase
EoL product variability (UV 35). These linkages indicate that mitigation should target the root
causes of the prioritized uncaptured values.

This study contributes to theory by advancing a novel approach for identifying and priori-
tizing uncaptured value within CBMs, particularly in the heavy equipment manufacturing sector
and other industries adopting similar circular principles and business model configurations. Prior
studies have primarily focused on developing frameworks and identifying uncaptured value with-
out explicitly determining which uncaptured value dimensions are most relevant for this type
of circular business model. From a practical perspective, especially for heavy equipment and
machinery industries, the findings provide a useful reference for creating value-capturing strate-
gies by addressing and improving prioritized uncaptured value areas. This study also proposes
an implementation framework that translates the prioritized uncaptured values into actionable
managerial interventions to enhance practical applicability. The framework guides practitioners
through (i) diagnosing the dominant uncaptured value categories, (ii) linking them to operational
root causes across the remanufacturing process, (iii) selecting targeted improvement initiatives,
and (iv) monitoring value capture through measurable performance indicators.

5. Conclusions

This study confirms that circular manufacturing business models target six captured values,
which represent the economic, social, and environmental dimensions of the SDGs. Through a
literature review, 35 uncaptured values were identified, predominantly within the economic di-
mension (more than 65 percent), followed by the social dimension (more than 25 percent), while
environmental aspects accounted for less than 10 percent. A Fuzzy Delphi survey with nine in-
dustry experts identified nine prioritized uncaptured values meeting the consensus (>75%) and
threshold (<0.2) criteria, with the highest ranking being weak quality control, limited viable
end-of-life products, and unfavorable recovery characteristics. The findings highlight quality
management, end-of-life input supply certainty, including regulatory support, and enhanced
knowledge and technological capabilities as key mitigation areas to strengthen value creation
and capture, particularly in revenue, material circularity, and individual development, thereby
improving the long-term resilience of circular manufacturing business models. This study pro-
vides a prioritized list of uncaptured values based on expert consensus and offers a practical
foundation for developing targeted mitigation strategies in the heavy equipment and machinery
industry. Nevertheless, limitations remain, including the reliance on a limited literature base and
the absence of direct industrial observation. Future research may incorporate broader empiri-
cal evidence and quantitative approaches to further develop mitigation strategies. This study
identifies uncaptured values as key opportunities for value capture in circular manufacturing
business models. It also contributes an expert consensus prioritization framework to determine
the most relevant uncaptured values in circular manufacturing. Beyond its practical relevance
for mitigation strategy design, this study theoretically contributes by conceptualizing uncap-
tured values as a structured, prioritizable construct in circular manufacturing business models
and by introducing a fuzzy Delphi—based expert-consensus framework that enables quantitative
assessment of these values and provides a reference point for future research.
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